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Foreword 

The field of materials and process integration for MEMS research has an 
extensive past as well as a long and promising future. Researchers, 
academicians and engineers from around the world are increasingly devoting 
their efforts on the materials and process integration issues and opportunities 
in MEMS devices. These efforts are crucial to sustain the long-term growth 
of the MEMS field. 

The commercial MEMS community is heavily driven by the push for 
profitable and sustainable products. In the course of establishing high
volume and low-cost production processes, the critical importance of 
materials properties, behaviors, reliability, reproducibility, and predictability, 
as well as process integration of compatible materials systems become 
apparent. Although standard IC fabrication steps, particularly lithographic 
techniques, are leveraged heavily in the creation of MEMS devices, 
additional customized and novel micromachining techniques are needed to 
develop sophisticated MEMS structures. One of the most common 
techniques is bulk micromachining, by which micromechanical structures 
are created by etching into the bulk of the substrates with either anisotropic 
etching with strong alk:ali solution or deep reactive-ion etching (DRIB). The 
second common technique is surface micromachining, by which planar 
microstructures are created by sequential deposition and etching of thin films 
on the surface of the substrate, followed by a fmal removal of sacrificial 
layers to release suspended structures. Other techniques include deep 
lithography and plating to create metal structures with high aspect ratios 
(LIGA), micro electrodischarge machining (J.t-EDM), soft lithography, micro 
molding, laser micromachining, additive and subtractive direct-write 
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xii FOREWORD 

processes, 3D micro solid free-form machining, and other emerging 
techniques. The variety of materials used for MEMS has also grown far 
beyond those available in the IC industries. Most notably is the broad 
adaptation of plastics, polymers, and glass for biomedical applications. This 
vast diversity of processing techniques, together with similarly diverse set of 
materials employed for the creation of MEMS devices, intensifies the needs 
for and strongly motivates the advances of materials research for 
micromechanical device applications. 

Recent market studies in the MEMS field all point towards robust 
growths in all the major application sectors. The recent study published by 
the MEMS Industry Group, in particular, singles out biomedical application 
and RF wireless communication as the two high-volume drivers for the 
MEMS field. The long product development cycles of 1 0-plus years for the 
handful of successful MEMS devices will not be acceptable if robust growth 
is to be realized. One of the most critical factors in significantly shortening 
the cycles is a good understanding of materials properties and compatible 
process integration techniques. As MEMS developers continue to explore 
new designs and new products, they need to be equipped with a reliable and 
solid knowledge base of the materials choices and their implications on 
reliability, repeatability, and manufacturability to address production issues 
at the early stage of device investigation. 

The International MEMS Workshop 2001 (iMEMS 2001), upon which 
this book is based, aims to provide a contribution to the flourishing field of 
MEMS. The present book, while describing developments at today's 
frontiers, also emphasizes the promises for the future. Some of these will 
emerge naturally as extensions of present work. Others will be technological 
disruption, pursuing radically innovative techniques to optimize the use and 
integration of materials and fabrication processes. 

WIUJAM "BIU" C. TANG 
Program Manager, 
Microsystems Technology 
Office (MTO) 
Defense Advanced Research 
Projects Agency (DARPA) 



Preface 

MEMS (Microelectromechanical Systems) is destined to become a 
hallmark 2et-century enabling technology with numerous and diverse 
applications having a dramatic impact on everything from aerospace 
technology to biotechnology. MEMS is forecasted to have a commercial and 
defence market growth similar to its parents IC technology. 

This book on Materials and Process Integration for MEMS aims to 
provide a contribution to the flourishing field of MEMS. Having completed 
a successful International MEMS Workshop 2001 in Singapore, it was 
appropriate to develop selected chapters for the theme of Materials and 
Process Integration. 

The integration of novel design with processes is a challenge. Processes 
should be compatible with each other. Both Silicon and non-Silicon based 
microsystems may use a combination of materials to provide the structure 
and function, taking into considerations of the process compatibility. The 
contributed chapters in this book discuss new research on various aspects of 
materials and process integration for MEMS. 

The table summarizes the chapters in terms of materials and processes 
used, and the design, characterization and potential applications mentioned. 

Table. Summary of the book content 
Chapter Material Process Design Characterization Potential 

Applications 
1 (100) highly High density Planar no cracks; Cantilever-

textured plasma dry silicon excellent microphone 
piezo-electric etching structures piezoelectric (acoustic 

Pb(ZrxTil- processes such as and dielectric sensors)& 
J03 (PZT) beams, properties piezoelectric 
thin films cantilevers, miromachine 

bridges or d ultrasonic 

xiii 
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Chapter Material Process Design Characterization Potential 
Applications 

partially transducer 
clamped (pMUT) 

membranes 
2 Porous silicon Precision Silicon Shape distortion Light 

as a sacrificial grinding diaphragms can be emitting and 
supporting process formation eliminated or quantum 

layer strongly devices, 
suppressed power 

devices, SOl 
applications 
andMEMS 

3 Gallium HFET Cantilever An excellent New 
Arsenide processing beams and linearity in thermally 
(GaAs) technology bridge power to based 

and a bulk membrane temperature (P- MEMS 
micro- structures T) conversion; devices 

machining high electro-
process thermal 

conversion 
efficiency; 
mechanical 
stress to be 

admissible for 
the mechanical 
integrity and 

stability 
4 TiNiCu films Bulk micro- Cantilever A fine grain size A micro-

machining structures and fully gripper 
process martensitic which can be 

structures; good used as the 
corrosion end-

resistance and manipulators 
biocompatibility 

; martensitic 
transformation 
upon heating 
and cooling; 
pronounced 
"two-way" 

shape memory 
effect; good 

shape memory 
effect 

5 UVIII resist X-ray Test High aspect Micro-
lithographic structure ratio and machines 

process resolution such as 
micro mirror 

array 
systems, 
gears and 
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Chapter Material Process Design Characterization Potential 
AJ:!J:!lications 

pumps 
6 Self- Vapor phase Tunneling- good stability Tunneling 

Assembled deposition based and reliability sensors 
Monolayers and accelero-
(SAM) and SCREAM™ meter 

Silicon 
7 Silicon Oxidation Accelero- Leakage Micro-

process- meter and currents to be sensors 
optimization MOS smaller 

(two-step structures/ 
dry-wet MOS 

oxidation capacitors 
process) and 

Silicon 
Fusion 

Bonding 
(SFB) 

technique 
8 Single-crystal Multi-pixel Nano- High resolution; Fabrication 

silicon scanning structures absence of of novel 
technique of radiation nano-

Scanning damage in the structures 
Probe substrate; andnano-

Lithography accurate devices 
(SPL) and linearity control applications 

KOH of 
anisotropic nanostructures 
wet etching fabrication; 

process surface 
roughness can 

be reduced 
9 Gallium Novel bulk Microbridge Good wet- Developmen 

Arsenide micro- switha etching t oflow-loss, 
(GaAs) machining rectangular properties highly-

process cross section tunable 
(GaAs capacitors 

fabrication forRFand 
method) optical 

applications 
10 SU-8 X-ray Test A high Extremely 

lithography structures penetration high 
technology depth in the resolution 

resist; no deep 
problems lithography 

connected with forMEMS 
the radiation 
scattering in a 

resist or 
reflection from 

a substrate and a 
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Chapter Material Process Design Characterization Potential 
A~~lications 

mask, as well as 
standing waves 

and related 
swing curve 

effects 
11 Polymers/ Spray Test sample Improvement of For extreme 

photo-resist coating photoresist deep trench 
technology coverage; better patterning of 

local uniformity metal lines; 
of the for 

photoresist patterning of 
coverage; extensive 
creation of topography 
continuous and wafer-

metal lines from level 
the top of the intermediate 
wafer surface layer 

down the slope application; 
of <111> plane novel 
of 150 micron interconnect 
depth; lower structures as 

consumption of well as 
costly high- advanced 

viscosity packaging 
materials to applications 

achieve certain 
layer thickness; 
simple, fast and 

low-cost 
12 Ferro-electric Integration Uncooled Room IR detectors/ 

BST thin film ofSi micro- infrared temperature sensors 
machining, image sensor operation, low 
on-chip IC in dielectric power 
fabrication bolometer dissipation and 

and mode high sensitivity 
ferroelectric 

BSTthin 
film 

preparation 
technique 

13 Single- Surface/Bulk Micro- One version: Biomedical 
crystalline Micro- gyroscopes noise-equivalent MEMS, 

silicon machining angular rate optical 
(SBM) resolution: MEMSas 
process 0.01°/s, input well as 

range: f20°/s, traditional 
bandwidth: 16 physical 

Hz, angel MEMS 
random walk: 
0.0025°/si'I/Hz; 
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Chapter Material Process Design Characterization Potential 
AJ2J2lications 

Second version: 
noise-equivalent 

angular rate 
resolution: 

0.024°/s, input 
range: ±50°/s, 
bandwidth: 33 

Hz, angle 
random walk: 
0.0042°/s/...JHz 

14 Si02, Si3N4 Plasma Accelero- Improvement of High-aspect-
etching meter, anisotropy in ratioMEMS 

techniques cantilever etching profile structures 
(in situ MEMS higher than 0.96 
trench beam 

etching and structures 
release 

technique 
using SiOz 

etching 
mask from 

Magnetically 
Enhanced 

Reactive Ion 
Etcher 

(MERlE)) 

• Chapter 1 demonstrates the successful integration of (100) highly 
textured piezoelectric PZT thin films into rnicromachined sensors and 
transducers as well as the development of a complete rnicrofabrication 
sequence for stress compensated PZT/Si planar structures such as 
beams, cantilevers, bridges or partially clamped membranes. Finally, 
two examples of device such as microphone and rnicromachined 
ultrasonic transducer have been shown as the potential of such process 
in the rnicrofabrication of piezoelectric MEMS. 

• Chapter 2, authored by A. Prochaska et al, addresses the use of porous 
silicon as a sacrificial supporting layer during silicon diaphragm 
formation by precision grinding. The beneficial effects of porous 
silicon as a support for the diaphragm during the grinding process are 
also addressed. 

• Chapter 3 demonstrates a high potential of GaAs based heterostructures 
for the development of a new generation of MEMS devices. The design 
and fabrication of 1 1..1m-thick cantilever beams and bridges that are 
fully compatible with both AlGaAs/InGaAs/GaAs and 
InGaP/InGaAs/GaAs based HFETs are also demonstrated. 
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• Chapter 4 presents micro-beams exhibiting a good shape-memory 
effect by depositing TiNi films on the bulk micromachined Si 
cantilever structures. This chapter also shows that the freestanding 
TiNiCu thin film showed clearly pronounced "two-way" shape memory 
effect, which is quite applicable to develop thin film micro-actuators. 

• In Chapter 5, the UVill resist is characterized for X-ray lithographic 
applications by studying the "deprotection" or acid generation-diffusion 
process of the resist under different conditions of post-exposure bake 
temperature and time, and of X -ray exposure time or dose. The results 
were confrrmed by Scanning Electron Microscopic (SEM) studies on 
uvm test structures, which were processed using the optimized 
condition. 

• Chapter 6 offers a new idea to use the SAM materials for improving the 
robustness of MEMS tunneling sensors. The tunneling testing and 
characterization work are shown in this chapter. 

• Chapter 7 offers the optimization of oxidation conditions for micro
sensors in resulting in the smallest leakage current. In this chapter, a 
two-step dry-wet oxidation at 1000°C used to grow the 1 J.Lm interlayer 
dielectric has resulted n the smallest leakage current. 

• Chapter 8, authored by J. T. Sheu et al, demonstrates the linearity of 
nanostructures fabrication with linewidth down to 25 nm by using the 
multi-pixel scanning technique of SPL (Scanning Probe Lithography) 
and KOH anisotropic wet etching process. The use of multi-pixel 
scanning method of SPL has great potential to fabricate novel 
nanostructures for fundamental studies of nanoelectronics and nano
patterning for nanodevice applications. 

• In Chapter 9, wet-etching properties of GaAs in ~OH-H20z-H20 are 
investigated, and a novel bulk micromachining process for fabricating 
released micro-structures using (001) GaAs substrate is developed. 

• Chapter 10 addresses X-ray lithography technology, which can be 
successfully applied for high aspect ratio structures formation, 
especially in extremely thick resist layers. In comparison with 
conventional photolithography, the new technique provides a high 
penetration depth in the resist without any scattering and with a low 
diffraction and shadow blurring. There is no X -ray reflection from the 
resist, mask and substrate surfaces. 

• Chapter 11 discusses a novel photoresist/polymer coating on substrates 
for special applications of 3-D patterning and interconnection by spray 
technology. The method is simple, fast and low-cost in comparison 
with the other photoresist coating techniques, and capable of 3-D 
structure patterning and interconnect. Theoretical aspects, equipment 
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set-up as well as materials and other parameters of the process are also 
addressed in this chapter. 

• In chapter 12, a monolithic fabrication process of dielectric bolometer 
type uncooled infrared image sensor has been developed by integrating 
both Si bulk micromachining, on-chip IC fabrication and ferroelectric 
BST thin film preparation technique. The sensor characterizations are 
also shown in this chapter. 

• Chapter 13, authored by Dong-il "Dan" Cho et al, discusses the 
fabrication of a single-crystalline, single-wafer micro-gyroscope using 
the Surface/Bulk Micromachining (SBM) process. A new electrical 
isolation method, which uses a triple film composed of oxide, 
polysilicon and metal films is developed for the electrostatic actuation 
and capacitive sensing. 

• Finally, Chapter 14, authored by Won Jong Yoo et al, describes an in
situ trench etching and release technique to fabricate high aspect-ratio 
beams for high performance MEMS accelerometers using the Si02 

etching mask from Magnetically Enhanced Reactive Ion Etcher 
(MERlE). 

FRANCIS E.H. TAY 

Editor 
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Chapter 1 

INTEGRATION OF PIEZOELECTRIC Pb(ZrxTit
x)OJ (PZT) THIN FILMS INTO MICROMACHINED 
SENSORS AND ACTUATORS 

Paul Muralt, Nicolas Ledermann, J acek J. Baborowski and Sandrine Gentil 
Ceramics Laboratory, Department of Materials Science, Swiss Federal Institute of Technology 
Lausanne (EPFL), CH-/015 Lausanne, Switzerland 

Abstract: This chapter presents an overview on integration processes that have been 
developed for the fabrication of planar silicon structures coated by textured 
piezoelectric Pb(Zr.Ti1_.)03 (PZn thin films. Key issues are the textured 
growth to achieve high piezoelectric coefficients and the stress compensation 
to control the bending of cantilevers as well as the stretching forces at 
membranes. Advanced dry etching techniques are needed for patterning the 
electrode films without danlage to PZT, and without leaving residues. Some 
recent results on cantilever-microphone and piezoelectric micromachined 
ultrasonic transducer (pMun are presented. 

Keywords: piezoelectricity, PZT, MEMS, microfabrication, dry etching 

1. INTRODUCTION 

Piezoelectric thin film actuation and sensing are useful in devices 
requiring large output forces, low noise, or high frequency operation (see [1] 
for a review). An additional advantage lies in the fact that a planar structure 
(one level) is able to give excursion and strain detection in the out-of-plane 
direction, which is very useful in scanning probe techniques [2], for instance. 
Today, there is a growing interest in the field of micro-electro-mechanical 
systems (MEMS) for the integration of smart materials with good actuation 
and/or sensing capabilities. In particular, Pb(ZrxTi1 . .)03 (PZI') and AlN thin 
films are of primary interest [3]. PZT is a favorite material when the force or 
the output charges are of importance. AlN is very suitable for RF-MEMS 
applications in the GHz frequency range, or when compatibility with silicon 
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4 Paul Muralt, Nicolas Ledermann, Jacek J. Baborowski and Sandrine Gentil 

CMOS technology is required. This paper focuses on PZT integration for 
MEMS applications. This is in fact not a trivial task because of high 
deposition temperature in oxygen gas, and a high diffusivity of lead that is 
not incorporated in the perovskite (crystal structure of PZT). The high 
deposition temperature (typically 650°C) leads to thermal stresses in the 
bottom electrode on which PZT is grown. The adhesion layers are oxidized 
and may react with lead. The electrode stability is thus a major concern. As 
this electrode must be inert, i.e. a refractory noble metal (Pt) or an inert 
oxide (for example, lr02, Ru02), advanced etching techniques are required 
for patterning. Dry etching in high-density plasmas at low working pressures 
is necessary [4], [5], [6]. Such processes are available today thanks to new 
dry etching tools using inductively coupled plasmas (ICP) or ECR ion 
sources. Finally, the patterning of piezoelectric structures needs to be 
combined with silicon micromachining (see [7] for a review). The inert 
electrode layers proved to be very good masking layers for deep silicon 
etching. These recent developments lead to new opportunities in devices 
with complex structures and critical dimensions of a few micrometers, such 
as low frequency acoustic sensors [8] or piezoelectric micromachined 
ultrasonic transducers [9]. 

The relevant piezoelectric effect for MEMS applications is due to the 
transverse coefficient e31,r, where index f denotes an effective value 
measured in the case of thin films [10]. 

top electrode 

j PZTfi lm 

external 

load 
train, £1 

bottom electrode 

Figure 1. Transverse piezoelectric effect in sensors and actuators 

For a sensor operation, the external load (pressure, acceleration) induces 
a strain profile within the beam or membrane that creates charges on the 
piezoelectric thin film. These electrical charges are given by: Q3 =A e3u (E1 

+ E2). In transducers or actuators operation, the mechanical stress created by 
the electrical field is expressed by cr1,2 = e31,r E3• This piezoelectric stress 
induces a bending of the structure. The effective piezoelectric coefficient e31 ,r 
can be measured by various methods (see [1]). A cantilever bending method 
has been used in this work [11]. The effective coefficient e31,r is linked to the 
piezoelectric eii coefficients by: 
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where the Cij are components of the stiffness tensor. 

2. INTEGRATION OF PZT THIN FILMS ON 
SILICON 

2.1 Chemical Solution Deposition (CSD) of PZT 

Pb(ZrxTh_J03 (PZT) thin films for piezoelectric applications have been 
investigated for a number of years. Considerable efforts have been spent in 
the development of precursors [12], the development of pure phase 
perovskite film [13], [14] and the control ofthe orientation [15]. While many 
parameters of film nucleation and growth are understood, wafer-scale 
processing to achieve reproducible and stable processes as well as optimal 
properties are still being studied [16]. One of the essential points is seeding 
for texture control. The optimal texture and composition for a high e31,r has 
been evaluated for 1 ~-tm thick PZT thin films deposited by CSD. (111)
texture was achieved by means of few nm thick titania seed layers on Pt 
( 111) electrodes [ 17]. ( 1 00)-textured films were obtained by the use of 10 
nm sputter deposited (100)-oriented PbTi03 seed layers [18], [19]. 

In addition, the possibility to deposit films of several microns was 
explored. 1 to 4 ~-tm thick PZT thin films have been deposited by means of 
the sol-gel technique on Pt!fi02tri/SiOiSi 100 mm wafer. The "classical" 
sol-gel route [20] was optimized. This route utilizes 2-methoxy-ethanol 
solvent and the organometallic precursors Pb(C2IL.02h· 3H20, Zr(OCHr 
CHrCH3)4 and Ti[OCH(CH3)z]4. For a 2 ~-tm thin film used in 
micromachined ultrasonic transducers (pMUT), 32 spinning and pyrolysis 
steps as well as eight crystallization anneals were performed. The film 
exhibits columnar grains nucleated at the bottom electrode (see Fig. 3) with 
an average grain size of about 200 nm. 

Details related to the chemical solution deposition (CSD) process itself, 
including the preparation of the precursors, the spinning conditions and the 
crystallization parameters can be found in [16]. Crucial to achieving the 
(100) texture of PZT was the use of 10 nm sputter deposited (100)-oriented 
PbTi03 seed layers. It has been possible to maintain a texture index of more 
than 96% for a thickness up to 4 ~-tm (see Fig. 4). 
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Figure 2. Transverse piezoelectric coefficient of (111) and (100)/(001) textured PZT thin 
films (after [ 16]) 
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Figure 3. SEM cross-section and plan-view of2jlm thick (100) PZT 52/48 thin film 

Fig. 2 shows that (100)/(001) textured PZT films exhibit a higher 
transverse piezoelectric coefficient than ( 111 )-films. For a composition of 
PZT 52/48 (x = 0.52), a transverse piezoelectric coefficient of -12 ± 0.5 C/m2 

has been achieved, the best value for a thin fllm known to date. In this 
material, e31,r is roughly 12 times larger than in AlN [21], or 20 times larger 
than in ZoO [22]. Values derived from bulk ceramics range from -9.6 cm·2 

for pure PZT [23] to -26 cm·2 for doped and optimized PZT (3203HD, 
Motorola [24]). 
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Figure 4. Texture indice of (1 00) PZT 52/48 thin film as a function of thickness 

2.2 Stress compensation 

Thin film stresses create a bending to free standing structures. Each film 
(on average height hi. thickness ~) applies a bending moment with respect to 
the neutral plane (on height hn) of the structure. In order to fabricate 
perfectly flat, large surface cantilever, the overall bending moment should be 
close to 0. 

(2) 

As the thermal silicon oxide is the only compressive film in the structure 
(-300 MPa), it has been used as stress compensating layer; the neutral plane 
was situated in the silicon. By adjusting the appropriate thickness of Si02 

(1000 to 1200 nm), the tensile stresses of 1 !J.m PZT (+120 MPa/180 MPa 
before/after poling) and platinum bottom electrode ( +550 MPa) have been 
nulled. 

Fig. 6 shows a UBM 3D topography of a 2 x 2 mm2 PZT/Si cantilever 
before (a) and after poling (b). The deflection before poling is about- 15 !J.m 
and is then reduced to + 2.5 !J.m after poling as the PZT tensile stress 
increases. 
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PZT 

~~~Pt~to~p!e!~l~!!troo!!e!!~~~~ 

390j.lm 

Si wafer 
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10-20 !!m Si 

membrane 3-10 !!ffi lit 

Figure 5. A schematic of the cross-~tion of a PZT/Si cantilever 

Figure 6. UBM topography of a 2 x 2 mm2 cantilever before (a) and after PZT poling (b) 

3. PROCESS FLOW AND PATTERNING 

3.1 General process flow 

The microfabrication of planar PZT/Si devices (cantilevers, beams, 
partially clamped membranes) requires six main steps as shown in Fig. 7. 
After the deposition of the PZT film by sol-gel-CSD (A), Au/Cr top 
electrodes are evaporated and patterned by lift-off (B). Then, vias are opened 
through the PZT film to give access to the bottom electrode (C). The narrow 
slit surrounding the cantilever is then patterned through the PZT/Pt/Si02 

stack (D). The PZT and Pt films are etched by means of an ECR ion-gun 
with standard Shippley 1818 2.3r.tm photoresist mask. The underlying Si02 

film is then etched in an Alcatel 601 E reactor with standard CF4 process. 
Deep silicon etching from the backside (E) is then used to defme the 
thickness of the membranes (10 - 20 r.tm). Cantilevers and beams are fmally 
released by deep silicon etching from the front side (F). After the complete 
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microfabrication sequence, the piezoelectric thin ftlm is poled at 200 kV/cm, 
150°C for 10 min to exhibit a global piezoelectric response. 

Table 1 summarizes the film properties as well as the deposition and 
patterning processes for each thin film encountered in typical PZT/Si planar 
devices. 

.--------- ---./ PZT I lJm 
-Pt 

A) Substrate preparation 
----------------

~Au/Cr 

----------------
8) Top electrode lift-off 

- --- --- - - --· 

- ... -- --- -- - - -

C) Vias 

----------

~~-~--- ._ .. 
D) Slit patterning 
-- ----

Backside etching 

' si02 
-si 
-si~ 

Figure 7. Process flow for the microfabrication of PZT/Si planar structures (cantilever) 

Table 1. Thickness, stress, deposition and patterning methods of thin films encountered in 
typical PZT/Si piezoelectric planar devices 

Layer 

TiOx 
Pt 

Thickness/Stress Deposition Method Patterning Method 
1200nm 
-300MPa 

lOnm 
125nm 

+550MPa 
lOnm 

Wet oxidation 

PVDhot 
PVDhot 

PVDhot 

ICP dry etch 

ECR dry etch 
ECR dry etch 

ECR dry etch 
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Layer Thickness/Stress Deposition Method Patterning Method 
PZT lto4~tm Sol-gel-CSD ECRdryetch 

+120 MPa +wet etch 
Pt lOOnm PVDcold ICPdry etch 

or Au/Cr lOOnm evaporation Lift-off 

3.2 Dry etching processes 

3.2.1 Patterning of platinum electrodes 

We have built up an ECR/RF reactor enabling etching processes at very 
low pressures. Ions are generated in an ECR ion gun and accelerated to the 
sample resting on a RF powered substrate chuck. Details can be found in 
[25]. One can recall the principal process parameters: 
-Gas composition: CC4, CF4, SF6 and Ar 
- Working pressure: 5.10-4 Pa to 1 Pa 
- Microwave power: 10 W to 200 W 
- Grid voltages: acceleration: up to -1250 V 

extraction: up to 1000 V 
- RF substrate bias power: floating or OW to 150 W 

For platinum etching, the optimal process was found to be a combination 
of reactive chlorine plasma (CC4) conjugated with low energy ion (Ar) 
bombardment (below 35 V) at a working pressure of 5x10"3 Pa. An etch rate 
of 60 nm/rnin was achieved, leaving the photoresist (PR) undamaged and 
thus removable. The obtained selectivity Pt to PR was larger than 0.6 and 
with respect to Si02 and Si~4 larger than 0.7. High anisotropy and high 
fidelity (see Fig. 8) with respect to PR pattern have been obtained on 
different substrates. 

Figure 8. SEM view of Pt thin film etched on Si3NJSi02 and Si02 by the ECR/RF process 

No fencing was observed even on 2 x 2 f.J.m2 dots. Surface analysis (XPS, 
Tof-SIMS) of etched samples does not reveal any contamination or residues 
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[26]. Similar results were obtained in a commercial ICP tool (STS). Best 
results have been obtained with the following parameters: Ch flow rate: 20 
seem, Ar flow rate 70 seem, working pressure: 1 Pa, RF coil power: 600 W, 
RF platen power 150 W. The maximum etching rate (32 nm/min) was lower 
than the previous one and the selectivity was not improved and amounted to 
0.35 and 0.5 with respect to PR (Shipley 1818, 2.3 !J.m thick) and Si02, 

respectively .. 
As shown in Fig. 9, the effect of concentration of Ch on the etching rate 

is rather weak over 20%. 
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Figure 9. Effect of Ch on the etching rate of Pt and selectivity to PR with the ICP/STS 
process 

Only the selectivity to PR is slightly improved by the presence of 
chlorine gas. It is clear that the process is mainly governed by the ion 
bombardment. A tapered etch profile of photoresist mask and Pt is a typical 
effect of this type of physical etching. The process offers a good selectivity 
to PZT (> 2) and can be used for the patterning of platinum top electrodes. 
Post processing cleaning is also very important and consists of 5 min in 
Shipley Microposit Remover 1165 at 70°C followed by microwave plasma 
oxygen ashing. 

3.2.2 Patterning of PZT 

The damage-free micron scale patterning of ferroelectric thin films is one 
of technological difficulties in the fabrication of piezoelectric MEMS and 
ferroelectric memories. In general, it is difficult to achieve a high etching 
rate of PZT and an adequate selectivity to electrodes materials and to 
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photoresist at the same time. Most of existing processes used high density 
plasma RIEIICP or ion milling methods [27]. In general, common limitations 
were observed such as high energy bombardment (typically several hundreds 
of volts) and pressure ranges (1 - 100 Pa) that lead to PZT damage 
(roughness, amorphisation) and degradation of the electrical properties [28]. 

Our goal was to fmd the best PZT etching process in an ECRIRF reactor 
with acceptable etching rates, anisotropy and residue-free patterns. 

The optimised process chemistry for the PZT etching is a mixture of 40% 
CC4, 40% CF4 and Ar with a low RF-bias (60 W). This process enables etch 
rates up to 60 nm/min with selectivity better than 2 to PR mask and better 
than 1.5 to Pt. The achieved processing time for the etching of 1 micron of 
PZT can be as long as 30 to 40 minutes [29]. Except for the reactive gases, 
the etching process of the PZT thin film is mainly driven by two important 
parameters: the working pressure and the substrate bias. Fig. 10 shows the 
dramatic increase of the etch rate of PZT and the selectivity to photoresist 
(PR) when the pressure decreases below 1 Pa, peaking at 5 X 10"3 Pa. 

80 
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Figure 10. Effects of the working pressure on the etching rate of PZT thin film by using the 
ECRIRF reactor 

As the pressure is reduced, the anisotropy of the patterns is improved (see 
Fig. 11-b). The etching rate can be further improved by increasing the RF 
bias voltage applied on the substrate. Fig. 12 shows the evolution of the 
etching rate and the selectivity to PR for different pressures. However, a 
dramatic decrease in selectivity is observed when the RF bias is larger than 
60 W. As shown on Fig. 11-a, the stability of PR is the limiting factor. To 
avoid the degradation of the photoresist due to the ion bombardment, it is 
mandatory to stabilize the PR mask before the etching with a hard bake at 
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150°C for 30 min in an air oven. The photoresist can still be stripped in 
Shipley Microposit 1165 remover at 70°C followed by an oxygen plasma 
ashing. 

(a) (b) 

Figure 11. SEM sideview of patterned PZT!Pt/Si02 multilayer (ECRIRF reactor): a) working 
pressure of0.5 Pa and RFbias of 120 W, b) working pressure ofO.Ol Pa and RF bias of60 W 
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Figure 12. Effects of the RF substrate bias on the etching rate of PZf and on the selectivity to 
PR by using the ECRIRF reactor 

Table 2 summarizes the etching rates and the selectivity to different 
electrode materials. It appears that the best selectivity is obtained with lr02 

bottom electrode. 
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Table 2. Comparison of the etching rates of PZT and electrode materials obtained with the 
optimised PZT etching process (CFJCCIJAr, 60 W RF) 

Layer Etch rate (nm/min) Selectivity to PZT 
PZT 50 
PR 25 
Pt 
Ir 

32 
15 
12 
60 

2 
1.56 
3.33 
4.16 
0.83 

The PZT dry etching is the most accurate solution for the patterning of 
very narrow structures (for example, a slit of 3 to 10 Jtm wide). This process 
has been chosen to cut precisely the PZT around the cantilever acoustic 
sensor. However, for larger structures such as vias (> 100 Jtm), the wet 
etching of PZT in HF/HCl at 40-60°C is a more practical solution [30], [31]. 
In that case, it is important to keep in mind that the lateral under-etching is 
usually 5 to 10 times larger than the film thickness. Fig. 13(a) and Fig. 13(b) 
show the difference between the patterns obtained in PZT by wet and dry 
etching respectively. 

(a) (b) 

O.S!lm PZT 
0.11-1 Pt 
0.65 1-1m Si02 

Figure 13. SEM view of a (a) wet etched (in HF/HCI solution) side-wall of 2 1.1m PZT film 
and (b) 5 1.1m slit patterned by dry etching in ECR/RF reactor. The 2 1.1m film patterned by wet 
etching shows all the 8 interfaces corresponding to the intermediate crystallization steps. 
Underetching is about 5 1.1m. 

3.2.3 Deep silicon etching 

Deep silicon etching has been carried out in a commercial ICP reactor 
(Alcatel 601E). This process also named as Bosch process is carried out at 
20°C with the following parameters: 
- Mask: PR (Shipley 1818, selectivity Si/PR > 250) or Platinum 
- Process sequences: etch: SF6, 300 seem, 11 s 

passivation: C~8, 200 seem, 2 s 
- Working pressure: 5.6 Pa (etching) I 7.6 Pa (passivation) 
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- Source RF power Coil: 1800 W 
- Substrate holder RF power: 80 W 

An etching rate ranging from 5 to 10 ~-trnlrnin with 2_5% uniformity 
across the 390 J.tm wafer has been achieved. The etch rate is mostly 
governed by the total surface of exposed silicon as well as the size of the 
structures. The process delivers vertical sidewalls even in narrow (below 5 
J.tm) and deep holes (through the wafer, aspect ratio= 20). For the backside 
patterning (see Fig. 7, step E), photoresist has been used as masking layer to 
thin down the silicon to the required membrane thickness (5 to 20 ~-tm). On 
the front side, the platinum layer (bottom electrode) has been used as the 
mask. The selectivity to Pt was measured as high as 1000 (Pt etching rate 
with SF6 < 5 nm/min at bias voltage < 100 V). Deep trenches have been 
processed for the evaluation of the process (see Fig. 14). 

Figure 14. SEM cross-section of groove patterned in Si02/Si using Pt bottom electrode as 
masking layer 

For the first cycle of isotropic etching an underetch of only 500 nm is 
observed. After few cycles of etching/passivation, the underetch and bowing 
are completely reduced and the anisotropy of the patterns is 90°. This 
process was used to release cantilevers (see Fig. 7F) and other partially 
clamped membranes, creating narrow slits and grooves (see Fig. 15 and 16). 

A complete microfabrication sequence for PZT coated cantilevers and 
partially clamped membranes have been established, mainly based on dry 
etching techniques. The patterning of platinum top and bottom electrode was 
achieved either with ICP or ECRIRF reactors in chlorine/ argon chemistry. It 
has been found that the platinum bottom electrode may act as a perfect 
masking layer for the subsequent deep silicon etching. In the case of PZT, 
the developed process uses low pressure and low energetic ion beam in order 
to obtain anisotropic sidewall and residue free surface. No damage and no 
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reduction of the functional properties of the piezoelectric layers have been 
observed after the complete device microfabrication. 

Figure 15. Suspended circular Si membrane with PZT actuation layer - the membrane is only 
supported by four silicon bridges (10 !liD large x 20 !liD thick) 

Au/ 
PZT/ Pt/Si0 2 

cc V ~pill M.1gn ll1•1 WU ~ lflTl 
t~OW 3(1 1000x Sf- 316 f-I"'H llWX I C n~VICt ?000 

Figure 16. Extremity of a slit surrounding a partially undamped Si membrane (20m thick) 
with PZT actuation layer. The slit is 10 microns wide. 

4. DEVICES EXAMPLES 

4.1 Cantilever acoustic sensor for photoacoustic gas 
detector 

Photoacoustic gas sensing is a proven technique used in gas analysis [32]. 
It is based on the infrared absorption at a specific wavelength which is 
characteristic of the gas to be detected (for example, 4.25 J.lm for C02, 3.55 
J.lm for C~). In this application, the gas is heated by a modulated IR light 
source (hot filament) and the generated pressure amplitude is then measured 
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by a pressure sensor (see Fig. 17(a)). As the typical pressure amplitude to be 
detected is about 100 mPa, a very compliant membrane is required to exhibit 
a sufficient sensitivity. Furthermore, it is also known that all-edge clamped 
diaphragm usually yields residual stresses that degrade the sensor response 
[33]. To enhance the device sensitivity, a smart solution consists in replacing 
the diaphragm by a partially undamped structure like a cantilever or a 
bridge. 

Filter, 4.2511m for CO. 

~ C02, 5000 ppm 

absorption -+ AT = 2 mK 
~ 

11P = 100 mPa 

(a) 

Silicon cantilever 

(b) 

Figure 17. Photoacoustic gas detector (a) and cantilever acoustic sensor (b) 

p 

However, in the case of partially clamped devices, the presence of a slit 
around the structure (cantilever or bridge) leads to an air leak which 
dramatically reduces the sensitivity at low frequency due to the equalization 
of the pressures on both sides of the sensing cantilever. As the width of the 
slit governs the air conductance, it is then mandatory to design very narrow 
gap ( < 10 J.tm) in order to work at low frequencies ( < 20 Hz). 

The first cantilever microphone for audio application has been 
demonstrated by Lee & White [34]. The device was based on piezoelectric 
ZnO thin film and its microfabrication requires multiple depositions of 
different thin films on both sides of the cantilever to compensate the stresses. 
However the device was unable to operate at very low frequencies due to 
excessive residual bending leading to a high air leak. 

After the complete processing sequence described previously (see§ 3.1), 
a relative dielectric constant Er of 1096 (-), a dielectric loss tano of 3.3 % and 
a transverse piezoelectric coefficient e31,r of -12.8 C/m2 have been measured 
on test devices, showing that the microfabrication processes do not degrade 
the functional properties of the piezoelectric layer at all. Fig. 18 shows the 
top view of a PZT/Si cantilever acoustic sensor and a detailed view of the 
slit comer. 
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The width of the slit showed in Fig. 18 has been reduced from 5 J.tm to 
4.4 J.tm due to a slight instability of the photoresist during the PZT/Pt/Si02 

dry etching sequence. Such slight mask deformations are difficult to avoid 
completely as the PZT dry etching process is still aggressive, even if some 
trade off has been made in terms of RF bias, gas pressure, PR hardbake and 
processing time. At this point, these deformations should simply be taken 
into account in further re-design of the devices. 

5 11m slit 

Top 
electrode 

Via 

Figure 18. 2 x 2 mm2 cantilever acoustic sensor and slit corner detail 

Fig. 19 shows the frequency response of a cantilever acoustic sensor as a 
function of the damping volume (e.g. defmed air volume under the 
cantilever). 

Cantilever C5-3, wafer #1202 

10 20 30 
frequency 

40 50 

Figure 19. Frequency response of a PZT/Si cantilever acoustic sensor as a function of the 
damping volume 
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As the damping volume increases, the air leak is less relevant and the 
frequency dependence becomes flat. Fig. 19 shows that a slit of 5 J.tm is 
mandatory to obtain a sufficient response at 10 Hz with a damping volume 
of 1 cm3 (standard packaging). 

4.2 Piezoelectric micromachined disks and membranes 

For a few years, micromachined ultrasonic transducers (MUT) are 
investigated for phased arrays in high frequency acoustic imaging in order to 
overcome resolution and frequency limits of reticulated bulk PZT 
transducers used. The basic element consists of a micromachined membrane 
that is driven by either capacitive (CMUT) [35] or piezoelectric actuation 
[36], [37] (pMUT). Two different border conditions have been realized. In 
the ftrst version, the clamping of the membrane is slightly reduced by 20 J.tm 
deep and 20 J.tm wide grooves around the membrane (see Fig. 20). 

GROOVED 

SUSPENDED 

1:::] Top Electrode Au/Cr 

1Z1 PZT 

- Pt 
ISJ Si02 

Figure 20. Schematic design of single transducer cell 

In the second version, the grooves go across the membrane, which is 
simply suspended by SiOz/Si bridges. A detail of a Si/Si02 bridge and a top 
view of a 3x3 pMUT array are shown in Fig. 21. 

The transducer cells have been evaluated by means of optical deflection 
and admittance measurements. Fig. 22 shows a top view and a cross section 
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of a vibrating round membrane of 1 mm in diameter. The image was 
obtained with a stroboscopic interferometric microscope [38]. 

The admittance measurements have been analyzed by means of the 
resonator model. A typical result as obtained with hexagonal, 300 J.tm wide 
membranes is depicted in Fig. 23. A quality factor of 180 and a coupling 
factor k = 0.14 have been obtained. It is advantageous to superimpose a de 
field. This increases the polarization and thus the piezoelectric coefficient, 
especially below the coercive field (50 kV/cm). 

Figure 21. SEM viewgraph showing the micromachined bridge of a suspended membrane 
with the etched Pt and PZT layers (a) and part of a 3 x 3 array of octagonal cells (pitch of 300 
Jlm) 
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Figure 22. Deflection captured at maximum amplitudes by stroboscopic interferometry. Top: 
20 view of deflection at 180° phase angle; bottom: cross section at 0° and 180° phase angles 
[9] 
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Figure 23. Admittance curves of 300 ~m diameter, hexagonal, suspended, single transducer at 
50 kV/cm de bias field. The measured values (squares and circles) are compared with an 
analytical model (full lines) of a resonator with Q = 180, k = 0.14, tanS= 3.5% and a capacity 
of 125 pF (after [9]) 

5. CONCLUSION 

In this chapter, the successful integration of (100) highly textured 
piezoelectric PZT thin films into micromachined sensors and transducers has 
been demonstrated. The process optimization of the chemical solution 
deposition (CSD) of the PZT has led to films up to 4 !J.m thick without 
cracks and with excellent piezoelectric and dielectric properties. An effective 
transverse piezoelectric coefficient of up to 12 ± 0.5 C/m2 as well as a 
dielectric constant of about 1100-1200 has been measured. 

A complete microfabrication sequence for stress compensated PZT/Si 
planar structures such as beams, cantilevers, bridges or partially clamped 
membranes has been developed. The microfabrication mainly uses high 
density plasma dry etching processes, either in ICP or ECRIRF reactor. The 
platinum bottom and top electrodes have been structured in chlorine I argon 
plasma and residue free surfaces have been obtained. It has been found that 
the platinum bottom electrode is also a perfect masking layer for the 
subsequent deep silicon etching (e.g. release of the moving structure, see 
Fig. 7 F). For the PZT dry etching, the applied process requires very low 
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pressure (mPa range) and low energetic ion beam into ECRIRF reactor thus 
allowing for the use of standard photoresist mask. 

Finally, two examples of device have shown the potential of such process 
in the microfabrication of piezoelectric MEMS. In the first example, an 
acoustic sensor for low frequency application(< 20Hz) based on a PZT/Si 
cantilever is presented. Due to the all-dry etching process, it has been 
possible to defme a very narrow gap ( < 5 tJ.m) accurately around the sensing 
cantilever. The device exhibits a sensitivity of 200 pA/Pa with a noise of 1.6 
mPa/Hz112 at 20 Hz. 

The second application has shown, again, the useful integration of such 
process into the microfabrication of piezoelectric micromachined ultrasonic 
transducers (pMUT). Based on 2 J.tm PZT film, ultrasonic transducer cells 
have been demonstrated in the frequency range of 50 kHz (1 mm diameter) 
to 1.2 MHz (300 J.tm diameter). Coupling factors of a few percent have been 
obtained. 
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Abstract: This chapter discusses the use of porous silicon as a sacrificial supporting 
layer during silicon diaphragm formation by precision grinding. Unsupported 
silicon diaphragms formed by grinding exhibit post-grinding shape distortion 
dependent upon diaphragm thickness and diameter. Such distortion can be 
eliminated or strongly suppressed by use of a support during the grinding 
process. Use of porous silicon as in-situ support for 15 - 150 !llll thick 
diaphragms is explained with emphasis on porous silicon properties, 
diaphragm thickness and fabrication processing steps such as oxidation. 

Keywords: porous silicon, precision grinding, silicon diaphragm 

1. INTRODUCTION 

Porous silicon is a sponge-like material formed in silicon as a result of an 
electrochemical etching process in HF aqueous solution. It consists of thin, 
closely spaced, channels called pores, surrounded by silicon walls. The pore 
size, shape and spacing depend upon anodization conditions, the wafer type 
and resistivity. Due to its optical [1,2], structural and processing properties, 
porous silicon has been used in a wide spectrum of applications, including 
light emitting and quantum devices [3], power devices [4], SOl applications, 
and MEMS. Porous silicon offers design flexibility and is a promising 
material for a variety of MEMS applications both as a structural and as a 
sacrificial layer. 

A common porous silicon application in the MEMS arena is as a 
sacrificial layer. This is due to a very high surface area-to-volume ratio of 
the porous material, which leads to high etch selectivity with respect to bulk: 
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silicon, and facilitates easy removal. Moreover, it is possible to form deep 
(up to 100 Jlm thick) porous layers within a relatively short duration (several 
minutes). 

This chapter focuses on the application of porous silicon as a sacrificial 
layer in silicon diaphragm formation by precision grinding. Diaphragms 
form crucial parts of many MEMS structures, including pressure sensors and 
microfluidic components such as liquid dispensers and micropumps. The 
geometry tolerances of the diaphragm during fabrication, as well as its 
thermal compatibility with the rest of the devices play important roles in 
proper functioning of the devices. 

Since the beginning of the micromachining era different solutions have 
been employed in terms of material and geometry control of the diaphragms. 
Pressure sensors from an early stage employed thin silicon diaphragms as the 
pressure sensitive element [5]. Diaphragms were formed by anisotropic 
etching of silicon with the thickness being controlled either by timed etching 
or by etch-stop techniques such as heavy boron doping or reverse biased p-n 
junction formation. The flexural element material in inkjet printheads and 
micropumps was usually made of stainless steel [6], glass [7,8] or silicon 
[9,10]. 

The choice of diaphragm material is dependent on the compatibility with 
the overall fabrication process. In terms of standard micromachining 
technology, the two main materials are glass and silicon. The limitations of 
glass consist of the difficulty in precise machining and of its thermal 
expansion mismatch with silicon. These limitations are avoided by the use of 
silicon. 

In most cases silicon diaphragms are formed using silicon etching 
accompanied by etch-stop techniques. One of the alternatives to this process 
is precise grinding of silicon, which has been widely used in SOl technology 
[11]. The main advantages of silicon grinding are its purely physical nature 
and time efficiency. As an example, the removal of 200 Jlm of silicon using 
KOH etching takes 3-4 hours, while using silicon grinding, it takes less than 
5min. With modern grinders able to process over 30 wafers per hour with a 
TTY (Total Thickness Variation) of 0.25 Jlm, silicon grinding is an attractive 
solution for diaphragm formation. 

In the next sections, classification and formation methods of porous 
silicon are discussed, followed by the application of the material in the 
formation of silicon diaphragms by precision grinding. 
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2. POROUS SILICON FORMATION METHODS 

Anodization is the most common technique and the one used in this work 
with the apparatus shown in Fig. 1. The silicon wafer is immersed in a 
solution consisting of hydrofluoric acid, water and ethanol. The jig was 
made of polypropylene and is arranged to avoid leakage between the right 
and left hand·cells with respect to the wafer. Although a small leak does not 
preclude growth of porous silicon it deteriorates both the growth rate and 
uniformity. Ethanol acts as a wetting agent and prevents stiction of the gas 
bubbles to the wafer surface during anodization. 

Porous Si 

+ 
/ latinum electrode 

Transparent 
window 

U ght source 

of the wafer Jig 

Figure 1. Anodic bias porous silicon formation apparatus 

A 250 W tungsten halogen lamp was used to illuminate the rear of the 
wafer and a constant current flow was maintained through the wafer. The 
light generates charge carriers in the silicon while the electrical bias is such 
as to attract the positive carriers to the front of the wafer. This promotes 
dissolution of silicon material, progressing from the front of the wafer 
towards the back. 

With n-type silicon, the use of light is indispensable for porous silicon 
growth (unless very high electric fields are used) as it enables hole 
generation. Although using the light in p-type silicon is not essential, it can 
strongly enhance the growth rate especially if there is no ohmic contact at 
the back of the wafer. 

The above porous silicon formation method allows growth depths up to 
100 ~m. Its disadvantage is the processing limitation of one wafer at a time. 
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Two other possible techniques of porous silicon formation are the stain etch 
and the galvanic element methods which are described in [12]. 

3. CHEMISTRY AND MECHANISM OF POROUS 
SILICON FORMATION 

During anodization, an electrochemical reaction takes place on the silicon 
surface. The reaction is responsible both for pore formation and for the 
uniform removal of silicon in the case of electropolishing. Various chemical 
reactions have been proposed, the most probable one according to the survey 
given by Smith et al. [13] is that proposed by Lehman and Gosele [14] and 
shown in Fig. 2. 

F H 
a) H \ H b) ·-....,,, F c) '2 d) 

/ F H F 2HF F -> i ------. '-s/:)-+ ~si~----+ ~s~ F +---+ 
Ef5s .> / 's / ' /~"\. / ' / " / ' / v·~··H 1 1 Si Si Si Si S1 S1 
/"\./"\, /"\. /"\, /"\,/"\. /'-./"\, 

Figure 2. The reaction path proposed by Lehman and Gosele [14] 

During porous silicon formation, silicon surface is passivated with 
hydrogen atoms (Fig. 2a). If a hole (+)reaches the surface of silicon, a F 
fluoride ion can attack the Si-H bond leading to the establishment of the Si-F 
bond (Fig. 2b). Due to the polarizing effect of fluorine, another F ion may 
attack leading to establishment of a second Si-F bond and the release of an 
H2 molecule as well as an electron(-) (Fig. 2b & c). The polarizing effect of 
Si-F bonds decreases the electron density of the close-to-surface Si-Si bonds, 
leading to increased HF attack which in turn leads to further passivation of 
the silicon surface by hydrogen atoms (Fig. 2d-f) and formation of an SiF4 

molecule (Fig. 2f) which after further reaction with the HF leads to 
formation of SiFl. The removal of a Si atom from the silicon surface leads 
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to increased electric field in this location and preferential hole transfer which 
increases surface in homogeneity. Moreover, carrier depletion in the walls 
between the pores, leads to wall passivation and preserves against further 
dissolution [14]. As seen in Fig. 2 the silicon surface is alternatively covered 
by hydrogen and fluorine as one electron and one hole are exchanged. The 
end product is SiF6-2• 

During electropolishing a thin oxide layer is continuously formed on and 
removed from the silicon surface. 

4. POROUS SILICON CLASSIFICATION 

Porous silicon can be divided into three groups, according to the feature 
(pore) size. 

4.1 Microporous silicon 

Microporous silicon, sometimes called nanoporous silicon, consists of 
randomly distributed pores with pore size ranging between one and several 
tens of nanometers. Formation of nanoporous silicon occurs in lightly doped 
p- and n- type silicon. 

Due to its optical properties microporous silicon is intensively 
investigated for light-emitting devices. It can also be used for catalytic 
surface reactions in gas sensing systems because of its high surface-to
volume ratio. Canon Inc has successfully used it for Silicon-on-Insulator 
production [15]. A common application of microporous silicon is as a 
sacrificial layer in the fabrication of devices such as accelerometers, sealed 
cavity devices, channel devices and freestanding membranes. An extensive 
study of use of microporous silicon as a sacrificial layer is included in [ 16-
19]. The use of microporous silicon in its lower size range, especially as a 
sacrificial layer, is restricted by its fragility. Handling of the material without 
causing damage is difficult with even rinsing processes being detrimental. In 
the present work microporous silicon in its middle and upper size range has 
been used due to its good structural and excellent selective etching 
properties. 

4.2 Mesoporous silicon 

The formation occurs in heavily doped p- and n- type silicon. The 
macroscopic surface is darker than bulk silicon and is very smooth. The pore 
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size falls in the range 10 - 500 nm. It exhibits high surface-to-volume ratio 
and can be etched in low concentration alkaline solutions as well as through 
oxidation and oxide removal. 

4.3 Macroporous silicon 

Macroporous silicon is formed in n-type lightly-doped silicon. Pore size 
ranges between fractions of a micrometer to tens of micrometers. Pore 
formation is attributed to the depletion of the porous region due to space 
charge effects and is characterized by a steady state condition between 
charge transfer and mass transport as reported in [20]. Pore size and shape 
depend on parameters such as: solution, silicon dopant density, bias 
conditions and illumination. A detailed description of how the parameters 
affect pore growth is given in [21]. Its most common micromachining 
applications are in fluidic filters and in groove etching and capacitors [18, 
20]. 

In the present work, nano-, meso-, and macroporous silicon have been 
used for the production of silicon diaphragms [22] and the results are 
presented later. 

5. MASKING METHODS DURING POROUS 
SILICON FORMATION 

If porous silicon is to be formed only in chosen areas of the wafer, a 
masking layer has to be applied to protect the remaining wafer surface. The 
choice of masking material is conditioned by parameters such as: electrolyte 
strength, processing time, silicon substrate type and doping concentration. 

The most inert barrier against concentrated HF solution and commonly 
used material is amorphous silicon carbide [17]. Its etch rate in HF is only 
several Angstroms per hour. Photoresist is a suitable masking material for 
short anodization times (several minutes) with the disadvantage of easy 
pinhole formation in the layer. Thick oxide layers (several tJ.m thick) can be 
successfully used as a masking layer in the case of low HF concentration 
solution(< 10%) and relatively short anodization times(< 30 min). 

For anodization duration up to 1 hr, silicon nitride can be used as a 
masking layer. This allows production of over 60 tJ.m thick porous silicon in 
moderately doped p-type wafers, which is sufficient for many 
micromachining applications. In the present work, nitride films formed by 
LPCVD with thickness ranging from 150 nm to about 700 nm were used. 
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The type of masking material in conjunction with the type of silicon 
used, also influences porous silicon formation near the edges of patterns as 
explained by [17]. The magnitude of undercut depends mainly on current 
density and biasing condition. The profile of porous silicon within the 
undercut area depends on dopant type and concentration and the type of 
masking layer. 

The choice of the masking layer and substrate type depends on the 
application and on the future processing steps. If the next processing step is 
wafer fusion bonding, which is the case in this work, the removal of masking 
material must not cause any significant increase in surface roughness of the 
substrate. 

A commonly used masking configuration is polycrystalline silicon 
deposited on oxide. It can withstand the HF solution for a long period. 
However, the polysilicon removal processes strongly affects oxide 
uniformity and can cause problems if the underlying oxide is to be preserved 
for further processing. Silicon nitride can be stripped in orthophosphoric acid 
solution without prohibitive roughness increase of underlying silicon or 
oxide layer. 

6. SILICON DIAPHRAGM FORMATION BY 
PRECISION GRINDING 

This section describes the application of precision grinding process to 
silicon diaphragm formation [23]. 

6.1 Precision grinding of silicon 

In this work a Shibayama VG-202MKII precision grinder was used. The 
system is capable of grinding 150 mm diameter substrates with a uniformity 
of± 0.5 J.tm. A schematic cross-section of the system is shown in Fig. 3. The 
silicon wafer is held by vacuum on a holder that may be convex or concave 
in shape with a convexity/concavity magnitude of 2 - 3 Jlm. 

The grinding wheel exerts pressure on the wafer and causes steady 
removal of silicon material as the result of the friction between the diamond 
teeth and the silicon. The process is purely physical and does not depend on 
parameters such as temperature or wafer doping concentration. Precision 
grinding of silicon proceeds in two stages; coarse grinding; followed by fme 
grinding. During the coarse grinding stage, the removal rate of silicon is 
about 250 Jlrnlmin and the wafer thickness tolerance is ±3 Jlm. The silicon 



34 A. Prochaska, S. J. N. Mitchell and H. S. Gamble 

removal rate during fme grinding stage is 20 ~m/min and the wafer thickness 
tolerance is ±0.5 ~m. 

Diamond teeth 

''"'' 
Axia and direction of rotation 

Figure 3. Silicon grinding system 

6.2 A generic diaphragm fabrication process flow 

The diaphragm fabrication process flow will differ depending on the 
device that is being produced. In most cases, however, the diaphragms are 
formed over pre-etched cavities. It should be noted that during the grinding 
process the whole wafer is being thinned. Thus, in case of a single wafer, the 
thickness of the diaphragms, for a given cavity depth, is limited by the 
minimum wafer thickness that can be processed by the grinder, which is 250 
~m in this work. In order to overcome this limitation another silicon wafer 
can be bonded to the active wafer to act as a holder during grinding. Very 
often the second wafer can contain an integral part of the device such as a 
nozzle or liquid channel. 

A generic fabrication process is shown in Fig. 4 [22]. The process starts 
with deposition of a 100 nm thick nitride layer on two wafers (a,b). 
Subsequently the nitride on the first wafer is patterned with 2-6 mm diameter 
circular patterns and reactive ion etched (c), while the second wafer is 
patterned with square openings and similarly etched (d). The next step 
consists of anisotropic etching of the cavity (e) in the first wafer and the 
wafer-through opening in the second wafer (f). The depth of the cavity is 
within the range of 25 - 75 J.Lm. After stripping the nitride from both wafers 
(g, h), they are directly wafer bonded with the opening in the second wafer 
aligned to the centre of the cavity in the first wafer (i). The subsequent and 
last stage of the process consists of precision grinding (j). 
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It is necessary to form a through opening in the bottom wafer before the 
bonding stage. This is to avoid generation of stress in the diaphragm during 
post-bonding annealing at 1050°C due to pressure increase in a sealed 
cavity. Such stress can cause over 100 Jlm bending of the diaphragms or may 
even cause fracture of the diaphragm. 

Silicon direct wafer bonding Grinding 
=:> r---,----

i) j) 
. '• 

~~ l( 

~:.f ~ 

_,<' 

• ,• •v ~ 

Figure 4. Process flow for diaphragm formation (courtesy of SPIE) [22] 

6.3 Diaphragm bending 

Subsequent to grinding, it was observed that the grinding process had 
induced diaphragm bending. The bending occurred in the case of both 
bonded and single wafers, which precluded the bonding process from being 
the source. Its magnitude was measured using an Alpha Step 200 surface 
profiler. The bending magnitude depended on the thickness of the diaphragm 
and its location on the wafer. 

In cases where the cavity beneath the diaphragms was deeper than the 
diaphragm thickness, the diaphragms normally had a convex shape. 
Distortion magnitude, defmed as the perpendicular distance between the top 
of the diaphragm and the wafer surface, ranged between 3.4 Jlm and 60 Jlm 
for diaphragm thickness between 150 Jlm and 25 Jlm respectively. Fig. Sa 
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and 5b show the typical profiles of 100 Jlm and 50 Jlm thick diaphragms, 
respectively [22]. 

The range of bending magnitude within a wafer, for 6 mm diameter 
diaphragms with different thickness is given in Table 1. Table 2 shows 
bending magnitudes for 2-6 mm diameter, 50 Jlm thick diaphragms. Thinner 
diaphragms exhibited cracks near the edges after grinding with the critical 
thickness dependent on the diaphragm diameter. For 6 mm diameter 
diaphragms with thickness 50 Jlm nearly all diaphragms exhibited cracks. 

:f --~ ,.......-, ;o[ 
6t /\ f /~~ ! '"l . . .. I \ I 

201 .I \ 
2 /' \\::, 

f + ,...... 
"-~. 0 cJ ~.~ 

~0 25iilr ~:-sao . 
.,.[ 

~'o '!l'xt 5000 n 

a) b) 

Figure 5. Profile of (a) a 100 J.lm thick diaphragm and (b) a 50 J.lm thick diaphragm (cavity 
depth > 50 J.lm). (Courtesy of SPIE) 

Table I. Bending magnitudes of 6 mrn diameter diaphragms within a wafer 
Diaphragm 
thickness 25 50 75 100 150 

[ m] 
Bending 

magnitude 
[ m] 

Semi 
concave 25.6-58.3 7.5-36.8 6- 13.4 3.4-8.2 

Table 2. Bending magnitude for 2 - 6 mrn diameter, 50 J.1ffi thick diaphragms 
Diaphragm 

diameter 6 4 3 2.5 2 
[mrn] 

Bending 
range 
[ m] 

25.6-58.3 8.8-13.3 1.8-5.6 

6.4 Mechanism of diaphragm bending 

1.3-3.6 0.7-1.7 

The post-grind bending of the diaphragms was attributed to a lack of 
support for the diaphragms during grinding process. In most cases the 
dependence w - llh2 was closely matched: where w is bending magnitude 
and h the diaphragm thickness. Such dependence corresponds to stress acting 
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in the plane of the diaphragm [24]. This occurs when there is a mismatch in 
the area of the top and bottom side of the diaphragm. The mismatch is 
induced during the process of grinding by non-uniform removal of material 
due to the diaphragm flexing under the pressure applied to it by the grinding 
teeth. This is illustrated in Fig. 6 [22]. 

on-uniform removal of material due to 
bending of the di during grinding 

I 
Diaphragm bent during grinding 

~Silicon wafer 

Figure 6. Illustration of the mechanism of diaphragm bending formation during grinding 
(courtesy of SPIE) 

The diaphragm will deflect during grinding, due to its increasing 
flexibility and the lack of support underneath it. This will cause non-uniform 
removal of the silicon material from the diaphragm (more material removed 
near the edges, less near the centre). A difference between the area of the 
top and bottom of the diaphragm will be induced, resulting in stress and 
bending of the diaphragm. Vacuum, acting on the bottom of the diaphragm, 
enhances diaphragm bending, but it is not its primary cause. Stress due to 
surface damage was found to play only a minor role in diaphragm bending 
for the range of diaphragms measured. 

Providing support beneath diaphragms during grinding should thus 
minimize or virtually eliminate post-grinding diaphragm distortion. Such 
support can be provided in a variety of ways including use of SOl 
technology or a porous silicon sacrificial layer. The SOl method necessitates 
the use of another silicon wafer, which significantly increases the overall 
cost of the process. The porous silicon option is more cost-effective and is 
described in the next section. 
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7. POROUS SILICON AS A SUPPORTING LAYER 
DURING PRODUCTION OF SILICON 
DIAPHRAGMS BY PRECISION GRINDING 

7.1 Fabrication process 

Porous silicon was investigated as a support during grinding to prevent 
diaphragm bending. The fabrication process is illustrated in Fig. 7. 

a) Porous silicon formation b) Etching through opening 
. . . 

• l .. ,,. --

. ' - ;,;· 

c) Silicon direct bonding 

e) Porous silicon removal 
litttttlllill ,;W'! i~! : !!~~ 

.,..._.Jilicon 

Figure 7. Fabrication process with porous silicon acting as a support during the grinding 
process 

The process consisted of the following steps: 
1. Dry oxidation of two batches of silicon wafers (6- 15 nm); 
2. Silicon nitride deposition (300 - 400 nm) on both batches; 
3. Patterning of silicon nitride on the front side for cavity window creation 

and removal of both silicon nitride and dry oxide on the back of batch 1; 
4. Porous silicon formation in exposed silicon windows on the front of 

batch 1; 
5. Removal of the nitride by use of orthophosphoric acid, batch 1; 
6. Processing of batch 2, according to Fig. 7, step b); 
7. Aligned bonding of wafers from batch 1 to those from batch 2; 
8. Formation of silicon diaphragms above the porous silicon regions by 

precision grinding; 
9. Porous silicon removal; this stage was not performed in all experiments. 

Porous silicon was formed using 1:1:2 HF:ethanol:water and 4:1 
HF:ethanol solutions. The sample was illuminated from the back using a 240 
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W tungsten lamp as shown in Fig. 1. The current density ranged between 7 
to 63 mA/cm2 and the depth of porous silicon ranged between 15 to 55 Jlm. 

It was found that the presence of porous silicon during grinding strongly 
suppresses diaphragm bending [22]. Fig. 8 shows profiles of two diaphragms 
at the same location on two wafers. One diaphragm (thickness 75 Jlm) was 
formed without porous silicon and the other (thickness~ 75 Jlm) with porous 
silicon. The oxide layer on the surface of the cavity wafers was 60 A thick. 
The bending is suppressed by a factor of 4. It can also be seen that the profile 
of the diaphragms with porous silicon underneath is a 'top-hat' shape unlike 
the diaphragms without porous silicon that have a dome shape. This 
difference is due to the presence or absence of support for the diaphragms 
during grinding. 

Removal of porous silicon after grinding was found to have no 
significant effect on the bending magnitude of the diaphragms. 

~ ____..._. -- ... -

a) b) 

Figure 8. Profiles of diaphragms after grinding: (a) 75 J.l.m thick without porous silicon, and 
(b)< 75 J.l.ffi thick with porous silicon support (courtesy of SPIE) [22] 

Profiles of some diaphragms with porous silicon showed a small tip at the 
centre, as in Fig. 9. This may be explained by the fact that at the centre of the 
cavities, there are openings etched through the bottom wafer. There is less 
support provided for the area of the diaphragm above the opening. Thus, this 
area will deflect more during grinding and result in higher post-grinding 
distortion. In samples where the opening was outside the main cavity area, 
no tip was detected in the profile. 

A good bending suppression factor was also observed in smaller 
diaphragms, <6 mm diameter. Fig. 10 & 11 show 3D profiles of 2.5 mm 
diameter diaphragms, 50 11m and 30 11m thick with and without porous 



40 A. Prochaska, S. J. N. Mitchell and H. S. Gamble 

silicon support during grinding, respectively. The profiles were measured 
using a ZYGO optical surface profile instrument. A bending suppression 
factor of > 5 can be deduced from these proftles. 
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Figure 9. Profile of a diaphragm with porous silicon underneath (courtesy of SPIE) [22] 

Figure 10. Post-grinding profiles of 2.5 mm diameter diaphragms 50 j.Lm thick with no 
support during grinding 

Fig. 12 shows the 2D proftle of a 2 mm diameter, 50 J..Lm thick diaphragm 
supported by porous silicon during grinding. Good bending suppression is 
visible, with a bending magnitude of about 0.3 J..Lm. 
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Figure 11. Post-grinding profiles of 2.5 mm diameter diaphragms 30 J.lm thick with porous 
silicon support during grinding 
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Figure 12. 2D view of 2 mm diameter, 50 J.!m thick diaphragm with porous silicon support 

7.2 Residual distortion in diaphragms formed with 
porous silicon support 

The presence of some bending in diaphragms fonned with porous silicon 
support is attributed to compression of the porous silicon and the existence 
of a gap between the porous silicon and the surface of the other wafer. The 
gap between porous silicon and the wafer can be created both by the 
interfacial oxide layer and by the damage of the top surface of porous 
silicon. 
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7 .2.1 Porous silicon compression 

The effect of porous silicon compression during grinding on diaphragm 
bending was investigated by minimizing the interfacial oxide thickness. 
Diaphragms on wafers with virtually no oxide exhibited excellent flatness 
with minimal distortion. Some of the diaphragms exhibited bending 
magnitude suppression factors of up to 300 with minimal diaphragm 
distortion indicating that compression of the porous silicon used in this 
experiment plays a minor role in diaphragm bending. Fig. 13 shows profiles 
of an unsupported diaphragm and one supported by porous silicon with no 
interfacial oxide. Bending suppression factor is about 300. In Fig. 13 (b), one 
can see distortion of the diaphragm shape near the edges. The distortion is 
minimal compared to the diaphragm thickness and is comparable with the 
surface roughness caused by the grinder, about 0.1 J.Lm. This distortion 
suggests that some compression of the porous silicon occurs during grinding. 
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Figure 13. Profiles of 6 mm diameter, 50 j.Lm thick diaphragms after grinding (a) unsupported 
and (b) supported by porous silicon with no interfacial oxide 

It is anticipated that surface damage may have an effect on diaphragm 
distortion when diaphragm thickness is comparable to the thickness of the 
top damaged layer. The damaged layer consists of an amorphous silicon 
layer, defects and cracks, and can be several microns thick depending on the 
grinding table speed [25, 26]. 

7 .2.2 Structural properties of porous silicon 

The structural properties of the porous silicon strongly affect the 
suppression of diaphragm deflection. On the micro-scale the pore size and 
distance between pores will play a crucial role. 
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Four types of porous silicon were investigated: 
a) nanoporous silicon (p-type wafer with resistivity of 1-3 .Qcm, pore size 

of several nm); 
b) mesoporous silicon (n-type wafer with resistivity of 0.04-0.08 .Qcm, pore 

size of 100-200 nm); 
c) macroporous silicon (n-type wafer of 5-15 Qcm, pore size of 1-3 Jlm); 
d) macroporous silicon (n-type wafer with resistivity of 200-20000 Ocm, 

pore size of 4-10 Jlm). 
In each case the porous silicon was 15 11m in depth and grinding was 

used to yield a diaphragm thickness of 50 Jlm. Not more than 25 nm oxide 
was present between the porous silicon and the bottom wafer. The deflection 
magnitude of the diaphragms on each wafer was measured and the average 
magnitude is shown in Fig. 14. 

The best suppression of diaphragm deflection was achieved using 
macroporous silicon with pore size 1 - 3 Jlm. This can be explained by the 
relatively robust porous column size (several microns). In case of 
nanoporous silicon, the columns are very small in size (several to tens of 
nanometers), which makes it easy for them to bend during grinding, thus 
increasing diaphragm deflection. The highest value of diaphragm deflection 
was observed in case of macroporous silicon with pore size of 3-10 Jlm. 
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Figure 14. Effect of porous silicon type on bending magnitude of 50 Jlffi thick diaphragms: i -
nanoporous, ii - mesoporous, iii - macroporous (pore size 1 - 3 Jlm) and iv - macroporous 
(pore size > 3 J.Lm) [27] 
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7 .2.3 Gap between porous silicon and the bottom wafer 

The gap between porous silicon and the bottom wafer can be caused 
either by the presence of oxide on the cavity wafer or by the damage to the 
top layer of porous silicon. 

The dependence of the diaphragm deflection on the oxide thickness in the 
range 0-4 Jlm was examined [27]. The porous silicon depth was 15- 20 Jlm 
with pore size of 1 - 3 Jim. The diaphragm thickness was 50 Jlm. Fig. 15 
shows the diaphragm deflection, averaged over each wafer, as a function of 
the oxide thickness. 

The dependence is very strong within the thin oxide range. The deflection 
increases to a saturation value, corresponding to the point when the 
diaphragm just touches the opposite wafer during the grinding process. The 
existence of deflection with virtually no interlaying oxide is attributed to 
porous silicon compression during grinding. 

7 .2.4 Dependence of diaphragm distortion on diaphragm thickness 

The dependence of diaphragm distortion magnitude on diaphragm 
thickness was investigated for 6 mm diameter diaphragms with a thickness 
range of 15-150 Jlm and supported by 15 Jim thick nanoporous silicon (p
type wafer, 9-15 Qcm resistivity). 
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Figure 15. Effect of interface oxide thickness on diaphragm bending with macroporous 
silicon used as a support 

The experiment involved using one wafer and measurement of the 
diaphragm deflection after each grinding stage. Sixteen diaphragms on the 
wafer were measured and the results averaged, the results are shown in Fig. 
16. 
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For 150 Jlm thick diaphragms, the deflection was virtually zero. A slight 
increase in the deflection was observed when the diaphragm thickness was 
reduced to 75 Jlm. The average value remains at a constant in the 75-50 Jlm 
thickness region. After grinding the diaphragms down to 15 Jlm, it was 
observed that for 2 diaphragms the deflection was virtually unchanged. The 
other 15 ~-tm diaphragms displayed distortion of up to 60 ~-tm. 

7.2.5 Dependence on porous silicon quality 

In most cases the distortion occurs near the edge of the diaphragms. This 
is explained by the reduced porous silicon quality near the edges of those 
cavities. In the case of nano- and mesoporous silicon, it was observed that, 
during removal of the masking layer, the top layer of nanoporous silicon 
tends to peel off starting from the edges of many cavities. Sometimes the 
damage may not be visible but it will affect the shape of the thin diaphragms 
during grinding as illustrated in Fig. 17. 

This scenario is also seen in Fig. 18, which contains the 3D profile of a 
15 J.Lm thick diaphragm. The regions with largest deflection are located near 
the edges of the diaphragm where the porous silicon is slightly damaged as 
well as in the centre where the nozzle is located. The distortion of diaphragm 
shape is a small fraction of the diaphragm thickness ( <5% ). 
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Figure 16. Average diaphragm deflection versus diaphragm thickness; for the l5Jlm result 
only the two least distorted diaphragms were taken into account 

Damage to the porous layer can form a substantial gap causing large 
diaphragm distortion. The damage is the result of porous film fragility, 
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which is especially the case in nanoporous silicon. Porous silicon fragility is 
caused by either too high porosity and/or too high current density. According 
to Hedrich et. al. [28], high current densities during porous silicon formation 
lead to crack formation in the porous layers. It was found that in the case of 
nanoporous silicon formed in p-type, 1-3 Qcm wafers, using 4:1 HF:ethanol 
solution, current densities < 40 rnNcm2 yielded crack-free layers while 
current densities > 85 rnNcm2 caused cracks to appear. The crack-free 
anodization region depends on substrate properties and solution strength. 
According to Splinter et al [12], higher HF concentrations promote greater 
layer robustness. 

Before grinding 

Poor quality of porous ilicon near 
the edge after mask removal 

Diaphragm 

After grinding 
Diaphragm di tortion over 
damaged porou Si region 

~ 

Figure 17. Illustration of the effect of porous Si damage on thin diaphragm distortion 

Figure 18. 3D optical scan of a 6 mm diameter, 15!lm thick diaphragm supported by porous 
silicon, after grinding 

Porosity depends mainly on the solution strength and the wafer 
properties. Higher porosity signifies a more fragile layer. Porosity < 40% 
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guarantees sufficient porous silicon robustness to be used as a sacrificial 
layer in the present application. 

Processing of the wafers subsequent to porous silicon formation is 
another factor that can significantly affect layer integrity. Where the wafer 
with porous silicon is bonded to another wafer, the critical step consists of 
mask removal after porous silicon formation (between steps (a) and (c) in 
Fig. 7). In case of a nitride mask this can take place either using wet etching 
or using dry etching. 

Wet etching necessitates prolonged immersion of nanoporous layers in 
orthophosphoric acid at 165°C or HF solution and can lead to surface 
damage. This was usually the case where porosity of the layer was in the 
range 40-50%. 

No damage to porous layer was observed during mask removal by dry 
etching. However, care must be taken to avoid etching the silicon substrate, 
which would cause a considerable roughness increase and would prevent 
successful bonding in later stages. The inclusion of an oxide layer under the 
masking nitride layer allows total nitride removal using dry etching without 
affecting silicon substrate. After nitride removal the oxide layer can be 
etched in 1:10 HF:water solution. 

Porous silicon stability is also essential for successful bonding. Fragile 
porous layers tend to fragment causing particle contamination on the wafer 
surface and prevent successful bonding. 

7.3 Porous silicon removal 

Porous silicon can be removed using different methods depending on the 
feature size and the porosity of the layer. It must be remembered that the 
layer is to be removed from a closed cavity and the access of etchant as well 
as transfer of product is limited by the size of the openings. High etch 
selectivity versus bulk silicon is required in order prevent overetching of the 
silicon structure. 

Macroporous silicon can be removed in alkaline solutions. However, the 
etch selectivity with respect to bulk is poor at 20-30. Macroporous silicon is 
therefore not suitable for diaphragm support if the process requires partial 
sealing of the cavity during the bonding process. In case of mesoporous 
silicon, the best removal method is based on transformation into porous 
silicon oxide and subsequent oxide etching in HF solution. 

Nanoporous silicon can be removed by one of the following methods: 
1. Immersion in H202:HF solution 
2. Transformation into porous silicon oxide and oxide removal 
3. Immersion in a low percentage KOH solution 
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Etching of nanoporous silicon exhibits very high selectivity with respect 
to bulk silicon (> 20,000 using method 1) which makes it the most suitable 
sacrificial material for diaphragm formation. Even for long etching times 
(several hours), virtually no bulk etching occurs, also very little surface 
roughness is observed after the removal. 

8. SUMMARY 

This chapter presented an application of porous silicon as a sacrificial 
layer during formation of silicon diaphragms by precision grinding. The first 
part of the chapter described the properties of porous silicon as well as its 
formation mechanism and methods. The process of formation of silicon 
diaphragms by precision grinding and the profiles of diaphragms formed 
without support was discussed. A method of supporting the diaphragm 
during the grinding process by the inclusion of a sacrificial porous silicon 
region was described. The beneficial effects of porous silicon as a support 
for the diaphragm during the grinding process are presented, and the reasons 
for any small residual distortion discussed. 
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Abstract: Silicon (Si) based MicroElectroMechanical Systems (MEMS) are now a well 
understood and widely used in various integrated micromachined microsensors 
and microactuators. In relation to this, Gallium Arsenide (GaAs) offers a 
number of material-related and technological advantages over Si. This paper is 
an attempt to demonstrate a high potential of GaAs based heterostructures for 
the development of a new generation of MEMS devices. There are 1 11m-thick 
cantilever and bridge membrane-like structures fully compatible with both 
AlGaAsllnGaAs/GaAs and InGaP/InGaAs/GaAs based HFETs developed. 
The basic electro-thermo-mechanical properties of the micromechanical 
structures are investigated. A high electro-thermal conversion efficiency is 
studied in various ambient atmospheres. An internal mechanical stress induced 
in the micromechanical structures is evaluated to be admissible for their 
mechanical integrity and stability. This makes the structures very attractive for 
the design of new thermally based MEMS devices. 

Keywords: GaAs cantilever, GaAs bridge, GaAs MEMS, conversion, thermal resistance, 
mechanical stress 

1. INTRODUCTION 

Silicon (Si) based MicroElectroMechanical Systems (MEMS) are now 
well understood and widely used in various integrated micromachined 
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microsensors and microactuators. In relation to this, Gallium Arsenide 
(GaAs) offers a number of material-related and technological advantages 
over Si [1-3]. First of all, there are some physical intrinsic properties of this 
material (piezoelectricity, direct bandgap, lower thermal conductivity, higher 
saturation velocity of electrons, high-temperature stability, heterostructure 
based quantum effects), which make GaAs an attractive alternative to the 
well developed Si based MEMS. Likewise, the initial MBE and MOCVD 
grown GaAs heterostructures provide more flexibility and precision in 
micro machining, which results in very sharp interfaces (one or two 
monolayers). Due to different composition, these layers can easily be etched 
by wet or dry techniques with an excellent compositional selectivity. 

Additional advantages can also be taken by the well controlled 
mechanical characteristics offered by single-crystalline epitaxial layers. 
Measured fracture properties of GaAs are shown to be sufficiently good 
with an average fracture strength of 2.7 GPa (i.e. at least three times as high 
as that of most construction steels) [1, 2]. 

A precise control in the thickness and uniformity of GaAs based 
micromechanical structures like cantilever beams [3-5], membranes or 
bridges [1, 6-9] can be achieved directly via the thickness of the MBE grown 
materials over an etch-stop layer. There were AlGaAs/GaAs or 
AlGaAs/lnGaAs/GaAs heterostructure systems designed to be used for 
micromachining technology of the rnicromechanical structures. The 
introduction of these material systems offered full compatibility of the 
rnicromechanical structures with the technology of Metal Semiconductor 
Field Effect Transistors (MESFETs) or Heterostructure Field Effect 
Transistors (HFETs), so they can be integrated with GaAs-based Monolithic 
Microwave Integrated Circuits (MMICs). In the material systems, AlGaAs 
lattice-matched to GaAs serves as an etch-stop layer and HFET's barrier 
and spacer layer as well. 

Recently, much work has been devoted to the use of In.GaP lattice
matched to GaAs for barrier and spacer layers in various design concepts of 
InGaP/InGaAs/GaAs pseudomorphic HFETs [10-13]. InGaP-based HFETs 
are expected to demonstrate significant improvements for high-speed 
applications in the area of microwave and millimeter-wave bands as 
compared to those based on AlGaAs/lnGaAs/GaAs material system. This is 
supported by (l) higher band gap of InGaP barrier layer, (2) high etching 
selectivity between lnGaP and GaAs layers, (3) elimination of so-called DX 
centers and (4) very low reactivity of oxygen with the wide-gap lnGaP 
Schottky barrier layer. 

High-speed performances and additional material-related advantages of 
the GaAs based heterostructure systems, and high etching selectivity 
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between AlGaAs and GaAs and InGaP and GaAs make these materials very 
attractive for MEMS and MOEMS applications. 

As follows, this work is aimed to design and develop membrane-like 
cantilevers and bridges fully compatible with the technology of both 
AlGaAs/lnGaAs/GaAs and InGaP/InGaAs/GaAs based HFETs. 
The micromechanical structures introduced in this work are considered to be 
used in the field of design of new thermally-based GaAs heterostructure 
MEMS devices. 

2. Ga As BASED HETEROSTRUCTURES 

Two different heterostructure layer systems as shown in Fig. l(a) and (b) 
were designed to be used for both HFET and micromechanical structures 
fabrication. 

(a) 

N+ GaAs (30 run) 

Alo.22Gao.1sAs ( 16 run) 

Alo.22Gao.1sAs (3 nm) 
Ino.2Gao.sAs ( 10 nm) 

GaAs buffer (700 run) 

Alo.3Gao.7As (300 nm) 

Si GaAs 

) o (Si 
Ql2c m2 6xl 

v 

5x 

~ 
i) o<s 

1Q12crrr 2 

(b) 

N+ GaAs (40 run) 

lno.49Gao.stP (20 nm) 

Ino.zGao.sAs (5 nm) 

Ino.2Gao.sAs (5 run) 

ln>.49Gao.stP (1 J.Ull) 

Si GaAs 

Figure 1. GaAs heterostructure layer systems 

The first one (Fig.l(a)) was based on MBE grown AlGaAs/lnGaAs/GaAs 
material system and the second one (Fig. l(b)) was based on MOCVD 
grown InGaP/InGaAs/GaAs material system. Both of the heterostructure 
layer systems exhibit a great potential for HFET high frequency applications. 

The layer system shown in Fig. l(a) represents HEMT design. Silicon 
delta-doped layer is formed in the Al0.22Gao.78As barrier layer, and it is 
separated by 3 om-thick undoped Al0.22Gao.78As spacer layer from the 
channel. GaAs/ Al0.3Gao.7As (700/300 nm) heterostructure buffer-layer under 



56 T. Lalinsky, M. Drzik, L. Matay, I. Kostic, Z. Mozolova, S. Hascik and A. Krajcer 

channel was designed to define the thickness of the cantilever and bridge 
based micromechanical structures. 

The layer system shown in Fig. 1 (b) represents a doped-channel HFET 
design. There is Si o-doped layer formed directly in the middle of 
In0.2Gao.8As channel. It can be seen that lno.49Gao.51P serves here as HFET 
Schottky gate barrier and buffer layer but it is designed especially to define 
the basic 1 Jlm-thick supported layer of the micromechanical structures. 

3. MICROMECHANICAL STRUCTURE 
TECHNOLOGY 

The micromachining technology of cantilever and bridge membrane-like 
micromechanical structures based on both heterostructure material systems 
(Fig. l(a) and Fig. 1(b)) was developed. The basic processing steps are 
schematically shown in Fig. 2(a)-(d). 

GaAs Heterostructures 

Si- GaAs Si- GaAs 

(a) (b) 

Polyimide 

Si- GaAs 

(c) 

Figure 2. The basic processing steps of micromachining technology of cantilever and bridge 
membrane-like structures, (a) GaAs heterostructure layer growth by MBE or MOCVD 
technique, (b) Surface micromachining of cantilever and bridge structures, (c) Polyimide layer 
deposition and thermal forming, (d) Bulk micromachining of GaAs substrate 

The technology starts with the MBE or MOCVD growth of GaAs 
heterostructures on semi-insulating GaAs substrates (Fig. 2(a)). Next is the 



GaAs CANTILEVER AND BRIDGE MEMBRANE-LIKE STRUCTURES FULLY 57 
COMPATIBLE WITH AlGaAs/lnGaAs/GaAs AND InGaP/InGaAs/GaAs BASED 

HFETs 

surface micromachining of cantilever or bridge structures by selective wet or 
plasma etching using a photoresist as an etching mask (Fig. 2(b)). To 
improve the micromechanical integrity, 1 )Jm-thick polyimide layer is 
formed on the top of GaAs heterostructures afterwards (Fig. 2(c)). A three
dimensional patterning of the cantilever and bridge structures (Fig. 2(d)) was 
defmed by a deep back-side selective reactive ion etching of GaAs substrate 
through the openings in masks, using AlGaAs (Fig. l(a)) or InGaP (Fig. 
1(b)) as an etch-stop layer. 

The micromachining technology developed permits precise control of the 
thickness and uniformity of the cantilever and bridge structures directly by 
the thickness of MBE or MOCVD grown buffer layers and spin coated top 
polyimide layer. Front-side surface micromachining using the cantilever and 
bridge topology (cantilever and bridge lateral dimensions) is combined with 
a back-side bulk micromachining of GaAs [4, 5]. 

To test the micromechanical integrity and stability, the cantilevers and 
bridges of various topologies were prepared. Fig. 3 shows a typical front
side view of 2 ).1m-thick InGaP/polyimide (1 Jlm/l Jlm) bridge with the 
length and width of 900 Jlm and 150 Jlm, respectively. The cross-section 
through the bridge thickness is shown in Fig. 4. 

As shown both the basic bridge layers with the thickness of 1 Jlm, can be 
clearly seen. 

Figure 3. Front-side view of 2 ~m-thick InGaP/Polyimide bridge 
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Figure 4. Cross-section through bridge thickness 

4. CANTILEVER AND BRIDGE MEMBRANE-LIKE 
MEMS DEVICES 

4.1 Design and technology 

To study the HFET technological compatibility, micromechanical 
structure integrity and thermal properties, MEMS devices as shown 
schematically in Fig. 5 and 6 were prepared. They consist of two HFETs 
monolithically integrated on the cantilever and bridge micromechanical 
structures fixed by polyimide membrane. In this integrated approach one of 
the HFETs is designed to serve as a heater and the second is used for the 
temperature sensing. 

There is the HFET Schottky gate diode proposed to sense the temperature 
of the micromechanical structures. The standard metallic leads (Ti/Au) 
patterned on the top of the cantilevers and bridges were used to connect the 
HFET active areas (source, drain and gate) with the contact pads outside the 
micro mechanical part of the devices. 

To fabricate the MEMS devices, a front-side surface processing and 
micromachining are combined with a back-side bulk GaAs micromachining. 
Basically, the process flow is divided into two steps involving a front-side 
processing of HFET structures followed by a surface micromachining of 
cantilever and bridge structures, and a back -side bulk micromachining of a 
cavity as a last processing step. Thin 1 Jlm-thick polyimide layer was 
proposed to fix 1 Jlm-thick cantilever and bridge micromechanical structures 
of the MEMS devices. 
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~zz~ 
• • 

Polyimide layer 

- Heater - pHEMT 
D Temperature sensor 

Figure 5. Schematic view of cantilever membrane based MEMS device 

- Heater - pHEMT 
D Temperature sensor 

Figure 6. Schematic view of bridge membrane based MEMS device 

A real front-side views of the MEMS devices fabricated are shown 
in Fig. 7 and 8. 

The schematic cross-section through the HFET structure used in the 
MEMS devices can be seen in Fig. 9. It reflects the GaAs heterostructure 
layer design shown in Fig. l(a). 

There is a recess-gate "MESA" -isolated type of pHEMT structure 
designed with the Schottky gate length of 2 ~tm. Schottky gate contact based 
on TiPtAu metallization was defined by an optical lithography using a lift
off technique. Ohmic contacts based on Nil AuGe/Ni metallization system 
were used to form Source and Drain contact areas of the pHEMT structure. 
The MEMS devices fabricated (Fig. 7 and 8) are used to analyze the basic 
electro-thermal properties of the cantilever and bridge membrane structures. 
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Figure 7. Cantilever membrane based MEMS device 

Contact pa<l 

Figure 8. Bridge membrane based MEMS device 

Si GaAs 

Figure 9. Schematic cross-section through HFET structure 
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4.2 Electro-thermal characterization 

The electro-thermal conversion efficiency of the fabricated MEMS 
devices was investigated. As mentioned, 2-Jlm gate length GaAs HFETs 
were designed to be used for both the controlled electrical power dissipation 
and temperature sensing. 

Fig. 10(a) and 10(b) show typical output 1-U characteristics ofthe HFETs 
as heaters of the cantilever and bridge membrane based MEMS devices. 
There were drain 1-U characteristics measured at low drain voltage, keeping 
the total electrical power lower than 8 mW. As seen, the HFETs operate in 
the depletion mode and they exhibit a very good pinch-off. The threshold 
voltage and room temperature maximum transconductance values were 
determined to be- 0.8 V and 150 mS/mm, respectively. 

The temperature changes induced in the cantilever and bridge membrane 
structures by the electrical power dissipated in one of the HFETs were 
sensed using the Schottky gate diode of the adjacent HFETs. The HFET gate 
diodes were operated under constant current bias of 10 Jl.A, the 
corresponding diode voltage as a function of the power dissipation is sensed 
in real time. 

Fig. ll(a) and ll(b) show the measured room-temperature HFET 
Schottky gate diode characteristics with the indicated operating point in the 
forward direction. 
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Figure 10. (a) Output 1-U characteristics of HFET as heater of cantilever membrane based 
MEMSdevice 
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Figure 10. (b) Output 1-U characteristics of HFET as heater of bridge membrane based 
MEMSdevice 
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Figure 11. (a) HFET Schottky gate diode characteristic ofthe cantilever based MEMS device 

Fig. 12 shows the measured power to diode voltage (P-U) conversion 
characteristics of both cantilever and bridge based MEMS devices. As seen, 
there is an excellent linearity obtained for both MEMS devices with the 
extracted voltage response as high as- 15.6 mV/mW and- 14.3 mV/mW, 
respectively. 

The Schottky gate diode characteristics as a function of temperature were 
measured to determine the diode voltage response to the temperature at the 
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selected de current biasing of 10 J!A. The corresponding calibrated curves 
are shown in Fig. 13. A linear gate diode voltage response to the temperature 
can be seen for both MEMS devices with the extracted diode temperature 
sensitivities of - 1.15 mV/K and -1.34 mV/K, respectively. 
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Figure 11. (b) HFET Schottky gate diode characteristic of the bridge based MEMS device 
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Figure 12. P-U conversion characteristics ofMEMS devices 

Finally, the calibrated curves in Fig. 13 are used to construct power to 
temperature (P-T) conversion characteristics of the MEMS devices. A 
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typical behavior is shown in Fig. 14. There is also an excellent linearity in 
the power to temperature conversion observed, especially if the MEMS 
devices are tested in air atmosphere. The slope of the P-T curves determines 
the thermal resistance values of the cantilever and bridge membrane based 
micromechanical structures. The corresponding thermal resistance values 
were determined to be 13.6 K/mW and 10.4 K/mW, respectively. 
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Figure 14. Power to temperature (P-T) conversion characteristics of MEMS devices 
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4.3 Thermal performance 

The power to temperature (P-T) conversion in the MEMS devices was 
investigated in various ambient atmospheres. It was found that thermal 
conductivity of ambient atmospheres has a significant influence on thermal 
resistance value (electro-thermal conversion) and the linearity of the MEMS 
devices. 

P-T conversion characteristics of the cantilever based MEMS device 
obtained for air, argon and vacuum environments are shown in Fig. 15. 
There is an excellent linearity observed for the air and argon atmospheres, 
while nonlinear behavior is indicated for vacuum atmosphere. Extracted 
thermal resistance values are consistent with the decrease of the thermal 
conductivity of these gaseous media. They were determined to be 13.7 
K/mW, 17.8 K/mW and 26 K/mW for the air, argon and vacuum 
environments, respectively. 
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Figure 15. P-T conversion characteristics for various gaseous environments 

These experiments indicate that cantilever or bridge membrane-like 
surfaces play a dominant role in the heat transfer to the ambient atmosphere. 
This can be supported by the very small thickness of the micromechanical 
structures used in the MEMS devices [14]. As a consequence, this increased 
sensitivity of the MEMS devices to the thermal conductance changes of the 
ambient gaseous environment is observed. In the vacuum environment the 
heat transfer to the ambient atmosphere is suppressed and heat losses 
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through the thin cantilever and bridge structures material dominate. A 
nonlinear behavior in the P-T conversion characteristic therefore could be 
explained by the nonlinear temperature-dependent thermal conductivity of 
the cantilever semiconductor materials. 

4.4 Two-dimensional simulation 

We analyzed thermal properties of the bridge based MEMS device within 
a two-dimensional model [15]. Temperature-dependent thermal conductance 
of the bridge layer has been weighted with the thermal conductances of Au 
and Ti metallization and the polyimide layer, according to their thicknesses. 
The HFET heater was modelled as a two dimensional rectangular plate heat 
source. 

The temperature distribution in the bridge was simulated by solving the 
steady state two-dimensional heat flow equation by a fmite-difference 
method [16,17]. The bridge-to-bulk interfaces were kept at room temperature 
and the heat losses due to radiation were neglected while the other edges of 
the bridge were considered adiabatic. The bridge temperature is calculated 
taking into account the heat transfer to an infmite, non-convective gaseous 
medium around the bridge [16,18,19]. For this reason, the two-dimensional 
steady-state heat flow equation was modified to involve an additional heat 
source term which represents a heat flow from the gas to the bridge: 

V · [k{r, T)VT{r )] = -[H0 (r) + Ha {r )] (1) 

where T(r) is the local temperature on the bridge, k(r,T)is the weighted 
thermal conductance, lfo(r) is the heat dissipated by the transistor and the 
additional heat source Ha(r) is given by: 

Ha(r)=2aTG kG 
az w 

(2) 

where Ta(r) is the local gas temperature, ka is the thermal conductance of 
gas, w is the local thickness and z is the direction perpendicular to the 
surface of the bridge. The temperature of gas with constant thermal 
conductivity is solved semi-analytically in a half-space z > 0 under 
Dirichlet's conditions given by temperature distribution on the bridge 
membrane-like surface z = 0. The solution is given by integral: 
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Ly Lx 

T0 (x,y,z)=~ J J 
21t 0 0 

T(x',y')-To 3 dx'dy'+To 

[{x- x')2 + {y- y')2 + zz p 
(3) 

where T0 is ambient temperature which is considered to be the temperature 
of the semiconductor bulk. The gas temperature T 0 is numerically computed 
on the discretization mesh of size Lx x Ly, and then utilized in Eqn. (2). The 
constant 2 in Eqn. (2) appears from the fact that the gaseous medium around 
the bridge is from both sides. The gas and bridge temperatures are computed 
iteratively until succeeding contributions to the temperature distribution are 
negligible. 

In Fig. 16, the comparison between simulated and measured thermal 
performance of the MEMS device is shown. The power to temperature 
conversion characteristics as shown in Fig. 16 have, for both simulated and 
measured cases, linear behavior and relevant thermal resistance values Rth = 
9.75 K/mW from simulation and Rth = 10.97 K/mW from experiment are 
close together. 
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Figure 16. Simulated MEMS device P-T conversion characteristics (comparison with the 
experiment) 

4.5 Mechanical stress analysis 

Mechanical stresses induced in the micromechanical structures can have 
a detrimental effect on their mechanical as well as electrical properties. 
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Since the mechanical stress has a large influence on the stability, flatness and 
durability, particularly on a thin membrane-like structures, their values has 
to be analyzed together with the monitoring of stress response during the 
various technological steps. 

The residual stress of the multilayer membrane can be considered as the 
sum of two separate components, thermal stress O'th and intrinsic stress O'in, 

which are related in the additive manner: 

(4) 

The thermal stress is a function of temperature change during the 
deposition process and it depends on mismatch of thermal expansion 
coefficients of the material layers. The induced intrinsic stress is created by 
the changes of the crystalline lattices at the layer interface. Such a stress is 
related to the mutual combination of materials, conditions of growing 
process and especially on a diffusion process. The thermal component of the 
clamped-clamped membrane structure can be described by a simple relation: 

E 
crth =--daAT 

1-v 
(5) 

where E is the Young's modulus, da is the difference of thermal expansion 
coefficients and dT is the temperature difference. 

The fabrication process of the InGaP based membrane-like structures as 
shown in Fig. 2, starts from growing on a GaAs substrate of 1 Jllil-thick 
InGaP epitaxial layer followed by heterostructure layers which defme 
HFET's channel. This process creates the residual stresses and consequently 
the deformation of the substrate. In order to measure the shape of the glossy 
surfaces of the deformed wafers, and to evaluate the internal stress state, a 
number of optical techniques were applied [20- 22]. 

The analytical expressions assume constant stress distribution throughout 
the area of the wafer, that is why in the stress evaluating procedure only the 
information about the radius of curvature of the approximately spherical 
surface deformation is needed. For such a purpose a simple but precise 
autocollimation optical arrangement has been developed [23]. The scheme is 
drawn in Fig. 17. 

The basic components are an aberration free objective lens with long 
focal length distance and a laser diode as a point-like source. The source is 
located precisely at the focal distance f0 from the lens, thus illuminating the 
wafer by a beam of parallel rays. If the light is reflected from the mirror-like 
flat surface, the light is collected back into the focal plane. The spherical 
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shape of this surface shifts the focus along the optical axis out of the original 
focal plane. Such a shift of focus can be measured by a screen moveable on a 
rail with an appropriate scale. The radius of curvature of the reflected 
surface can be calculated on the basis of a simple expression which follows 
from ray tracing of a multicomponent optical system. 

wafer 

I< 

+.mage. ~lane+ 
I' pos1t1on ·1 

deflected undeflected 
wafer 

f I< !l 
0 

Figure 17. Autocollimation optical arrangement scheme 

Generally, in the case of orthogonally unsymmetric shapes of the wafer 
deformation, the light rays reflected from its deformed surface after passing 
backwards through the lens create an astigmatic beam of rectilinear rays. As 
it is known [24], two planes, which contain the shortest and the longest 
radius of curvature, are perpendicular to each other. At the experimental 
measurement, the values of both the radii Rx and Ry can be determined by 
searching for both mutually and perpendicular focal spot lines. By such a 
means, the method makes possible a separation of both the curvatures, and 
thus the evaluation of anisotropic stress distribution. On the basic 
assumptions of thin plate elastic theory, for orthotropic material, such as 
GaAs we can obtain: 

(6) 
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where w is the deflection of thin plate wafer deformation, tr and ts are the 
thicknesses of the thin film layer and substrate, respectively, O"u, cr2r are thin 
film layer anisotropic stress components and c11, c12, c44 are anisotropic 
GaAs material parameters (see Table 1). 

Table 1. Mechanical properties ofGaAs, Ti, Au [25] [17] 

Mechanical Properties Values 
(100) Young's modulus 
(100) Poisson's ratio 
Thermal expansion coeff. 

Young's modulus 
Thermal expansion coeff. 

Young's modulus 
Thermal expansion coeff. 

85.5 GPa 
0.31 
6.4E-6 K"1 

Anisotropic Elastic Moduli GaAs 
119.0GPa 
53.8 GPa 
59.5 GPa 

Mechanical Properties of Ti 
120 GPa 
10E-6 K"1 

Mechanical Properties of Au 
78.5 GPa 
14E-6 K"1 

To test the epitaxial InGaP layer stress state the 2" GaAs with (100) 
orientation wafer was measured and then evaluated by using of Eqn. (6). The 
induced stress components can be regarded evidently as intrinsic due to its 
orthogonal nature. Their values were estimated to be of about 42 MPa in 
tension, while orthogonally the stress was near zero (Table 2). 

Such a level of mechanical stresses for thin film layer is relatively smalJ 
and as it can be assumed, the residual stress state of the fabricated MEMS 
devices will be defmed mainly by thermal stresses of deposited and 
patterned Ti/Au (50/200 nm) top metallic layers which enable to connect 
HFET active areas (Source, Drain and Gate) with the contact pads outside 
the membrane structure (see Fig. 7, 8). An analytical calculation has been 
performed to estimate approximately this part of the stress loading. 
Assuming that the induced stress deforms the wafer to spherical shape with 
radius R, using known Stoney's equation for thin layer on thick substrate (it 
can be simply derived from Eqn. (6) and Eqn. (4)) R can be written: 

(7) 

where E8, Er are Young's moduli of GaAs substrate and thin ftlm layer, 
respectively (see Table 1). It must be noted that the obtained stress value 
(Table 2) is only a rough estimation with regard to uncertainties in 
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temperature monitoring of GaAs/InGaP wafer surface at the deposition 
process. 

Stress 
In GaP film stress 

Til Au film stress 
Membrane bridge stress 
- analytical simulation 
- free cantilever 
- pistonfon method 

Table 2. Membrane/film stresses 

42MPa 
1.5 MPa 
124MPa 

25MPa 
22.4MPa 
21.6 MPa 

Values 

Mter the etching process the base of the membrane element is formed by 
the thickness of InGaP and Ti/Au layer (-1.25 J.Lm) and the resulting 
membrane stress is at this phase of technology depressed due to its release 
caused by side slits along the fabricated bridge. 

Simulated value of the bridge tensile stress has been approved by 
experimental testing. Two approaches have been used. One of them is the 
observation of free deformation of thin "membrane-like" cantilever. To 
realise this, the same multilayer structure and layers thicknesses were 
deposited. After etching pairs of cantilevers were created with the length 
(320 f.Lm) of half span of the bridge. The internal residual stresses (see Table 
2) can be assessed by using the analytical expression for double-layer "bi
metal" [26], where the induced deflection of cantilever tip was obtained by 
experimental measurement. This value was measured simply by microscope 
scale reading as a mean value for several cantilevers of 91 f.Lm. 

The basic requirement of any test used to extract mechanical stress is a 
controllable change on membrane strain and a method for computing the 
corresponding change in stress. The small dimension of the membrane 
bridge limits the possibilities of tiny mechanical loading, that is why we 
have tried to develop the method of measurement of the membrane 
deflection amplitudes as a response to acoustic pressure. In the experiment, 
periodic harmonic changes of uniform pressure under the membrane bridge 
were generated in a small chamber of pistonfon. Pistonfon RFf PF-101 
designed for microphone calibration, provides nominal precise 118 dB sound 
level at 173 Hz, which is related to 15.8 Pa (RMS) of the acoustic pressure. 
Such pressure, acting on the membrane, excites its bulging oscillations and 
these are sensed optically by Laser Doppler Vibrometer Polytec OFV-303 
(Fig. 18). 
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Vibration of the bridge at the frequency 173 Hz is far from its resonant 
frequency ( -63 kHz), thus, the process can be regarded as quasistatic and no 
dynamic inertial effects can be taken into account. The heterodyne 
interferometrical system of the vibrometer is capable to detect the vibrational 
amplitudes as small as units of nanometers, so that the amplitudes of the 
bridge central deflection around 70 nm have been reliably acquired. 

~······ 
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Figure 18. Pistonfon stress measurement 

S. CONCLUSION 

1 J.Lm-thick cantilever beams and bridges fully compatible with the both 
AlGaAsllnGaAs/GaAs and InGaP/InGaAs/GaAs based HFETs were 
designed. The micromachining technology of the micromechanical 
structures was demonstrated for the first time. 

To study the electro-thermo-mechanical properties of the 
micromechanical structures developed, MEMS devices consisting of two 
HFETs monolithically integrated on the micromechanical structures were 
fabricated. 

An electro-thermal conversion in the cantilever and bridge membrane 
structures was analyzed using the HFET device to be applied for both the 
controlled electrical power heating and temperature sensing. Power to 
temperature (P-T) conversion characteristics of the cantilever and bridge 
based MEMS devices were determined. An excellent linearity in the P-T 
conversion was observed, especially if the MEMS devices were tested in the 
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air atmosphere. The relevant thermal resistance values were found to be 13.6 
Kim W and 10.4 Kim W for the cantilever and bridge based MEMS devices. 
Due to a small thickness of the cantilever and bridge structures, the increased 
sensitivity of the MEMS devices to the thermal conductance changes of the 
ambient gaseous environment was observed. The thermal resistance value 
for the cantilever based MEMS device was increased to 17.8 K/mW and 26 
K/mW in the argon and vacuum atmospheres, respectively. 

An experimental electro-thermal analysis of the bridge based MEMS 
device was also supported by the two-dimensional thermal simulation. The 
simulated behavior of the conversion characteristic with the extracted 
thermal resistance value <Rili = 9.75 K/mW) was found to be in a good 
agreement with the experiment (Rt.t = 10.9 K/mW), which indicates that the 
extended two-dimensional modelling may be still attractive for the MEMS 
engineering. 

An internal mechanical stresses potentially induced in the membrane 
based MEMS devices were evaluated analytically as well as by both acoustic 
pressure bulging method and free cantilever deformation measurement. The 
mechanical stresses evaluated were found to be admissible for the 
mechanical integrity and stability as well as for device electrical 
characteristics. 

Additional advantages of the analyzed MEMS devices should be 
emphasized by (1) precise control of the input electrical power (using an 
integrated HFET heater), (2) simultaneous temperature sensing (using 
HFET Schottky gate diode as a temperature sensor) and (3) full 
compatibility with the GaAs heterostructure based MMICs (using 
conventional GaAs heterostructure layer design for both the HFET 
processing technology and a bulk micromachining of the membrane-like 
cantilever and bridge structures). 
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Abstract: TiNiCu films were successfully prepared by co-sputtering of a TiNi target and 
a separate Cu target. Surface and cross-section microstructures of the 
deposited coating were analysed using Scanning Electron Microscopy (SEM), 
Atomic Force Microscopy (AFM) and Transmission Electron Microscopy 
(TEM). Results showed that the deposited coating had fine grain size of about 
300 to 400 nm and fully martensitic structure under room temperature. X-Ray 
Photoelectron Spectroscopy (XPS) indicated that there was an adherent and 
stable Ti02 oxide film on TiNiCu film surface, which can prevent Ni ~lement 
from delamination. The deposited TiNiCu film has relatively strong (111) and 
(111) and relatively weak (010) texture. Results from Differential Scanning 
Calorimeter (DSC), in-situ X-Ray Diffraction (XRD) and curvature 
measurement revealed clearly martensitic transformation of the deposited 
TiNiCu films upon heating and cooling. Freestanding TiNiCu thin film 
showed clearly pronounced "two-way" shape memory effect, which is quite 
applicable to develop thin film micro-actuators. By depositing TiNi films on 
the bulk micromachined Si cantilever structures, micro-beams exhibiting good 
shape-memory effect were obtained. This type of cantilever structure can be 
further fabricated as a micro-gripper which can be used as the end-manipulator 
for micro-assembly in industry, minimally invasive surgery for medical 
application, and handling of small particles in hazardous environment for 
military application. 

Keywords: TiNiCu thin film, sputtering, shape memory, martensite transformation, 
mechanical property 
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1. INTRODUCTION 

Shape Memory Alloys (SMA) has the ability to recover large 
transformation stress and strain upon heating and cooling, minimal power 
consumption and low phase transformation temperatures. They offer a 
combination of novel properties, such as shape memory effect, super
elasticity, biocompatibility, corrosion resistance and high damping capacity, 
which enable them to be widely used in numerous applications [1-5], 
especially for biomedical engineering and Micro-Electro-Mechanical
System (MEMS). 

Bulk SMAs exhibit large strokes and forces but suffer from slow 
response, whereas thin film SMAs provide a larger energy density, higher 
frequency response and longer lifetime at the microscale. Also, they can be 
engineered into structures of micro-size dimensions, patterned with standard 
lithographic techniques and fabricated in batch. Thin film SMAs have 
already become a primary actuating mechanism for micro-actuators and the 
work output per volume of thin film SMA microactuators exceeds that of 
other micro-actuation mechanisms such as electrostatic, magnetic, bi
metallic, piezo-electric, and thermopneumatic, etc. [6-8]. Up to now, great 
effort has been made to produce TiNi based thin films using a sputtering 
technique [9-15]. Compared with the commonly studied NiTi binary alloy 
thin films, the ternary TiNiCu alloys show less composition sensitivity to 
martensite transformation temperature, a narrower temperature hysteresis 
and pseudoelasticity hysteresis, which makes them more suitable for 
microactuation. However, successful implementation of micro-actuators 
using TiNi based films requires: 
1. The establishment of a deposition process for precise control of 

composition and film quality, which is the primary challenge in creating 
SMA microactuators. It was reported that an increase in the atomic 
percentage of nickel by 1% from an equi-atomic ratio of NitTi lowered 
the martensite start temperature, Ms, from 50°C to -100°C [ 16, 17]. The 
situation is more serious for sputtering deposited films since many 
process parameters influence the film composition and properties 
significantly. 

2. Elaboration of various properties (such as the shape recovery strain, 
mechanical and fatigue properties, two-way shape memory effect, 
performance degradation, etc.), since the properties of SMA films are 
quite different from those of bulk materials. 

3. Thermo-mechanical modelling for martensitic transformation and shape 
memory effects to allow for the design of integrated micro-devices. 
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4. A good understanding of the relationship among the processing 
parameters, microstructure and properties of various SMA thin films is 
necessary for its performance prediction [18, 19]. 
In this investigation, TiNiCu films were prepared by co-sputtering of a 

TiNi target with a separate Cu target. The crystalline structure, phase 
transformation and shape memory effect of the deposited TiNiCu films were 
investigated. The TiNi films were further deposited on micromachined 
silicon cantilever structure in order to form a micro-gripper with large 
deformation due to shape-memory effect. 

2. EXPERIMENTAL 

TiNiCu films were prepared by co-sputtering of a TiNi target (with 
atomic percentage of Ti 55% and Ni 45%, RF power of 300W) and a 
separate Cu target (DC power of 1.5 W) for 10 hours on the 4-inch (100) 
silicon wafers, which was heated to 723 K during deposition. The substrate 
holder was rotated during the deposition to achieve uniform deposition. The 
base pressure of main chamber was 1x10-7 Torr. The argon pressure was 2.3 
mTorr. 

Surface and cross-section morphology was studied by a JEOL SEM. 
Film composition was determined by Energy Dispersive X-Ray 
spectroscopy (EDX). Surface morphology and roughness were also analysed 
by a Shimadzu SFT -9800 AFM. The internal structures of the deposited 
films were analysed by a 200 kV high-resolution TEM (JEM-2000EX). 
Texture of the deposited films was studied by XRD using the diffraction 
from four crystal planes, i.e., (111), (101), (111) and (020). XPS analysis 
was performed on TiNiCu film surface using a Kratos AXIS spectrometer 
with monochromatic AI Ka. (1486.6 eV) X-ray radiation. Survey spectra in 
the range of 0-1100 e V were recorded for each sample, followed by higher 
resolution spectra over theN ls (400 eV), Ti 2p (460 eV), 0 ls (531 eV) and 
Ni 2p (853 eV) ranges, from which surface composition was calculated. 

The elastic modulus and hardness of the deposited films were 
investigated using a nano-indentation tester with an indentation depth of 400 
nm. The martensitic transformation temperatures were measured by DSC 
(TA instrument 2920) at a heating/cooling rate of 5 K/min over a 
temperature range from 223 K to 423 K. The change of crystalline structure 
for the deposited films was analysed by a Philips PW3719 X-ray diffractor 
under different temperatures, ranging between 303 K and 423 K. The 
curvature changes of film-deposited Si wafers were measured using a Tencor 
FLX-2908 laser system, and the stress changes as a function of temperature 
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were derived with a heating and cooling rate of 0.5 K/min, from which the 
information about martensite transformation was obtained [20-22]. 

n .~, '"-

Figure 1. (a) Cantilever structure with a thickness of 15 j.Ul1 fabricated by the conventional 
MEMS process; (b) Bending of cantilever structure deposited with NiTi films during heating 

To evaluate the shape-memory effect, a silicon cantilever structure with a 
thickness of 15 !liD (see Fig. l(a)) was fabricated using a bulk 
micromachining process as shown in Fig. 2. By depositing TiNi films on this 
Si cantilever, we can obtain micro-beams exhibiting the shape-memory 
effect. 

w 
LJ 

Deposition of 120 nm Si02 layer 

onSi 

Patterning of ''U'' shaped window 

for wet etching of Si02 and Si 

Deposition of 150 nm Si~4 layer 

and open a window on backside for 

etching 

Bulk Si etching in KOH solution 

Removal of Si02 and Si~4 layers 

forming a cantilever beam 

Figure 2. illustration of a bulk micromachining process to fabricate the Si cantilever 



MAGNETRON SPUTTERED TiNiCu SHAPE MEMORY ALLOY THIN FILM 83 
FOR MEMS APPLICATIONS 

3. RESULTS AND DISCUSSIONS 

3.1 Characterization of film structure 

The deposited TiNiCu film is very ductile, and when Si substrate is 
broken, the attached film still remains unbroken. The cross-section 
morphology shows some tearing features and exhibits a uniform structure 
without indicating column structure as shown in Fig. 3. The coating 
thickness is about 5 J.lm. SEM observation on the film surface shown in Fig. 
4 reveals relatively smooth appearance and many tiny grains. The 
composition of the film obtained from EDX is listed as follows: Ti, 51.6 
at.%, Ni, 46.1 at.%, and copper, 2.3 at.%. The variation of measured 
composition on the whole wafer is within ±0.5%. Fig. 5(a) shows the surface 
morphology of the deposited films obtained using AFM, and the coating 
surface shows many tiny grains with an average size of 300 to 400 nm. Fig. 
5(b) shows the AFM morphology of one of the grains. The roughness value, 
Ra, obtained from AFM analysis is about 4 to 5 nm. 

Figure 3. Surface morphology of the deposited NiTiCu films obtained from SEM 
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Figure 4. Cross-section morphology of the deposited NiTiCu films obtained from SEM 
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(a) (b) 
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Figure 5. Surface morphology of the deposited films obtained using AFM, revealing the tiny 
grains with an average size of 300 to 400 nm 

Fig. 6 (a) shows a low magnification bright-field TEM micrograph of the 
deposited films, and Fig. 6 (b) shows a dark-field TEM graph. Both photos 
reveal clearly that the grain size of martensite is about 300-400 nm. The fine 
grain size is characteristic for sputtered thin films as compared to the grain 
size of several tens of microns for bulk materials. Fig. 7 shows a high 
magnification bight-field TEM image of the TiNiCu thin film, in which 
fmely twinned B 19' monoclinic martensite dominates at room temperature. 
The corresponding electron diffraction pattern is also shown in Fig. 7 
confirming the martensitic structure. 

(a) (b) 

Figure 6. (a) Low magnification bright-field TEM photo ofthe NiTiCu film; (b) Dark-field 
TEM photo of the NiTiCu film 
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Figure 7. High magnification TEM photo of the NiTiCu film and the related electron 
diffraction patterns revealing the martensite plates and twinning structure 

Fig. 8 shows XPS survey spectra with the binding energies from 0 and 
1100 e V for the deposited TiNiCu sample. The dominant signals are from C, 
0 and Ti, and the level of Ni peak is relatively low. High-resolution spectra 
over the Ni 2p (853 eV), 0 1s (531 eV), Ti 2p (460 eV), and N 1s (400 eV) 
were made and the results are shown in Fig. 9 (a) to (d). The elemental 
composition of the film surface is as follows: C: 29.64%, 0: 48.55%, Ti: 
19.88%, Ni: 1.92%. 

A high-resolution XPS spectra of Ti 2p is shown in Fig. 9(a) and Ti is 
mostly present as Ti02• There are three distinct peaks corresponding to 2p Y2 
oxide (Ti 4+), 2p 3/2 oxide (Ti 4+), and metallic Ti in TiNi binding energy 
regions, as well as a weak Te+ peak. High-resolution spectrum of 0 1 s 
binding energy region around 530 eV is shown in Fig. 9(b). There are two 
peaks, one identified as 0 2- and another weak peak attributed to a 
combination of OH- and chemisorbed water H20. Apart from 0, there is also 
significant carbon cherni-adsorption as shown in Fig. 9(c). The carbon 
adsorption is characterised by C-C bonds and weak C-H bonds, which 
corresponds to the presence of hydrocarbon. For Ni 2p spectra, two Ni states 
were observed, one is metallic Ni and another (very weak) is Ni20 3 (Ni3+) as 
shown in Fig. 9(d). The depletion of Ni on film surface appears to be result 
of preferential oxidation of Ti. As it is well known that the thermodynamic 
driving force for titanium oxidation is much higher compared to nickel 
oxidation, this leads to the preferential oxidation of Ti. The chemisorb 
barrier energy (enthalpy) forTi and Ni to react with oxygen at surface are 
241 KJ/mol and 956 KJ/mol, respectively [23]. High nickel content in TiNi 
based alloys often raises suspicion of its successful medical use. The 
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presence of an adherent and stable Ti02 oxide film on TiNiCu film can 
prevent Ni element to release from surface, which is beneficial to its good 
corrosion resistance and biocompatibillity [24]. 
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Figure 8. XPS survey spectra with the binding energies from 0 and 1100 eV for the deposited 
TiNiCu film 

Fig. 10 shows the pole figures of deposited TiNiCu thin film from 
different diffraction planes. It can be seen that the deposited TiNiCu film has 
relatively strong (111) texture and relatively weak (010) and (111) textures. 
There is no (101) texture existing in the deposited TiNiCu thin film. 

According to nanoindentation results, the values of elastic modulus of the 
film are between 55-60 GPa. This value is a little larger than those from 
tensile tests of bulk materials (30-50 GPa for martensite state, data from 
Shape Memory Applications Inc. USA). The possible explanation could be 
the difference in structure of films (for example, grain size, stress, etc.) with 
those in bulk materials [25] . The values of film hardness are about 2-3 GPa. 

3.2. Martensite transformation 

Fig. 11 shows DSC results of the deposited TiNiCu films. During heating 
and cooling, a one-stage transformation can be observed. The single peak on 
the heating curve corresponds to the martensite (monoclinic) to austenite 
(cubic) transformation, and the single peak on the cooling curve corresponds 
to the austenite to martensitic transformation. The transition temperatures of 
TiNiCu thin films obtained from DSC results are listed in Table 1. 
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Figure 9(a). High-resolution XPS Ti 2p spectra ofTiNiCu film 
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Figure 9(b). High-resolution XPS 0 ls spectra ofTiNiCu film 
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Figure 9(c). High-resolution XPS C ls spectra ofTiNiCu film 
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Figure 9(d). High-resolution XPS Ni 2p spectra ofTiNiCu film 
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Figure 10 . Pole figures ofTiNiCu film deposited at 723K 

XRD analysis was performed at different temperatures and the results are 
shown in Fig. 12. It reveals the existence of martensitic (monoclinic) phase 
at room temperature. With the increase of temperature, the martensitic phase 
gradually changes to austenite (cubic) phase. Semi-quantitative analysis of 
TiNiCu thin films was carried out at different temperatures by comparing X
ray diffraction peak intensities of individual phases. From those curves of 
peak intensity vs. temperature, one can estimate the volume fractions of 
individual phase involved in the transformation; i.e., the relative amount of 
martensite or parent phase existing at different temperatures. From the 
results shown in Fig. 13, the phase transformation temperatures can be 
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roughly obtained as shown in Table 1, and the results are comparable to 
those from DSC tests. 

The results of stress evolution as a function of temperature up to 373 K 
are shown in Fig. 14. The stress vs. temperature plot shows a closed 
hysteresis loop shape, i.e., perfect shape memory effect. During cooling 
process from 373 K, tensile thermal stress develops in TiNiCu ftlms at a rate 
of -1.4 MPa/K due to the difference in coefficient of thermal expansion 
(CTE) between TiNiCu ft1m (a=15.4x10-6/K.) and Si substrate (<Xsi =3x1o-
6/K) [21]. If the Young's modulus of TiNiCu film is chosen as 78 GPa (for 
austenite phase), and Poisson ratio of TiNiCu ftlm as 0.33, then the 
calculated data of dcr/dT is about -1.44 MPa/K, using the Eqn. (1), agrees 
well with the measured value. 
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Figure 11. DSC results of TiNiCu films showing the martensite transformation during heating 
and cooling 

(1) 

When the temperature is just above martensite transition start temperature 
(M8), the residual stress reaches its maximum value, 320 MPa in this case. 
Cooling below Ms, the martensitic transformation occurs and the tensile 
stress drops significantly at a rate of 27 MPa/K due to the formation and 
alignment of twins, shear-variant boundary motion and stress-induction of 
low-symmetry phases [26]. At room temperature, the residual stress can be 
as low as -20 MPa due to the significant relaxation of residual stress by 
martensite transformation. 
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During heating, the stress increases significantly at a rate of about 27 
MPa/K due to the phase transformation from martensite to austenite until the 
temperature reaches the austenite transition fmish temperature (Ar). With 
further increase in temperature, the transformation completes and the 
generation of thermal stress occurs with the stress values decreasing linearly. 
The recovery stress, <Yrec, given by the difference between the maximum and 
minimum stress, is about 350 MPa in our study. The effect of applied stress 
on shape memory behaviour can be derived from a thermodynamic approach 
using the famous Clausius-Clapeyron equation: 

da dS MI 
-=--=-p--
dT E dET0 
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Figure 12. Crystalline structure changes obtained from XRD analysis of the deposited film 
under different temperatures 

where da/dT is the temperature coefficient of the critical stress for the 
transformation, dE is the amount of strain due to the stress-induced 
martensite transformation, p is the density of the alloy, dS and MI are the 
transformation entropy and enthalpy (or heat) of transformation (MI is 15 
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Jig from DSC tests). T0 denotes the temperature at which Gibbs free energy 
of austenite equals to that of martensite, usually represented as (Ms+Af)/2 
[27] (roughly 342K in our study). By assuming a theoretical transformation 
shear of 0.047 and material density of 6.54 g/cm2 [27], the estimated biaxial 
stress rate is about 6.1 MPa/K. This value is much smaller than the 
experimental data. From this study, it can be seen that thermodynamic 
approach using Clausius-Clapeyron equation is not applicable for stress 
evolution during phase transformation. 
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Figure 13. The ratios of austenite and martensite phases qualitatively analyzed using XRD 
methods during heating and cooling 
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Figure 14. The measured stress as a function of temperature up to 350 K showing the 
martensite transformation 
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Table 1. The transition temperatures ofTiNiCu thin films obtained from different methods 
Method M. (K) Mr (K) A. (K) Ar (K) AT = Ar- Mr 

DSC 326 309 340 352 43 

XRD 333 303 348 358 55 

Curvature 332 312 332 349 37 

The obtained phase transformation temperatures from curvature method 
are listed in Table 1. There are some differences among the readings from 
different methods. As and Ar determined by curvature method are lower than 
those from DSC tests, while Ms and Mr from curvature method are larger 
than those from DSC tests. XRD measurement is not a continuous method, 
so the readings are not so accurate. DSC test results show the phase 
transformation behavior of small amount of samples, which is free-standing 
film. Stress measurement reveals the phase transformation of film on the 
whole wafer, with the film attached to the Si wafer during measurement. As 
we known, the variation of composition in a whole 4-inch wafer is 
inevitable, thus the stress measurement only shows the average value. Also, 
it should be emphasized that the transformation temperatures are affected by 
residual stress, making it difficult to directly compare test results on the 
freestanding films with that obtained from films attached to Si substrate. In 
curvature method, due to the fact that SMA films are attached on Si wafers, 
the existence of residual stress and the rapid increase in tensile stress during 
heating process can trigger the rapid austenite transformation of the 
remaining austenite phase. Thus, As and Ar are lower than that of DSC tests. 
Another reason lies probably in the differences in heating and cooling rates 
during DSC and stress measurement (5 K/min and 0.5 K/min) which will 
slightly change the transformation temperatures obtained. 

3.3. Shape-memory effect 

Free-standing TiNiCu films, 3 mm wide and 10 mm long, were heated to 
above 373 K. The "two-way" shape memory effect can be clearly observed 
from the changes in shape of films as shown in Fig. 15. At room 
temperature, the film rolls up due to the existence of residual stress as shown 
in Fig. 15 (a). When heated gradually to above 373 K, it can be observed that 
the film gradually unrolled and fmally become flat as shown from Fig. 15 (b) 
to (c), due to the shape memory effect. After cooling down to room 
temperature, the sample rolls back again (see Fig. 15 (d)), i.e., recovering to 
its room-temperature shape. This two-way shape memory effect is not 
generated by the usual special thermo-mechanical training procedures of 
TiNiCu film [28]. It is most likely due to the development and recovery of 
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the residual stress in the deposited film structure. This two-way shape
memory effect is quite applicable to develop thin film micro-actuators. 

(a) Room-T shape (b) 323 K shape 

(c) 373 K shape (d) Back to room-T shape 

Figure 15. Demonstration of "two-way" shape-memory effect of freestanding TiNiCu film 

Shape-memory effects were evaluated using the micro-machined 
cantilever structure deposited with NiTi films. This SMA cantilever structure 
was heated to different temperatures (from room temperature to 423 K). The 
tip deflection of cantilever structure with a change in temperature is clearly 
observed in Fig. 1 (b). Result shows that there is actually a shape memory 
effect and the tip displacement is quite large (up to 60 J..Lm). This type of 
cantilever structure can be further fabricated as a micro-gripper, as shown in 
Fig. 16, which can be actuated at relatively low temperatures with internal 
integrated heaters formed by polysilicon patterns [22]. These grippers can be 
used as the end-manipulator for micro-assembly in industry, minimally 
invasive surgery for medical application, and handling of small particles in 
hazardous environment for military application. 
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Figure 16. Micro-gripper fabricated using two micro-beams with shape-memory thin films 
deposited on the surface 

4. CONCLUSIONS 

1. The deposited coating had a fme grain size of about 300 to 400 nm and 
fully martensitic structure under room temperature. 

2. XPS results indicated the presence of an adherent and stable Ti02 oxide 
film on TiNiCu film which can prevent Ni element from delaminating 
from surface, which indicates to its good corrosion resistance and 
biocompatibillity. 

3. Results from Differential Scanning Calorimeter (DSC), in-situ X-Ray 
Diffraction (XRD) and curvature measurement revealed clearly 
martensitic transformation of the deposited TiNiCu films upon heating 
and cooling. 

4. Freestanding NiTiCu thin film showed clearly pronounced "two-way" 
shape memory effect, which is quite applicable to the development of 
thin film micro-actuators. 

5. By depositing TiNi films on the bulk micromachined Si cantilever 
structures, micro-beams exhibiting a good shape-memory effect were 
obtained. Finite element simulation results of the deformation of micro
beam (using the measured NiTi thin film parameters) agree quite well 
with the measured behavior. 
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Abstract: New-generation Chemically Amplified Resists (CARs) such as the positive 
tone commercial UVIII resist offer a substantial gain in sensitivity, resolution, 
and process efficiency in deep ultraviolet, electron-beam, and x-ray 
lithographies. These characteristics are useful for the fabrication of structures 
for MEMS applications. In this work, the UVIII resist is characterised for x
ray lithographic applications by studying the "deprotection" or acid 
generation-diffusion process of the resist under different conditions of post
exposure bake temperature and time, and of x-ray exposure time or dose. The 
x-ray irradiation from an aluminium anode at the wavelength of 0.83 nm was 
at an intensity of 45 1J.W/cm2 on the resist surface. The deprotection process of 
the resist during post-exposure bake was monitored by using Fourier 
Transform Infrared (FTIR) spectroscopy. Results showed that the performance 
of UVIII could be optimised at the post-bake temperature of 140°C and time of 
2 minutes, and x-ray exposure dose of 18 mJ/cm2• The results were confirmed 
by Scanning Electron Microscopic (SEM) studies on UVIII test structures, 
which were processed using the optimised condition. Test structure as small as 
150 nm was obtained in 7 fliD thick UVIII resist layer. 

Keywords: X-ray lithography, chemically amplified resist, UVIII, microfabrication, 
infrared spectroscopy 
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1. INTRODUCTION 

1.1 Limitations of conventional resist 

The diverse and critical applications of Micro-Electro-Mechanical 
Systems (MEMS) technology call for the formation of submicron structures 
with high aspect ratio and resolution. This imposes drastic requirements on 
the cross-section of the resist structures, which should be thick, vertical, 
sloping, T -shaped, or with undercut. The undercut profile can be obtained 
using single-layer resist [1]. Recently, by electron beam lithography, a three
dimensional structure can be formed by the application of two or more resist 
films of different molecular weights (or sensitivities), which are deposited 
one upon the other [2, 3]. Such system makes it possible to obtain various 
rates of dissolution of the resist layers on the exposed areas and to control 
the structure profile. However, for micromachining applications, these 
conventional resists are limited by their sensitivity, resolution, and process 
stability mainly because of their chemical composition. 

1.2 Advantages of Chemically Amplified Resist (CAR) 

The multiple-layer microfabrication technique for construction of 
micromachines can be improved using new generation Chemically 
Amplified Resists (CARs) by deep UV, electron-beam, or X-ray 
lithographies [4-6]. These CARs show high sensitivity, high contrast, and 
high resolution. Their resistance to plasma etching makes them very useful 
for pattern transfer using dry etching. In addition, the rigid and hard cross
linked polymers of CAR make them ideal as a constructive material of 
micromachines such as micromirror array systems, gears, and pumps. 
Studies were done to refine the microfabrication technique of CARs using 
electron-beam [7, 8]. X-ray lithographic studies on CARs remain very 
limited. The use of X-ray on resists has been demonstrated to give line-width 
down to 0.2 fJm in Singapore [9]. 

1.3 Positive tone CAR: UVIII 

In the present study, a positive DUV CAR, commercially known as 
UVill from Shipley Company [10], was characterised using X-ray 
lithography. The resist is now widely used in IC wafer fabrication using 
DUV [11], and studied using electron-beam [12]. In a CAR, a Photosensitive 
Acid Generator (PAG) is decomposed to produce a strong acid during 
exposure to light or radiation. Subsequently, a post-exposure bake (PEB) is 
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needed to activate the acid-catalysed reaction, known as the "deprotection 
reaction", which causes the exposed part of the positive resist to be soluble. 
Acid-catalysed reactions provide resists with high contrast to match the high 
aspect ratio of a micromachine. The extent of the deprotection reaction 
during PEB has a profound effect on the quality of the final structure of the 
resist [13]. Fourier Transform Infrared (FTIR) spectroscopy was used to 
monitor the deprotection process in uvm using the absorption bands at 
1151 cm·1, 1369 cm·1, and 2977 cm·1, which are the characteristic peaks of 
the t-butyl group (-C(CH3) 3) [14] in the resist material. 

Fig. 1 and Fig. 2 demonstrate the UVill resist imaging mechanism (acid
catalysed deprotection). 
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Figure 1. Copolymer of 4-hydroxystyrene and t-butyl acrylate group 
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Figure 2. Deprotection process (UVill copolymer) 
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2. EXPERIMENTAL SET-UP 

2.1 X-ray lithographic process 

The UVIll resist is a copolymer of 4-hydroxystyrene and t-butyl acrylate. 
The UVIll film samples were each prepared on a silicon wafer chip of area 1 
cm2, by spin coating. The thickness of the resist layer ranged from 3 to 8 J.Lm. 
The resist samples were given 2 minutes of soft bake at 140°C on a hot-plate 
immediately after coating to remove the solvent from the resist material. 
After pattern exposure by X-ray lithography, the resist samples on the wafer 
chips were subjected to Post-Exposure Bake (PEB) at temperatures ranging 
from 120°C to 170°C and PEB time of 2 minutes to study the deprotection 
reaction of the acid species. After PEB, FTIR spectra of the resist samples 
were recorded using a Bio-Rad Excalibar FfiR spectrometer with a 
resolution of 2 cm·1 in the 400-4000 cm·1 wavenumber region, and with a 
total of 20 scans to improve the signal-to-noise ratio. The infrared spectrum 
of the silicon substrate only was recorded as background spectrum. 
Therefore the sample spectrum was entirely that of UVIll material. The 
resist samples were then developed in CD-26 (0.26N tetramethyl ammonium 
hydroxide), from Shipley, at room temperature of about 25°C. 

2.2 Soft X-ray tube 

In this experiment, specially designed X-ray tube was used as the soft X
ray source. An aluminium (Al) anode provides Ka X-rays of wavelength 
0.83 nm at the irradiation intensity of 45 J.LW/cm2 on the resist surface. For 
the X-ray exposure time of 5, 10, and 20 minutes, the exposure dose would 
be 9, 18, and 36 rnJ/cm2 respectively. The high resolution test mask [9] used 
in the X -ray exposure experiments was designed and constructed using 
electron-beam lithography. The mask consisted of a 0.5 J.Lm thick Au 
absorption layer with minimum element of critical dimension down to 0.1 
J.Lm on 100 nm thick ShN4 membrane. 

Fig. 3 shows the schematic drawing of the soft X-ray tube consisting of 
an exchangeable water-cooled anode, tube body, insulator and electron gun. 
The dimensions of this tube are very small, with the anode having a diameter 
of 8 mm while the total height is 110 mm. High voltage is supplied to the 
anode to simplify the electron gun design and reduce electron scattering 
from the anode to the tube body. In this case, anode electric isolation is 
required to be at least 20 kV. The cooling system consists of 3 m long 
polyethylene pipes and the distillated water is supplied by a special reservoir 
with autonome cooling system. This helps to prevent current leakage from 
the anode to other grounded parts of the machine though the water pipes. 
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Figure 3. Schematic drawing of the soft X-ray tube. 
1: water-cooled anode; 2: isolator; 3: electron gun; 4: tube body 

3. RESULTS AND DISCUSSION 

3.1 Lithographic conditions at dose of 9 mJ/cm2 

Preliminary X-ray lithographic conditions used in the present 
experiments on uvm resist were similar to those of Deep Ultra-Violet 
(DUV) given by the UVlli specifications and data sheet of Shipley Company 
[10]. In the first series of experiments, X-ray exposure time was fixed at S 
minutes (dose of 9 mJ/cm2) and PEB time at 2 minutes, while the PEB 
temperature was varied from 130°C to 170°C, with interval of S°C. The 
infrared absorption peaks oft-butyl group ( -C(CH3) 3) in the copolymer of 4-
hydroxystyrene and t-butyl acrylate were observed at llSl cm-1, 1369 cm-I, 
and 2977 cm-1• These infrared peaks were found to be gradually reduced in 
intensity of absorbance and disappeared completely at the PEB temperature 
of 160°C. Fig. 4 shows a series of FI1R spectra at nine different PEB 
temperatures from 130°C to 170°C, with intervals of S°C, in the wavenumber 
range of 6SO to 3600 cm-1• This range covered all the useful infrared peaks 
of UVlli. Fig. 4 shows that the three infrared absorbance peaks became non
existent at 160°C. 
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Figure 4. FTIR spectra of UVIII at PEB temperatures of 130-170°C, X-ray exposure dose of 
9 mJ/cm2, and PEB time of 2 min. The three t-butyl infrared peaks are indicated by vertical 
arrows. 

The UVill CAR is based on acid-catalysed deprotection of the t-butyl 
acrylate group in which the phenolic group of 4-hydroxystyrene is partially 
protected by acid-labile acrylate group [11] . This t-butyl acrylate group is 
transformed upon PEB by reaction with a photochemically generated acid 
(PAG). In the process, isobutene, carbon dioxide, and a proton are liberated. 
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The PAG is not consumed in one deprotection reaction, but it is regenerated 
to cleave many more t-butyl acrylate groups to provide the desired chemical
amplification effect. Therefore the PEB process is an important factor in the 
chemical amplification resist system. During the "deprotection process" in 
the uvm resist material, the t-butyl group gradually disintegrates. The 
process is completed when all the t-butyl groups had disintegrated. This 
completion could be accurately monitored by the disappearance of the three 
infrared absorption peaks at 1151 cm·1, 1369 cm-1, and 2977 cm-1 at PEB 
temperature of 160°C. The peaks continued to be non-existent at higher 
temperatures of 165°C and 170°C. Therefore, the set of optimum condition 
for the complete deprotection of UVill is the X-ray exposure dose of 9 
mJ/cm2, PEB time of 2 minutes and temperature of 160°C. The three t-butyl 
peaks were selected for quantitative determination of the degree of 
deprotection. In an effort to eliminate errors due to uneven thickness, a peak 
at 833 cm-1, which does not participate in the deprotection process, is used as 
an internal standard, and all other peaks are normalised against this peak. 
The ratio of intensity of the t-butyl peaks to that at 833 cm-1 (111833) for each 
spectrum is calculated to give the deprotection degree. The deprotection 
degree against PEB temperature is shown in Fig. 5. The rate of deprotection 
process increases significantly above 150°C. It is completed when the degree 
is zero at 160°C for all three infrared peaks. 
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Figure 5. The PEB temperature dependence of the peak intensity at 2977 cm"1, 1369 cm-1 and 
1151 cm-1, normalised by the peak at 833 cm·1 
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3.2 Lithographic conditions at dose of 18 mJ/cm2 

In the next series of experiments for uvm resist, the PEB time was fixed 
at 2 minutes and X-ray exposure time and dose were increased to 10 minutes 
and 18 mJ/cm2 respectively. The PEB temperature was varied from l20°C to 
160°C, with intervals of 5°C. Shrinkage of the three infrared absorption 
peaks at 1151 em-\ 1369 em-\ and 2977 em-• corresponding to the t-buty1 
groups could be monitored and they disappeared completely at 140°C, as 
shown in Fig. 6. This confirmed that the deprotection is complete at this 
temperature. 
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Figure 6. FfiR spectra of UVIII at PEB temperatures of 120-160°C, X-ray exposure dose of 
18 mJ/cm2, and PEB time of 2 min. The three t-butyl infrared peaks are indicated by vertical 
arrows. 
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3.3 Lithographic conditions at dose of 36 mJ/cm2 

Further experiments on higher X-ray exposure dose of 36 mJ/cm2 

(exposure time of 20 minutes) and PEB time at 2 minutes, the PEB 
temperature was varied from l20°C to 160°C, with intervals of 5°C. The 
three infrared absorption peaks of the t-butyl group disappeared completely, 
and so was the completion of the deprotection at 135°C, as shown in Fig. 7. 

3.4 Optimum conditions for UVIII 

The optimised X -ray lithographic conditions from the present work on 
uvm are summarised in Table 1, and are compared with those of DUV on 
uvm as provided by Shipley Company [10]. From the table, by using X-ray 
lithography, uvm resist layers of 3 to 8 J.Lm thickness and minimum test 
structure of 0.15 J.Lm are obtainable. This high aspect ratio value is very 
important for micromachining applications. At a higher X -ray exposure dose 
of 36 mJ/cm2, high-quality uvm resist structure with thickness up to 8 J.Lm 
is possible. Furthermore, from Table 1, it is found that at higher X-ray 
exposure dose, the PEB temperature is lower. At all X-ray exposure doses 
and PEB temperatures, PEB time of 120 seconds for X-ray lithography is 
found to be longer than that of DUV (90 seconds). Hence, the present 
investigation in the characterisation of UVill for X-ray lithography shows 
that the resist is capable of high aspect ratio and good resolution using 
lithographic conditions of magnitude quite similar to those of DUV. 

3.5 Scanning Electron Microscopy (SEM) of UVIII 

Scanning electron micrograph of a UVill test structure fabricated from an 
X-ray exposure dose of 18 mJ/cm2, PEB temperature of 140°C and PEB time 
of 120 seconds, is shown in Fig. 8. Consistency in pattern is demonstrated. A 
close-up view in Fig. 9 shows UVill thickness of about 7 J.Lm, with high
resolution fme structures, and deep trenches, providing high aspect ratio. The 
present results also show that uvm by X -ray lithography is much more 
sensitive than PMMA resist which requires about a dose of 4000 mJ/cm2 for 
similar work [15]. 
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Figure 7. FfiR spectra of UVIII at PEB temperatures of 120-160°C, X-ray exposure dose of 
36 mJ/cm2, and PEB time of 2 min. The three t-butyl infrared peaks are indicated by vertical 
arrows. 
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Table 1. Summary of the optimised UVill X-Ray Lithographic (XRL) conditions in 
comparison with those of Deep ffitra-Violet (DUV) 

Process Condition 
Exposure dose (mJ/cm2) 

Resist thickness (J.Lm) 
Soft-bake temperature (°C) 
Soft-bake time (s) 
PEB temperature ("C) 
PEB time (s) 
Resolution (J.!m) 

9 
3 to 5 
140 
120 
160 
120 
0.15 

XRL (~ 0.83 nm) 
18 36 
4to7 5to8 
140 140 
120 120 
140 135 
120 120 
0.15 0.15 

DUV [10] (~ 248 nm) 
15 to 20 
0.6 to 0.9 
130 
60 
140 
90 
0.22 

Figure 8. Test structure formed in 7 J.lm thick UVill resist by X-ray lithography 
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Figure 9. Close-up view of the test structure, showing high aspect ratio 

4. CONCLUSION 

Experimental results from the present investigation on the 
characterisation of UVill for micromachining using X-ray lithography show 
that high aspect ratio and resolution as high as 0.15 J.Lm are obtainable. The 
X-ray lithographic conditions of X-ray exposure dose, PEB temperature and 
time for uvm resist were accurately optimised by monitoring the 
deprotection process in the resist material using Fourier Transform Infrared 
(FTIR) spectroscopy. Therefore it is feasible to construct high-quality 
structure using UVID CAR by X-ray lithography with relatively low 
exposure dose (9 to 36 mJ/cm2). 
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Abstract: In this research, we explore the use of SAM (Self-Assembled Monolayers) 
materials for improving the robustness of a tunneling accelerometer. For gold 
coated tip-gold sample, the results are comparable with expectations for 
tunneling between gold electrodes in air. Using SAM materials, the robustness 
of the tunnel tips in terms of reliability shows promise of improved 
characteristics. 

Keywords: tunneling, self-assembled monolayers (SAM), microaccelerometer, barrier 
height, stability 

1. INTRODUCTION 

A new category of micromachined sensors has emerged recently that 
utilizes a tunneling current between a tunneling tip, which is attached to a 
moveable microstructure and a counter electrode. The tunnel sensors are 
typically used to measure displacement. Displacement transducers based on 
electron tunneling have been utilized in a wide variety of physical sensors 
because of their high position sensitivity [ 1-6]. 

Improvements resulting from the replacement of conventional position 
detection methods, such as standard compact capacitive sensors, with the 
tunneling-based sensor are high sensitivity, wide bandwidth, high resolution 
and wide dynamic range. The smaller device size also indicates a smaller 
power consumption. Furthermore, with advantages such as compatibility 
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with silicon micromachining technology and usage of simple electronic 
readout techniques, it is believed that micromachined tunneling sensors can 
fmd use in various applications. 

In our research program, microfabricated tunnel structures are fabricated 
and tested. For testing, the devices are connected to a Scanning Probe 
Microscope (SPM) control unit, which uses programmable digital electronic 
hardware to provide a flexible control and data acquisition system. The 
control unit actuates the moveable structure to bring the tunnel tip close to 
the electrode surface and supplies a bias voltage between the tip and 
electrode. A current amplifier connected to the electrode detects any tunnel 
current flow occurring between the tip and electrode. The measured tunnel 
current is used as the feedback signal (a closed loop feedback) to maintain 
the tunnel current constant. 

Electrostatic actuation (i.e. a comb drive) is used. The applied actuation 
voltage maintains the desired constant tunnel current and it is therefore a 
measure of the relative displacement between the two electrodes. 

However, a significant challenge for any tunnel device operating in 
ambient environments is to fabricate a reliable tip. The problem of tip 
reliability and variability is well known in STM and arises from the 
electrical and /or mechanical instability of the conducting electrodes. This 
difficulty is also noted by several MEMS tunnel reports [6 - 8]. In STM, 
stable operation is only routinely achieved under ultra high vacuum 
conditions using atomically clean surfaces. In air or other ambient 
environments contaminants, most of which act as insulators, are invariably 
present on surfaces and this leads to poor electrical stability for tunneling. 
Furthermore, mechanical contact often occurs between the electrode surfaces 
because the adhesive forces can be very strong at small tip-to-surface 
separations. We have clear evidence for mechanical contact occurring in the 
tunnel test devices we have constructed [9]. Mechanical contact operation is 
characterised by poor sensitivity (low barrier height) and leads to wear of the 
electrode materials, leading to device failure. The problem of mechanical 
contact is exacerbated in MEMS devices because a) the tunnel electrode 
should ideally be mounted on a stiff spring to prevent the adhesive forces 
pulling the surfaces together. However, soft springs (<10 N/m) are required 
to enable the actuation of the tunnel electrode structure to bring it within 
tunneling range of the opposing electrode, and b) the adhesive forces 
increase linearly with increasing size of the tunnel tip. The tip radius of 
curvature should be <100 nm but this is difficult to achieve in many MEMS 
designs. It is important to note that an "exponential-like" current may still be 
observed if the electrodes are in mechanical contact. This is called a 
"squeezable" junction and may arise if poorly conducting material is present 
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between the electrode surfaces, so that strictly the current flow is not a 
tunneling current, but rather a current flow across a variable resistor. 

This experimental methodology for tunnel MEMS devices allows for the 
evaluation of the device performance (e.g. for accelerometer structures, the 
tunnel current displacement is related to the applied acceleration) and for the 
testing of the basic tunnel physics. By these means we have demonstrated 
simple tunnel accelerometers and for the measurement of surface forces 
acting on the tunnel tip. 

We have attempted to improve the robustness of the electrode materials 
for tunnel devices. In this research work we describe the use of a Self 
Assembled Monolayer (SAM) coating of the gold electrodes. The SAM acts 
as a molecular lubricant and it is known that stable work functions, as 
measured by scanning Kelvin probe microscopy, can be obtained over 
suitably prepared samples [10]. 

The creation of a SAM on the devices was achieved by using both liquid 
phase and vapor phase deposition and verified by using surface analysis 
(XPS and TOFSIMS). Vapor phase deposition is preferred as it minimises 
the damage to MEMS devices. 

The remainder of this chapter is organised as follows. In the next section, 
we briefly present the tunneling sensor concept, theory, and principle. The 
following section focuses on the background and motivation for the use of 
the SAM materials as a form of coating. Next, some experimental results 
will be discussed, which includes both the testing operation and setup. 
Finally, some research issues will be addressed in our conclusion. 

2. TUNNELING SENSOR CONCEPT, THEORY AND 
PRINCIPLE 

Electron tunneling through a narrow vacuum barrier has been employed 
in Scanning Tunneling Microscopy (STM) to study the atomic scale 
structure of surfaces. Electron tunneling can be observed when the gap 
between a pair of clean metal electrodes is of the order of 10 A. 

The tunneling current between a pair of planar electrodes separated by a 
rectangular energy barrier of height ci> and gap S is given by: 

loc ve-(1.~ 
(1) 

where a is a constant, a= 1.025 (eV.o.s A-1); Vis the voltage bias between 
the electrodes (tunneling bias used are typically less than 1 V); ci> is the 
effective height of the tunneling barrier; and S is the tunneling gap between 
tip and counter electrode. Tunneling is valid at V bias < cj>, which is typically a 
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few volts. At higher voltages Fowler-Nordheim tunnelling (or field 
emission) occurs. This is also a quantum mechanical effect but is not as 
useful for distance dependent sensing as it depends strongly on the tip radius 
i.e. the electric field, which tends to dominate the current-distance 
dependence. 

For a barrier height of 3 e V, the tunnel current increases by one order of 
magnitude for each 1.3 A decrease in electrode separation, S. The 
exponential change with distance is the origin of the high displacement 
sensitivity. If the logarithm of the current is taken to linearise the feedback 
control, then the sensitivity of the measurement at constant voltage is 
d(lnl)/dS - ~ljl so it is desirable for ljl to be constant and large. Unfortunately 
neither of these conditions is met when working under non-UHV conditions. 
In air, the measured ljl is typically very low indicating the presence of 
contaminants in the tunnel gap (hydrocarbons, water, etc. adsorb readily) or 
mechanical contact. For metals, ljl is typically -0.1 to -0.5e V in air 
compared to a clean, UHV value of -4e V. This clearly results in a distance 
sensitivity, which is poorer than expected from theoretical considerations. 
Also the value of ljl can vary by orders of magnitude with time [8] and, from 
our own studies, between different devices. The use of a modulation 
methods minimises this effect over short time spans [4] but some self-testing 
is essential to adjust for longer term changes in ljl. 

A possible method for improving the stability/ reliability is to coat the 
electrode surfaces in a simple lubricant [11] or a Self-Assembled Monolayer 
(SAM) [12]. This has also recently been suggested for use a tunnel MEMS 
devices for magnetic sensing [13]. Using boundary layer lubricants, such as 
SAM, can mechanically stabilise the contact. In this case, there is small loss 
of sensitivity even if the tunneling surface are in contact provided the 
material placed between the tip and surface is compliant i.e. has low 
elasticity and is electron transparent. Such structures are called squeezable 
junctions and in essence the surface layer supports the mechanical load. 
Boundary layer lubricants can also chemically stabilise the contact by 
providing an inert interface of much lower surface free energy ( -10mJ/m2) 

compared to a bare metal. This reduces the amount of unknown surface 
contaminant. These issues are discussed further below. 

3. MOTIVATION FOR USING SAM MATERIALS 
FOR COATING DEVICES 

Self Assembled Monolayers (SAM) is the generic name given to organic 
molecules, which spontaneously form a dense and sometimes ordered 
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monolayer on a surface. Common examples are HDMS on silicon and sulfur 
terminated alkanes (also called thiols) on gold and silver. Fig. 1 shows a 
schematic of a single alkane SAM on a surface. 

In this work, the SAM has been formed on the gold surfaces of tunneling 
accelerometers (Fig. 2), which were fabricated by SCREAM™ process at 
Cornell University. The wedge shaped tip of the devices is also coated firstly 
in gold and subsequently with a SAM. Fig. 3(a) shows schematically how 
the wedge shaped tip will appear as it approaches the electrode surface. 
Strongly bound and dense molecular monolayers coat both the tip and 
electrode surfaces. 

Sulfur bond 

Carbon 
backbone c 

Gold Surface 

Figure 1. Typical SAM. An alkane thiol has a carbon backbone. The sulfur at the end group 
bonds to the underlying gold surface. The thiol molecules are packed into an ordered layer on 
the gold, with the backbone chains slightly tilted as shown. 
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Figure 2. SEM of the tunneling-based accelerometer 
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There are several reasons behind why we believe that such SAM are 
potentially very useful. Firstly, the SAM material can be tailored with 
different organics to have different conductivity behaviour. For example, we 
have chosen to use alkane chain thiols, which are entirely inert and act as 
insulators. Thus, when these thiols are adsorbed onto the surface, the gap 
formed by the molecules is similar to a vacuum gap. Electrons can still 
tunnel across the gap formed by the molecules if the alkane chain length is 
small (up to around C12H26 or approximately 1 nm for alkane thiols). 
Alternatively, more exotic SAM molecules could be used (e.g. porphyrn 
based) which exhibit lower resistivity or even tailor-made conduction 
properties. 

Secondly, SAM provides a means to reduce mechanical wear and acts 
like a lubricant. In tunneling, the tip often comes into contact with the 
opposing electrode surface. This behaviour is observed in practically all 
MEMS devices we have tested. In this case, the SAM protects the 
underlying metal surfaces from coming into adhesive contact (see Fig. 3(b)) 
and minimises wear. Note that tunnelling currents can be measured when in 
mechanical contact, as shown in Fig. 3 (b). This forms the basis of a 
mechanical tunnel junction (also called a squeeze junction). Provided the 
separation between the metals is not too large, a current will flow on 
application of a voltage bias. 

a) b) 

-···IJ!J!!! JI!!JJ 
Surface 

Surface 

Figure 3. a) With short chain SAM on both tip and surface electrodes, a tunnel current can 
still flow because the gap between the electrodes is small (approximately 1 nm); b) 
Mechanical contact occurs between the tip and surface electrodes. The SAM protects the 
electrodes from adhesive contact and wear. 

Lastly, it is believed that a SAM coated surface will improve the 
electrical stability. The SAM can significantly reduce the surface free energy 
by two orders of magnitude when compared to bare metals and this greatly 
reduces the problems associated with contamination. A SAM can be made 
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chemically inert and stable. This has been demonstrated by work function 
measurements over SAM made in air, which gives values of ~ which are 
high (approximately 1 eV) and remain stable over time [10]. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Experimental testing and set-up 

The basic data to be obtained is the effective barrier height ( ~ ). This can 
be found by measuring the current (I) as a function of displacement (S), 
which we call I-S curves. The slope of such curves yields ~ by the use of 
Eqn. (1). The I-S curves can be measured by momentarily turning off the 
tunnel feedback and actuating the tip in a known manner (a linear 
displacement is used) and simultaneously monitoring the current flow. At the 
completion of the I-S experiment the tunnel feedback is turned back on. 

In this study, two experimental approaches are described. Firstly, we use 
a standard STM (Nanoscope III) to measure I-S curves, in air, over plain 
gold surfaces and SAM covered surfaces. An electrochemically etched gold 
tip is used. The aim of this type of experiment is to study the basic reliability 
of the SAM coated Au surface for use in MEMS. In a second type of 
experiment, gold coated tunnel MEMS devices as shown in Fig. 2 are used. 

The SAM surfaces we study consist of alkane thiols (C6H14S, C12H26S, 
C18H38S). The SAM can be prepared by simply dipping the surface into a 
liquid solution, and waiting for a few minutes to a day. However, this liquid 
phase procedures can be hazardous to comb drive structures; causing 
stiction, breakage from surface tension, and the transfer of contaminants 
from to the device. Therefore, a vapor phase method is used for the coating 
of the MEMS devices. The vapor phase procedure is as follows for C6H14S: 
1. 7 fll of concentrated C6H14S was mixed with 50 m1 of absolute ethanol to 

obtain a 1 mM SAM solution. This solution was placed in a small glass 
beaker. 

2. The MEMS die and SAM solution were put into a glass vacuum 
desiccator, which was sealed and pumped down to 20 mTorr with a rotary 
pump. 

3. The pump was then shut off. The SAM solution evaporated and adsorbed 
from the vapour onto the MEMS surface. 

4. A coating time of about one day was used. 
The presence of the thiol on the device surface was verified using XPS 

(X-Ray Photoelectrons Spectroscopy), and an example is given in Fig. 4. 
Fig. 4(b) shows that the thiol sulfur peaks can be clearly viewed above the 
signal obtained from the bare gold surface, shown in Fig. 4(a). Time-of-
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Hight SIMS (TOF-SIMS) was also used and an example is shown in Fig. 5. 
The thiol sulfur peak is clearly resolved from the SAM surfaces. No 
significant difference was found in terms of SAM formation between the 
liquid phase and vapor phase preparations. 

a ) bare gold surface 

184.0 182.0 1910 178.0 1760 
B~E ... .., (e\1] 

b) SAM covered surface 

Pe<lk Position AI.,., FWHW ::tGl 
0 177.765tN 20&11.350 HOOoV ~ 
1 176.597oV 2731lS43 , 433eV ~ 

184 a 182.0 1900 178.0 1760 1740 172.0 
B~Eno<a.>leVl 

Figure 4. XPS signals on (a) bare gold surface; and (b) alkane thiol-covered gold surface 

For MEMS accelerometer experiments the test devices of Fig. 2 are used. 
The bulk of the structure consists of the various electrostatic comb drives 
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(primary, secondary, fme). The tip is wedge shaped and located near the 
sensing electrode. The comb drive displaces the tip towards the sensing 
electrode. Fig. 6 shows the external connections of the device. There are 3 
electrical terminals available for external connection; the proof mass 
terminal, to which a bias voltage is applied for tunneling to occur; the comb 
drive terminal, for actuation of the proof mass so that the tip can be moved 
up to the electrode; and the electrode surface terminal, from which we 
measure the current flow . 

.... 
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Gold Sample .. 
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&I 

~ 
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Gold Sample with Vapour Phase SAM Coating 

r &I Sulfur(~ 
&I 

\ 
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Figure 5. TOF-SIMS of a bare gold surface and SAM on gold surfaces 

The basic set-up for performing a tunnelling measurement under 
atmospheric conditions is shown in Fig. 7. The current is first converted to a 



124 Francis E. H. Tay, S. J. O'Shea, Andrew T. S. Wee, Poh Chong Lim and Andojo 

Ongkodjojo 

voltage and then amplified by a variable gain (107 to 101~. This voltage 
signal is subsequently low pass ftltered (5kHz) to reduce the noise. Next, the 
signal is directed to the ADC (Analog to Digital Converter), and processed 
by the DSP (Data Signal Processor) unit. A DAC (Digital to Analog 
Converter) output from the DSP unit is used to supply a bias voltage for 
tunneling, while a PC controls the DSP unit and adjusts all tunnel 
parameters. The tunnel tip and sensing electrode are brought together by 
applying an output voltage from the DSP, via a high voltage amplifier, to the 
actuator combs. If a tunnel current is detected, a closed loop control is 
implemented by the DSP controller to maintain this tip-surface separation. 
The specific separation is set by choosing the required tunnel current, also 
known as the .. set-point current" in the controller software. The error signal 
from the feedback is used to control the displacement of the tip (via the 
actuator) so as to keep the tunnel current and the tunnel gap constant. 

OMB 
MASS 

Tunnel Bill Voltage 

Actuation Vollage 

Figure 6. Schematic for tunneling-based accelerometer with 3 terminals 
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PC 
- set current 
- control feedback 
- output data 

Figure 7. Outline of testing setup for tunneling experiment in atmosphere 
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4.2 Tunneling results using STM 

The STM experiments are undertaken in air, as is also the situation for a 
MEMS device. Three data sets are presented, namely; a gold tip on a gold 
sample; a gold tip on a SAM (Ct2H26S) coated gold sample; a SAM 
(C18H38S) coated gold tip on a SAM (CtsH3sS) coated gold sample. 

4.2.1 Gold tip on gold sample (Fig. 8, Table 1) 

A typical 1-S curve for a gold tip on gold sample is shown in Fig. S. The 
zero displacement of the x-axis corresponds to the initial tip-sample 
separation (I V, I nA). The presence of drift and piezoelectric hysterisis 
during the experiment results in an offset of -SA. That is, in this particular 
experiment, the current passes through the 1 nA setpoint at -SA, not oA. 
Thus, the distance (S) axis should always be considered as a relative (not 
absolute) displacement with respect to the tip-to-surface separation. Positive 
distances correspond to larger tip-surface separations. The current increases 
approximately exponentially from -SA to --4A distances and in this example 
the effective barrier height is found to be 0.43 eV. 

The 1-S experiments are repeated many times. In Table 1, the effective 
barrier heights, ~. of 11 gold tips are shown. Ten 1-S curves are obtained for 
each gold tip and the barrier height calculated for each 1-S curve. The 
average barrier height for a gold tip on a gold sample is 0.53 eV and the 
standard deviation obtained for all 110 barrier heights is 0.39 eV. These 
results show that the tunneling behavior is not particularly stable. The values 
reported for aPt tip-Au sample in air of 0. 76 e V with a standard deviation of 
about 0.2 eV for a single tip [14] show that our data for the gold tip-gold 
sample is comparable to previous studies. 

Table 1. Barrier height values for gold tiE on gold samEle 
Tip Barrier Height (eV) Average Standard 

Number Individual Measurements Deviation 
Tip (1) 0.451 0.768 0.969 0.834 1.449 0.850 0.297 

0.675 0.606 0.612 0.992 1.148 
Tip (2) 0.749 0.232 0.236 1.898 0.177 0.627 0.707 

0.235 0.375 0.088 1.952 0.328 
Tip (3) 0.593 1.301 0.875 0.385 0.416 0.701 0.256 

0.653 0.642 0.717 0.693 0.735 
Tip (4) 0.270 1.067 0.910 0.177 1.226 0.580 0.386 

0.560 0.182 0.452 0.725 0.230 
Tip (5) 0.200 0.283 0.620 0.033 0.680 0.219 0.242 

0.037 0.142 0.030 0.137 0.029 
Tip (6) 0.324 0.375 0.653 0.697 0.868 0.471 0.229 

0.269 0.318 0.527 0.558 0.120 
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Tip Barrier Height (eV) Average Standard 
Number Individual Measurements Deviation 

Tip (8) 0.783 1.742 0.950 0.706 0.845 0.830 0.384 

0.335 1.057 0.792 0.553 0.540 
Tip (11) 0.281 0.558 0.112 0.415 0.224 0.265 0.133 

0.185 0.201 0.149 0.237 0.286 
Tip (12) 0.492 0.778 0.223 0.426 0.105 0.401 0.229 

0.201 0.120 0.626 0.554 0.487 
Tip (13) 0.551 0.198 0.939 0.491 0.899 0.542 0.424 

0.383 0.080 0.378 0.097 1.405 
Tip (15) 0.360 0.821 0.301 O.G17 0.136 0.367 0.288 

0.074 0.353 0.400 0.319 0.888 
Total 0.532 0.395 
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Figure 8. Typical I-S curve for gold tip (12) on gold sample 

4.2.2 Gold tip on C12HuS (SAM)-coated gold sample (Fig. 9, Table 
2) 

The effective barrier heights of 8 gold tips on a SAM-coated gold sample 
are shown in Table 2. A typical I-S curve for a gold tip on the SAM-coated 
gold sample is shown in Fig. 9. The average barrier height for the gold tip on 
the SAM-coated gold sample is 0.172 e V with a standard deviation of 0.097 
e V. We equate the standard deviation with a measure of the stability of the 
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tip-sample junction. These results show that the tunneling behavior is 
slightly more stable as compared to those of the gold sample in the previous 
section (the deviation is 56% of the average compared to 74% in the case of 
the pure gold electrodes). However, also note that the decrease in ell implies 
that the sensitivity would also decrease if this were to be used as the basis of 
a MEMS tunnel sensor . 

• 

-10.00 -5.00 0.00 5.00 10.00 
Distance (Angstrom) 

Figure 9. A typical I-S curve for gold tip (3) on SAM-coated gold sample 

Table 2. Barrier hei~ht values for ~old ti2 on SAM-coated ~old sam2Ie 
Tip Barrier Height (eV) Average Standard 

Number Individual Measurements Deviation 
Tip (I) 0.074 0.034 0.076 0.074 0.113 0.097 0.046 

0.187 0.123 0.152 0.077 0.061 
Tip (2) 0.024 0.097 0.049 0.071 0.327 0.144 0.122 

0.284 0.135 0.097 0.330 0.028 
Tip (5) 0.327 0.214 0.203 0.180 0.281 0.230 0.062 

0.207 0.259 0.300 0.115 0.218 
Tip (6) 0.067 0.056 0.060 0.086 0.188 0.138 0.083 

0.289 0.229 0.104 0.094 0.212 
Tip (8) 0.289 0.207 0.082 0.250 0.176 0.183 0.073 

0.243 0.123 0.076 0.154 0.229 
Tip (9) 0.048 0.074 0.128 0.106 0.041 0.098 0.074 

0.049 0.132 0.053 0.059 0.286 
Tip (14) 0.340 0.302 0.255 0.093 0.352 0.206 0.097 

0.105 0.155 0.153 0.167 0.141 
Tip (15) 0.263 0.298 0.329 0.300 0.240 0.276 0.059 

0.277 0.222 0.387 0.172 0.267 
Total 0.172 0.097 



128 Francis E. H. Tay, S. J. O'Shea, Andrew T. S. Wee, Poh Chong Lim and Andojo 

Ongkodjojo 

4.2.3 C18H~ (SAM)-coated gold tip on C18H~ (SAM)-coated gold 
sample (Fig. 10, Table 3) 

A typical 1-S curve for the SAM-coated gold tip on the SAM-coated gold 
sample is shown in Fig. 10. Table 3 shows the effective barrier heights for a 
single SAM-coated gold tip on the SAM-coated gold sample. Twenty five I
S curves were obtained. The average barrier height is 0.097 eV with a 
standard deviation of 0.049 e V. These results show a slight improvement in 
stability compared to the previous results (the deviation is 50% of the 
average). 

50 
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Figure 10. A typical I-S curve for C1sH38S-coated Au tip on C1sH3sS-coated Au sample 

Table 3. Barrier height value for C1sH3sS-coated Au tip on C1sH3sS-coated Au sample 
Barrier Height ; ( e V) 

0.074 0.098 0.079 0.152 0.054 
0.102 0.217 0.143 0.052 0.101 
0.059 0.162 0.068 0.107 0.135 
0.089 0.133 0.055 0.091 0.065 
0.077 0.073 0.122 0.096 0.098 

Total Average 0.097 
Total Standard Deviation 0.049 

By comparing the results shown in Fig. 8, Fig. 9 and Fig. 10, it is clear 
that gold tip-gold sample has the highest sensitivity, i.e. highest cj). In Fig. 8, 
the tunneling current rises rapidly from 1 nA to 40 nA, when the tip moves 5 
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A nearer to the sample. In comparison, in Fig. 9 the tunneling current 
reaches 40 nA after the tip moves 12 A nearer to the sample. Finally, in the 
case of C18H3sS-coated Au tip on C18H38S-coated Au sample, the tunneling 
current increases from 1 nA to 40 nA only after the tip moves 16 A towards 
the sample as shown in Fig. 10. 

The loss of sensitivity is somewhat compensated for by increased 
reproducibility for the SAM coated surfaces. The standard deviations for the 
SAM coated surfaces represent -50% of the average barrier height compared 
with 74% for the gold tip-gold sample system. 

An important observation from the above results is the difficulty in 
obtaining stable operation in air, even with a standard STM. For MEMS 
devices the difficulties are compounded both by fabrication issues for the tip 
shape and the need for a soft spring holding the tip or sample, which leads to 
adhesive contacts being formed. The use of modulation techniques for tunnel 
current detection can alleviate the difficulties [4] but the problem of the 
variability of the barrier height is always present under non-UHV conditions. 

4.3 SAM-Au-coated tunneling accelerometer 

Only preliminary results have been obtained on the use of SAM layers on 
a MEMS tunnel device. In this study, the accelerometer of Fig. 2 was coated 
in a short chain alkane thiol (C~14S). Typical feedback control conditions 
are 5 V, 15 pA. A small control current is necessary in order to minimise 
possible mechanical contact between the tip and the sensing electrode. 
Typical actuation voltages on the primary comb drive are -30 V. 

A current-distance (1-S) curve is shown in Fig. 11. Although this data is 
reproducible, the distance dependence is clearly very weak. This is also 
shown in Table 4, which indicates that the effective barrier height of 10 
average measurements is very low (0.014 eV). The standard deviation of the 
measurements is lower (0.004 eV or 29%) than in the previous STM 
measurements. However, it is not clear how meaningful a result is 
represented by the standard deviation given the very low absolute barrier 
height. More work is required on a larger set of MEMS devices. 

Table 4. Effective barrier heights of ten current-distance curves obtained from a tunnel 
accelerometer device 

Sample 

sm2_1 
sm2_3 
sm2_4 
sm2_5 
sm2_6 

Exponential Term 

0.109 
0.130 
0.098 
0.136 
0.119 

Effective Barrier Height 
(eV) 
0.011 
0.016 
0.009 
0.018 
0.014 
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Sample Exponential Term 

sm2_7 0.115 
sm2_8 0.116 
sm2_9 0.102 
sm2_10 0.111 
sm2_11 0.152 

Average 
Standard Deviation 

Effective Barrier Height 
(eV) 
0.013 
0.013 
0.010 
0.012 
0.022 
0.014 
0.004 

90 
80 
70 
60 
50 
40 

:.-+-------1 30 

t===t===l==~====~~~~~20 10 

~----~-----+----~------+------r----~ 0 
-12 -10 -8 -6 -4 -2 0 
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Figure 11. Current-distance curve of a tunnel accelerometer device. The distance zero is the 
control point (15 pA). Negative distance means moving towards the surface. 

5. CONCLUSIONS 

From a conceptual viewpoint the use of SAM over layers should improve 
the mechanical and electrical stability of MEMS tunnel devices. We have 
shown, using standard STM, that this appears to be the case for tunneling in 
air. Specifically, we measured the barrier heights for various gold-SAM 
surfaces and equated the standard deviation of many measurements as an 
indication of the stability of the tip-electrode junction. The gold tip-gold 
sample has the highest barrier height among the samples tested. The barrier 
height is 0.532 ± 0.395 eV. The gold tip and C12H26S (SAM)-coated gold 
samples give a barrier height of 0.172 ± 0.097 eV. Finally, the C18H38S 
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(SAM)-coated gold tip and C18H38S (SAM)-coated gold sample has the 
lowest barrier height of 0.097 ± 0.049 eV. The standard deviation decreases 
for the SAM coated surfaces. However, there is also a trade off between 
stability and sensitivity as the effective barrier height (i.e. the sensitivity) 
decreases substantially from the gold-gold electrodes (-0.5 e V) to the SAM 
covered electrodes ( -0.1 e V). 

The results using SAM coated MEMS devices are not conclusive and 
more data is required. The difficulty is that the barrier height of the 
fabricated devices (i.e. the sensitivity) is too low (0.014eV) and must be 
improved before meaningful statistics can be obtained. Notwithstanding this 
difficulty, we have found that SAM coatings can be readily achieved on the 
MEMS devices. The presence of the SAM was verified by XPS ad 
TOFSIMS for both liquid phase and vapor phase deposition. For MEMS 
devices, vapor phase deposition is much preferred as it minimises damage 
and contamination of the MEMS structures. 
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Y.Chandana 
Microelectronics Laboratory, Department of Electrical Engineering, Indian Institute oj 
Technology Madras, Chennai- 600 036, India 

Abstract: In this paper, the principle, device structure and the fabrication of bulk micro 
machined accelerometer are presented. It has been observed that the same 
oxidation process which resulted in low leakage current for small area devices 
gave rise to high leakage current in the large area Silicon Fusion Bonded 
structures. Using large area MOS devices as the test vehicle, it is shown that 
such high leakage current problems can be sorted out by carrying out oxidation 
by a two-step dry-wet oxidation process at 1000°C. It is also shown that the 
two-step oxidation process leads to MOS capacitors with leakage currents 
considerably smaller than the devices fabricated with totally dry oxidation or 
totally wet oxidation process. 

Keywords: Silicon Fusion Bonding, oxidation, accelerometer, Silicon On Insulator, 
MEMS 

1. INTRODUCTION 

Silicon Fusion Bonding (SFB) has emerged as an important technique for 
realizing Silicon on Insulator (SOl) wafers, bulk micro machined pressure 
sensors, accelerometers and microstructures [ 1-7]. In this approach, one or 
both of the silicon wafers are oxidized and made hydrophilic before they are 
brought into contact with each other for bonding them together to form the 
Silicon-Oxide-Silicon (SOS) structures. The areas of such structures are 
invariably large, ranging from few mm2 to several mm2• Such large area 
MOS or SOS structures are not encountered in the conventional integrated 
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circuit technology. Consequently, special attention needs to be paid to the 
oxidation process during the fabrication of SOS structures for MEMS 
application, to ensure that the localized defects in the oxide and the silicon 
surface are minimized so that the leakage currents across the structures are 
low. The situation becomes more complicated while realizing SOS structures 
having oxide thickness as large as lJlm because this involves high 
temperature wet oxidation process. 

In this paper, we first describe the working principle, structure, process 
steps and the high leakage current problem that we have encountered while 
fabricating a bulk micro machined silicon micro-accelerometer having a 
SOS configuration. Next we present a series of experiments designed to 
understand and sort out the problem. Both large area and small area MOS 
capacitors are processed to demonstrate that an optimized two-step oxidation 
process is necessary to reduce the leakage current of large area MOS 
structures. It is shown that the oxidation-induced defects arising in the high 
temperature wet oxidation are responsible for the origin of the high leakage 
currents in these structures and that the two-step oxidation at lower 
temperatures reduces the defect density considerably. 

2. MICRO-ACCELEROMETER USING SFB 

The structure of a micro accelerometer comprises of bulk micro 
machined silicon wafers, which are fabricated separately and bonded 
together by direct silicon fusion bonding. The working principle of the micro 
machined accelerometer with capacitive pickup and force-balancing 
technique is presented in this section. The various process steps involved in 
the fabrication of all three electrodes and for the realization of final micro 
accelerometer structure are also described. The mask layout used for the 
seismic mass realization is presented. 

2.1 Force balance principle 

The micro-accelerometer is based on the principle of simple physical 
mass-spring system governed by Hook's law which states that the inertial 
force (F) experienced by the spring is directly proportional to the amount by 
which it has been compressed or stretched as shown in Fig. 1. From 
Newton's law, if the system undergoes an acceleration (a) then the resultant 
force acting on the mass is equal to mass times the acceleration 'rna'. Hence 
from the force balance principle: 
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m.a = k .x (1) 

where k is spring constant, m is mass and x is displacement. 
Hence the acceleration can be measured by measuring the displacement 

of a mass connected to the spring. 

F =kx =ma ac:c:el 

Figure 1. Sample mass spring system 

The working principle of the micro-accelerometer can be understood 
from the parallel plate capacitor model shown in Fig. 2. It consists of three 
parallel plate electrodes separated from each other by a distance Xo under 
equilibrium. The middle plate represents the mass supported by a spring and 
is free to move with respect to the fixed top and bottom electrodes. 
Displacement of the mass is sensed based on capacitive measurements. In 
equilibrium, the capacitances CA between top and middle electrode and the 
capacitance Cs between middle and bottom electrode are equal. When 
subjected to an acceleration in a direction perpendicular to the plates, the 
middle plate moves either upwards or downwards due to the inertial force. 
Hence one of the capacitances (CA orCs) increases while the other decreases 
corresponding to the movement of the middle plate. This difference in the 
capacitance is measured electrically. Since the differential capacitance 
depends on the displacement of the middle plate, which in turn depends on 
the acceleration, the capacitance change can be directly correlated to the 
acceleration. 

A force balancing technique is used where an external electrostatic force 
is applied in order to minimize deviations of the seismic mass from its 
central null position. In this closed loop operation as shown in Fig. 3, the 
electrostatic force is used to counterbalance the force due to acceleration. A 
measure of this applied force gives an account of the acceleration 
encountered. In this technique, the difference in values of two sensing 
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capacitances CA and C8 is converted into a voltage signal. The signal is 
amplified and converted into a pulse width modulated (PWM) signal (Vp). 

Xo } 
Under Equilibrium 

(A (A=Ce:::Co 

Else 
Xo (A= Co +.C.( 

Ce =Co -.e.( 

Figure 2. Parallel plate capacitor model 

r---- ---. 

:~ l 
lf7al : 
I L:!...J I 

L-------...J 

Pick off circuit 
and 

gain control 

Vout 

Figure 3. Block diagram of closed loop differential sensing accelerometer system 

This signal is inverted (Vn) and the true and inverted signals are used to 
drive the top and bottom capacitor plates. When the system is in equilibrium 
(i.e. no acceleration) the complementary signals (Vp) and (Vn) from the 
PWM circuit have a 50% duty cycle. Hence the electrostatic forces on the 
seismic mass are equal and opposite. 

When the system is subjected to acceleration, the differential change in 
the capacitance is sensed. The duty cycle of the driving waveform changes, 
thereby increasing the duty cycle of signal on one plate and reducing it on 
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the other plate. The net effect is to produce an electrostatic force to 
counterbalance the force due to acceleration. This method of closed loop 
operation offers the following advantages viz., wide dynamic operating 
range (from ~g to 50g), improved linearity and minimized latch up problem 
of seismic mass. 

From the above discussion it is evident that the fabrication of the seismic 
mass (movable electrode) and attaching it with the two fixed electrodes are 
the essential aspects of the micro accelerometer fabrication. 

2.2 Device structure 

A cross-sectional view of the bulk micro-machined silicon accelerometer 
fabricated in our laboratory is shown in Fig. 4. Essentially, the structure 
consists of three silicon wafers bonded together by the Silicon Fusion 
Bonding (SFB) technique. The middle wafer contains the seismic mass 
connected to the body of the wafer by thin flanges of 4 ~m thickness, 200 
~m length and 50 ~m width. The schematic representation of top view of the 
seismic mass is shown in Fig. 5. This movable plate of the capacitor sensor 
is separated from the fixed top and bottom electrodes, which are also silicon 
wafers, by an air gap of 2 ~m. The air gap is realized by creating a 1 ~m step 
in the seismic mass portion of the middle wafer and retaining a 1 ~m thick 
oxide over the rest of the region on the middle wafer. This oxide layer is 
necessary to isolate the middle wafer from the top and bottom electrodes 
bonded on to the oxide by SFB technique. 

2.3 Mask layout details 

A set of three masks is required for fabricating the seismic mass and the 
top wafer. The mask layout used for the seismic mass realization is as shown 
in Fig. 6. 

Mask # 1 is used for defining the seismic mass and contact pad area in 
the middle wafer. Mask # 2 is used for defining the flanges which supports 
the seismic mass to the outer frame. Flanges are provided on both top and 
bottom side to ensure that the mass is held perfectly along its central null 
position in equilibrium and to avoid sagging along one side. In one set of 
masks, four flanges are provided (2 at the top and 2 at bottom) and in 
another set eight flanges ( 4 at the top and 4 at bottom) are provided. The 
flanges are positioned, as shown in Fig. 5, diametrically 90 degrees opposite 
to each other in order to facilitate etching from other side. 

Mask# 3 is used for defming the contact hole area in the top wafer. The 
seismic mass area is 2.5 mm x 2.5 mm and the flange area is 200 ~m x 50 
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j.lm. The lateral spacing between the patterns is 4 mm. A large gap is 
provided so as to offer sufficient bonding area between the wafers. 

Top 
water 

Middle 
Wafer 

Bottom 
contact 

~ 
p+ Silicon 

Top 
contact 4-------, 

Silicon 
dioxide 

P Silicon 

Figure 4. Cross section of bulk micromachined accelerometer 

Top flange 

flange 

Figure 5. Schematic representation of top view of seismic mass 

Middle 
contact 
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Figure 6. Mask layout for eight flange configuration 

2.4 Fabrication of accelerometer structure 

Fabrication of the accelerometer structure involves the preparation of 
1. The middle wafer containing the seismic mass. 
2. The top and bottom electrodes with appropriate holes, and fmally 
3. The fusion bonding of the three wafers. 

These processes are briefly presented in this section. 

2.4.1 Fabrication of the seismic mass with the supporting flanges 

P type wafers of resistivity 1 to 10 Q-cm and thickness 200 ± 20 ~m with 
both sides having mirror polished surfaces are used. The wafer thickness has 
been restricted to 200 ~ since through holes are to be etched by anisotropic 
KOH etching. After the standard wafer cleaning procedure, a 1 ~m step is 
etched on both sides of the wafer, as shown in Fig. 7, to define the seismic 
mass region. The back side pattern is aligned to the front side pattern using 
IR mask aligner and lithography. 
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Figure 7. Seismic mass regions defined by 1 j.Lm step 

The wafer is next oxidized at 1050°C (15 minutes dry oxidation + 120 
minutes wet oxidation) to grow an oxide layer of 8000 A thickness on both 
sides. The oxide pattern is retained on one side of the wafer as shown in Fig. 
8 by photolithography and oxide etching. A similar pattern is defined on the 
backside of the wafer, with the mask pattern rotated by 90° while aligning 
with respect to the front side by IR alignment. 

The patterned silicon wafer is subjected to boron diffusion at l200°C for 
1-hour. The boron diffusion takes place in all regions except in the region 
where oxide is present (as in Fig. 8). With this diffusion schedule, the boron 
surface concentration achieved is 2.5 x 1020/cm3 and the boron concentration 
is 1.6 x 1020/cm3 at a depth of 4 J.liD. Thus a thickness of 4 14m is not etched 
during the KOH etching to defme the seismic mass. This heavily doped layer 
not only acts as an etch stop but also as serves as a conducting electrode for 
the middle wafer. The oxide pattern is next etched in Buffered HF. The 
regions where the boron diffusion has taken place can still be seen clearly 
under the microscope. 

A 1 !liD thick oxide layer is now grown on the wafer by a thermal wet 
oxidation at 1050°C for 3 hours. This oxide along with 1 J.Lm step in the 
silicon ensures an air gap of 2 J.Lm exists between the parallel plates of the 
accelerometer. The oxide is etched from the regions defining the seismic 
mass on both sides of the wafer. A thin layer of oxide is grown by thermal 
oxidation at 1 050°C for 30 minutes. Following this, a 3000 A thick film of 
PECVD silicon nitride is deposited on both sides of the wafer. The wafer is 
annealed at 400°C for 30 minutes in N2 ambient to harden the nitride. Using 
an appropriate mask and lithography, silicon nitride is etched from the 
regions (dark) marked in Fig. 8. Similarly, another pattern is obtained on the 
backside by rotating the mask by 90° with respect to the pattern on the front 
surface. 
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Figure 8. Oxide pattern on the seismic mass region 

Next the anisotropic etching is done using 30% KOH at 70°C. A total 
etch duration of 4 hours and 45 minutes is required to realize the seismic 
mass. The wafer is rinsed in DI water and dried in an oven at 100°C. The 
silicon nitride which is still left behind on the wafer is etched by a Buffered 
HF dip for 15 sec (etch rate is 200Atsecond). The cross section of the 
seismic mass realized after KOH etching is as shown in Fig. 9. 

Heavily doped silicon wafers with suitable holes etched through the 
electrodes are bonded onto the top and bottom side of the seismic mass. 
Metal contacts are evaporated to fmally obtain the structure shown in Fig.4. 
The seismic mass has dimensions of 2.5 mm x 2.5 mm x 200 Jlm. To ensure 
efficient bond strength between the top and middle wafers, the total bonding 
area has been chosen to be sufficiently large (6 mm x 6 mm). 

Si~ 

Figure 9. Cross-section of the seismic mass 
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2.4.2 Fabrication of top and bottom electrodes of the accelerometer 

The wafers are cleaned following the standard cleaning procedure 
followed by growth of sacrificial oxide of 0.8 Jlln. The oxide is next etched 
in Buffered HF. Top electrode should have through holes to reach the 
contact on the seismic mass. Hence, the top wafer is oxidised using wet 
oxidation (2 hours at 1050°C) to grow a layer of approximately 0.8 f..Lm of 
Si02. This is followed by a deposition of 0.3 f..Lm thick film of PECVD 
silicon nitride on both sides of the wafer. The wafer is annealed at 400°C for 
30 minutes in Nitrogen ambient to harden the nitride. Mask # 3 is used and 
photolithography is carried out with negative photoresist. A similar pattern is 
obtained on the backside by aligning with respect to the pattern on the front 
side using IR mask aligner. Then the wafer is etched anisotropically on the 
patterns using 30% KOH (by weight) at 70°C. Through holes are realized 
after etching for about 2 hours 30minutes. The silicon nitride and oxide 
layers are removed by etching in Buffered HF for 7 minutes. Then boron 
diffusion is carried out on the top electrode wafers to ensure that their 
conductivity is high. Boron diffusion is similarly carried out on another set 
of silicon wafers required to serve as bottom electrode of the accelerometer. 

2.4.3 Silicon Fusion Bonding of the top and bottom electrodes to the 
middle wafer 

The top and bottom electrodes are bonded on to the middle wafer 
containing the seismic mass using Silicon Fusion bonding (SFB) technique. 
The Silicon fusion bonding process consists of three main steps: 
1. Pre-treatment of the silicon surfaces to make them hydrophilic. 
2. Cleaning followed by pre-bonding during which the wafers to be mated 

are brought into contact. 
3. Annealing at elevated temperature. 

The process steps are described below: 

2.4.3.1 Pre-treatment 
The silicon wafers to be bonded are treated in RCA-1 {~OH- H202-

H20 (1:1:5)} solution at 80°C for 15 minutes followed by a Dl water rinse 
and dried by blowing N2. Next they are treated with RCA-2 {HCl- H20 2-
H20 (1:1:5)} solution at 80°C for 15 minutes, rinsed in de-ionized water (15-
M!l-cm) and dried using N2. The surface of the wafers are now hydrophilic 
and are saturated with a high density of dangling OH groups, as shown in 
Fig. 10(a), which recombine to form strong Si-0-Si bonds [1] during the 
subsequent anneal. 
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2.4.3.2 Pre-bonding 
After drying, the wafers are immediately brought into contact with each 

other so as to avoid any particulate contamination at the surface. Pre
bonding is initiated by squeezing the wafers face to face by pressing at the 
center region of the wafer pair using Teflon tweezers. If the surface density 
of the bonding species is large enough, they can exert enough attractive force 
at the edges of the contacted area to spontaneously initiate further closing of 
the gap across the entire surface of the wafer. It has been reported that [8] 
the contacting wave caused by the process propagates as fast as several 
centimetres per second. In order to achieve a close contact between the two 
surfaces, the samples are pressed together with a pressure of 1.5 Kg/cm2 for 
10 minutes at room temperature. On contact the wafers stick together due to 
hydrogen bonding of hydroxyl groups and Van der Waals forces. This is 
shown in Fig. 10(b). 

2.4.3.3 Annealing 
The pre-bonded wafers are then transferred to furnace tube for heat 

treatment at 1050° C in oxidizing ambient. The annealing must be done at a 
minimum temperature of 800°C, and the bond becomes stronger at higher 
temperatures. Hydrogen is freed from the surface hydroxyl groups and 
diffuses out from between the wafers, and Si-0-Si bonds are formed across 
the bonding interface as shown in Fig. 1 0( c). Typical annealing times are 
about one hour. 

Figure JO(a). OH bonds before bonding 
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Figure JO(b). Hydrogen bridges while pre-bonding 

Figure JO(c). Si-0-Si bonds formed after annealing 

2.4.4 Metallization and packaging 

The bonded samples are then subjected to plasma etching to remove the 
oxide formed during the fusion bonding process. Ohmic contacts to the top 
and middle wafers are provided by evaporating aluminum directly on the top 
surface. The contact metal at the middle electrode is isolated from the top 
electrode due to the double-V structure of the contact hole as well as by the 1 
~m intermediate oxide layer between the electrodes. The individual devices 
are diced using a diamond wheel to get individual accelerometer chips. The 
chips are then wire-bonded and encapsulated in Microwave Monolithic 
Integrated Circuit (MMIC) packages. 

2.4.5 Results on the accelerometer structure 

These devices were then characterized by taking 1-V and C-V 
measurements on them. Unacceptably high leakage currents in the range of 
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rnA were measured at a bias voltage of 5 V between the top (bottom) and 
middle electrode. A series of experiments were next conducted to optimize 
the oxidation process and reduce the leakage currents. 

3. OXIDATION PROCESS OPTIMIZATION 

3.1 MOS capacitor test vehicle structure 

The parasitic oxide area associated with the fusion bonded region is quite 
large and the leakage current between the top (bottom) and the middle 
electrode was attributed to the defects in the interlayer oxide film and at the 
oxide-silicon interface. In the light of the above, it was decided to optimize 
the oxidation process using the MOS capacitor as a test vehicle to evaluate 
the leakage current through the thermally grown oxide layer. In this work, 
the variation of leakage current has been studied as a function of oxidation 
temperature and ambient conditions. MOS capacitors of two different areas 
have been fabricated as test structures. The large area (0.8 cnr) and small 
area (0.03 cm2) MOS capacitors are fabricated on the same substrate, as 
shown in Fig. 11. 

The large area of 0.8 cm2 is about twice the parasitic area contributed 
from the fusion-bonded region in the accelerometer structure. The main 
criterion for choosing the MOS capacitor test device area is that this area 
should be as large as possible to increase the probability of occurrence of 
defects within the device area. 

Si02 • • 
P- Silicon 

(100) • • 
1-10n.cm 

• • 
Figure 11. Cross-section and top view of the MOS capacitors. Black regions are the 

aluminium metal layers 



148 K. N. Bhat, N. DasGupta, A. DasGupta, P. R. S. Rao, R. Navin Kumar and 

Y.Chandana 

The 0.03 cm2 small area MOS test structure fabricated on the same wafer 
is used to measure the intrinsic or the best case performance of the dielectric 
having practically no defects in the small area. The J-V characteristics are 
measured on these sets of devices fabricated by different oxidation steps. 

3.2 Effect of oxidation temperature on the J · V 
characteristics of MOS capacitor 

In this set of experiments, the oxidation has been carried out at two 
different temperatures (1050°C and 1000°C). The current density versus 
voltage characteristics of large area (0.8 cm2) MOS capacitors with oxide 
thickness of 1 JliD grown at 1050°C and 1000°C in wet (steam) ambient are 
respectively shown as curves A and B in Fig. 12. 

1~3----------~-----------, 

-10 -5 

A 

B -1ooo·c 
1 pm Wet 

0 
Voltage 

B 

5 10 

Figure 12. J-V characteristics oflarge area (0.8 cm2) MOS capacitors fabricated on oxides 
grown by wet oxidation at two different temperatures 

It can be seen that the leakage current density (J) is quite large (1 o-3 - 104 

Ncm2) in the case-A even for small applied voltages. However a dramatic 
reduction in leakage current density (10-11 Ncm2) is seen in the case-B 
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where the oxidation temperature is lower. The same experiments have been 
repeated for MOS capacitors with smaller area (0.03 cm2) and the J-V 
characteristics are shown in Fig. 13. 

1f8 

10-9 

N" 10-10 
E 
0 ........ 

~ 10-11 
I 

A 

-40 

A-1oso·c,1f.Jm Wet 
B -1ooo·c ,1f.Jm Wet 

-20 0 20 40 
Voltage 

Figure 13. 1-V characteristics of small area (0.03 cm2) MOS capacitors fabricated on oxides 
grown by wet oxidation at two different temperatures 

In this case, however, the leakage current density even when the oxide is 
grown at 1050°C is small (10"10A/cm2). When the oxidation temperature is 
reduced to 1 000°C, the leakage current density reduces further to the same 
level as in the large area devices. From these experiments we infer that the 
leakage current in the MOS structure reduces when oxidation temperature is 
reduced to 1 000°C from 1 050°C and that this effect of oxidation temperature 
is most pronounced in large area devices. It is well known in the literature 
[9] that the oxidation induced stacking faults (OSF) increase significantly for 
oxidation temperature greater than 1000°C. These oxidation-induced defects 
are randomly distributed in the active area of the device and are the most 
probable cause of the high leakage current observed in large area MOS 
devices when the oxidation temperature is 1050°C. The lower leakage 
currents observed in the small area MOS devices even with an oxide layer 
grown at this oxidation temperature of 1 050°C is attributed to the fact that 



150 K. N. Bhat, N. DasGupta, A. DasGupta, P. R. S. Rao, R. Navin Kumar and 

Y.Chandana 

there is a lower probability of defects existing within the smaller active area. 
Therefore, this problem of defect-induced leakage current may not be 
present in small-geometry devices used for ICs. However, for large area 
micro-sensors, this will affect the performance significantly. 

3.3 Two-step oxidation process at 1000°C for improving 
the J-V characteristics 

Furthermore, the effect of oxidation ambient on defect generation has 
been studied by growing the oxide with a Two-step oxidation process. In this 
process the oxide is grown in an initial dry (02) ambient followed by steam 
oxidation at 1000°C. Fig. 14 shows the J-V characteristics of a MOS 
capacitor with two-step (dry-wet) oxidation and compares them with the 
previous case where the oxidation was completely carried out in steam 
ambient. 

-N 

10-9 .---------.----------. 
A -1~-Jm Wet 
B-250A Drx+ 

1f10 9750 A Wet 

5 10-11 
........ 
s. 
~ 

-5 0 
Voltage 

Figure 14. J-V characteristics oflarge area MOS capacitors for oxide thickness of 1 J.l.lil 
grown at 1 000°C 

It can be seen that though the leakage currents are comparable for small
applied voltages, the leakage current in the MOS capacitor having an oxide 
grown without the initial dry oxidation step increases steeply with the 
applied voltage. This is attributed to the introduction of surface damages and 
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defects during the initial phase of wet oxidation with fast oxidation rate. An 
examination of the microphotographs of these surfaces after etching the 
oxide layer have revealed that the defect density is maximum when the 
oxidation is carried out at 1050°C in wet ambient and minimum when the 
oxidation is carried out by a two-step (dry-wet) process at 1000°C. 

3.4 Comparison of two-step oxidation with dry and wet 
oxidation 

In this set of experiments, MOS capacitors of both large area and small 
area size are fabricated using 1000 A gate oxide grown by the three different 
approaches viz., 
a) The 1000 A oxide layer grown by wet oxidation at 1000°C 
b) The 1000 A oxide layer grown by dry oxidation at 1 000°C 
c) Initial 400 A oxide grown by dry oxidation, followed by 600 A of oxide 

growth by wet oxidation (two-step oxidation process). 
The J-V characteristics obtained on the large area and the small area 

devices are presented respectively in Fig. 15 and Fig. 16. 

10-2 .--------r----:-----. 
A-1000 ~Wet 
B-1000A Dry A 

• C-400 t.t- Dry+ 
GOOA Wet 

Voltage 
Figure 15. J-V characteristics on the large area (0.8 cm2) MOS capacitors fabricated using 

1000 A gate oxide grown by the three different approaches a, b & c 

It may be noted that in the three cases, the two-step oxidation process 
gives best results in terms of low leakage current densities. This is attributed 
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to the reduction in the defect density in the two-step oxidation process. An 
examination of the Silicon surface after etching the oxide layer grown by the 
three different methods indeed supports this hypothesis and shows minimum 
surface defect density in the two-step oxidation case. We believe that in the 
two step oxidation, since a thin layer of oxide has already exists, the defects 
generated at the silicon surface is less when followed up by the wet 
oxidation step. This is further supported by the results presented in the next 
section. 

10-6 
A- 1000A Wet C-1.00~ Dry+ 

• 

10-8 
8 -1000A Dry 600A Wet 

A 
N 
E B u 10-10 -<( 

'"""""\ 
( 

10-12 

10-13 
-40 -20 0 20 40 

Voltage 

Figure 16. J-V characteristics on the small area (0.03 cm2) MOS capacitors fabricated using 
1000 A gate oxide grown by the three different approaches a, b & c 

3.5 Effect of initial wet oxidation at lower temperature 

It is well known that the oxidation induced defect density is lower at 
lower oxidation temperature. Therefore, in order to confirm the effect of 
oxidation temperature and ambient on the defects generated at the silicon 
surface, a two step oxidation process is carried out as follows: First a wet 
oxidation is carried out at a lower temperature of 850°C to grow an initial 
400 A thin oxide layer. This is followed by another wet oxidation at 1000°C 
to grow further 550 A of oxide layer so that the total oxide thickness is 1000 
A. In another set of experiment, 0.1 J.lm thick oxide is grown by a single step 
wet oxidation at 1000°C for the oxidation duration. As before large area 
MOS capacitors are fabricated in both the sets. The measured J-V 
characteristics are presented in Fig. 17. 
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Here, curve-A gives the results of single step 1000°C wet oxidation and 
curve-B gives the results obtained on the oxides grown by wet oxidation at 
lower temperature initially. In this situation, it may be noted that the leakage 
currents are also lower in the two-step process. This is attributed to the 
suppression of defects during the initial oxidation because of the lower 
temperature (850°C) oxidation. 

10-2 
A-1000 B-450A(8500C) uooo•c) + ssoA (1000°C) 

10-4 A 

N 10-6 
E 
u -< .., 10-6 

10-10 

1011 
-2 -1 0 1 2 

Voltage(V) 

Figure 17. J-V characteristics oflarge area (0.8 cm2) MOS capacitors using O.liJ.III thickness 
gate-oxides grown by wet oxidation in two different processes 

3.6 Comparison of defect densities in the various 
oxidation processes 

The density of defects generated during the different oxidation process 
conditions are studied after etching the oxide layer in buffered HF and 
observing the pit density at the silicon surface using an optical microscope. 
The micrographs of the etch pit density are shown in Fig. 18. The 
photographs are taken at a magnification of 50x so as to cover a large 
surface area. The defects on the silicon surface are seen as black spots in the 
micrograph. It is evident from the Fig. 18(a) (1050°C wet) and Fig. 18(b) 
(1000°C wet) that the defect density at the silicon surface decreases with the 
wet oxidation temperature reduction. It can also be seen from Fig. 18( c) that 
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the defect density is the lowest in the two-step-oxidation process. The defect 
density count has shown that they are equal to 1280/cm2, 720/cm2 and 
200/cm2 respectively in the cases of 1050°C wet oxidation, 1000°C wet 
oxidation and the 1000°C two step (dry + wet) oxidation process. These 
results in fact support our hypothesis that the leakage current reduction in the 
two step oxidation is due to the reduction of defect density. 

Figure 18( a). Microphotograph of oxidation induced defects on the sample oxidised to grow 1 
f.!m thick oxide by the wet oxidation at 1 050°C 

Figure JB(b ). Microphotograph of oxidation induced defects on the sample oxidised to grow 1 
f.!m thick oxide by the wet oxidation at 1000°C 
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Figure 18(c). Defects on samples oxidised to grow 1 f.im oxide by 1000° C two step oxidation 

4. CONCLUSIONS 

In conclusion, we have correlated the leakage currents encountered in 
MOS structure to the oxidation temperature and ambient conditions. It is 
also shown that this problem of defect induced leakage current is particularly 
severe in case of large area devices such as a micro-accelerometer. Hence, 
optimization of oxidation conditions is an important issue for micro-sensors. 
In our case, a two-step dry-wet oxidation at HX)()°C used to grow the 1 Jlm 
interlayer dielectric has resulted in the smallest leakage current. Our 
experimental results have also demonstrated that a two-step oxidation 
process leads to MOS capacitors with leakage currents considerably smaller 
than the devices fabricated by employing totally dry oxidation alone. 
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Abstract: Nanofabrication and fabrication of nanodevices on single-crystal silicon have 
been demonstrated by electric-field-enhanced local oxidation on semi
conductor materials using a Scanning Probe Microscope (SPM). The 
advantages of the SPM lithography technique are its high resolution and 
absence of radiation damage in the substrate to be patterned. Scanning Probe 
Lithography (SPL) is highly dependent on tip bias, tip force, scanning speed 
and air humidity of the patterning environment. With multi-pixel scanning of 
SPL, we can control the pattern width and pattern height of local oxidation and 
then transfer these patterns onto the silicon substrate with wet etching. We 
have successfully demonstrated accurate linearity control of nanostructures 
fabrication for different linewidth from 25 to 77 nm by SPL technique. The 
resistivity of silicon substrate is around 1-10 ohm-em. The diameter of silicon 
SPM tip is around 10 nm. Samples were hydrogen-passivated by dipping in 
10% aqueous HF solution for 15 sec to remove surface native oxide before 
performing SPM local oxidation process. Then, anisotropic wet etching 
process was followed with a 34 wt.% aqueous KOH solution at 40°C for 45 
sec. Utilizing the Orientation-Dependent Etching (ODE) of crystallographic 
planes and additional acoustic agitation, surface roughness can be reduced 
down to 3.28 nm, which is very close to that of RIE dry etching. Based on 
SPL and KOH wet etching techniques, EUV gratings nanostructures were 
demonstrated. 

Keywords: nanomachining, nanostructure, scanning probe lithography, KOH wet etching, 
x-ray grating 
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1. INTRODUCTION 

As the semiconductor industry continues to shrink its design rules, new 
advanced metrology and lithography tools become increasingly important. 
While the dimensions of the very large scale integration devices are scaled 
down towards the nanometer region, traditional lithography techniques 
employing visible light and ultraviolet light confront a serious barrier due to 
the far-field limitation of the wavelength of light. There has been much 
recent work in applying the well-known techniques of Electron Beam 
Lithography (EBL) [1, 2], X-Ray Lithography (XRL) [3-5] and Scanning 
Probe Lithography (SPL) [6-10] to solve these problems. Among these 
lithography techniques, one potential approach for fabricating nanostructures 
is the use of Scanning Probe Lithography (SPL). Recently, scanning probe 
lithography techniques such as the Scanning Tunneling Microscopy (STM) 
and the Atomic Force Microscopy (AFM) have been used to perform 
nanometer-scale surface modification and dominate the field of nanometer 
structures fabrication. The advantages of the scanning probe lithography 
technique are its high resolution, alignment accuracy, high reliability, 
absence of radiation damage, and cost-of-ownership. 

With these advantages, how far can the SPL technology been pushed for 
nano-patteming? Previous reported results [6, 8-10] of linear control of 
nanostructure pattern transfer into substrate by SPM-based local oxidation 
with anisotropic wet etching process are not apparent. In this research, we 
have investigated the fabrication of nanostructures on silicon substrate and 
successfully demonstrated the linearity by using SPL technique with KOH 
wet etching process. Effects of tip bias, tip force, tip scanning speed and tip 
humidity of patterning environment on SPL will also be discussed. 
Furthermore, roughness control in wet etching for nanofabrication was also 
introduced. 

2. EXPERIMENTS AND DISCUSSION 

In the experiments, silicon samples were cut from n-type (110)-oriented 
Si wafers with a resistivity of around 1-10 ohm-em. Samples were 
hydrogen-passivated by dipping in 10% aqueous HF solution for 15 sec to 
remove surface native oxide and then blown dry using N2 gas before 
performing SPM local oxidation. The surface roughness (Rq) of the W
passivated films is around 0.733 nm measured by Atomic Force Microscopy 
(AFM). Local oxidation was performed in ambient using highly doped Si 
cantilevers with a resistivity of 0.01-0.0025 ohm-em and a commercial 
AFM/STM microscopy (M5 type, Park Scientific Instrument). The diameter 



SILICON NANOMACHINING BY SCANNING PROBE LITHOGRAPHY AND 161 
ANISOTROPIC WET ETCHING 

of silicon SPM tip is around 10 nm. Transfer of silicon into SiOx was 
achieved by applying a sample negative bias to theW-passivated Si (110)
oriented surfaces. Typical, tip speed and tip force are 1.0 J.Unls and 0.1 nN -
10 nN, respectively. Humidity plays a key role in controlling the resolution, 
and the resolution becomes worsen with increasing humidity. Usually, the 
relative humidity was always held at 45 ± 1% during the SPL local oxidation 
time. 

During KOH wet etching, the etching rate of Orientation-Dependent 
Etching (ODE) of (111) crystallographic planes is very slow compared with 
that of other planes (100:110:111=600:400:1). For (110) silicon wafer, the 
ODE process will produce four { 111 } planes at an angle of 90" to the ( 11 0) 
surface plane. The ODE process was accomplished with a 34 wt.% aqueous 
KOH solution at 40°C. Under these etching conditions, the theoretical 
etching rate of (110) pure-silicon is about 375 nrnlmin, and theoretical 
etching rate of the thermally grown Si02 is about 0.52 nmlmin. In this 
experiment, we will try to control the nanostructure pattern width and height 
by using the multi-pixel scanning method of the Scanning Probe 
Lithography (SPL) technique. After KOH selective wet etching, the surface 
morphology and nanostructures profile images were examined using AFM 
and JEOL Field-Emission Scanning Electron Microscope (FESEM) were 
demonstrated. 

2.1 Mechanism of SPL local oxidation 

Fig. 1 shows local oxidized grid lines patterning on the silicon substrate 
with 10 nN contact force and 1.0 j..Lrnls scanning speed at various tip bias 
ranging from -6Y to -lOY with respect to the sample surface. For sufficient 
tip bias, growth of shallow oxides was observed even at -6Y in a patterning 
environment at a humidity level of 45 ± 1%. Typically, after the first oxide 
layer forms, the native oxide continues to grow too as thick as 7 A. This can 
be attributed to the field assisted Mott-Cabrera mechanism [11] at room 
temperature. It was suggested that the oxygen-diffusion limited electric field 
corresponding to this native oxide thickness is around 9x107 Y/m. The molar 
volume expansion ratio (l+hld) of the tip bias ranging from -6Y to -lOY, 
which is determined by the bulge height h and the buried depth d of the 
oxide pattern, was estimated to be around 2.86, 2.79, 2.31, 2.43, and 2.36, 
respectively. 

It appears that the local-oxidation volume expansion ratio is not 
proportional to additional tip bias. The oxidation volume expansion ratio is 
much higher than the thermally grown oxide volume expansion ratio of 2.27, 
indicating that the SPM-induced local oxidation is less dense than the 
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thermal oxide film. As shown in Fig. 2(a), we can fmd that both local 
oxidation pattern linewidth and height increase as tip bias increase. 
Theoretically, the electric field is exponentially proportional to additional tip 
bias, when the tip force, tip scanning speed and humidity were maintained at 
a constant. The relation between local oxidation and applied bias can be 
presented by the Mott-Cabrera mechanism with following equations: 

dx .,.exp(-~) 
dt E 

E = VBias 
x + xgap 

_dx = R x exp(- Ko ....:....(x_+_x..:::....gap:....;..)J 
dt VBw 

(1) 

(2) 

(3) 

where R and Ko are modification fitting factors, E is the electric field, x is 
the local oxidation thickness, Xgap is a small gap between tip and sample 
surface, and V Bw is applied voltage across the tip and sample surface. It is 
evident that the growth rate of oxidation is not only a function of applied 
bias but also depends on the gap between tip and sample surface. Therefore, 
both the linewidth and oxide height depend on the voltage applied to the tip 
during local oxidation patterning. The larger the applied voltage, the larger 
will be the linewidth and the oxide heights. 
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Figure 1. Variation oflocalized oxide depth and height with applied voltage 
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Figure 2. Characteristic curves of local oxidation for grid-line patterns. (a) Effect of applied 
bias (b) Effect of tip force (c) Effect of scanning speed (d) Influence of ambient humidity 

Fig. 2(b) shows the tip force characteristics curve of local oxidation for 
grid line patterns. The tip bias, tip scanning speed, and ambient humidity 
were maintained of -9V, 1.0 ~m/s, and 45% ± 1%, respectively. It was 
shown that both the local oxidation pattern linewidth and oxide height 
increased as the tip force was increased. It was suggested that the space 
between tip and silicon surface decreased and electric field increased as tip 
force increased. It was appeared that the electric field is theoretically inverse 
proportional to additional tip force by Eqn. (2). Electric field at the tip 
absorbs the hydrogen atoms and exposes the clean silicon substrate to the 
water molecules. During local oxidation patterning, both the linewidth and 
oxide height increased as tip force increased. 

Tip scanning speed characteristics curve of local oxidation for grid lines 
was shown in Fig. 2(c). The tip bias, tip force, and ambient humidity were 
maintained at -9V, 15 nN, and 45% ± 1%, respectively. From the 
experimental results, we fmd that both the local oxidation pattern linewidth 
and oxide height decreased as the tip scanning speed increases. 
Theoretically, the oxide growth rate is proportional to oxidation time. This 
phenomenon also indicates that as the scanning speed increases the electric 



164 J. T. Sheu, H. T. Chou, W. L. Cheng, C. H. Wu and L. S. Yeou 

field has insufficient time to induce enough hydroxy (Olf) and drive them 
from silicon surface into a deep layer. Hence, the SPM-based local oxidation 
is less dense as the tip scanning speed increases. 

Fig. 2( d) shows the humidity characteristic curve of oxidation grid lines. 
Both oxide pattern linewidth and oxide height increase as ambient humidity 
increase. These results demonstrated the strong influence of environmental 
factor on the characteristics of the local oxidation process. Hence, it can be 
concluded that the water film which condensed on the surface not only 
supplies the oxidizing species, but also leads to a defocusing of the electric 
field with its finite conductance, which in tum, degrades the lateral 
resolution of the local oxidation process. To optimize this oxidation process 
in nanofabrication requires an understanding and control of these factors. 

2.2 Influence of etching temperature 

Surface roughness plays an important role for the success of 
nanofabrication. Roughness over tens of nanometer can easily degrade the 
quality of nanostructure which the structure height is only in the range of 
tens of nanometer. Roughness of nano-scale structures was observed with 
(110)-oriented silicon by changing the temperature of the KOH solution. It 
was observed that the etchant temperature has considerable impact on the 
silicon etch rate and the quality of etched surface. The ratio of etching rate 
between ( 11 0)-oriented plane and ( 111 )-oriented plane increases 
exponentially as etching temperature is increased. The ODE process 
operating at higher etching temperature condition can facilely generate a 
high aspect ratio nanostructure. 

However, the sample surface roughness and the morphology obviously 
deteriorate as etching temperature is increased. It is suggested that the wet 
etching mechanism is dominated by efficiency of mass transfer mechanism 
at the higher etching temperature. On the other hand, when the ODE process 
is operating at a lower etching temperature, improvement of the surface 
roughness and the morphology can be achieved. But, low etching 
temperature also lowers the etching ratio of two crystal surface such that the 
aspect ratio of the nanostructures is reduced. Furthermore, the additional 
agitation with 43 kHz by ultrasonic cleaner can aid mass transfer of chemical 
reactants on surface of (110)-plane so as to improve the surface roughness 
and morphology. In these experiments, we have successfully demonstrated 
that by using high etching temperature ODE process with additional 
agitation, nanostructure with high aspect ratio and good surface morphology 
can be obtained. Fig. 3 shows a comparison of the surface roughness 
with/without ultrasonic agitation. Although the surface roughness increases 
as the temperature of etchant increases in both cases, additional acoustic 
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agitation improves the surface roughness for temperature higher than 30°C. 
The surface roughness of the wet etching with ultrasonic agitation can be 
pushed down to 3.282 nm, which is comparable to that of dry etching (Rq = 
2.101 nm) at a temperature of 30°C. 
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Figure 3. Surface roughness comparison with/without ultrasonic agitation 

2.3 Linearity of nano-pattern transfer 

The electric-field-enhanced local oxidation patterns are formed with the 
tip biased negatively with respect to the silicon substrate. For pattern 
transfer, oxidized samples are etched in a 34 wt.% aqueous KOH solution at 
40°C for 45 sec. In order to estimate linearity of grid-line nanostructure 
patterns transferred into ( 11 0) silicon substrate, proper control on tip speed, 
tip force, tip bias and humidity of the patterning environment is required. 
These four parameters were typically maintained at 1.0 ~m/s, 0.1 nN, -8V 
and 45 ± 1%, respectively. The nanostructure pattern transfer procedure by 
the multi-pixel scanning method is shown in Fig. 4. The pitch interval 
between each scanning pixel is 15 nm - 40 nm. Utilizing the multi-pixel 
scanning method of the SPL, we can accurately control and define the nano
scale oxidation grid-line pattern with proper pattern width and pattern height 
for future wet etching process. Fig. 5(a) and Fig. 5(b) are the AFM 
topography profiles of the local oxidation nanostructure grid-line patterns 
(one-pixel scan to six-pixel scan) generated by the multi-pixel scanning 
technique for different pitches between each scan (30 nm and 40 nm). After 
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the KOH anisotropic wet etching process for 35 sec, it appears that the 
feature sizes can be controlled by the number of multi-pixel scanning. 
Moreover, it was observed that the nanopattern linewidth increases as the 
pitch interval is increased, when tip bias, tip set force, tip scan speed and 
humidity were kept under control. However, it was also found that the top 
surface profile of the nanopattems becomes jagged as the pitch of multi
pixel scan increased from 30 nm to 40 nm or larger. This is because the pitch 
between multi-pixel scan is not close enough to ensure that field-induced 
oxide is dense enough to withstand the KOH anisotropic wet etching. 
Consequently, combination of proper pitch interval and the numbers of 
multi-pixel scanning can be adopted to generate nanostructures with good 
linearity characteristics. 

Negative Bias 

4 pixels 3 pixels 2pixels 1 pixel 

Figure 4. Nanostructure grid-line patterns transfer on (110)-Si by using the multi-pixel 
scanning method of scanning probe lithography 

As the pitch between each multi-pixel scan is pushed further down to 15 
nm, we control the multi-pixel scanning times from 1 to 4 to generate four 
different linewidths of grid-line patterns. Fig. 6(a) shows the SEM image of 
the linearity control of line nanopatterns with anisotropic wet etching in a 34 
wt.% KOH solution for 45 sec. From these results, we have found four 
( 111 )-oriented sidewalls with a characteristic of 90° angle with respect to the 
(110)-oriented surface. The average height of the nanostructure patterns is 
about 200 nm, and the linewidth of the nanostructure patterns are 26.25 nm, 
42.19 nm, 63.75 nm, and 74.06 nm, respectively by SEM measurement. The 
linewidth of the nanostructures has shrunk by 27.78% as compared to the 
FWHM of the original SPM oxidation grid-line patterns. These results in the 
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exponential increase of both the etching rate of (11 0)-oriented planes and 
(111)-oriented planes as etching temperature increases. Moreover, the 
thickness of oxidation mask edges was defective and weak that caused 
linewidth shrinking during KOH wet etching process. The volume expansion 
ratio (1+hld) at the tip bias of -8V is around 2.31. This value is comparable 
with the thermally grown oxide films of 2.27. 
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Figure 5. AFM profiles of nanostructure patterns by multi-pixel scanning technique. (a) 
Profile of six nanostructures with the pitch of multi-pixel scan at 40 nm. (b) Profile of 
nanostructures with the pitch at 30 nm 
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(a) 

(b) 

Figure 6. (a) Linearity of pattern transfer of grid-line nanostructure onto (110) silicon 
substrate by SPM-based multi-pixel scanning local oxidation and wet etching in 34 wt.% 
KOH solution for 45 sec. (b) Demonstrates SEM image of Si nanostructure with linewidth 
down to 25 nm and aspect ratio up to 8:1. 

Utilizing the multi-pixel scanning technique of Scanning Probe 
Lithography (SPL), we can easily and precisely control the both pattern 
width and pattern height nanostructure oxide pattern generated by electric
field-enhanced local oxidation, and then transferred these patterns into the 
silicon substrate with KOH solution wet etching. As shown in Fig. 6(b) 
linewidth down to 25 nm can be easily obtained. To quantify the feature size 
distributions of Si nanostructures fabricated by multi-pixel writing with 
AFM (-8V, 0.1 nN, 1.0 !lmls, and 45 ± 1% humidity) and KOH wet etching 
(34 wt.% KOH wet etching at 40°C for 50s), we carried out extensive SEM 
analysis. Fig. 7 shows the SPL linearity characteristics of the nano-scale 
grid-line patterns after wet etching in a 34 wt.% KOH solution for 45 sec. 
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Sampling number of nanostructure grid-line patterns is thirty, and the 
average linewidth of one-pixel scanning pattern to four-pixel scanning 
pattern is around 25.88 nm, 44.47 nm, 64.41 nm, and 77.76 nm, respectively. 
With Gaussian distribution curve fitting, the standard deviation (lcr) is about 
3.01 nm. 2.73 nm, 2.45 nm, and 1.93 nm, respectively. Based on these 
results, the linewidth of the nano-scale pattern can be controlled by the 
scanning numbers of multi-pixel scanning technique with the control of the 
writing pitch. 
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Figure 7. Linearity characteristics of oxidation patterns transfer into (110)-silicon wafer by 
using scanning probe lithography technique and KOH wet etching process. The pitch 
between each scanning pixel is 15 nm. 

3. APPLICATIONS 

Based on the SPL technique and KOH wet etching, a number of surface 
NEMS applications can be applied. Here, we demonstrated the fabrication of 
EUV grating nanostructures with SPL and KOH anisotropic etching on (110) 
silicon wafer. Extreme ultraviolet (EUV) gratings have been developed for 
use in the wavelength region of 1-20 nm, where it is required to employ a 
grazing incidence configuration. The profile of gratings is a rectangle and 
radiation is diffracted both from top and bottom of the grooves. The gratings 
can be used in applications such as modem high-resolution spectrometers 
and related x-ray optics, atom-beam spectroscopy, interferometry, and EUV 
projection lithography. The diffraction gratings are difficult to fabricate 
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because the radiation in 1-20 nm wavelength is not easy to be reflected or 
absorbed. These gratings have been manufactured by diamond scribing with 
a ruling engine, interference lithography or x-ray lithography followed with 
Reactive Ion Etching (RIE). For grating structures down to less than 0.1 J.lm, 
only e-beam and x-ray lithography are the possible tools for generating the 
nanometer patterns. We demonstrated another choice for generating 
nanopatterns and nanostructures. 
Diffraction efficiency of EUV gratings in full masking scheme [12] can be 
expressed as shown in Eqn. (4). 

lOOR 2 mnh . 
E = - 2- 2 {1 +cos [--(cotz +cot B)]-

m 1t 2a 

2cos[m7th (coti- cot B)+ 6'] cos[m!th (coti +cot B)]} 
2a 2a 

(4) 

where m is the order of diffraction, = 21th(sini + sin~IA., a = 112 is the 
width of the groove, h is the groove depth, 1 = a + d is the length for a whole 
period, i is the incident angle, e is the reflection angle and R is the 
reflectivity. For 13.42 nm wavelength and go of grazing incident angle, the 
diffraction efficiency with respect to depth of groove for different sputtering 
metal materials is shown in Fig. g_ The maximum first-order diffraction 
efficiency is 29% with the groove depth at 25 nm and gold used as sputtering 
metal. On the other hand, the different incident angles with respect to 
different linewidth of grating at 13.42 nm wavelength. When the depth of 
groove and linewidth of grating are all 96 nm, the relationship between 
diffraction efficiency and incident angle for different sputtering metal 
materials is shown in Fig. 9. The maximum first-order diffraction efficiency 
is 29.4% when incident angle is 3° with respect to linewidth of 256 nm and 
with gold as the sputtering metal. 

From the above two simulation cases, the diffraction efficiency obtained 
is almost the same. Considering the incident angle and linewidth, the first 
case is easier to fabricate the grating structure by SPL technique. It is 
simpler to measure the diffraction efficiency and better resolving power with 
go of grazing angle can be achieved. Ideally, it is to increase the groove-to
line width ratio of grating structure in order to increase the contribution of 
the diffracted beams from the groove areas, but the numbers of grating 
patterns decreased when groove-to-land width ratio is increased such that the 
grating resolving power is also decreased. Just like resolution and depth-of
focus (DOF) in photolithography, diffraction efficiency and resolving power 
are two competing factors for optimal condition in real application. 
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Figure 9. The diffraction efficiency with respect to incident angle (different linewidth of 
grating) for different sputtering metal materials 
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In the first simulation case, when wavelength is 13.42 nm and incident 
angle is 8°, a depth of 25-nm groove is needed to obtain the optimal 
diffraction efficiency of gratings. The etching selectivity of KOH solution 
(30 wt %, 50°C) between SiOx and Si is an important factor to ensure the 
controllability of groove depth. Five different (110) silicon wafers (1-10 0-
cm) were patterned by the AFM with tip bias of -9 volts and the tip scanning 
speed of 1 Jlrnls. The silicon etching rates are 2.53 nm/s, 2.33 nm/s, 2.5 
nm/s, 2.48 nm/s, and 2.81 nm/s, respectively. Fig. 4 shows the average 
etching rate of silicon with field-induced oxide SiOx as mask. With this 
recipe, a 25-nm groove depth of grating structure can be obtained in KOH 
solution for 10 seconds. Based on the above conditions, the EUV grating 
patterns were then written by AFM probe which transfer Si into SiOx on the 
(11 0) Si wafer electrochemically. The tip bias is -8 Volts, the scanning 
speed is 1 Jlrnls and the set force is 0.1 nN. Fig. 10 shows the AFM image of 
field-induced oxide patterns right after the probe is written. Fig. 11 shows 
SEM image of the linewidth of grating patterns. 

,um/div 
O.D11 

Figure 10. AFM field-induced oxide pattern on (110) silicon wafer before KOH/H20 solution 
etching 

Figure 11. SEM image of grating patterns with feature size of 96 nm 
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4. SUMMARY 

We have successfully demonstrated the linearity of nanostructures 
fabrication with linewidth down to 25 nm by using the multi-pixel scanning 
technique of SPL and KOH anisotropic wet etching process. The surface 
roughness of anisotropic wet etching has been improved with additional 
acoustic agitation. The standard deviation of 25 nm patterns can be 
controlled to within 3.01 nm and the aspect ratio up to 8:1. The EUV grating 
nanostructures for 13.42 nm wavelength were demonstrated with SPL and 
KOH wet etching. Hence, the use of multi-pixel scanning method of SPL has 
great potential to fabricate novel nanostructures for fundamental studies of 
nanoelectronics and nano-patteming for nanodevice applications. 
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Abstract: In this research, we investigate wet-etching properties of GaAs in NH40H
H20TH20, and develop a novel bulk micromachining process for fabricating 
released micro-structures using (001) GaAs substrate. For obtaining wet
etching properties with respect to crystallographic orientation, the etch rates 
and undercut rates of (001) GaAs are measured using various compositions of 
NH40H-H20 2-H20 mixed solutions. From these experimental data, a new 
GaAs micro machining method in bulk (001) GaAs is developed, and used to 
fabricate a released microbridges with a rectangular cross section. The 
developed GaAs micromachining method can be very useful for low-loss, 
highly-tunable capacitors for RF components and for integration with GaAs 
optical components. 

Keywords: GaAs, bulk micromachining, microbridge, NH40H-H20 2-H20 

1. INTRODUCTION 

Gallium arsenide has unique advantages over silicon, such as high 
electron mobility, high resistivity, wide direct bandgap, and operability in 
wide temperature range [1]. If micromachined GaAs structures are integrated 
with MMIC (Monolithic Microwave Integrated Circuit), which are typically 
fabricated on compound semiconductor wafers such as GaAs, then high-Q, 
wide tunable-range RF filters and VCO's (Voltage-Controlled Oscillators) 
can be developed. A bridge structure as shown in Fig. l(a) can very 
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significantly reduce the parasitic capacitance. The parasitic capacitance 
between the upper electrodes and ground electrode can deteriorate the tuning 
range and Q factor of VCO' s and filters [2]. Microbridges are also applicable 
to optical devices as shown in Fig. 1(b). Mirrors are used to reflect the 
incident light or laser from optoelectronic integrated circuits. If the light
emitting device is connected to torsion beams, the project direction of the 
produced light is directly adjustable. 

(a) RF application (b) Optical application 

Figure 1. RF and optical applications of GaAs micromachining 

2. WET-ETCHING PROPERTIES 

There have been many previous research efforts on GaAs 
micromachining [3]-[4], but no released rectangular structure has been 
fabricated in bulk GaAs. First, we characterize 16 combinations of ~OH

H20rH20 composition as shown in Fig. 2. The amount of etchant is fixed at 
500 rnl. As the H20 2 concentration increases, the (001) etch rate increases, 
but the etch uniformity and roughness become worse, and vice versa. The 
composition of ~OH (30 wt%) : H20 2 (30 wt%) : H20 = 25 rnl : 25 rnl : 
450 rnl represents a good compromise. For this composition, the undercut 
rates as a function of crystallographic orientation and as a kind of etch mask 
are measured and summarized in Fig. 3. As an etch mask, PECVD low stress 
nitride is used. The plot shape of undercut rates has four wings toward 
<100> directions. The undercut rate is slowest in [110] and [i I 0] directions. 
As the crystallographic orientation rotates from [110] direction to [100] 
direction, the undercut rate becomes faster. The undercut rate reaches to 
maximum value at [100] direction. Then, the undercut rate becomes smaller 
from [100] direction to [1 I 0] direction. The undercut rate in [110] direction 
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has almost same value in [1 I 0] direction. Therefore, the plot shape of 
undercut rate in Fig. 3 has symmetries with respect to [110] axis and [1 I 0] 
axis. Undercut ratios with 5 different compositions of ~OH-H20z-H20 
mixed solutions are plotted as shown in Fig. 4. In this paper, a method to 
release bulk GaAs structures are devised based on these anisotropic 
preferential etch properties. 
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Figure 4. Undercut ratios between <1 I 0>, <110>, and <100>-directions 

3. BULK MICROMACHINING 

In order to release structures, the angle between the undercut plane and 
substrate should be less than 90°. This condition is satisfied on the 
crystallographic orientation between [100] and [110] as shown in Fig. 5. The 
cross section of a released <110> beam is an elongated triangular shape, 
which is undesirable because it is stiffer in the vertical direction than in the 
lateral direction. The <100> beam has a rectangular cross section. The 
release process is shown in Fig. 6. A masking PECVD low stress nitride film 
is patterned (Fig. 6(a)) and frrst wet etch is performed to a depth of hi (Fig. 
6(b)). Then, sidewalls are passivated, by first depositing a PECVD low stress 
nitride film on the entire structure, and then, by etching only the portions of 
the film that face upward (Fig. 6(c)). The second wet-etch leads to released 
[100] beams with a rectangular cross-section (Fig. 6(d)). The width w of 
released beams is decided by subtracting undercut amount of 2u1 in the frrst 
wet etch from mask width D (w = D - 2ui). The thickness t of released 
beams is adjustable by controlling amount of first wet etch and second wet 
etch (t = hi - h3) . In the frrst wet etch, the crystallographic orientations of 
substrate and undercut plane are included in the same group of <100> 
directions. However, the undercut rate of [100] direction is slightly slower 
than the etch rate of [001] substrate. In the same manner, the underneath etch 
rate of [100] beams is slower than the etch rate of [001] substrate. It is 
considered that these results are due to the problem of local supply of fresh 
etchant. Approximately, the relations between process parameters are: width 
of released beams w = D - 2S. hb thickness of released beams t = hi - S2. 
h2, depth of first wet etch hb depth of second wet etch 2hi + h2 , the ratio of 
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undercut rate to substrate etch rateS. The <100>-directional released beams 
with 17 J..lm-width and 4 Jlm-thickness are shown in Fig. 7(a). The vertical 
gap between original (001) substrate and etched bottom is 51 Jlm. The 
backside surface of the released <100> beam is shown in Fig. 7 (b). 
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Figure 5. Beam cross section as a function of crystallographic orientation 
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Figure 6. Process for releasing beams in <100> directions for microbridge fabrication 
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(a) released beams in <100> 

(b) backside the released beam 

Figure 7. Released beams in <100> directions 

4. CONCLUSION 

A micromachining method in bulk (001) GaAs has been developed to 
fabricate a released microbridges with a rectangular cross section for the frrst 
time. The developed GaAs fabrication method can be extremely beneficial in 
developing low-loss, highly-tunable capacitors for RF and optical 
applications. 
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Abstract: X-ray lithography technology, suggested by Henry Smith in 1972, has been 
successfully under development for nearly 30 years, but it has not been applied 
in commercial IC production despite having a demonstrated resolution of 30 
nm. This is connected with an unpredicted breakthrough in technology of 
photolithography to a fantastic resolution of 0.1 !Jlll. Nevertheless, x-ray 
lithography could be the best choice for some new applications such as an 
extremely high resolution deep lithography for MEMS. In comparison with 
conventional photolithography, this new technique has no problems connected 
with the radiation scattering in a resist or reflection from a substrate and a 
mask, as well as standing waves and related swing curve effects, because of 
the x-rays nature. However x-ray lithography has some specific technological 
problems related with the exposure of the top and bottom resist layers with 
photoelectrons produced in a mask and a substrate during x-rays exposure. 

Keywords: X-ray lithography, photoelectrons, MEMS, high aspect ratio structures, SU-8 

1. INTRODUCTION 

From the early 70th a great number of publications from the Karlsruhe 
Nuclear Research Centre, Germany, had demonstrated that synchrotron 
based x-ray lithography is the only technological method that is capable to 
produce structures of a several micrometer-sized feature in more than 100 
J.lm thick resist layer [1, 2]. Since then, this technique is used in applications 
like commercial production of MEMS, molds for LIGA, microfluidic and 
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micro-optical devices. Currently, this technology is undergoing further 
development to improve its throughput and resolution. One of the best 
achievements recently, from this technology development point of view, is 
the demonstration of high aspect ratio structures formation technique with a 
novel negative Chemically Amplified Resist SU-8 and synchrotron radiation 
[3]. Pillars with the diameter of 8 J.lii1 were fabricated in a 480 J.Lm thick 
resist layer, which means aspect ratio of 60:1. However, to get this 
outstanding result, a very high contrast mask with a gold layer thickness of 
16 J.Lm was required. Such high contrast masks production is a very 
complicated task by itself. 

Regardless of such tremendous achievements, there are still some 
technological problems, specific to the nature of the x-ray lithography that 
needs a more detailed investigation. One of the most important of them is the 
exposure of the upper and the bottom resist layers with photoelectrons 
produced in the mask and the substrate during an x-ray irradiation. 

A similar question was discussed for the conventional soft x-ray 
microlithography for IC production many years ago [4]. However, the 
shorter wavelength x-rays used in deep lithography for MEMS produce 
photoelectrons with higher energies and so with a bigger range in a resist. 
This photoelectron exposure can be strong enough to cause a remarkable 
undesirable exposure if the top and bottom resist layers and a complete 
collapse of structures produced. But in some special cases this effect could 
be also used for structure quality improvement. 

Here we try to demonstrate the possibility of high aspect ratio structures 
formation with a conventional point x-ray source based on a medium power 
water-cooled x-ray tube and simple test x-ray masks produced according to a 
conventional single step e-beam exposure and Au electroplating technique. 
The possibility of 15 J.Lm pitch structures exposure in a 100 J.Lm film of SU-8 
resist with 0.417 nm wavelength radiation from a specially designed 
medium-power x-ray tube was demonstrated recently [5]. 

The photoelectron exposure mechanism does not depend on the nature of 
the x-ray source, so the results of the investigation are applicable both for a 
synchrotron and a point x-ray source based deep x-ray lithography systems. 

A relatively high attenuation of soft x-rays by a thick resist layer could 
cause great importance to optimization of the radiation wavelength as well as 
mask contrast adjustment for the structure sidewall profile and dimension 
control. As this choice affects process thoughput and hence expensive cost, 
some attention has been spent in addressing this problem. 
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2. STRUCTURE PROFILE FORMATION IN DEEP 
X-RAY LITHOGRAPHY 

An optimal choice of the radiation wavelength for deep x-ray lithography 
is always a compromise between the desire to provide a uniform exposure 
with resist depth by x-rays absorption reduction using the shorter 
wavelength; or using mask contrast enhancement and exposure time 
reduction if the longer wavelength radiation is used. 

The conventional PMMA-type resist x-ray absorption coefficient goes 
down from approximately 4000 cm·1 to 31 cm·1 if x-rays wavelength is 
changed from 1.33 nm to 0.25 nm. This means that the radiation is 
attenuated by a factor of two by resist layer of thickness 1. 7 J.lm and 215 J.lm 
for these wavelengths respectively. 

If the radiation attenuation by a thick resist layer is relatively high, this 
can cause underexposure of the bottom resist layer or vice versa -
overexposure of the upper resist layer if the exposure is increased to 
compensate this absorption effect. 

This exposure decreases with depth into the resist and can affect the resist 
structure profile, as even a high contrast resist is not an ideal binary response 
registration media. Shadow blurring of image borders is relatively big if 
point x-ray source is used for deep x-ray exposure. As the synchrotron 
radiation is well collimated by its nature, the shadow-blurring effect is 
negligibly small and only diffraction blurring has to be taken into 
consideration for this kind of radiation source. 

Both the blurring zone width and exposure reduction depend on the depth 
into resist, albeit in a different manner. In real cases it can lead to a rather 
complicated exposure distribution in the resist bulk. This is well illustrated 
by a SEM picture of a test structure exposed in a 10 J.lm AZPN1l4 negative 
CAR film with 0.83 nm wavelength x-rays, given in Fig. 1. 

The test structure has significantly curved sidewalls and some parts of 
this structure demonstrate a very fast element width reduction with depth and 
even complete resist dissolution at the bottom. This behaviour, typical for 
thick layers of negative resists, could be attributed to a significant exposure 
decrease with depth - more than 3 times - as the resist absorption coefficient 
is equal to 1047 cm·1 for 0.83 nm wavelength x-rays used for exposure. 

The border blurring value was made significantly big to allow 
comparison with structure elements width by a proper choice of the mask-to
resist gap. This exposure blurring in the lateral direction provides a very fast 
structure line width reduction with the exposure decrease with depth. Some 
widening of the bottom part of structures could be attributed to the resist 
exposure with high-energy photoelectrons, produced in Si substrate with 
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short-wavelength continuous radiation of the x-ray tube. In the case of a 
positive resist the exposure attenuation effect leads to a structure widening 
with the depth into resist. This can be seen from a SEM picture of the test 
structure produced in 5 Jlm ERP-9 (PMMA-MMA positive resist form 
NIIMV, Russia) layer with 1.3 nm x-rays, shown in Fig. 2. 

Figure 1. A test structure exposed in negative CAR AZPN 114 demonstrates the effect of the 
image borders blurring and strong absorption of x-rays on the structure wall profile 

A very sharp undercut of the 0.5 Jlm bottom resist layer could be 
attributed to the photoelectron exposure of the structure with photoelectrons 
from Si substrate. However it cannot be explained by the influence of x-rays 
with 1.3 nm wavelength. Photoelectrons produced in substrate with these 
quanta have the range in a resist of 25 nm only. An additional resist exposure 
for this wavelength - substrate pair is small and only compensates the dose 
reduction in the boundary resist layer caused by photoelectrons emission 
from the resist to the substrate. 

To compensate a strong attenuation of this soft x-ray flux in the resist the 
exposure was increased 5 times in comparison with those for a thin resist 
layer. In this case the continuous radiation from the copper anode x-ray tube 
operating at an 8 kV acceleration voltage contributes 5 times more through 
the substrate photoelectron's exposure than in the case of thin resist exposure 
with a small dose. However the direct exposure of the resist with this hard x
rays stays negligibly small due to a very small absorption of this radiation by 
the resist itself. In these particular experimental conditions, the resist 
exposure with photoelectrons from Si-substrate is strong enough to 
overexpose the bottom 0.5 Jlm resist layer. 
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Figure 2. Test structure produced in 5 I1Ill thick ERP-9 positive resist with 1.3 nm x-rays with 
a 0.5 I1Ill thick gold mask 

Summary: Therefore, x-ray absorption in the resist bulk can lead to 
undercutted structures formation for negative resists and structures widening 
at the bottom for positive resists. 

3. EXPOSURE OF THE UPPER AND BOTTOM 
RESIST LAYERS BY PHOTOELECTRONS IN 
DEEP X-RAY LITHOGRAPHY 

As has been mentioned earlier, the exposure of the bottom resist layer 
with photoelectrons ejected from the substrate is a well-known effect in 
conventional soft x-ray lithography for IC production. Fortunately, the range 
of these photoelectrons in a resist is only 25-65 nm for radiation with 1.3-
0.54 nm wavelengths. The value of this additional exposure is also relatively 
small as x-ray absorption coefficients of the substrate material and the resist 
have similar values. 

3.1 Photoelectron exposure distribution near two 
materials interface under x-ray irradiation 

In the case of deep x-ray lithography with hard x-rays the substrate to 
resist absorption coefficients ratio can rise to values much higher than 10. 
The photoelectrons range is of the order of 100 - 500 nm for these high 
energy photons. For instance, the ratio of absorption coefficients is equal to 
16 for Si-substrate and PMMA resist at 0.417 nm wavelength radiation (J.lsi = 
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2147cm-1, Jlpmma =133 cm-1). The photoelectron exposure D of the bottom 
resist layer near substrate is approximately equal to: 

D = Do *( J.l sub *P r) I (J.L r * P sub) (1) 

where Do is the energy of x-ray quantum absorbed in this layer, J.lsub• J.lR, Psub 
and PR are x-ray absorption coefficients and specific weights of the substrate 
material and the resist respectively. This additional exposure goes down to 
zero at a distance within the photoelectrons range from substrate. The value 
of the bottom resist skin layer overexposure in comparison with exposure in 
the resist bulk is demonstrated in the plot as shown in Fig. 3. The depth zero 
corresponds to the resist-substrate interface and its negative value gives the 
depth into substrate. 
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Figure 3. An exposure distribution in PMMA resist and Si-substrate under irradiation with 
0.417 nm x-rays normalised to the dose absorbed in the resist bulk 

From the plot, one can conclude that the additional exposure of the 
bottom resist layer by photoelectrons from substrate is at least 5 times higher 
than direct x-ray exposure of the resist bulk, and quickly goes down when 
the distance is of the order of 50 nm. If the ftlm next to resist is done with a 
high absorption material, say gold, with J.lAu = 35173cm-1 for the same 
radiation wavelength, this photoelectron exposure effect could be even 
stronger than for Si substrate, in spite of a higher specific density of gold. 
The total exposure will be approximately 10 times higher, brought by the 
direct x-ray quantum absorption in the resist. The dependence of the resist 
skin layer overexposure for Au substrate and 0.417 nm x-rays on the depth 
of resist is given in Fig. 4. 

The same kind of the photoelectron exposure takes place for the upper 
resist layer. But in this case the photoelectrons are produced in the x-ray 
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mask (both in the membrane and masking layer) during irradiation and after 
crossing the gap between the mask and resist. 

A wide angular distribution of the photoelectrons emission and a very big 
gap value in comparison with the structure feature size make the exposure 
distribution on the resist surface near homogeneous in plane. However the 
value of this exposure depends on the membrane and the masking layer 
absorption coefficients, thickness and percentage of the opaque area. 
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Figure 4. Exposure distribution in PMMA resist and Au-film under irradiation with 0.417 nm 
x-rays normalized to the dose absorbed in the resist bulk 

The large value of exposure with photoelectrons from mask is very 
important for understanding the structure proflle formation mechanism in 
deep x-ray lithography. The effect can double the dose in the upper resist 
layer under opaque mask regions and cause a significant distortion of the 
structure. 

If an x-ray tube with more than 10 kV acceleration voltages is used as a 
radiation source, a great number of photoelectrons with the range of the 
order of 1 Jlm and more are ejected into the bottom resist layer, when high 
energy continuous radiation is absorbed in the substrate. This effect is very 
critical in the case of positive resist exposure as it can lead to a strong 
bottom resist layer exposure. During development it can lead to undercut of 
the resist structure and even a complete structure detaching from the 
substrate. 

As discussed, the exposure distribution in the resist bulk obeys a simple 
exponential decay law. The softer (longer) the x-rays, the higher is the 
absorption and so, exposure goes down faster with depth into resist. In the 
upper and bottom resist layers, some of the absorbed energy is taken away 
from the resist by photo and Auger-electrons produced during x-ray quantum 
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absorption by resist atoms. Usually this boundary resist layer exposure 
reduction is compensated and even overcompensated with energy brought in 
by photoelectrons from the neighbouring thin layers of a substrate or x-ray 
mask. Over compensation is proportional to x-ray absorption coefficient of 
this outer layer and is inversely proportional to its specific weight. Typical 
value of overcompensation is of the order of 10 for 0.2-0.5 nm wavelength 
x-rays. For 0.8-1.3 nm x-rays this effect is much weaker. 

The thickness of layers where this effect takes place is equal to the 
photoelectron range in resist. This range depends strongly on photo and 
Auger-electrons energy and therefore, on the x-ray quantum energy and 
atomic number (and so binding energies) of the absorbing material. It is of 
the order of 0.1 Jlm for 0.4 nm x-rays rising to 1 Jlm for the 0.15 nm 
wavelength radiation. 

Summary: It is necessary to distinguish the energy of x-ray quantum 
absorbed in the resist and resist exposure. These values coincide only for the 
inner resist layers. The total exposure of the boundary resist layer with a 
thickness of the order of the high-energy photoelectron range in this resist 
can differ from this value for the energy dissipated in this layer by 
photoelectrons produced in the neighbouring substrate or mask layers during 
x-ray irradiation. Boundary resist layer exposure reduction due to emission 
of photoelectrons from it has to be taken into consideration as it gives a 50% 
self-exposure reduction for the interface layer. 

3.2 Experimental demonstration of the resist exposure 
with photoelectrons from the neighbouring material 
during x-ray irradiation 

A special experiment was carried out to demonstrate that resist exposure 
with photoelectrons is essential for x-ray exposure process especially in the 
case where some structures are made on the substrate surface. Here we try to 
demonstrate a new method of self-formation sub-micron lithography 
technology based on a negative resist irradiation with x-rays. Scheme of this 
technique is given in Fig. 5. 

Two metal layers - lead and aluminium with 100 nm thickness were 
evaporated on Si-substrate (1). Test structures with dimensions of several 
micrometers were etched in these metal layers (2). A conventional negative 
resist ERN-14 with 300 nm thickness was spun on this substrate (3). The 
sample was irradiated homogenously irradiated with 0.83 nm x-rays 
AlKa (4) to dose slightly smaller than the gel-fraction formation dose for 
this resist. As lead has the highest x-ray absorption coefficient among the 
materials used, resist in areas neighbouring to lead has the strong extra 
exposure with photoelectrons from lead. The resist is developed in a 
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conventional manner (5), than aluminium and lead ftlms were removed by 
wet chemical etching and only 200 nm wide resist lines had stayed on the 
substrate surface. A SEM picture of such pair of lines is given in Fig. 6. 

4 

2 

0 0 

Figure 5. Scheme of a sub-micron self-formation technology based on a negative resist 
exposure with photoelectrons during x-ray irradiation 

Figure 6. Lines with 200 nm width formed with the negative resist exposure by 
photoelectrons in self-formation technique 

The width of these lines could be done to the order of the range of 
photoelectrons. The soft x-rays we used in this experiment are 35 nm only. 
However, the lines we have are much wider than it has to be from this point 
of view. Probably, it could be explained with the intrinsic resolution of the 
resist used - its swelling during development and the continued radiation 
from the x-ray tube. 
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Summary: This experiment demonstrated the significance of the 
photoelectron exposure phenomena on a structure formation in x-ray 
lithography and opens new ways for self-formation techniques to be 
developed where sub-micron and even nanometer-scale structures could be 
produced without any masks and precise lithographic equipment. 

3.3 Exposure of the bottom resist layer with 
photoelectrons from Si-substrate 

An additional exposure of the bottom resist layer with photoelectrons 
from a substrate affects structure formation process in different ways for 
positive and negative resist and can lead to both useful and harmful 
consequences. 

For negative resists, this overexposure at the bottom part of structures 
leads on one hand to some widening of the structure foundation. This is an 
undesirable effect but fortunately it is usually small. On the other hand it 
increases significantly the negative CAR structure adhesion to substrate. 
These two effects are demonstrated in Fig. 7 with a SEM picture of a test 
structure exposed with 0.417 nm x-rays in 35 J.lm SU8 negative CAR layer 
on Si substrate. 

Figure 7. SEM picture of a test structure exposed with 0.417 nm x-rays in 35 Jlll1 thick SU-8 
CAR on Si substrate 

A small structure widening in its lower part could be detected. The 4 J.lm 
wide wall cross-like structure in the left comer is broken mechanically. Note 
that the structure foundation stays on the substrate. It means that the resist 
adhesion to substrate is much higher than the mechanical strength of this 
resist. 
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This is very uncommon for the deep optical lithography with the same 
resist. In optical lithography the bottom resist layer on silicon substrate is 
usually underexposed and structures made in negative resist have usually 
relatively poor adhesion. 

For positive resists this bottom resist layer overexposure usually leads to 
adhesion weakening and even structures washing-off during development. 
For 1-1.3 nm x-rays this effect is short range and relatively small. It can lead 
to a significant structure distortion only for nanometer scale high aspect ratio 
structures. 

SEM picture of such 70 nm wide structure produced in 1. 7 Jlm ERP-9 
resist layer with 1.3 nm x-rays [5] is given in Fig. 8. It can be seen that the 
structure is deformed and even broken in the substrate regions covered with 
Si02 film (smooth zones). Photoelectron exposure of the bottom resist layer 
here is approximately 30% higher than in regions with a clean Si substrate. 
This small additional exposure can have a catastrophic effect on this high 
aspect ratio structure as it is very narrow. 

Figure 8. Test structure with elements width of 70 nm and the aspect ratio of 20 is produced 
in 1.7 Jlm thick ERP-9 positive resist film with 1.3 nm x-rays 

For hard x-rays, this undercutting effect is much stronger. It is even 
possible to use it to undercut structure sidewall profile formation and the 
resist dissolution rate increase in "lift-off" technique. 

To have a big and easily controllable exposure of the bottom resist layer 
it is not necessary to adjust the mask contrast. The structure exposure could 
be done in a conventional manner frrst - through a high contrast mask, and 
then an additional resist irradiation with hard x-rays could be done without 
any mask at all. 
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The second exposure provides a strong and homogeneous exposure of the 
bottom resist layer all over the area with high-energy photoelectrons from 
the substrate. For example, test structures given in Fig. 9 were exposed to a 3 
J.lm ERP9 resist layer with 1.3 nm x-rays first. The structure in the left 
picture was developed for one minute in a 1:3 MEK-IPA mixture 
immediately after this exposure. The second structure in the right picture 
was additionally homogeneously irradiated with 0.15 nm wavelengths Cu 
Ka. x-rays without any mask at all. A x-ray exposure was chosen to be large 
enough to provide a significant resist dissolution rate for the bottom resist 
layer exposed with photoelectrons from Si substrate mostly, but not too large 
to produce a noticeable exposure resist in the film bulk by the direct x-rays 
absorption. This sample is then developed in a conventional manner and 
structures with undercut sidewalls were formed in the resist. 

Figure 9. Test structures produced in ERP-9 resist by a single 1.3 nm x-ray irradiation (left) 
and with the additional exposure of the bottom resist layer with high-energy photoelectrons 
from substrate (right) 

The scheme shown in Fig.lO illustrates how this technique works. Silicon 
substrate (1) is covered with a thick single layer positive resist (2). Soft x
rays (3) penetrate through the x-ray mask (4) and produce resist exposure 
under opaque mask areas (scheme a). Then resist is homogeneously 
irradiated (scheme b) with 0.417 nm x-rays (5) to provide a desired level of 
photoelectron exposure for the bottom resist layer (6). The subsequent 
development (scheme c) leads to the undercutted structure proflle formation. 

Such overexposure of the bottom resist layer with photoelectrons could 
be very useful for "lift-off' technique as it increases greatly the bottom 
resist layer dissolution rate and provides a possibility to remove the 
evaporated fllm together with a thick undissolved resist layer underneath it. 
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The last step prevents the film bits from stitching to the substrate and so, 
reduces the defects density. 

As the photoelectron exposure of the bottom resist layer can be controlled 
by the proper choice of the x-ray wavelength and substrate coating material, 
it is possible to reduce its influence on structure profile or, vice versa by 
increasing it to get the desirable undercut resist structure profile or an 
adhesion improvement for negative resists. 
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Figure 10. Scheme ofthe undercut structures formation technique in x-ray lithography 

Summary: In the case when one needs to reduce the photoelectron 
exposure, the most obvious way to do it is to use a thin film with a low x-ray 
absorption coefficient, deposited on the substrate surface prior to resist 
spinning. This protection layer will trap photoelectrons from the substrate 
and will not produce any additional exposure by its own photoelectrons. 
After resist exposure and development, this film could be removed by wet 
chemical or plasma etching. 
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3.4 Upper resist layer exposure by photoelectrons from a 
x-ray mask 

A similar photoelectron exposure was taken for the upper resist layer. In 
this case photoelectrons are produced in the mask absorption layer and 
membrane. This additional exposure is more critical for negative resists as it 
can provide a significant absorbed dose in the thin upper resist layer under 
opaque mask zones. 

This exposure could be big enough to make this layer insoluble in the 
developer in the same manner as it was demonstrated with low-voltage e
beam lithography [4]. Test structures, shown in Fig. 11, were exposed in a 
10 f.!m ftlm of negative CAR SU-8 with 0.417 nm x-rays through a low
contrast mask. 

Figure 11. Test structure in the 10 Jlm film of negative SU-8 resist with an insoluble lJ.Lm 
topping layer produced by photoelectron irradiation from x-ray mask 

Gaps between masking elements are covered with a thin gold film (20 nm 
approximately) used as an electroplating base during the mask production. 
As a result, the photoelectron exposure of the upper resist layer by 
photoelectrons from this thin gold film is strong enough for a 0.5 - 1 f.!m 
insoluble resist layer formation even if a high-contrast mask is used. 

Depending on x-ray wavelength, dose, resist characteristics and a mask 
design, the photoelectron exposure could lead to a formation of a thick solid 
ftlm in the top resist layer or thin bridges between neighbouring structures 
only, as it is demonstrated in Fig. 12. 

This insoluble layer is harmful for the conventional binary structures 
formation technique, but it could be useful for 3D structures formation, such 
as micro channels for microfluidic devices. 
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Figure 12. Test structure, exposed in SU-8 resist with 0.417 nm x-rays 

In the case of positive resist this photoelectron exposure of the upper 
resist layer causes a small structural height reduction for conventional 
PMMA based resists. This structural height reduction usually is not seen in 
experiments as it is difficult to distinguish it from the "natural" structures 
height reduction due to a non-zero resist dissolution rate in zones with low
dose exposure. 

For positive CARs this additional exposure could even be extremely 
useful as it eliminates the "T" -topping effect connected with airborne 
contamination of the upper resist layer in the way demonstrated with low
voltage e-beam lithography [5] . This is why one really never observes this 
"T'-topping effect if positive CARs are exposed with hard x-rays. 

Summary: The upper resist layer overexposure with photoelectrons from 
mask could be easily reduced to the desired value by a resist shielding with a 
thin film (polymer, for instance) with a small x-ray absorption coefficient. In 
this case the energy has been taken of from the upper resist layer by 
photoelectrons that produced during exposure is exactly compensated with 
the same amount of energy delivered to the resist by the photoelectrons, 
produced in the bottom part of the polymer shield. As a result the upper 
resist layer is exposed almost homogeneously. This protection layer (1 - 10 
J.Lm thick polymer film) could be deposited on the mask or inserted between 
the mask and the resist as a separate membrane. The last method has some 
advantages from a practical point of view, as it prevents the mask from 
sticking to the usually wet SU-8 resist surface. This polymer film shielding 
technique recommended in [1] for the mask to prevent resist stitching was 
used in our experiments during exposure of the test structure in SU-8. Note 
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that the upper part of the structure has no signs of the additional exposure 
and the insoluble layer formation at all. 

4. CONCLUSIONS 

X -ray lithography is not used for commercial IC production with sub-
0.25 Jlm feature size because of recent advances in photolithography. 
However, x-ray lithography can be successfully applied for high aspect ratio 
structures formation, especially in extremely thick resist layers. This is very 
important for new generations of MEMS production, as the conventional 
photolithography with SU-8 CAR and self-bleaching photoresists already 
does not satisfy the continuously growing demands on the process resolution 
and accuracy for deep microfabrication technology. 

The specific nature of x-ray provides a high penetration depth in the 
resist without any scattering and with a low diffraction and shadow blurring. 
There is no x-ray reflection from the resist, mask and substrate surfaces. 
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Abstract: A relatively little known form of photoresist coating or polymer application for 
special applications of 3-D structured wafer patterning and interconnection by 
spray technology has been studied. Specifically, the study was on the 
OmniSpray coating technology developed by Electronics Vision Group 
Austria [1,2]. Results of the present investigation confirm the superiority of the 
technique in comparison with the more conventional spin coating method in 
term of its ability to cover extreme 3-D structure conformally to enable 3-D 
patterning, and its significant reduction of expensive high-viscosity 
photoresist/polymer consumption for 3-D interconnect purposes. Special 
attention is paid to the improvement of photoresist coverage on the convex 
comers of the 3-D structure by rounding them off first in a TMAH solution, as 
well as the uniformity improvements in addition to the lower materials 
consumption for the application of intermediate layers for wafer interconnect 
purposes. The integrated method offers an enabling technology for patterning 
of extensive topography and wafer-level intermediate layer application 
typically required for a multitude of MEMS structures and designs, novel 
interconnect structures as well as advanced packaging applications. The 
method is simple, fast and low-cost in comparison with other photoresist 
coating techniques available and capable of 3-D structure patterning and 
interconnect. 

Keywords: photoresist, polymer, coating, 3-D structure, patterning, spray, interconnect, 
packaging, micromachining 
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1. INTRODUCTION 

Photolithography is an essential step in the manufacturing of micro 3-D 
structures on silicon and other substrates used in the microelectronics and 
Micro-Electro-Mechanical Systems (MEMS) device fabrication. For 
common applications, the spin coating of a photosensitive resist material 
(photoresist) on an appropriate substrate, in most cases a round silicon wafer 
without any topography, is conventionally used in microelectronics IC 
(integrated circuit) fabrication. 

In the standard spin coating technique, photoresist coating on a wafer is 
accomplished by dispensing the photoresist onto a flat planar wafer in a 
spinner [3]. The wafer is then spun at high speed depending on the viscosity 
of the photoresist and the desired photoresist ftlm thickness, to achieve 
uniform distribution of photoresist throughout the wafer surface. The wafer 
is normally mounted on a vacuum chuck. The chuck has holes, which are 
connected to a vacuum pipe, and the vacuum holds the wafer in place. The 
thickness of the photoresist coating is a function of many parameters; such 
as photoresist dispense volume, spinner spin speed, wafer diameter, 
processing temperature, ambient humidity, etc. More generally, the causes 
for the variation in the thickness of the coating materials could be described 
by three effects: the topography of the surface on to which the material is 
spun, the fluid dynamics of the flow and the properties of the material that is 
spun. 

More frequently, however, the manufacturing of Micro-Electro
Mechanical Systems (MEMS) demands advanced technical solutions for 
photoresist coating different from conventional spin coating. Shape and size 
of substrates for MEMS devices deviate from silicon wafers and generate 
new challenges in the uniform coating of surfaces for photolithography 
processes. Even for silicon wafers with high topography, various scenarios 
become obvious when applying several etching processes to differently 
oriented silicon surfaces. Isotropic and anisotropic wet chemical etching and 
dry plasma etching processes produce cavities with sidewalls of different 
slopes. Furthermore the demand for increased integration accompanied with 
enforced miniaturization of MEMS components (like sensors and actuators) 
gives rise to a shift from planar structures to three-dimensional devices. This 
technological development makes it necessary to apply lithography 
processes on already structured substrates. 

When the standard conventional spin coating technique is applied on 
such 3-D structured wafers, the photoresist coating is not uniform due to 
presence of grooves and cavities, which obstruct the even spread of 
photoresist on the spun wafers. The spinning of the wafer causes centrifugal 
forces, which, together with gravity, force photoresist to flow to the edges 



SPRAY COATING TECHNOLOGY OF PHOTORESIST/POLYMER FOR 3-D 207 
PATTERNING AND INTERCONNECT 

where it is taken away when the surface tension forces are exceeded. These 
forces are different in the holes, which causes thicker photoresist coverage in 
the holes. When the photoresist is exposed on a wafer where the photoresist 
thickness is different at different locations on the wafer, the energy absorbed 
by the photoresist is not uniform preventing some parts from developing or 
leading to a decrease in the uniformity of critical dimensions of patterns. 

To avoid these limitations in wafers with extreme topography, few new 
techniques were invented in the last few years. The first group of techniques 
were basically variations of silk-screen printing techniques and spray 
dispense processes. A meniscus coating process has been established for flat 
panel display substrates [ 4]. Another interesting method is the deposition of 
polymer from gas phase. This method requires a monomeric coating 
material, which may be evaporated at ambient temperatures and forms its 
polymeric form after deposition on the substrate. Today, only coatings of 
parylene and derivatives are vacuum deposited in the integrated circuit 
technology as a passivation layer [5]. 

A few years ago, a technique with electrodeposited Shipley photoresist 
[6] was presented, which allows uniform photoresist coverage on highly 
textured surfaces. A disadvantage of this technique is that prior to 
electroplating the entire wafer surface must be coated with thin conductive 
metal layer, serving as a plating base and the necessity of additional 
electroplating equipment. When the wafer is dipped into the electroplating 
bath and voltage is applied, resist deposition takes place. The resulting 
photoresist coating is highly uniform due to the self-terminating 
electrodeposition process, as the current drops down when specific resist 
thickness is reached. 

In contrast to the existing methods for uniform photoresist on the extreme 
3-D structured wafers, a relatively new direct spray-dispense system for 
deposition of a uniform photoresist layer on a highly structured wafers [1, 2] 
by an ultrasonic atomizer, which generates an aerosol of small droplets is 
being investigated. Because of the spray dispense technology, the photoresist 
is in the form of small droplets, the technology offers significantly reduced 
effect of fluid dynamics of photoresist on the wafer, as compared to 
photoresist spinning. The droplets stay where they are being deposited. This 
contributes to the uniformity of photoresist layer throughout the 3-D 
structured wafer. The integrated technology is commercially known as 
OmniSpray technology, which is the sole proprietary of EV Group Austria. 
During spray coating, the wafer is rotated slowly while the swivel arm of the 
spray dispense unit is moved across the wafer radius. 

In the mean time the spray concept has also proved useful and cost
effective for slightly different applications in the area of packaging and 
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interconnects. Wafer-level packaging and 3-D interconnects are new 
technologies that allow increase in device functional density and reduction in 
total packaging costs. They are the most promising solutions to achieve more 
than one layer of active devices. Device stacking is justified by the potential 
benefits attainable: size reduction, increase in "silicon efficiency," reduction 
of signal time delay, reduced parasitic, decrease in power consumption, 
increase in speed, increase in number of neighbouring devices and extension 
of bandwidth. Any issues with thermal management and increased design 
complexities are not believed to prevent stacking technology to realize 
eventually. Wafer-to-wafer alignment and subsequent bonding are key 
enabling process for steps for 3-D interconnection of wafers through 
stacking. Application examples for increased functionality through stacked 
wafers include memory devices, logic and memory wafers, advanced 
MEMS, MOEMS and analog/digital (mixed signals) devices. 

Thick resist coating, alignment, exposure and wafer-to-wafer alignment 
for subsequent bonding are key enabling technologies for wafer-level 
packaging and 3-D interconnects. Present advanced packaging applications 
require a bonding platform that can accommodate wafer-to-wafer bonding in 
various sizes and configurations. In addition, it is important to have the 
ability to perform the process repeatedly without compromising on precision 
[12]. 

Various types of intermediate layers can be used to form an irreversible 
bond for electrical interconnects. Among them are metals for fusion bonds or 
solder joints as well as low-k dielectrics that act as adhesion layer. In the 
present study BCB (Cyclotene ™) has been taken as an example of such a 
material and its applications are discussed through spin and spray coating for 
subsequent bonding. 

The use of low temperature or low contact force is imposed by the 
different materials present onto the wafer surface (e.g. metal layers, 
semiconductor epi-layers, low-k dielectrics) or by the mechanical properties 
of the bonding partners (fragility, thermal mismatch). During the bonding 
process the intermediate layer gets compressed. A flow of viscous materials 
must be minimized in order to maintain alignment accuracy. 

One of the main benefits of using polymers as intermediate layers is the 
lower processing temperature requirement (in the order of 150-300 degree 
C) compared to most metal-to-metal bonds. The application of the 
intermediate layer prior to aligned bonding is a key step for successful 
bonding. It requires highly uniform thick resist coating methods to achieve 
such good aligned bonding. In addition, since the thick resist is mostly high
cost materials, a thick resist coating method that uses reduced materials 
consumption is also much desired. This is where spray coating comes in as 
the low-cost alternative to the conventional spin coating method. 
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2. SPRAY COATING PROCESS 

Resist Processing System 
The EV101 series resist processing systems enable processing of 

different materials for various MEMS and semiconductor applications. 
Resist spinning requirement for MEMS technologies can be completely 
different from standard semiconductor processes. Therefore spray coating 
offers dedicated features for double side coating, high viscosity resists for 
thick layers and covering high topography structures. 

The EV101 manual resist processing system architecture is based on the 
same modules as the automated systems in high chamber configurations; 
however it uses manual loading and mechanical prealignment. Substrate 
sizes up to 6"x 6" or 200 mm can be processed on the EVlOl. 

2.1 Module design 

The EV101 has three main sections 
- Control rack 
- Coating module 
- Chemical cabinet 

2.1.1 Control rack 

This part (Fig. 1) is the heart of EV101 spray coating system. It consists 
of OS9-controller, power supply, spinner controller and pneumatic. These 
units set on interface between user and various spray coating modules. 

OS9 - controller 

.---...._-r-+---~--~t--Ewer supply 

§ inner controller J 

....,..~:rr--t---...-f!~-tl~'""''t-- [ pneuma tic 

I pressure display 

Figure 1. Control rack 
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Software and Process Control 
EV101 resist processing system is computer controlled with windows 

based graphical user interfaces. Three levels of access to process control 
software (Operator, Engineer and Maintenance) are provided. The control 
rack is separated from the process modules for less particle generation. 
Resist processing recipe can be optimised and developed by the user-friendly 
software to achieve desired uniformity, thickness and conformality. 

2.1.2 Coating module 

The spinner chuck holds the wafer with vacuum. For MEMS wafers with 
high topography a chuck using vacuum suction cups can be offered. The 
spindle is fully programmable and the parameters like speed [rpm], 
acceleration [rprnls), absolute position [0 ] can be used to get full control over 
chuck movement. As the wafer gets pre-aligned prior to loading, the wafer 
cavities can be oriented parallel to the atomizing nozzle. 

2.1.2.1 Coating Bowl 
The coating bowl (Fig. 2) is made of Teflon and stainless steel. All parts 

that require cleaning can be disassembled without using tools. An automatic 
bowl wash increases the number of wafers between two maintenance 
(cleaning) actions. An adjustable exhaust system (manual valve) allows the 
control of airflow through the coat bowl as well as solvent content in the 
spray Chamber. The bowl can be equipped with optional backside solvent 
rinse and edge bead removal nozzle. 

r Cover ring 

Chamber plate 

EBR nozzle 

Figure 2. Coating bowl 

2.1.2.2 Spray Nozzle 
Fig. 3 shows the critical steps of the spray coating unit necessary to 

produce a homogeneous size distribution of photoresist droplets. The 
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ultrasonic atomizer generates a distribution of droplets (Fig. 4) (with the help 
of high frequency oscillator) typically around 20 urn in size, which are 
directed by an air current with adjustable pressure superimposed to carry the 
aerosol to the separation chamber. The droplets that exceed a certain size 
threshold are slowed down and collected for recycle. The other advantage of 
this set-up is the reduction of the spray pattern cone produced at the 
atomizer. Only the central part of the aerosol is forwarded to the dispense 
nozzle that is constructed to reduce the carrier gas pressure and to redirect 
the photoresist spray perpendicular to the substrate surface. 

ULTRASONIC 
ATOMIZER 

SEPARATION 
CHAMBER 

SPRAY 
DISPENSE 
NOZZLE 

Figure 3. The sketch of critical steps of spray coating set-up [2] 
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Figure 4. Droplet size distribution 

Fig. 5 shows the angle of the spray beam which is typically 30° and able 
to sweep whole wafer in one go. Fig. 6 shows the spray gun mounted on the 
park position where automatic cleaning can be done. 
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Figure 5. Show of a spray angle 

Figure 6. Description of the various parts of spray nozzle 

2.1.3 Chemical cabinet 

l 
l 
J 

Chemical cabinet (Fig. 7) is the significant part of the EV101 spray 
coating unit. It mainly contains resist bottles, resist pumps, cleaning tank. 
This section is also computer controlled and through the weight sensors one 
can easily know the level status of the resist tank and cleaning tank. 

2.2 Process parameters 

2.2.1 Dynamics of spray coating set-up 

During the spray coating process, the wafer substrate is rotated at a low 
angular velocity, while the swivel arm of the spray dispense unit is moved 
across the wafer radius. The dynamics of this process are shown in Fig. 8. 
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Figure 7. Chemical cabinet 

Figure 8. Indication ofthe dynamics in spray coating process [2] 

A variety of parameters influence both the thickness and the uniformity 
of the photoresist layer on the wafer surface, the bottom surface and the side 
walls of cavity structures imbedded in the bulk substrate. While the viscosity 
of the photoresist and the pressure of the gaseous carrier are partially pre
determined by equipment initial set-up, critical parameters such as the 
dispense time and the density of the photoresist volume on the wafer area are 
fully adjustable to the desired photoresist film thickness and uniformity. 
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2.2.2 Photoresist coating 

The AZ4562 positive photoresist is used in the present spray coating 
experiment. This photoresist with viscosity of 440 eSt can produce 
photoresist layers with thicknesses between 5 and 25 ~-tm depending on the 
spin off speed during a spin coating process. It is commercially available and 
widely used for light-sensitive coatings in industrial applications. 

Fig. 9 shows standard spray coating set-up. Thickness of photoresist on 
the surface of structured wafers is targeted at 7 ~-tm based on its estimated 
corresponding photoresist coverage at the convex comers of the structure. To 
allow sufficient amount of etch resistance in the subsequent processing the 
minimum photoresist coverage at the convex comers is 1 urn. 

Figure 9. Photograph of the standard set-up of spray coat module; two main parts: Firstly, the 
coating bowl where wafer is placed and slowly rotated, and secondly, the spray gun where 
photoresist is dispensed from onto the rotating wafer [2] 

Dispense time of the photoresist AZ4562 and density of photoresist 
dispense over areas of wafer were thus optimized to achieve the desired 
thickness and uniformity. 

2.2.3 Materials and other parameter constraints 

EV101 spray gun is limited to spray up to 25 eSt viscosity photoresist 
however if the photoresist is higher than 25 eSt in viscosity it should be 
diluted with solvent which is compatible with the photoresist properties and 
have high evaporation rate. Make sure that solvent should not deteriorate 
photoresist properties underused and should mix well with the photoresist. 
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Viscosity of the Photoresist mixed with solvent can be varied according to 
the application. Understandably, Uniformity is inversely proportional to the 
viscosity of the material being sprayed and conformality is directly 
proportional to the viscosity. On plane substrate, the viscosity of the 
photoresist material does not affect the coating uniformity significantly and 
can be chosen with a ± 3 eSt variation but on a highly topographic substrate, 
achieving good uniformity is not the only concern as it is essential to achieve 
good conformality. A highly viscous photoresist material (dry photoresist) 
will result in good conformality but will not be uniform and vice versa. 
However, in most of the cases, one needs to fmd out the way in between to 
choose the right viscosity of the material for not only getting good 
uniformity but also good conformality. 

HF power is the other main important parameter, which can affect the 
coating uniformity by varying the droplet size distribution. In fact, HF power 
is the function of the viscosity of the material and should be adjusted 
according to the viscosity of the material being sprayed. 

Cleaning of the coating bowl and spray gun is necessary to get dry 
photoresist particles free spray on the wafer. 

Generally, on the chuck, wafer spins in one direction only and in case of 
3D structured wafer the sidewalls of the grooves facing the spray from the 
front may coat thick as compare to sidewalls facing from the rear. Making 
the wafer spin in both the directions periodically can minimize this problem. 

3. APPLICATION FOR 3-D PATTERNING 

3.1 Objectives 

Conventional wafer processing techniques are not effective for patterning 
of extreme 3-D structure. One of the key challenges to pattern 3-D structure 
is to identify a conformal photoresist coating technology that is able to cover 
such extreme 3-D structure. The objective of the study is to investigate the 
application of spray coating technology for 3-D wafer patterning purposes. 

The evaluation is aimed at achieving uniform and conformal photoresist 
coating over high-topography wafers with trenches as deep as 150 micron. 
Various photoresist lines of width between 10 to 100 microns are to be 
patterned continuously over the deep trenches. Uniformity of the critical 
dimension (CD) of the photoresist lines over the deep trenches must be 
within 10% for 3-sigma variation. All observations and analysis in this part 
of the chapter (sub-chapter 3) were based on reference [13]. 
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3.2 Methodology 

3.2.1 Wafer preparation 

Silicon wafers consisting of anisotropically etched deep cavities were 
used as samples in this experiment. The depth of the cavities is 150 !J.ffi with 
side walls of <111> planes formed by the anisotropic TMAH (5 wt.%, 85° 
C) for 2.5 hours. 

The subsequent anisotropic etch used in the present experiment is TMAH 
25 wt.%. It produced very smooth surfaces of the new high-index <311> 
plane. From the performed series of experiments, the best results were 
achieved when the wafer was etched in TMAH (25 wt. %, 85°C) for 15 mins. 
The observed new <311> plane had approximately 25.2° to the <100> plane. 
The rounded-off corners significantly reduce the surface tension problems 
with the photoresist and facilitate conformal photoresist coverage throughout 
the depth of the 3-D structure. 

The resulting silicon structure was then passivated by layers of silicon 
carbide and nitride of approximately 1 !J.rn before a film of gold metal layer 
(of approximately another 1 !J.m) was deposited to provide etch patterning. 

3.2.2 Photoresist coating 

Standard spray coating set-up was used in the present experiment (Fig. 
9). Thickness of photoresist on the surface of structured wafers is targeted at 
7 !J.rn based on its estimated corresponding photoresist coverage at the 
convex corners of the structure. The minimum of the photoresist coverage at 
the convex corners is 1 urn to allow sufficient amount of etch resistance in 
the subsequent processing. 

Dispense time of the photoresist AZ4562 and density of photoresist 
dispense over areas of wafer were thus optimized to achieve the desired 
thickness and uniformity. 

3.2.3 Prebake, exposure, development and pattern etching 

In the prebake step, the wafer is transported from the spray coating unit 
to a hot plate for 3 mins at 100°C to dry the photoresist, to remove the excess 
water and the other solvents in the photoresist, and to achieve better 
photoresist adhesion to the substrate. Moreover, this step helps to increase 
the photoresist etch resistance. The exposure is done with a g-line stepper. 
For a 7 !J.ffi photoresist layer, the necessary energy dose on the top surface of 
the wafer is about 800 mJ/cm2. 
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Afterwards, development takes place by dipping the wafer in the 
AZ400K developer (1:4 dilution ratio) at room temperature for 5 mins. 
Standard gold metal etchant (nitric acid plus chloride acid) is used to define 
patterned lines that are stretched all along the deep cavities from the top flat 
surface, down the slope side walls to the bottom flat of the cavity. 

3.2.4 Rounding-off of convex corners 

A common challenge with photoresist spinning is insufficient photoresist 
coverage at the convex comers of the 3-D micromachined structure of the 
silicon substrate. The photoresist coverage there is very thin and often barely 
sufficient to resist the aggressive etch agent in the subsequent processing. 
Two main reasons causing the weaker photoresist coverage at the convex 
comers are surface tensions at the comers and photoresist reflow due · to 
gravity. 

The coating challenges at the sharp comers could be minimized by 
smoothing them using a two-step anisotropic etching process [7,8,9]. Using 
standard lithography equipment, the protective layer (silicon dioxide or 
silicone nitride) is patterned on the wafer (Fig. 10, step a). After the 
conventional anisotropic etch (step b) the protective mask is removed (step 
c). The wafer is dipped again in another anisotropic etch for a short time 
(step d). During this step, modification of the sharp comers occurs starting 
from the top of the wafer due to the faster etch rate at the comer, and a new 
plane between <100> and <111> planes will appear. The shape of the new 
comer depends mainly on the used anisotropic etch and etching time. 

Figure 10. Silicon etch process for rounded-off convex comers: (a) hard mask pattern on 
<100> silicon for cavity etch; (b) anisotropic etch for <111> deep cavity etch; (c) stripping of 
the protective hard mask layer; and (d) short etch dip in TMAH 
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3.3 Results and analysis 

3.3.1 After photoresist pattern development 

The coating method presented shows the feasibility of simple, fast and 
low cost uniform photoresist coating on a wafer with deeply etched cavities 
(Fig. 11). 

Figure 11. Sketch of patterned photoresist lines over deeply etched cavities 

Fig. 12 shows a SEM image of a test sample after development. This 
image shows the pattern of photoresist lines coming from the top surface of 
the wafer, down the slope sidewalls to the bottom of the cavities. However, 
the convex comer coverage of photoresist is rather critical, which could lead 
to no photoresist at the comers. When appropriate conditions for anisotropic 
etch of the high surface tension substrate structure combined by spray 
coating of photoresist are used the difficult convex comers are covered with 
sufficient amount of photoresist (Fig. 13). 

Figure 12. SEM image of continuous photoresist line over the 150 IJrn deep cavity after 
development (the width of small lines is 60 Jlm). The dark line is photoresist and the bright 
area is gold layer. 
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Figure 13. SEM image of the rounded-off convex comer coverage by photoresist after 
development (the minimum thickness of photoresist is shown to be 1 Jlm) 

However, the photoresist thickness at the convex corners is less than 
everywhere else, which leads to a slight loss in critical dimension control of 
photoresist pattern. Another pattern resolution limitation is the accumulation 
of photoresist at the concave corners of the etched cavities, which occurs due 
to the gravitational reflow of photoresist once it is being spray coated onto 
the deeply structured wafer. 

It acts as an excess photoresist connecting the patterned lines (Fig. 14). A 
higher dose of exposure energy is needed to remove the excess photoresist 
completely, and thus compensating the limitation of accumulation of 
photoresist at the concave comers. The overall coating result of the 
combined method of spray photoresist technology and rounding-off of the 
convex comers is presented in the sketch below (Fig. 15), as comparison 
with the contrasting result of spin photoresist technology of similar structure. 

<1 1 1> Slope o11ly 

Figure 14. Excess of photoresist at the concave comers of the cavities connecting the 
photoresist lines after development; convex comers fail to be covered by photoresist due to 
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high surface tension nature of sharp comers - development of photoresist prior to the 
discovery of rounding-off idea. 

Figure 15. Sketch comparison of photoresist coverage of convex comers of cavity structure 
with no rounding-off (a), and with rounding-off (b); the darker color is photoresist coverage, 
the lighter color is silicon substrate. 

There is no observation of pattern resolution limitation due to reflection 
of incident light from the <111> planes during the exposure step. This might 
be explained by the relatively large sizes of the deeply etch cavities (the 
cavities are parallel to each other stretching as long as the 6" wafer allows, 
and of 1000 Jlm width) and because the structures are arranged exactly 
opposite to each other which effectively reduces the reflection problems. It is 
expected that for smaller cavity structure size reflections could be another 
limiting factor to pattern resolution [10]. 

All deformations of the photoresist patterns over the cavities were 
acceptable. The average photoresist thickness depends largely on the 
photoresist dispense volume, and for the sample shown in the present report, 
was measured to be in the range of 7 Jlm for flat surfaces (top surface of 
wafer and bottom surface of the cavities) with minimum thickness at the 
convex corners of about 1 Jlm and maximum thickness of photoresist 
accumulation at the concave corners of about 20-25 Jlm. As suggested 
earlier, the photoresist coverage at the convex comers could be very uniform 
when rounding-off of the comers is maximized by longer dip etch time. Fig. 
16 shows a comparison of SEM images of photoresist coverage at sharp 
comer and at extremely rounded-off corners. However, the extreme 
rounding-off of convex comers improves uniformity of local coverage at 
convex corners at the expense of wafer precious real estate. The best 
optimized dip etch time for the current experiment was found to be 15 mins 
to produce a mere 50 Jlm of additional real estate in term of cavity width 
(-0.5%). 

The photoresist coverage non-uniformity at both the convex comers and 
the concave comers caused by the non-planarity of the surface is shown to 
have been significantly reduced (bare photoresist coverage at convex 
corners) or successfully compensated (accumulation of photoresist at 
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concave corners) to achieve acceptable pattern resolution of photoresist as 
well as metal etch. The wafer photoresist coating non-uniformity (at the top 
flat surface of wafer and the bottom flat surface of cavities) caused by the 
nature of photoresist droplets dispensed and deposited on the wafer surface 
could further be minimized by optimization of photoresist-solvent 
composition. Relaxing the composition of photoresist-solvent towards the 
more "wet" solution could help to achieve relative uniform photoresist 
coating on the flat surfaces, due to less of powder effect of "dry" sprayed 
photoresist. However, this will be at the expense of photoresist coverage at 
the difficult convex corners, as the less "dry" photoresist - which, in other 
words, more "wet" photoresist - would tend to flow as liquid does (in 
contrast to solid which tends to stay, as dry powder would). The current 
experimental results were based on the initial set-up of photoresist and spray 
coating equipment. The AZA562 used was one of 5 cPs viscosity, which has 
the dilution ratio of photoresist to solvent of l :7 (the solvent being the 
commercially available Methyl Ethyl Ketone- MEK, which was used due to 
its high evaporation rate to instill some dryness into the photoresist 
solutions). 

(a) (b) 

Figure 16. SEM images showing comparison of photoresist coverage of sharp convex comer 
with no rounding-off (a), and very uniform photoresist coverage of extremely rounded-off 
convex comer (b); the dark gray color is background, the medium gray is silicon substrate and 
the light gray is photoresist. 

The best conditions for photoresist pattern resolution are determined by 
the extent of the rounding-off the convex corners, by the photoresist-solvent 
composition (wet vs. dry), by the spray coating process parameters, as well 
as those of the subsequent pattern defmition processes (exposure, 
development, metal etching, etc). However, it can be expected that the 
proper optimized conditions of photoresist, coating procedure, substrate 
preparation as well as subsequent processing becomes more critical for 
deeper etched cavities - which means substrate structure with more extreme 
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topography. Further experimental work should demonstrate the feasibility of 
the current coating method for tougher, more extreme 3-D structure. 

3.3.2 After metal pattern etching 

Applying the short dip etch of TMAH before the spray coating of 
photoresist of high topography wafers proves to produce continuous 
photoresist lines from the top of the cavity down the slope to the bottom 
surface of the cavity. This would subsequently produce continuous metal 
patterned lines over the deep structured wafers. The critical "make or break" 
point is the photoresist coverage at convex comers. A minimum photoresist 
coverage of 1 J..Lm thickness was found to be the safe limit in the present 
investigation for sufficient etch resistance to the aggressive nitric and 
chloride agents. The minimum photoresist thickness may thus vary when 
other thicknesses of gold metal layers are used, or other chemical agents are 
used to etch gold layer. 

Presently achieved experimental results on 3-D lithography are compared 
to previous data [ 11] showing significant improvement of the metal 
patterned line continuity across the cross-section of a 150 J.tm deep cavities. 
Fig. 17 (a) shows the top view of a deeply etched cavity after lithography 
and metal-etch processes. The broken metal traces at the top edge of the 
cavity and the "short" between metal lines at the bottom edge reflect the 
non-uniformity in the standard photoresist coating used. After introducing 
the spray coating process combined with the rounding-off of the sharp 
convex comers of the silicon structure by a short dip in TMAH, the coating 
performance has been significantly improved allowing continuous metal 
lines across deep cavity cross section (Fig. 17 (b)). 

The objective was to create continuous metal lines from top of the wafer 
surface down the slope of <111> plane of 150 J.tm depth. Spray coating 
technology of photoresist coupled with the rounding-off of the sharp convex 
comers of the deeply structured wafer using a novel <311> silicon etching 
method prove to be effective in creating continuous resist lines over the deep 
structures, and eventually the continuous metal patterned lines over the deep 
cavities. The integrated method offers an enabling technology for patterning 
of extensive topography typically required for a multitude of MEMS 
structures and designs, novel interconnect structures as well as advanced 
packaging applications. 
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Broken metal trace 

(a) (b) 

Figure 17. SEM images showing metal etch results before and after the application of the 
proposed coating method; (a) cavity with broken and "short" between metal lines using 
standard photoresist coating, and (b) cavity with continuous metal lines after rounding-off the 
sharp convex corners followed by spray coating of photoresist. 

4. APPLICATION FOR 3-D INTERCONNECT 

4.1 Objectives 

Wafer level packaging and 3-D interconnection technologies are the most 
promising solutions to achieve more than one layer of active devices. Device 
stacking is justified by its potential benefits: size reduction, increase in 
"silicon efficiency," reduction of signal time delay, reduced parasitic, 
decrease in power consumption, increase in speed, increase in number of 
neighbouring devices and extension of bandwidth. One of key enabling 
process step for the 3-D interconnection of wafers through stacking is the 
cost-effective application method of expensive high-viscosity polymer as the 
intermediate layers. The study proposes the application of spray technology 
for the application of the polymer as the intermediate layer. 

The objective of the evaluation is to achieve comparable uniformity to 
that achieved by the conventional spin technology while affirming that 
consumption of materials is significantly reduced. The wafers (8") are to be 
coated with layers of 5 and 10 microns with highest possible uniformity. The 
high-viscosity polymer used is BCB (Benzocyclobutene ). 
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4.2 Methodology 

The two approaches to apply BCB are spin coating and spray coating. 
The most commonly used approach is spin coating. Thick film thickness is 
largely dependent on the rotational speed used in the coating process in 
relation to the viscosity of the resist. Spray coating is an alternative to spin 
coating and can be especially useful for higher topography wafers, 
rectangular substrates or substrates with etch-through holes. The achieved 
resist thickness in the spray coating process is dependent on the amount of 
dispensed materials as well as the programmed motion of dispense arm and 
spinner chuck. 

While the wafer rotates slowly with 30-100 rpm, the atomizing nozzle 
starts spraying right outside the wafer area and moves over the wafer center 
to the other side of the wafer (Fig. 18). To achieve uniformity, the speed of 
the nozzle increases towards the wafer center and decreases from there on 
outwards according to a certain recipe-controlled speed profile. 

Due to equipment limitation the high-viscosity materials must be diluted 
to a maximum of 25 eSt. The diluted resist is delivered to the nozzle by a 
syringe. Two dilutions were used (Table 1) to achieve the desired 
specifications. 

Atomizer Nozzle on Swivel Arm 

Figure 18. Schematic sketch of the dynamics in the spray coating process. The wafer is 
slowly rotated while the spray gun is moving across the wafer following a certain speed 
profile dispensing the polymer in droplets. 

Resist 
Cyclotene 4024-40 
Cyclotene 4026-46 

Table 1. Two BCB dilutions used 
Mixture BCB: Mesithylen 

1:1 
1:1,22 

Viscosity (eSt) 20°C 
21,0 
21,5 
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After the coating process all wafers were baked at 7 5 degree C on a 
hotplate for 5 minutes. 

4.3 Results and analysis 

The average uniformity (3 sigma) achieved through spray coating over 
one batch of wafers (25 pieces) is 8% and 7%, for 5-micron and 10-micron 
thickness respectively. For flat wafers this is about four times higher than 
that of spin coating (Fig. 19). Results of spray coating on high-topography 
wafers or non-round substrates would certainly fare much better in 
comparison to that of spin coating on such substrates. However, a significant 
reduction in materials consumption to about 70% was observed using the 
spray technology. 

In the spin coating process, polymer fluids are dispensed onto a silicon 
wafer as it is spun. The excess fluids are thrown off the substrate by 
centrifugal forces, leaving a thin coating of the polymer deposited on the 
substrate surface. Spin coating has historically been very well suited for 
round wafers and even square shaped substrates (such as displays), but with 
some major limitations and inefficiencies. However, the one major challenge 
associated with conventional spin coating has been the high percentage of 
materials waste of the process. 

4000 10 
3300ul 3000ul 8% 9 2: 3500 Sp Oil Spin Cool 7~ BCB 8 c: 3000 ~ Consumption .2 7 lull c. 2500 6 ~ E 

:I 2000 
1200ul 

5 ·e - BCB .. 3% 0 Th ickness c: 1500 Spray Coal t42ul 4 
Unltorm oty 1%1 I 0 :t: 

(J 
1000 

3 c: 
Iii 2 

;:) 

(J 500 1 11:1 
0 0 

1 2 3 4 

Figure 19. Uniformity and consumption for a 5-micron and 10-micron thick BCB coat on an 
8" wafers achieved through spin and spray coating 
I. 10 urn layer with BCB 4024-46 Spin Coating 
2. 5 urn layer with BCB 4024-40 Spin Coating 
3. 10 urn layer with BCB 4024-46 Spray Coating 
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4. 5 urn layer with BCB 4024-40 Spray Coating 

Spin coating is indeed a very dynamic process in which the polymer fluid 
is spread across the substrate surface as it is exposed to the air turbulence 
associated with the high-speed spinning movement. The solvents in the 
polymer evaporate dynamically in the process and the solid components of 
the polymer essentially freeze on the surface as the coating occurs. With 
large substrates, as in the present case study (i.e. 8" round silicon wafers), 
problems may occur within the polymer can actually dry in the center of the 
substrate, before the outer edges are coated, resulting in a non-homogeneous 
and anisotropic coating of the entire substrate surface. More seriously, 
however, due to the high rate of the dynamic evaporation of the polymer 
across the large substrate, it requires larger still amounts of polymer fluids to 
achieve comparable uniformity to that of smaller substrates (such as 6" 
wafer) processed by spin coating [11]. Additionally, coating anomalies can 
occur in the comers of the square-shaped substrates as the square edges of 
the substrates are spun through the air. 

In the spray coating process, polymer fluids are precisely sprayed in the 
form of micron-size droplets onto the substrates, which rotate at low speed. 
Due to the low speed of the substrate rotation, there is obviously less effect 
of the dynamics of the process that would have caused air turbulence causing 
high consumption rate of materials in the spin coating process. Because the 
polymer fluids are sprayed directly onto the substrates through the means of 
a spray gun which movement is controllable quite accurately. That means 
optimisation of the area coverage of droplets spraying can be done to 
improve the materials utilization while still achieving complete coverage and 
thickness requirements of the coating of the substrate. The fact that the spray 
gun can be moved controllably also means that the process can be quite 
flexible in terms of size of substrates. Current experimentation in-house has 
indicated that there is little impact to the coating performance due to the 
wider angle the spray gun has to be moved in order to cover larger substrate 
[12]. 

Environmentally speaking, spray coating offers important advantages as 
well over the spin coating. First, the polymer fluid is used with minimum 
polymer waste, which in itself is a minimization of expensive materials cost; 
at the same time it is also a minimization of expensive environmental 
disposal costs. In many countries, as a rule of thumb, it costs 60 cents for 
process material waste disposal for every dollar spent on the original process 
materials. That means not only does spin coating require up to 50 times more 
process fluid that spray coating, but the process fluid is paid for at a 160 
percent premium when disposal costs are accounted for, not to mention 
environmental impact [11]. During the coating and the subsequent baking 
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process all of the solvents are driven off resulting in a solid film coating. 
These vaporized solvents are then either emitted into the atmosphere or must 
be removed from the system exhaust, utilizing other costly methods. In 
contrast, spray coating can apply materials with a much higher 
stoichiometric solid content. Therefore, when all materials utilization and 
intrinsic parameters are accounted for, the solvent vapour emission for spray 
coating is greatly reduced from that associated with the spin coating process. 

One area for path forward improvements for the spray coating 
technology, however, is the coating uniformity. Recent data however 
indicates that substrate size does not deteriorate the coating uniformity. 
Parameters that have been observed to influence film uniformity by spray 
coating are size of polymer droplets, distribution of polymer droplets, and 
the type as well as the percentage of solvent in the polymer solution. Smaller 
polymer droplets would instinctively form a more uniform film. The 
distribution of droplet sizes that are sprayed onto the substrate influences 
significantly the morphology of the polymer film. Droplets of a wide range 
of sizes being sprayed onto the wafer would most likely form a rough 
surface, which in turn deteriorates uniformity of the film. Modification of 
solvent in the polymer/photoresist solution has been known to affect the 
uniformity of the film formed. In principle, the higher the solvent 
percentage, the more the polymer/photoresist droplets would behave like wet 
fluids once droplets are deposited onto the wafers, the more uniform the film 
would be. In regards to the type of the solvent, studies have been conducted 
especially in term of evaporation rate of the solvent in the 
polymer/photoresist solution (please refer to chapter 3.3.1, in which a high 
evaporation-rate solvent is used successfully to minimize the effect of the 
surface tension on covering the sharp corner edge of the structure. However, 
the solvent modification has caused the uniformity to suffer significantly as 
the droplets behave more like dry powder rather than wet liquid). Certainly, 
modification of solvent on the direction of lower evaporation rate would 
instinctively improve uniformity of film coated by spray coating using such 
materials. Currently, efforts are underway to improve the film uniformity 
formed by spray coating process. The main thrusts are in the spray 
mechanism of the technology, as well as the chemical modification of 
polymer/photoresist. 

Finally, in conclusion, the application of BCB using spray coating 
technology proves to be the cost-effective alternative to spin coating. Efforts 
to further improve the uniformity on flat wafers are critical path forwards for 
this technology. 
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5. CONCLUSION 

A novel photoresist/polymer coating on substrates (silicon, glass, etc) for 
special applications of 3-D patterning and interconnection by spray 
technology has been studied and discussed in details in this chapter. 
Theoretical aspects and equipment set-up as well as materials and other 
parameters of the process have been analyzed and investigated. It is hoped 
that the theoretical section on the process technology contribute to the 
further understanding of the process performance. 

Experimental work on 3-D patterning confirms the successful application 
of the novel spray coating technology for extreme deep trench patterning of 
metal lines. The obtuse corners of the trenches are nicely covered with 
photoresist, although the photoresist thickness at the corners is much lower. 
Better local uniformity of the photoresist coverage has been accomplished 
by rounding the corners with additional anisotropic etch of the wafer in 
TMAH 25 wt. % for a short time. The objective to create continuous metal 
lines from the top of the wafer surface down the slope of <111> plane of 150 
microns depth has been achieved fully by utilizing the combined spray 
coating technology and <311> dip to round-off the sharp comers. The 
method presented in the present article is also very promising for patterning 
wafer through-hole metallization and offers an attractive opportunity in the 
trend towards smaller package size. Furthermore, it is also expected that not 
only photoresist can be sprayed with the presented method, but also other 
soluble materials, opening another window of opportunities for future 
applications. 

Preliminary results on the comparison study between spin and spray 
coating for the thick polymer application for wafer-to-wafer bonding 
intermediate layer prove significantly lower consumption of costly high
viscosity materials to achieve certain layer thickness. It also indicates that 
uniformity achieved by spray coating can be comparable to that of spin 
coating if further improvement efforts are put in. Few areas for the 
uniformity improvements are modification in the spray mechanism and in 
the chemistry of the sprayed materials. 

In addition to the above two applications, the spray technology may yet 
have a lot more other potential applications. Certainly those applications that 
require thick polymer coating or those whose substrates are not conventional 
round silicon wafers or even those with extreme topography would fmd the 
spray technology uniquely suited. The nature of the spray process is such 
that changes to larger substrates only means widening of the movement 
angle of the spray gun, and despite the wider angle, the spray gun would still 
spray droplets uniformly at any angle. This means that changes to larger 
substrate would not bring any additional challenges to the process, unlike the 
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conventional spin coating process. In the final conclusion, the integrated 
method offers an enabling technology for a multitude of MEMS structures 
and designs, novel interconnect structures as well as advanced packaging 
applications. 
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Abstract: A monolithic dielectric bolometer type uncooled infrared image sensor 
fabrication technology has been developed by integrating both Si bulk 
micromachining and ferroelectric thin film preparation technique. The 
operating principle of these dielectric bolometers has been explained and the 
fabrication process of the Si membrane structure and ferroelectric thin film 
have been elaborated. Metal Organic Decomposition (MOD) has been applied 
to prepare Barium Strontium Titanate (Ba1.xSrxTi03) ferroelectric thin film on 
micromachined Si wafer to fabricate the sensor. The detector pixel circuit is a 
capacitor-capacitor serially connected circuit, with one capacitor of BST film 
on Si membrane structure and the other on Si bulk structure. When irradiated 
by IR light, the capacitance of the IR detecting capacitor on membrane 
structure changed as a result of the change in dielectric constant against 
temperature of BST ferroelectric film. A stress-balanced structure of multi
layered membrane has been developed in order to avoid crack and deformation 
in the sensor fabrication process. Temperature Coefficient of Dielectric 
constant (TCD) of the MOD made BST (Ba:Sr=75:25) thin film is about 
1 %/K. Uniform and reproducible capacitance behaviours in the BST 
ferroelectric thin film capacitor on micromachined Si substrate have been 
confirmed. Chopperless operation has been attained and IR response 
evaluation of the fabricated sensor also has been carried out with Rv of 0.4 
kV/W and D* of 9.8x107 cmHz112/W respectively. 
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1. INTRODUCTION 

Recently, much attention has been focused on infrared Uncooled Focal 
Plane Arrays (UFPAs) because thermal image can be obtained easily without 
cooling the sensing pixels and its great potential exists in the commercial 
market [1-3]. Uncooled thermal type infrared (IR) detectors can be divided 
into 4 types based on their operating principle [4]. These are resistive 
bolometer [5], pyroelectric sensor [6-9], dielectric bolometer [10,11] and 
thermoelectric detectors. 

The resistive bolometer is based on the dependence of material resistance 
on temperature. Upon IR radiation, the temperature of the material increases 
which results in a change in resistance. The thermoelectric detectors are 
fabricated on two thermocouples, two different electrically conducting 
materials that are joined by two points. If the junctions are at different 
temperatures, a thermoelectric voltage between the junctions will be 
detected, the magnitude of which depends on the type of the materials and 
the temperature difference between the junctions. Pyroelectric sensor is 
based on the principle that certain pyroelectric materials exhibit the 
pyroelectric effect - an unbiased pyroelectric crystal subjected to a change in 
temperature develops a change in charge along the polar axis of the crystal. 
If this axis is made normal to the crystal surface, a voltage and charge 
displacement, which can be measured, will appear across the crystal. While 
the dielectric bolometer is based on the theory that when a bias voltage is 
applied across a ferroelectric crystal, a change in temperature causes a 
change in dielectric constant and hence a charge displacement can be 
measured. The pyroelectric effect is exhibited in the absence of an applied 
voltage. However, by applying an electric field, it becomes possible to 
obtain an additional component of the signal arising from the temperature 
dependence of the dielectric permittivity of the materials. 

UFP As based on resistive bolometer have been developed and are 
increasingly becoming commercially available [12,13]. However, the 
resistive bolometer type arrays need a thermal stabilizer because the voltage 
drop across the detector resistance will result in a temperature increase in the 
sensor during operation. It is known that pyroelectric sensor or dielectric 
bolometers using ferroelectric material shows higher responsivity than that 
of the resistive bolometer. Temperature Coefficients of Dielectric constant 
(TCD) of some dielectric materials are larger than resistance of around 2%/K 



UNCOOLED INFRARED IMAGE SENSOR OF DIELECI'RIC BOLOMETER 235 
MODE USING FERROELECTRIC BST THIN FILM PREPARED BY METAL 

ORGANIC DECOMPOSmON 

of VOx. There have been reported, on the other hand, some better results of 
responsivity Rv, specific detectivity D*, and noise equivalent temperature 
difference (NETD) for both sensors of pyroelectric (PE) and dielectric 
bolometer (DB) using ferroelectric materials [14-17] compared to those 
using resistive bolometers. VOx-based resistive bolometer arrays fabricated 
on surface micromachined silicon readout integrated circuits (ROIC) 
substrate have recently enabled many companies to market their infrared 
cameras with NETD-value attaining near 80 mK. Recently there has been 
great success in uncooled thermal imaging based on the hybrid ferroelectric 
bolometer technology [4]. Due to the super-high thermal response of 
ferroelectric BST ceramics enhanced by electrical bias, the advanced 
dielectric approach of TI' s hybrid ferroelectric microbolometer arrays has 
challenged the NETD-record down to 38 mK. So the DB-mode sensors are 
expected to be applied for fabrication of highly sensitive UFP As. 

Three operation modes of inherent pyroelectric, DC-biased and pulsed 
biased mode have been intensively investigated for maximizing thermal 
response of ferroelectric materials. Temperature dependence of whether 
polarization or relative permittivity for ferroelectrics can be used for the 
thermal sensors. The former effect is referred to the traditional pyroelectric 
(PE) sensor and the latter one is for dielectric bolometer (DB). In PE mode, 
an IR chopper is needed because PE current is generated when temperature 
is changed. On the other hand, in DB mode, the IR chopper is not needed. 
This is very advantageous to get highly sensitive and compact IR sensors 
compared to those of the other types, like resistive bolometer or 
thermoelectric sensor. Pulsed mode offers the advantage of chopperless 
operation, no fear of depolarization and an enhanced responsivity by the 
applied electric field. 

In order to fabricate UFP As in dielectric bolometer mode based on 
ferroelectric thin film capacitors, silicon microstructures are micromachined 
with integrated IC control circuit on the detector with high sensitivity and 
high resolution. A development program has been launched to fabricate such 
a new type of ferroelectric microbolometers with emphasis on demonstrating 
the fabrication feasibility in integrating MOS processes, silicon bulk micro
machining and ferroelectric thin-film processing. This part highlighted the 
superiority of thermal detection mechanism by ferroelectrics operating in 
dielectric bolometer (DB) mode. A new pixel structure consisting of a 
balanced C-C pair, as well as a novel pulse biased operation mode is 
explained. A two-step micromachining technique (i.e., TMAH pre-etching 
plus ultimate SF6 precise RIB) and stress-balanced Si02/SiN/SiOrstacked 
membrane structure are addressed. Sensor material of ferroelectric 
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BST(75/25) films prepared by Metal Organic Decomposition (MOD) has 
been employed in the fabrication of such pixel bolometers. Success in the 
process integration test has shown a good compatibility with MOS 
processes, TMAH silicon bulk micromachining and BST thin-film 
processing. Finally, the measurements and results of the fabricated IR 
detector are described. 

2. PRINCIPLE OF OPERATION 

In general, ferroelectric bolometers utilise the temperature dependence of 
the polarization of material whether spontaneous (traditional pyroelectric 
effect) or induced by electric field (the advanced bolometric effect) as shown 
in Fig. 1. (Ba,Sr)Ti03 shows a first-order ferroelectric phase transition, 
during which its dielectric permittivity gives an abnormal sharp change with 
temperature. Since the electrical bias readily supplies sufficient energy to 
dominate the polarization in terms of dielectric displacement (D), it enables 
an optimum bolometric operation near the ferroelectric phase transition 
temperature. Thus, the total pyroelectric coefficient under electrical bias can 
be calculated as: 

an der 
p(E,T) = (-h =Po+ £ 0 ·E ·-

dT dT 
(1) 

where p0 is the pyroelectric coefficient in the absence of electric bias, Er is 
the dielectric constant, and E is the applied electric field. The first term p0 

will become negligibly small in this extended operation temperature 
window. Thus, the second term designating the field-enhanced component 
will dominate the sensitivity. 

Operating pyroelectric sensor in dielectric bolometer (DB) mode will 
provide new regimes in enhancing responsivity, easing material 
requirements (no need of crystalline orientation) and rendering it poling
treatment free, it will also permit use of electronic scanning for chopperless 
operation. Our pixel design of dielectric bolometers as shown in Fig. 2, 
consists of two ferroelectric capacitors intersected with an output node 
connected to a source follower for readout of voltage. The capacitor pair is 
so arranged that the sensing capacitor fabricated on a thermal isolated 
membrane structure is balanced against the reference capacitor thermally
shorted to the bulk silicon substrate on which the readout integrated circuit 
(ROIC) is formed. The reference capacitor is used to compensate for 
variations in temperature and to release strict requirement in pixel uniformity 
as well. Upon infrared irradiation, the sensitive area will show a considerable 
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temperature rise in contrast to its reference area. Therefore, a capacitance 
difference in this pair is built up due to ferroelectric bolometric effect, and 
this difference can be further enhanced by the optimal thermal characteristics 
of the sensitive area fabricated with micromachining technology. When it is 
in operation, a pulse simultaneously switches on two transistors to supply 
±Vb bias to Cr and Crer, respectively. Since IR heating breaks the capacitance 
balance, a voltage change at the intersection node can be detected and 
readout by a source-follower controlled by a row select switch. 

Curle temperature ' 

' 
Temperature 

Figure 1. Bolometric properties of a ferroelectric material under DC-bias 

+r·. On m embra.ne 

(. v,. 

Figure 2. Schematic view of the proposed C-C balanced ferroelectric pixel circuit 

The circuit shown in Fig. 3 is an equivalent to our pixel, the reference 
capacitor (Crer) is assumed to be identical to the sensitive one (Cr) on the 
membrane at the same temperature. When it is in pulsed operation, two 
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trains of mirrored 5 V pulses are simultaneously applied to the two other 
nodes of the sensing and referencing capacitors via two transistor switches. 
Incident IR-radiation absorbed by the sensitive capacitor causes a 
temperature rise, then an electrical displacement change. This is a new 
design of pulsed mode compared to the pulsed pyroelectric mode. It is 
assumed for an easy analysis that the DC-biased mode with chopped IR
signal is somewhat equivalent to our pulsed-mode without chopping. Rr and 
Rrer encompass both leakage and dielectric loss of the detecting and 
referencing elements, respectively. The load impedance denoted by C1 and R1 

is parasitic. The IR radiation incident on the sensitive area is absorbed, 
causes a temperature rise, and then induces a change in electrical 
displacement. As the temperature difference generated between the 
micromachined temperature-sensitive membrane area and the bulk area is 
significant, a large change of released charge in Cr can be detected when 
biased with a voltage pulse. Thus, an enhanced responsivity same as that in 
De-biased mode is attainable. 

Figure 3. Equivalent electrical circuit for the pixel circuit with a reference capacitor 

When ignoring the phase shift, the change in voltage output (AV ouJ can 
be expressed as: 

(2) 

where, fN is the amplitude of voltage signal due to ferrobolometric effect. 
Comparing the time dependence of AVout with that derived from the De
biased mode [1], the difference is only in the time-independent term, which 
is the offset voltage created by leakage currents through those corresponding 
three capacitors. It is noticed that this offset voltage can be greatly attenuated 
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by the reference capacitor. Thus, the responsivity is similar to that in the De
biased mode [11]. 

(3) 

Since R1 dominates the circuit impedance and C1 is much smaller than 
both Cr and Crer. 

R = Rr //Rrer //R1 = Rr /2 

C = Cr +Crer +C1 = 2Cr 

'te = RC = RrCr 

(4) 

In most cases at moderate frequencies of operation (1Hz to 1kHz), 
Johnson noise (AVN;) primarily arising from the AC electrical conductance 
of the detector element will dominate. Accordingly, AV N,J within the system 
bandwidth B(Hz) of a BST ferroelectric microbolometer array will be: 

2 4kT 0 BR Cr tan o 
A v N ,J = 2 2 2 "" 8kT DB 2 

(1 + c.o R C ) roC 
(5) 

Thus, the NETD-value can be expressed in Kelvin as: 

(6) 

where, 11 is the optical absorptance of the pixel, F is the f-number of the 
optics, 't is the transmittance of the lens. Ad is the sensitive area of one pixel, 
(LlP/ATs)A.l-A.Z is the rate of change with temperature of the radiated power per 
unit area of a blackbody of T s measured within the spectral interval A.1 to A,z. 
ro is the angular modulation frequency of the radiation falling on the pixel, 
which is equivalent to the sampling frequency in the chopperless pulsed 
mode. p is the induced pyroelectric coefficient which is defined as the 
temperature coefficient of electrical displacement. 'tth and 'te are the thermal 



240 Hong Zhu, Jianmin Miao, Minoru Noda, Huaping Xu and Masanori Okuyama 

response time of the pixel and electrical response time of the pre-amplifying 
circuit, respectively. Cth is the heat capacity of the pixel, Gth is the thermal 
conductance between the sensitive area of the pixel and the thermally heat 
sunk substrate. k is Boltzmann's constant and tan~ is the dielectric loss 
tangent of active element. T 0 is the detector temperature close to the Curie 
temperature of the employed BST film and is limited within the ambient 
temperature region for uncooled applications. It is notable that the Johnson 
noise can be further attenuated by Cref and C1• To obtain a low NETD, one 
needs a low f-number, high transparent optics, large pixel area, low noise, 
and a high pixel responsivity. 

As an illustration to evaluate the performance, let B = 100 Hz, F = 1, Ad= 
10·4cm2, 't = 0.9,11 = 0.8, Cf= Cref= 100 pF, Rf= Rref= 10 MQ, tan~= 0.01, 
C1 = lpF, ro =30Hz, Gth = 10-7 W/K., T0 = 300 K, 'tth = 10 ms, 'te = 1 ms and 
(AP/ATs)300K3_1411m = 2.83 X 104 W/cm2·K for a 300 K blackbody. For the 
NETD attainable to 10 mK, p should be larger than 44nC/cm2·K. This 
corresponds to a AE/AT of 10/K. or pixel TCD-value about 1 %/K. if film 
thickness of BST is optimized to be around 1J.Lm, which is one order lower 
than that of the BST ceramic plate in the TI-Raytheon's IR-cameras [2]. As 
the grain-size effect will be critical in the thin-film form [11, 18, 19], 1 %/K. 
is practical in monolithic schemes. 

3. PROCESS DESIGN AND FABRICATION OF 
SENSOR 

The technical approach in our ferroelectric microbolometer development 
is to extend both the high-temperature processing of ferroelectric thin-film 
and sensor micromachining methods to allow the compatible integration of 
on-chip electronics. The process design as well as the resultant structure of 
our Si-monolithic BST thin-film microbolometer is shown in Fig. 4. 
Generally, the silicon is monolithically separated into two parts for 
MOSFETs and membrane fabrications. It is anisotropically etched from the 
back surface of the wafer leaving SiO/SiN/SiO membrane supported over 
the etched groove. This groove is aligned so that sensing capacitors are 
positioned in the center of the membrane and thus thermally isolated from 
the silicon substrate. 

The process sequence as schematically illustrated in Fig. 4 was 
implemented and 2-face-mirrored p+ Si-wafers with either <110> or <100> 
orientations were used in the fabrication. When using the <1 00>-oriented 
silicon wafers, the aligned grooves will be "V" -shaped in contrast to the 
"H"-shaped ones in <110>-oriented wafers. Accordingly, the major steps of 
the process sequence can be summarized as follows: 
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1. The LOCOS process was used to defme the areas for MOSFETs and 
membranes. The field oxide for membrane was patterned and etched 
back by a buffered hydrofluoric acid (BHF) to leave a thin layer of Si02 

with thickness around 150 nm. 

Membrane 
Area 

MOSFET Area 

Field i0) formation & etching 

MOSFET & ShN. formation 

j ..., ,....------J.--

SiO, formation & etching 
Backside RIE 

tacked 
SiWSi.JNJ 

i~ 
membrane 

AH-erching. ioterconoection. BST deposition & elecuode pa~rning 

BST thin film 

I 
Sl subs1rete 

Figure 4. Monolithic process sequence in the fabrication of micromachined ferroelectric 
bolometers 

2. Fabrication of MOSFETs is by standard IC-processes and these are 
covered with LPCVD Si3N4 layer. ShN4 was used not only as a 
passivation layer for subsequent Si anisotropic etching in TMAH, but 
also as a layer to balance off the total stress in the resultant 
Si02/ShNJSiOz layer-stacked membrane. Si3N4 deposition is controlled 
to be about 250 nm in thick. 

3. LPCVD of Si02 (NSG) to a thickness about 800 nm is carried out, then 
the NSG was patterned and removed by BHF to form a stacked NSG 
(800 nm)/ShN4 (250 nm)/SiOz (150 nm) layer in the area for membranes. 

4. Patterning of Si-windows on the back surface of the wafer and 
anisotropic etching of Si in TMAH at 104°C were performed. This 
etching was precisely controlled to form grooves or narrow trenches with 
50 f.Lm-thick Si remaining. This 50-f.lm thick Si is important to ensure 
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that the etched wafer is strong enough for manipulations in following 
processes. 

5. The interconnection of MOSFETs as well as bottom electrode patterns 
for ferroelectric capacitors were formed by lift-off RF-sputtered Pt!Ti on 
the top surface of the TMAH-etched wafers. Then BST ferroelectric film 
was deposited by MOD on the whole wafer and upper electrode of Pt!fi 
was patterned to form sensing and reference BST thin-film capacitors. 
After that, an additional dry-etching by RIE with SF6 from the backside 
of the chips or wafers was performed to remove all the remaining 50 !liD
thick Si, so that the sensing capacitors supported only by 
NSG/ShNJSi02 trilayer-stacked diaphragms were formed and BST thin
film bolometer sensors were monolithically realized. 
A finished EST-ferroelectric microbolometer array on <110>-oriented 

Si-wafer for hybrid testing is shown in Fig. S(a), it is ready for wire bonding 
for IR-sensing characterizations on our standardized IR-test board. Fig. S(b) 
shows a photo of the fabricated 1 x 8 linear array in a monolithic test chip. 
The element size of sensing and reference capacitors were optimized to be 
200 x 200 Jlm2 based on our existing process conditions. Although 11m-thick 
BST film is optimal for thin-film IR-sensors, the film acquired for its 
monolithic implementation on our micromachined Si-wafers was thinner 
than 0.4 Jlm. This is because film-cracking tends to occur on the substrate 
surface when BST -film is thicker than the critical value of about 0.4 Jlm. 

(a) (b) 

Figure 5. Photographs of as-fabricated hybrid-oriented linear test array (a) and a linear test 
array monolithically integrated with a source-follower NMOSFET and an output load resistor 
(b) 

For checking the feasibility of integrating BST thin films as sensor 
material in monolithic arrays, ferroelectric BST thin-film process 
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development was carried out on the both Si(100) and Si(llO) wafers. The 
patterns for bottom electrode is specifically designed to allow on-chip 
crystallinity check by X-Ray Diffraction (XRD). The difference is that the 
blank areas in the center of the chip is separated from the sensor bottom 
electrodes and made large enough for XRD checks. Fig. 6 gives the as
fabricated sample with one individual bolometer and a 1 x 5 linear array. A 
closed view of the micromachined membrane part from surface and backside 
of the substrate proved that the sensing capacitor of Pt/Ti/BST/Ptffi is 
supported on the NSG/SiN/Si02 transparent membrane. Its flat and crack
free image indicates that the stress within the membrane is well balanced. 
Accordingly, the grooves fabricated under the membrane are "V" -shape on 
the <100>-oriented wafers. The BST film was prepared by MOD. The 
uniformity in the film thickness is quite good within the area of substrates. 

(a) (b) 

Surface 
View 

Backside 
View 

Figure 6. Photographic views of as-fabricated capacitor pairs on a test-oriented chip (a), and 
the membrane part observed from both surface and backside of the chip (b) 

4. THE PREPARATION OF BST THIN FILM BY 
MOD 

Of all the process, the most important is the deposition of a good 
ferroelectric thin film as the sensitivity of the sensor is directly linked with 
the property of the BST thin film. Many papers have reported on the 
fabrication technique and property of the BST thin film made by Pulsed 
Laser Deposition (PLD) method [18]. PLD deposition has some merits such 
as good control of thin film composition (stoichiometric transfer), low 
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temperature deposition and good ferroelectric property of the film. But it is 
difficult to make a large area of BST film by PLD due to the small plasma 
plume excited by the laser, and also the uniformity of the PLD made BST 
film is not as good as expected. MOD has its advantages, such as 
homogeneity, easy stoichiometry control and the ability to cover complex 
pattern over several-inch-size large area substrate. In addition, the MOD 
process is very compatible with the monolithic sensor fabrication process. 
Many MOD process parameters such as the spin-coating rate, final annealing 
temperature and time have effects on the structure and electrical property of 
the BST film. The uniformity and reproducibility of MOD method have 
been investigated and shown to be very good. 0.06M (mol/liter) MOD 
solutions with ratio of Ba to Sr (75/25) have been used to prepare BST film. 
The process and parameters to fabricate BST film were listed in Table 1. 

Table 1. Process and parameters of MOD film 
Process and Parameters V aloe 

1 Spin-coating 500 rpm, 5 sec, 2000-4000 rpm, 20 sec 
2 Drying 150°C, 10 min. 
3 Prebak:ing 470°C, 30 min. 
4 Final annealing 60Q-1000°C, 5-60 min. 

Fig. 7 shows the fabrication process of BST thin fllm by MOD. A typical 
process to make BST film is to spin-coat the solution on the substrate at 
4000 rpm for 20 sec; then the fllm is baked on a hot plate at 150°C for 10 
minutes to remove the solvent, and then the film is given a pyrolysis heat 
treatment in a furnace at 470°C for 30minutes to remove the residual 
organics. All the 3 processes were repeated several times until the desired 
thickness of the film is achieved. Finally, the ftlm with desired thickness is 
annealed in a furnace at 800°C for 60 min. Usually a 10-layer BST ftlm is 
deposited for a thickness of 500 nm. The bulk substrate material 
Ptlfi/SiQz/Si is used for testing the property of BST thin film, while the 
micromachined chip is used to fabricate the sensor. 

A good BST ftlm should have a smooth surface and should have no 
macro or micro cracks. A good surface is very important to the later process 
in the sensor fabrication as the upper Ptlfi electrode is directly deposited on 
the BST surface. In addition, cracks in BST ftlm will have bad effects on the 
electrical property. The surfaces of the BST films deposited at different spin
coating rates and under different final annealing temperatures have been 
observed under optical microscope. It was found that the films spin-coated at 
2000 rpm have macro-cracks even though annealed at different temperatures 
at 600°C, 700°C, 800°C. This is probably because each layer of the film spin
coated at 2000 rpm is very thick and this will cause the final film to have 
high internal stress during the fmal high temperature annealing process, 
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which results in a film with macro-crack. The surface of the BST films spin
coated at 3000 rpm and 4000 rpm are good and no macro-crack is observed. 
The film deposited at low spin-coating rate tends to have crack in them, so 
the film should be deposited at a high spin-coating rate. Between 3000 rpm 
and 4000 rpm spin-coating rate, we prefer 4000 rpm as it gives a thinner 
layer. 

BST(75/25) MOD ~ 
Solution • 

500 rpm, 5 
2000 - 4000 rpm, 20 

1so•c, 10 min 

47o•c , 30 min 

600"C - soo•c 
5-60 min 

Figure 7. Ferroelectric BST thin film preparation for Si substrate by MOD method 

Fig. 8 shows XRD pattern of BST films spin-coated at 4000 rpm 
annealed for 1 hour at 600°C, 700°C and 800°C, respectively. BST film 
annealed at 600°C shows a broad BaOx peak, but does not show any 
perovskite BST (101) and (110) peaks, which shows that the BST crystalline 
structure is not formed at 600°C. Films annealed at 700°C and 800 °C show 
perovskite BST (101) and (110) peaks dominating pattern, which shows the 
film becomes crystallized at these temperatures. The film annealed at 800°C 
seems to have a large and better crystalline than that annealed at 700°C, as 
its (101) and (110) peaks have a higher intensity and are sharper than those 
of (101) and (110) peaks annealed at 700°C. From the XRD result, the best 
condition to anneal the BST film is between 700°C and 800°C. 

Fig. 9 shows the XRD pattern of the films spin-coated at 4000 rpm and 
annealed at 800°C for 5, 10 and 30 minutes, respectively. These three films 
have almost the same XRD pattern. In the case of the film annealed for 5 
minutes, although its annealing time is only 5 minutes, the main peak of BST 
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can be seen clearly, which means that the film has become crystallized. It 
seems that the annealing temperature is more important than annealing time. 
At the right temperature, a short annealing time is enough to make the film 
crystalline. 
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Figure 8. XRD pattern of BST films spin-coated at 4000 rpm annealed at different 
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100~--------------------~---------------------. 

g spon coatong rate 4000rp 
N 

80 

30 40 50 60 

20 

Figure 9. XRD patterns of BST films spin-coated at 4000 rpm annealed at 800°C with 
different annealing times 
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Fig. 10 shows the micrograph of BST fllm observed by Atomic Force 
Microscope (AFM). The grain size of fllm spin-coated at 4000 rpm, 
annealed at 800°C for 1 hour is not large, in the range from 50 to 80 nm. 
Observed from the three dimensional view, the surface of the film is very 
smooth. 

t~~~'!;i€,.' .. ; .. .. 
.... ..--. 

100 lOO 

Figure 10. AFM image of the BST film spin-coated at 4000 rpm annealed 800°C for 1 hour, 
top view (left) and three dimensional view (right) 

Fig. 11 shows the hysteresis loops of BST film spin-coated at 3000 rpm 
and annealed for 1 hour at different temperatures. The fllms annealed at 
800°C and 700°C can withstand 20 V bias, while the fllm annealed at 600°C 
can only withstand 5 V bias. The best loop among them is the one annealed 
at 800°C, a slim loop, while a fat loop when annealed 700°C. The fllm 
annealed at 600°C almost shows a "leak" loop. Considering the XRD pattern 
of the films annealed at different temperatures in Fig. 8, we can understand 
why the film annealed at 600°C does not have good ferroelectric property. 
The BST crystalline structure is not formed when the film is annealed at 
600°C. The films annealed at 800°C and 700°C almost have the same XRD 
pattern, but their hysteresis loops are quite different from each other. This 
shows that the microstructure has great effects on the electrical property of 
the BST film. This microstructure is beyond the ability of XRD analysis and 
can be observed by Scanning Electronic Microscope (SEM) or AFM. 

Fig. 12 shows the hysteresis loops of BST film spin-coated at 4000 rpm, 
and annealed at 800°C with different annealing time. All the four kinds of 
films can withstand 20 V bias. The loops of the films annealed for 60 and 30 
minutes are almost the same, a slim loop showing typical ferroelectric 
characteristics in both cases. The loops of the films annealed for 10 and 5 
minutes are not as good as that annealed for 60 and 30 minutes, both giving 
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out a fat loop. The loop of the film annealed for 10 minutes is better than that 
of 5 minutes. It seems that the ferroelectric property of the film annealed for 
a longer time is better as it tends to result in a bigger grain size of the film. 
From the XRD pattern in Fig. 9, we can see that the films annealed for 30, 
10 and 5 minutes almost have the same kind of XRD pattern, but their 
hysteresis loops are quite different from each other. The microstructure of 
the film has great effects on the ferroelectric property of BST film. Many 
papers have reported that the ferroelectric properties have great connection 
with the grain size of the film [19]. BST film with large crystal size tends to 
have better ferroelectrical property. Considering that long annealing time 
tends to give out a BST film with large crystal size, 60 minutes annealing 
time was chosen to anneal the sample. 
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Figure 11. Hysteresis loops of the BST film spin-coated at 3000 rpm annealed for 1 hour at 
different annealing temperatures 

Fig. 13 shows the hysteresis loops of BST film spin-coated on the 
micromachined chip at 4000 rpm, 10 layers, annealed at 800°C for 1 hour. 
The film is about 400 nm in thickness on the membrane structure and it can 
only withstand 10 V bias. However the BST thin film deposited on common 
Ptffi/Si02/Si substrate can withstand 20 V bias. This shows that the later 
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etching process in the sensor fabrication after the ferroelectric film 
deposition has some effects on the electrical property of the BST film. 
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Figure 12. Hysteresis loops of the BST film spin-coated at 4000 rpm annealed at 800°C for 
different annealing time 
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Figure 13. Hysteresis loops the BST film spin-coated on Pt!fi/Si0fSi3N4 membrane at 4000 
rpm and annealed for 1 hour at 800°C 

Ferroelectric BST ceramics with perovskite structure possess a large 
TCD around their Curie temperature (T c) and the T c can be easily changed 
from 0°C to 70°C by adjusting the ratio of Ba/Sr. This characteristic shows 
the transition of the BST from ferroelectric phase into paraelectric phase. A 
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good BST thin film with a large TCD is highly expected so as to fabricate an 
IR sensor with a high sensitivity. Fig. 14 shows the temperature dependence 
of the dielectric constant of the BST fllm spin-coated at 4000 rpm, annealed 
at 800°C for 1 hour on micromachined chip. The dielectric constant was 
measured at 1 kHz and 1 V (peak voltage) condition. The curve is very 
stable after rounds of thermal test. The dielectric constant of the film 
increased as the temperature increased. The Temperature Coefficient of 
Dielectric constant (TCD) is about 1 %/K, which is lower than that of the 
BST ceramics with a TCD of about 3%/K. This is probably because of the 
grain size effect [19]. The grain size of the BST fllm deposited at this 
condition is about 0.08 f.lm, far from the grain size of the bulk ceramics of 1 
- 2 f.lm. As TCD is very important to the sensitivity of IR sensor, more 
efforts should be taken to increase the TCD of the MOD BST film. 
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Figure 14. Dielectric constant versus temperature of the BST film on 
Pi!fi!NSG/Si3NJSi02/Si substrate spin-coated at 4000 rpm annealed for I hour at 800°C 

The uniformity of the BST film made by MOD is very good. Fig. 15 
shows the D-E hysteresis loops of BST film deposited on micromachined 
chips measured on different electrodes. It is estimated that the difference 
between the dielectric constants of the BST film measured on different 
electrodes on the micromachined chips is within 5%. The good uniformity of 
BST film by MOD is very important in practical sensor fabrication process, 
as this will result in a uniform capacitor of the detector pixel. Compared with 
PLD, the MOD has the merit of good uniformity even in several-inch-size 
wafer and also the process is very compatible with the monolithic process of 
the Si micromachining sensor fabrication process. But the demerit of MOD 
is the high temperature and long annealing time, which might damage the 
MOS structure. More efforts should be spent on how to make a good BST 
thin film by MOD at low temperature (such as 650°C), long annealing time 
condition or high temperature (such as 750°C) short time condition (rapid 
thermal annealing) so as not to damage the MOS device. 
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Figure 15. D-E hysteresis loops of the BST film on micromachined chip spin-coated at 4000 
rpm annealed for I hour at 800°C and measured on different electrodes 

5. SENSOR CHARACTERIZATIONS 

The evaluation characteristics of theIR sensor are thermal detectivity Rv, 
specific detectivity D* and noise equivalent temperature difference, NETD. 

Rv=V/(I·A.i) (V/W), Vis the output voltage of theIR detecting pixel, I is 
the density of the IR light, Ad is the area of the detecting pixel. 

D*=(Ad·B)112 ·Rv/i\Vn (cm·Hz112/W), B is the measurement bandwidth of 
the system, L\ Vn is the dielectric loss noise, temperature noise and input 
impedance noise equivalent power. 

Due to the operation principle of DB-mode detector, a chopper is 
unnecessary when measuring the IR response, unlike the pyroelectric-type. 
This is one of very advantageous merit of DB-type sensor. Fig. 16 gives a 
schematic view of the experimental setup in calibrating IR-responsivity of 
these bolometers pixel-by-pixel. The supply voltages imposed to two 
capacitor nodes were 1 kHz sinusoidal waves of 5 V amplitude with 180 
degree phase shifted from each other. After IR irradiation, the output voltage 
change of the detector was amplified through a bandpass filter of 1 kHz. In 
order to measure the thermal time constant ( 'tuJ of the membrane supported 
capacitor element, a mechanical chopper with chopping frequency 
controllable from 1 - 300Hz was applied between the IR lens and an IR 
source. The chopper was used only for making clear the output voltage 
difference in order to calculate the responsivity of the IR sensor, while in 
practical use this bolometer-type detector operates without a chopper. In this 
way, the signal voltage at a fixed measurement condition can be measured as 
a function of chopping frequency. The 'tth-value of the diaphragm-structured 
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thennally isolated sensing element can be calculated. The wavefonn of as
measured signals is shown in Fig. 17. When a pixel with TCD of 1 %/K is 
exposed to an 20 m W /cm2 infrared source, a signal of some 70 m V in output 
voltage change after the lock-in amplifier was detected at chopping 
frequency of 5Hz which is in good agreement with our simulations. Fig. 18 
shows the chopping frequency dependence of the signal voltage. The 
calculated 'tth is about 8 msec, which is an adequate response speed as 
achieved by micromachining for thennal imaging applications. Because we 
did not yet fmd a proper method to apply an IR-absorption layer (e.g., Au
black) on the Pt/Ti upper electrode, the calculated Rv is about 0.4 kV /W. As 
the noise voltage Vn was measured to be -100 nV, a detectivity of about 
9.8x107 cm·Hz112/W was obtained. This was thought to be due to the low IR 
absorption efficiency of the bare Pt/Ti in our pixels. In fact, the absorption 
efficient of our Pt/Ti was evaluated to be about 0.1. If Au-black could be 
applied, a 6-8 times increase in signal voltage can be expected. During the 
IR test, the offset of the output IR signal after the lock-in amplifier is very 
small with a shift speed about 0.5-1 mV/10min, which shows that the 
electrical property of the MOD BST thin film is very stable. 

IR·source 
( 80mW/cm2 ) 

Chopper 
(1-300Hz) 

!\. .. ~. 3V ( 5 kHz) V dd ( SV) 

c1 on 
membrane 

C,.1 on 
bulk area 

Oscilloscope 

1kn 

Figure 16. Schematic diagram of the experimental arrangement used in the measurement of 
the detector output signal as a function of chopping frequency 
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Figure 17. IR response of a detector pixel when exposed to IR source with power density of 
20mW/cm2 
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Figure 18. The output voltage of the IR sensor as a function of chopping frequency 

Furthermore, the IR-measurement system based on the detecting 
capacitor of a DB-mode pixel without a chopper was modified with digital 
output by Fast Fourier Transformation (FFT) method. Instead of the 80 
mW/cm2 IR-source, an IR-laser diode (near-infrared A. = 1.55 ~m) whose 
irradiation power can be precisely controlled by setting the biased diode 
current was used as the IR-object. A good linearity between Fourier 
coefficient of output signal voltage at 1 kHz and IR-power in the range from 
0.5 mW to 4.5 mW was confirmed. Fig. 19 shows the final output vs. IR 
irradiation power as a function of Q-value in the bandpass filter (BPF). It 
shows that even when theIR power is as low as about 0.5 mW/cm2, it is still 
possible to get a good response from the sensor, which indicates that it may 
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be possible to apply the sensor to human detection. It is also understood that 
the linearity improved with increase in the Q-value of the BPF. Fig. 19 also 
shows that the correlated linearity acts pretty well in cases without bandpath 
filter (BPF) or with BPF with varied Q-values. 

A two-dimensional IR-image of this laser diode (LD) using this method, 
as shown in Fig. 20 was obtained by scanning the LD-stage at pitch-by-pitch 
step of 500 J.lm mechanically. During the scan, the LD is set at 3 m W which 
is equivalent to a power density of - 6 mW/cm2 at a characterization 
distance of 8 mm, same as the distance from LD-head to the pixel surface. 
The spot-size of this LD-image agrees well with the real dimensions and the 
real IR-intensity contour, as well. 

Figure 19. Digitized Fourier coefficient of signal output at 1 kHz base frequency as a function 
of IR power of the laser diode 

Figure 20. An example of IR spot image taken by scanning the laser diode at 3 rnW 
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6. CONCLUSION 

A monolithic fabrication process of dielectric bolometer type uncooled 
infrared image sensor has been developed, which integrates both Si 
micromachining, on-chip IC fabrication and ferroelectric BST thin film 
preparation technique. Chopperless operation of the infrared sensor operated 
in pulse mode has been confirmed with the following merits: room 
temperature operation, low power dissipation and high sensitivity. BST 
ferroelectric thin film prepared by MOD technique has been used in the 
detector pixel. The BST film was spin-coated on multilayer membrane Si 
micromachined wafer at 4000 rpm, and annealed at 700-800°C. The detector 
pixel has a specially designed stress-balanced Si02/ShNJSi02 structure. The 
TCD of the as deposited MOD BST film is about 1 %/K. It is specially noted 
that the uniformity and reproducibility of the detector pixel were greatly 
improved by the developed MOD film. The IR response of the fabricated 
detector pixel has been tested with the responsivity Rv and the specific 
detectivity D* to be 0.4kV/W and 9.8 X 107 cmHz112/W, respectively. Great 
efforts should still be taken to improve the bolometric performance of the 
ferroelectric BST thin film and the compatibility of the thin film preparation 
technique with the IC fabrication and Si micromachining technique. 
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Abstract: A single-crystalline, single-wafer micro-gyroscope is fabricated using the Sur
face/Bulk Micromachining (SBM) process. The structural thickness of 
fabricated micro-gyroscope is 40 tJ.m, and the sacrificial gap is 50 tJ.m. For 
electrostatic actuation and capacitive sensing a new electrical isolation 
method, which uses a triple film composed of oxide, polysilicon and metal 
films, is developed. Two versions of gyroscopes are developed. In one version, 
the measured noise-equivalent angular rate resolution is 0.01 °/sec, the input 
range is ±20 °/sec, and the measured bandwidth is 16 Hz. In the second 
version, the measured values are 0.024°/sec, ±50°/sec, and 33 Hz, 
respectively. The angle random walk for versions one and two are 0.0025°/ 
sec/..JHz and 0.0042°/sec/..JHz, respectively. These performance specifications 
put the SBM fabricated MEMS gyroscopes in the "tactical grade". 

Keywords: SBM process, single-crystalline silicon, single-wafer micromachining, triple 
film isolation, micro-gyroscope 

1. INTRODUCTION 

Increasing the structural thickness and using single-crystalline silicon to 
achieve improved performance for gyroscopes have been an important 
research topic in recent years. Many process techniques for fabricating High
Aspect Ratio Structures (HARS), such as the SOl [1], epi-poly [2], SOG [3], 
and SBM [4]-[14] processes have been developed. The epi-poly process can 
have problems of residual stress or stress gradient. The high cost and the 
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residual stress resulting from the bonding process, as well as the footing 
phenomenon, are the main disadvantages for the SOl and SOG processes. 

This paper presents a single-crystalline, single-wafer gyroscope 
fabricated using the SBM process. A new isolation method for electrostatic 
actuation and capacitive sensing is also developed in this paper. 

(a) silicon etch using RIE 

(c) anisotropic etch of passivation 

film 

Silicon 

(b) passivation film deposition 

(d) silicon wet etch in aqueous 
alkaline etchant 

Oxide 

Figure 1. Process flow of the SBM process 
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2. THE SURFACEffiULK MICROMACHINING 
(SBM) PROCESS 

The SBM technology utilizes standard (111) silicon wafers, and 
arbitrarily-shaped, released bulk-silicon structures can be fabricated in a 
single wafer. The fabrication steps of the SBM process are shown in Fig. 1. 
An etch mask layer is deposited and patterned as shown in Fig. 1(a). Next, a 
vertical silicon RIE process is used to define the structural patterns. Then, a 
second passivation film is deposited as shown in Fig. l(b). The film is used 
to protect the structure sidewalls in alkaline etching. The passivation film is 
then anisotropically etched using RIE to expose bare silicon at the bottom of 
the etched trenches as shown in Fig. 1(c). This step does not require a 
photoresist/ lithography step and must not etch the pattern sidewalls. Then, 
the silicon wafer is vertically etched again using deep silicon RIE. The etch 
depth is the same as the desired spacing between the structural layer and the 
bottom surface. This is the same concept as the oxide sacrificial layer in 
surface micromachining. Finally, the wafer is dipped into an aqueous 
alkaline solution, such as potassium hydroxide (KOH), ethylene diamine 
pyrocatechol (EDP), or tetramethyl ammonium hydroxides (TMAH), to 
perform the sacrificial etch. In this fmal step, the lower parts of the sidewalls 
without passivation will be etched in the lateral direction. This wet etch will 
terminate when etch fronts meet { 111 } planes. This results in released 
patterns as in Fig. l(d). 

The SBM process yields very flat and smooth top and bottom surfaces as 
shown in Fig. 2. It is also free from the footing effects. We have fabricated 
structures ranging from 2-100 J.tm in thickness with a sacrificial gap of 2-100 
J.tm. Note that the material properties are transversely isotropic on Si (111) 
planes, which is very desirable. 

(a) Released round plate 
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(b) Backside of round plate 

Figure 2. Examples of fabricated structures 

3. A NEW ISOLATION TECHNOLOGY FOR HIGH-
ASPECT-RATIO SINGLE-CRYSTAL-SILICON 
MICROSTRUCTURES 

Electrostatic actuation and capacitance sensing are the most widely used 
methods for the operation of micromachined actuators and sensors. 
Particularly, the actuation voltages can be in excess of several tens of volts, 
and therefore, a proper electric isolation of electrodes is required. In surface 
micromachining, planar deposited and patterned oxide or nitride films are 
used to electrically isolate electrodes. However, in single-crystalline, single
wafer HARS micromachining, the use of planar deposited dielectric films is 
difficult. 

3.1 Previous technologies 

In the Single Crystal Reactive Etching and Metallization (SCREAM) 
process, the electrical isolation is accomplished after the release step, using a 
PECVD oxide intermediate layer and a sputtered metal layer [15]. The 
isolation steps in the SCREAM process do not require an additional 
photoresist or lithography step, which is very simple and cost-effective. 
However, the major problem is that the metal films used as a conductive 
layer are not uniformly deposited on the sidewalls of microstructures when 
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the structural thickness is large with a narrow lateral electrode gap. In our 
micro-gyroscope, which has a 2 Jlm trench, neither sputtering nor e-gun 
evaporation was successful in depositing AI film to a depth larger than 
approximately 10 J.tm. It is possible with more advanced equipment to 
deposit metal films to a deeper trench with good step coverage. However, 
this very property does not allow maintaining the electrical isolation in the 
SCREAM isolation process, since metal films will be deposited at the 
structural bottom surface also. As a result, the SCREAM isolation process is 
not suitable for the fabrication of high-aspect-ratio micro-structures that 
require lateral sensing or actuation. 

We have developed an isolation method, which utilizes a reverse-biased 
p-n junction diode [8]. In the junction isolation method, the electrical 
isolation is accomplished by doping a n-type impurity into a p-type wafer 
and vice versa, and by applying a reverse-bias voltage between counter
doped electrodes and substrate. The junction isolation process can be done at 
the very beginning of fabrication step. Thus, the isolation steps do not 
require any process modification. However, very thick structures cannot be 
completely doped, and thus, a high lateral capacitance cannot be achieved. 

A new isolation method using trench-filled insulating films has also been 
introduced by others and us [7], [11]. This method uses oxide films as 
insulating layer between electrode and substrate. An insulating layer is 
formed at the sides of electrodes, and the electrodes are underetched at the 
bottom to accomplish electrical isolation. In the trench-isolation method, an 
additional conducting layer is not required for actuation or sensing, since a 
low-resistive silicon wafer is used. However, the process steps are quite 
complicated. The process steps for achieving electrical isolation consist of 
two separate release etch steps, one for releasing electrode from the 
substrate, the other for releasing movable structure. Furthermore, the metal 
films, necessary for wiring trench-isolated electrodes to bonding pads, 
require an additional mask. 

3.2 A new isolation technology using sandwiched oxide, 
polysilicon and metal films 

The key idea of the newly developed method is the use of a heavily
doped LPCVD polysilicon film, which can be deposited on all sidewalls 
with an excellent step coverage, even in narrow-gap trenches. The detailed 
isolation process is shown in Fig. 3. In Fig. 3, it is assumed that the single
crystalline-silicon micro-structure is already fabricated using a suitable 
process. This paper uses the SBM process. The isolation process starts with 
the oxidation of all exposed surfaces (Fig. 3(a)), followed by heavily-doped 
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LPCVD polysilicon deposition (Fig. 3(b)). Since the LPCVD polysilicon 
films have an excellent step coverage, the polysilicon films are deposited at 
all sides of the released microstructure as well as at the top and bottom sides 
of the sacrillcial gap as shown in Fig. 3(b). Then, an AI film is sputtered or 
evaporated. For this step, equipment with poor step coverage is desired, 
since it is desired that the trench bottoms do not get deposited with AI. 
Polysilicon films at the exposed bottom areas are then selectively and 
anisotropically etched away, using an SF6 and C~8 based RIE process (Fig 
3(d)). The top AI layer serves as the etch mask, since SF6 and C~8 plasmas 
do not etch AI. The electrical isolation is obtained in this step. It is also 
possible to etch the polysilicon at the trench bottom before the deposition of 
AI. In this case, the AI films contact with polysilicon films only at the upper 
sidewalls of microstrutures. It should be noted that this process may not 
work for structures with wide gaps, because the AI f11m will be deposited at 
the bottom of the structures. 

Fig. 4 shows a fabrication example of oxide/polysilicon/ metal triple 
layer isolation method, which is a cross section of a gyroscope fabricated in 
this paper. The thicknesses of the oxide, polysilicon, and metal films 
measured at the top side of wafer are 0.12 !J.m, 0.18 J.tm, and 0.35 J.tm, 
respectively. The trench depth is 40 ~-tm. and the opening width is 8 !J.m. Fig. 
4(a) shows the upper part of the trench. All the oxide, polysilicon and AI 
films are clearly visible at the top. On the sidewall, however, AI film is not 
deposited beyond several J.tm from the top. In Fig. 4(b ), which shows the 
lower part of the trench, the oxide and polysilicon films are uniformly 
deposited on both the sidewall and the bottom surface facing the substrate. 
No AI film is visible on any of the surfaces in this lower part. This allows 
utilizing the entire sidewall to maximize capacitance. 

In this triple fllm isolation method, no additional photomask is necessary, 
and the entire process is very simple and short. Another notable advantage of 
this method is that trench gaps can be made smaller than the original 
dimensions defmed by photolithography, because of the thickness of the 
additional fllms. This can be used to control the electrical capacitance, since 
it is proportional to the inverse of the gap distance. 

The most useful byproduct of this triple fllm isolation method is that the 
composite thickness can be adjusted to control and flne tune the device 
characteristics to match the original design specillcations. This undercut 
phenomenon inherent in deep silicon etchers can significantly alter the 
spring constant of beams, and the additional oxide and polysilicon fllms can 
be used to compensate for the undercut. 
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(a) oxidation of released structures (b) polysilicon deposition 

(c) metal deposition (d) polysilicon etch for electrical isolation 

- - - D 
Si Oxide polysilicon metal 

Figure 3. Process flow of the developed isolation method 
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(a) upper part 

(b) lower part 

Figure 4. Electrodes processed by the oxide/polysilicon/metal isolation method (40 J.Lm 
height) 

4. MICRO-GYROSCOPE DESIGN 

The micro-gyroscope fabricated in this paper estimates the input angular 
velocity by sensing the displacement of a proof mass, induced by the 
Corio lis force. Fig. 5 shows the schematic of the fabricated micro-gyroscope. 
The outer and inner masses are driven together in the x-direction at the 
driving mode resonant frequency. When an angular rate is applied in the z-
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direction, the inner mass moves in the y-direction. Note that there are 
different masses and different springs for the driving mode and the sensing 
mode. In a more conventional coupled-mode gyroscope with only one set of 
springs and one mass for driving and sensing, an induced Coriolis force 
makes the oscillation motion elliptical. This elliptical motion reduces the 
mechanical stability and becomes a source of a mechanical noise. The 
elliptical motion becomes more pronounced as the resonant frequency 
mismatch of the driving and sensing mode decreases. In the remainder of 
this paper, gyroscopes with one set of suspensions are called "coupled" 
gyroscopes, and gyroscopes with separate sets of suspensions for the driving 
and sensing mode are called "decoupled" gyroscope. It is well known that 
the resolution of a coupled gyroscope is relatively lower than that of a 
decoupled gyroscope, because of the strong mode coupling [17]. In one 
design, the driving and sensing mode resonant frequencies are designed to be 
4.58 kHz and 5.76 kHz. In the second design, they are designed to be 3.94 
kHz and 5.48 kHz, respectively. The resonant frequency of sensing mode is 
designed to be about 1200- 1500Hz higher than that of driving mode, since 
the resonant frequency of sensing mode can be easily lowered with 
electrostatic tuning. 

driving combs 

Figure 5 . Schematic of the designed micro-gyroscope 

sing driving 
motion 

y 

Lx 
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5. FABRICATION TECHNOLOGY 

In this paper, a single-crystalline-silicon micro-gyroscope is fabricated in 
a single wafer using the SBM process and the oxide/polysilicon/metal triple 
layer isolation method. The structural thickness of fabricated micro
gyroscope is 40 J.tm, and the sacrificial gap is 50 J.tm. The chip size is 2.2 
mm x 3 mm. Only a single mask is required to fabricate the micro
gyroscope. The large sacrificial gap of 50 J.tm is beneficial in terms of 
reducing air damping, and thus, increasing the Q-factor. 

The fabrication process starts with an-type, (111)-oriented silicon wafer 
with a resistivity of 10 mn. A Plasma-Enhanced Chemical Vapor Deposition 
(PECVD) oxide layer is deposited and patterned. The deposited oxide layer 
is used as a hard mask for deep silicon etching. Next, a vertical, deep silicon 
RIB is performed to a depth of 40 J.tm to defme the structural patterns. The 
frrst oxide layer should be thick enough to withstand the vertical silicon RIB 
steps for structure patterning and sacrificial-gap definition, as well as the 
fmal aqueous alkaline etching for releasing the structures. In the standard 
Bosch process, the etch depth is highly dependent on the opening width. 
Thus, it is important to design all opening width to be about the same in 
order to have a uniform etch depth. In our design, the minimum opening 
width is 2 J.tm and the maximum is 15 J.tm. The maximum opening width is 
the required dimension for resonating the structure. The final structure 
thickness becomes the etch depth at the smaller openings. 

After the structure patterning step, a 1200 A-thick thermal oxide film is 
grown. The film is used to protect the structure sidewalls in alkaline etching. 
This oxide film is then anisotropically etched using RIB to expose bare 
silicon at the bottom of the etched patterns. This step should not etch the 
oxide on sidewalls and should not expose bare silicon at the top. Then, the 
silicon wafer is vertically etched again using deep silicon RIB. The etch 
depth at the larger opening measured from the frrst etch depth at the smaller 
opening is 50 J.tm. This results in a sacrificial gap of 50 J.tm. The wafer is 
then dipped into a 20%, 90°C Tetramethyl Ammonium Hydroxides (TMAH) 
solution for 15 minutes, to perform the release etch. In this step, the lower 
parts of the sidewalls without the oxide passivation will be etched in the 
lateral direction. The etch rate in <110> directions is about 95 J.tmlhr in this 
etch condition. After the release etch step, all sidewall passivation oxide and 
top oxide films are removed in a HF solution. After that, the 
oxide/polysilicon/metal triple layer isolation process is performed. For 
isolation, a 1200 A-thick thermal oxide film is grown. Next, a LPCVD 
polysilicon film is deposited to a thickness of 1800 A. Note that the undercut 
in our deep etch process is about 2500 A. The deposition temperature is 585° 
C, and the as-deposited residual stress is 30 MPa in a tensile state. For 
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doping of polysilicon ftlms, the predeposition of phosphorus-containing 
oxide is performed at atmospheric pressure and 900°C for 10 minutes, with 
2000 seem of N2 , 400 seem of POCh -containing N2, and 200 seem of 0 2• 

Then, a 3500 A-thick, 1% silicon-containing Al film is sputtered at the top. 
This Al ftlm is used for the electrodes, and also serves as the hard mask for 
the ensuing polysilicon anisotropic etch to remove the lines and areas of 
polysilicon at the bottom for electrical isolation. Fig. 6 shows SEM 
photographs of the fabricated micro-gyroscope. 

(a) overall view 

(b) close-up view of combs 

Figure 6. Fabricated micro-gyroscope version 2 using the SBM process (40 f.lm height, 50 ~m 
sacrificial gap) 
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6. RESULTS 

Fig. 7 shows the results when a 10°/sec, 10Hz angular rate is applied. 
The test was performed in a 10 mTorr vacuum chamber. For the first design, 
a 0.8 volt peak-to-peak sinusoidal voltage with 2.5 volt offset was used for 
driving. A noise equivalent resolution of 0.01°/sec was measured. The 
measured bandwidth was 16.2 Hz. This gives a noise equivalent random 
angle walk of 0.0025°/sec/..JHz. The output was measured to be linear within 
2% for ±20°/sec range. Earlier results on this version one can also be found 
in [10]. For the second design, a 0.1 volt peak-to-peak sinusoidal voltage 
with 8.37 volt offset was used for driving. A noise equivalent resolution of 
0.024°/sec was measured. The measured bandwidth was 33Hz. This gives a 
noise equivalent random angle walk of 0.0042°/sec/'VHz. The output was 
measured to be linear within 7% for ±50°/sec range. The two versions have 
slightly different dynamic characteristics, but the overall performance levels 
are comparable. 

1 0 

Output signal 

3980 4000 4020 4040 4060 4080 

Frequency [kHz] 

Figure 7. Output signal of fabricated micro-gyroscope version 2 in the frequency domain 
when 10%ec, 10 Hz angular rate input was applied. The signal to noise ratio was calculated 
by the ratio of average level of two output signals at the sideband to the level of the noise 
floor. 

7. CONCLUSION 

In this paper, two single-crystalline micro-gyroscopes were fabricated on 
a single wafer. The gyroscope is measured to have the tactical grade 
performance. More research is underway to further improve the performance 
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and to provide multi-axis sensing. Due to the high manufacturability of the 
SBM technology and the high accuracy of the triple film isolation 
technology, they will fmd applications in biomedical MEMS, optical 
MEMS, as well as the traditional physical MEMS, in the near future. 
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Abstract: This chapter describes an in-situ trench etching and release technique to 
fabricate high aspect-ratio beams for high performance MEMS accelerometers 
using the Si02 etching mask from Magnetically Enhanced Reactive Ion Etcher 
(MERlE). Work has started from comparison of the profiles of trenches 
masked by Si02 to those masked by ShN4 in forming MEMS structures. In our 
experimental conditions using HBr/SiFJ02 in MERlE, the etching process 
with the Si02 mask was proven to be able to form deeper anisotropic trenches 
than that with the the Si3N4 mask. Amount of oxygen available from the 
etching gas and/or the mask appeared to be a major factor controlling the floor 
etching of trenches as well as the sidewall passivation of beams. Excessive 
oxygen generated from the Si02 mask led to sidewall encroachment of the 
beams. On the other hand, lack of oxygen in the Si3N4 mask resulted in etch
stopping and micro-grassing, before forming the high-aspect-ratio MEMS 
structures. In the conventional process, lateral encroachment due to the release 
etching was severe underneath the Si02 mask. In the in-situ process developed 
in this research, the sidewall of the beams was passivated by inhibiting layers 
formed during the HBr/SiF J02 trench etching, and the beams were not 
attacked by the subsequent SF6 release etching. Major constituents of the 
passivating layers that were produced by the in-situ process were Si and 0. 
The in-situ process dispensed with both sidewall deposition and floor etching 
steps of the conventional process. Dependency of etching rates on open-ratio 
and pattern-size was studied in MERlE for high aspect-ratio MEMS structures. 
The etching rates of Si substrate in MERlE remained unchanged despite a 
change in the overall open-ratio on the wafer in the range of 10% to 50%, and 
this was different from the results of an ICP etcher. 

Keywords: MEMS, plasma etching, mask, Si02, Si3N4, sidewall passivation, high aspect 
ratio, in-situ, MERlE, ICP, Deep Reactive Ion Etching (DRIE) 
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1. INTRODUCTION 

1.1 Plasma etching for MEMS 

MEMS (Micro Electromechanical Systems) is a rapidly developing field 
whereby small application devices such as sensors and actuators are formed 
on silicon wafers. These micro-devices such as pressure sensors and 
accelerometers are widely used in areas like the biomedical and automotive 
industries. The list of applications increases by the day. The main advantages 
that these micro-devices have over their macro counterparts are their smaller 
size, lighter weight, faster response time, higher precision, higher sensitivity 
and lower cost. Surface micro-machining techniques have been commonly 
utilised in the fabrication of micro-sensors and micro-actuators. Deep 
reactive ion etching techniques available in recent years have enabled 
etching of narrow, deep beams into substrates [1, 2]. The deep trench and 
release etching results in formation of high aspect ratio beams for fabricating 
high performance accelerometers [3-5]. 

Nowadays, the etch process that is more commonly used to form MEMS 
is dry etching using plasmas. This is because as compared to wet etching 
[6], plasma etching does not have the problem of being constrained by 
crystal orientation. This is advantageous because it implies, besides single 
crystal silicon, polycrystal and amorphous silicon can also be used for the 
fabrication of micromechanical structures. However, more importantly, 
plasma etching is capable of delivering anisotropic profiles that are needed 
for the features of MEMS devices. 

1.2 Mask for MEMS etching 

In plasma etching, most of the variables that can affect the etch profile 
are related to the plasma processing parameters (eg. RF power, pressure, gas 
flow rates, and gas combination). Mask material can also affect etch profiles. 

Two common mask materials that have been studied are silicon dioxide 
(Si02) and silicon nitride (ShN4). Silicon dioxide is a very commonly used 
mask material for IC fabrication and MEMS processing [7]. In many cases, 
it has enabled the formation of deep trenches with rather good etch profiles. 
However for certain plasma chemistries (such as those with carbon
containing gases), it is possible that the oxygen released from Si02 will 
scavenge the polymer layers formed on a surface during the plasma etching 
process. For instance, oxygen can eliminate carbon-containing polymers by 
reacting with them to form gaseous by-products like CO or C02• As a result, 
the anisotropy of a trench feature will be affected because the polymer layers 
on its sidewalls are being removed. The formation of passivating polymer 
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layers on trench sidewalls is essential for obtaining anisotropic trenches 
because without them, the silicon material on the sidewall will be exposed to 
the reactants or bombarding particles in the plasma. This can lead to 
undesirable undercutting. 

In view of this, Si3N4 has a potential to be a better mask material than 
Si02 and is worthy of being studied because it does not contain oxygen that 
can affect the sidewall polymer formation and it is harder than Si02. The 
ShN4 mask was used in the fabrication of silicon-based sensors and actuators 
due to its superior mechanical properties. It was also used as a mask for wet 
etching in bulk micromachining [8]. 

1.3 High-aspect-ratio trench etching 

One of the earlier bulk micromachining techniques utilising sidewall 
passivation is Cornell University's SCREAM (Single Crystal Reactive 
Etching and Metallization) process [9]. This technique has been widely used 
for fabrication of high aspect ratio single crystal silicon beams. The basic 
idea of SCREAM involves mask patterning followed by deep silicon 
etching. A global passivating layer is deposited whereby the floor material 
is being removed before releasing of the cantilever beams. Fig. 1 shows the 
SCREAM process flow. 

Another commonly used method for MEMS etching is the Bosch 
process. This process is based on the technique invented by Larmer and 
Schilp [10] and uses a variant of the sidewall passivation technique. Rather 
than the sidewall protection being an integral part of the process, the 
passivation step is deliberately segregated by using sequentially alternating 
etching and deposition steps: see Fig. 2. First a sidewall passivation polymer 
is deposited and subsequently the polymer and silicon are etched from the 
base of the trench, to allow the etching to proceed directionally. In this 
cyclic way, the etching and deposition can be balanced to provide highly 
anisotropic profiles. The STS' s ASE [ 11] process utilises this method. 

A new in-situ trench and release etching technique for fabrication of 
High Aspect Ratio Trench (HART) has been developed [5]. In a 
conventional process, lateral encroachment was severe beneath the Si02 
etching mask. In this process, the sidewalls of the beams were passivated by 
the inhibiting layers formed during the HBr-based trench etching. They are 
not chemically attacked by subsequent SF6 release etching. The in-situ 
etching process dispensed with both sidewall deposition and floor etching 
steps. Capacitance and yield results obtained using the new in-situ process 
were found comparable to those of the conventional process [5]. 
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1) Mask Patterning 

Si 

2) Anisotropic Etching 

Sidewall Passivation 

3) Global Oxide Deposition 

4) Floor Oxide Removal 

5) Isotropic Release Etch 

Figure 1. SCREAM process flow 
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/ Deposit polymer 

fz) 
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Figure 2. Bosch process 

2. EXPERIMENTS 

2.1 Sample preparation 

The processes used to develop the trench features are a part of the 
fabrication processes for the beams of an accelerometer sensor. The working 
concept of a capacitive accelerometer is based on the principle that, when the 
distance between the plates of a parallel plate capacitor is varied, a change in 
capacitance value will follow. The sensitivity of the device can also be 
calculated. To realize such a differential capacitor device, structures forming 
alternating pairs of fixed and movable floating silicon beams are fabricated 
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as shown in Fig. 3. These beams act as the plates of the parallel plate 
capacitor. During the initial fabrication stages of the beam structures, it is 
required that silicon trenches are formed first. 

Figure 3. Accelerometer diagram 

The Si02 and Si~4 masked samples are prepared in the same manner as 
shown in the flow chart of Fig. 4. As the selectivity of silicon to Si02 is 
reported high and the hardness of ShN4 is also high, Si02 and ShN4 

materials of 1 Jlm thickness are deposited initially using PECVD (Plasma 
Enhanced Chemical Vapour Deposition). A second batch of samples 
deposited with 3 Jlm Si02 and ShN4 are also prepared for the purpose of 
evaluating capability of deep and high-aspect-ratio trench etching. 

As seen from Fig. 4, the wafers are first cleaned using diluted HF. To 
ensure that the deposition meets the required thickness, measurement of the 
mask materials is done using a film thickness measurement machine: 
interferometer. Thereafter, transfer of the lithography mask pattern to the 
wafers is frrst done by spin-coating the wafers with a layer of photoresist. 
Mask exposure is then carried out followed by resist development. Hard 
baking of the resist is necessary to eliminate moisture and solvents from the 
resist so as to give the resist stronger resistance to etching. 

After the photolithography step, etching of the mask layer (Si02 or Si3N4) 

using an Applied Materials P5000 MERlE machine is subsequently carried 
out. The etch process is carried out at room temperature with a pressure of 
50 mTorr. Before proceeding with the etching of silicon substrate to form the 
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required trench features, it is important that the openings of the trenches to 
be cleared of any native oxide. This is done by doing an additional step of 
diluted HF clean. 

! 
i 
i 

: ................................................ : 

Measure Thickness of SiOz JSiJN.Ieft in open area 

Figure 4. Flow chart of the sample preparation 

For the purpose of fmding out the selectivity of silicon to the mask 
materials, the thickness of the mask materials left is subsequently measured 
using an interferometer. The depth of the silicon trench is determined using a 
surface proftler: Tencor Instruments Alpha Step 200. 

2.2 Deep etching processes 

The formation of the MEMS structures usually utilises bulk 
micromachining techniques. Being mass structures, these devices require 
high aspect ratio while maintaining good parameters such as selectivity, 
uniformity and taper angle of the beams. Two different sizes of gap openings 
(2.25 J.lm and 7.25 J.lm) are being investigated to study the effect on the 
profile of the trenches. A series of etching times varying from 20 to 100 
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minutes are employed. Details of etching results using Si02 and Si3N4 masks 
were reported elsewhere [12]. 

2.3 Equipment and plasma chemistry 

2.3.1 Equipment 

The etch system used for the experiment is a Magnetically Enhanced 
Reactive Ion Etcher (MERlE). It operates at medium pressures typically in 
the range of 20 mTorr to 300 mTorr. It is a versatile chamber that can be 
configured to etch silicon, metal or dielectric films. 

As in other reactive ion etchers, wafers are placed on a RF (13.56 MHz) 
powered electrode. The electrodes, across which the RF electric field is 
applied to generate plasma are connected as shown in Fig. 5. The electrode 
areas are asymmetric with the wafer electrode being smaller than the 
grounded counter electrode. This larger grounded area combined with the 
moderate operating pressure leads to higher plasma sheath potentials at the 
wafer surface. As a result, in reactive ion etching, the bombarding ions will 
strike the wafer surface with higher energy, as compared to conventional 
plasma etchers. 

The main difference between the MERlE and other reactive ion etchers is 
that, there is an additional magnetic field (30 to 100 gauss) applied parallel 
to the wafer surface. This field increases the plasma density and thereby the 
etch rate. The magnetic field is created by using two sets of orthogonal 
Helmholtz coils mounted on the outside of the etch chambers. 

Grounded electrode Substrate Plasma region 

rfpower 
supply To pump 

RF powered electrode 

Gas Inlet 

Figure 5. Schematic diagram of an ordinary RIE 
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2.3.2 Plasma chemistry 

2.3.2.1 Chemistry for mask patterning 
For the process steps of etching Si02 and Si3N4 mask materials, the 

fluorine based chemistry is used. The CHF3 is introduced as a source to 
supply CFx radicals such as CF2 or CF3• These radicals will attach to the 
mask material surface and assisted by ion bombardment [13, 14], react with 
Si02 or ShN4 to form gaseous products such as SiF4, C02, COF2• During 
over-etching process, the CFx radicals will also be deposited on the silicon 
substrate. However, this deposition of fluorocarbon layer will protect the 
silicon layer from sputtering and chemical attacks, and this results in good 
selectivity of the underlying silicon. 

2.3.2.2 Chemistry for silicon trench etching 
The gas mixture of HBr, SiF4, NF3, and He02 was used in our 

experiments for the silicon trench etching process. The NF3 and SiF4 are 
introduced into the plasma as the source of fluorine atoms or fluorides which 
readily react with silicon to form gaseous products like SiFx. The He-02, as 
the source of reactive oxygen atoms, is introduced for the purpose of 
increasing the etching rate of the substrate silicon as well as increasing the 
etching selectivity with respect to the mask. Furthermore, the 0 2 can help to 
obtain anisotropic etching profiles by forming the SiOx passivation layer on 
the sidewall [5, 15]. The HBr is introduced into the plasma as the source of 
reactive bromine atoms which can react with the silicon substrate through 
ion-enhanced mechanism mentioned earlier [13]. According to the reports, 
the Br-based plasma can achieve highly anisotropic profiles due to the low 
reaction probability of the bromine radicals with the oxygen containing 
sidewall [7, 13]. 

3. RESULTS AND DISCUSSIONS 

3.1 Effect of different masking materials on HART 
anisotropic etching 

There is a potential for silicon nitride to be a better mask material than 
silicon dioxide because silicon nitride does not contain oxygen which can 
oxidize passivated sidewalls of beams in MEMS structures. The etching 
process using oxide mask was proven to be able to form deeper anisotropic 
trenches than that using nitride mask. Amount of oxygen available either 
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from the etching gas or the mask appeared to be a major factor controlling 
the floor etching of trenches as well as the sidewall passivation of beams. 
Excessive oxygen led to sidewall encroachment of the beams, whereas lack 
of oxygen in the nitride mask resulted in etch-stopping and micrograssing 
("black silicon" or "micromasking" [16]), before forming the high-aspect 
ratio MEMS structure. 

Initial results for the ShN4 masked samples revealed that with a low He-
02 gas flow, micrograssing is evident (see Fig. 6(a)). As mentioned earlier, 
during the mask patterning step prior to trench etching, the silicon surface 
can be contaminated by carbon rich polymeric compounds. The oxygen can 
remove these carbon-related contaminants by reacting with them to form 
gaseous by-products like CO and C02. Hence, for these initial ShN4 

samples, it is suspected that the micrograss formation is linked to the 
inadequate amount of oxygen present to reduce contaminants on the silicon 
surface. The Si02 masked samples are less affected by this problem because 
the Si02 mask supplies its own oxygen during etching. With an increase in 
amount of the He-02 gas flow from 6 seem to 9 seem so as to increase the 
amount of oxygen present, micrograss is successfully removed as seen in 
Fig. 6(b). 

Fig. 7 shows a nitride masked sample etched with 9 seem of He-02 for 13 
minutes. The structures have been well formed and the silicon surface is 
smooth after trench etching. We can understand that the micrograss 
formation which is observed with a lower He-02 gas flow ( eg. 6 seem) is due 
to excessive non-volatile etch products generated from combination of the 
nitride mask, silicon substrate, and etching gases HBr/SiFJNF:fHe-02. 

(a) (b) 

Figure 6. (a) Si3N4 etched with 6 seem He-02; (b) Si3N4 etched with 9 seem He-02 
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Fig. 7 - Fig. 10 show some samples masked with 1 !-lm of Si02 and ShN4 

etched using 9 seem He-02• The oxide masked samples do not have the 
problem of micrograss formation. 

Figure 7. Si3N4 mask; etch time: 13 min. Figure 8. Si3N4 mask; etch time: 23 min 

Figure 9. Si02 mask; etch time: 13 min. Figure 10. Si~ mask; etch time: 23 min. 

As seen from Fig. 9 and Fig. 10, the trenches of the oxide masked 
samples are highly anisotropic. On the other hand, trench profiles of the 
nitride masked samples are tapered as shown in Fig. 7 and Fig. 8. It is also 
observed that the nitride mask is etched more tapered as compared to the 
oxide mask. Also, the edges of the nitride mask are worn off faster than 
those of the oxide mask. To investigate whether the tapered trench profiles 
of the nitride masked samples are due to wearing off of the mask material at 
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the edges, a second batch of samples, masked with 3 Jlm of oxide and 
nitride, is prepared. 

Fig. 11 - Fig. 16 show the trench profiles for the 3 Jlm oxide and nitride 
samples. The etch recipes and sample preparation steps are the same as those 
for the samples with 1 Jlm mask materials. The average surface roughness of 
the passivated sidewalls was about 5 nm when it was measured by Atomic 
Force Microscopy [5]. However, even after using 3 Jlm of nitride mask 
material, tapered trench profiles are still obtained for the nitride samples. 
This shows that the earlier tapering effect is not due to inadequate thickness 
of mask material. 

3.2 Etching profiles 

Analysis of Fig. 11 -Fig. 16 revealed that the trench anisotropies of the 3 
Jlm oxide and nitride samples are about 0.97 and 0.94 respectively. For both 
the oxide and nitride samples, there is an observed linear decrease of 
anisotropy with etch time. This variation of anisotropy appears to be caused 
by isotropic erosion of the mask that can be indirectly expressed as etching 
selectivity of the silicon substrate with respect to the mask. For the oxide 
samples, the anisotropy variation is very slight. However, their anisotropy 
variation of the nitride samples is slightly larger. 

Thus, the etch recipe for the nitride samples needs to be further fine
tuned to find out the appropriate gas combination with the sufficient amount 
of He-02 so that the micrograsses can be removed and anisotropic trench 
profiles can be obtained at the same time. 

Figure 11. Si02 mask; etch time: 23 min. Figure 12. Si02 mask; etch time: 30 min. 
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Figure 13. Si02 mask; etch time: 47 min. Figure 14. Si3N4 mask; etch time: 23 min. 

Figure 15. Si3N4 mask; etch time: 30 min. Figure 16. Si3N4 mask; etch time: 47 min. 

3.3 Selectivity of silicon to masks 

Using the experimental results obtained, it has been found that the 
etching selectivity of silicon to the oxide mask is 118. The high etching 
selectivity can be achieved by addition of oxygen that helps to remove 
polymeric fluorocarbon residues on the silicon trench floor and to keep the 
etch rate of oxide low. The etching selectivity of silicon to the nitride mask 
is found to be 18. This lower selectivity arises because, in addition to the 
directional etching that Si02 is also experiencing, Si3N4 has also been 
chemically attacked by HBr/SiFJNF3• An indication of this can be seen from 
the rounder shape of the ShN4 mask in Fig. 14, Fig. 15, and Fig. 16 as 
compared to that of the oxide mask shown in Fig. 11, Fig. 12, and Fig. 13. 
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3.4 Etch rates 

Fig.17 plots their corresponding variation of etch rate as a function of 
time. As the trenches become deeper the differences in trench depths 
between the 2.25 Jlm and 7.25 Jlm trench features become more obvious due 
to the Reactive Ion Etching (RIE) lag. It can also be seen that the etch rates 
change as a function of the feature size. The etch rates of the nitride masked 
samples are generally lower than those of the oxide masked samples in this 
experimental condition. 
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Figure 17. Etch rate with time 
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3.5 Analysis of sidewall passivation 

Analysis of the passivation layers on the sidewall was performed by 
Auger Electron Spectroscopy (AES) for the sample obtained by the new in
situ trench and release technique [5]. As the layer is expected to be thin, 
Auger spot analysis was utilized. 

The result of Auger surface analysis in Fig. 18 showed that the major 
constituents on the sidewall are 0 and Si. Halogens in the etching gases such 
as Br and F were not detected. Oxygen in the passivating layer was 
originated from the mask and the etching gases. Resputtered silicon from the 
base of the trench reacted with the 0 ions from the masks and the gas 
mixture. It was interesting to note that, the chemical constituents in the 
passivating layer of the new method turned out to be same as those of the 
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conventional method where the Si02 passivating layer was deposited by 
CVD. Formation of the passivating layer in the new method can be 
summarized, as shown in Fig. 19. 

One of the most important aspects in dry etching especially for high 
aspect ratio released beams is the integrity and coverage of the sidewall 
passivation. A layer of PECVD oxide can be deposited for sidewall 
protection. However as feature sizes reduced, there is limitation to the 
thickness of that layer. Hence it is of great need for a smooth sidewall that 
the coverage of the passivation be thin and uniform. Sidewall roughness of -
4 nm was obtained on the sidewalls from both the conventional and the new 
in-situ trench and release process. 
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AES Spot Analysis 
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Figure 18. Auger analysis of the passivation layer 
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Figure 19. Sidewall passivation mechanism for the new process 

3.6 Dependency of etching on pattern size and open ratio 

3.6.1 Pattern size dependency 

Two regions of the wafers are cross sectioned: center and edge for both 
the 2.25 J..lm and 7.25 J..lm openings. The respective depths against the given 
etch times are shown in Fig. 20. There is a dependency of the etch depth 
against the opening gap of the etch area. The rate of the increase in etching 
depth for the 2.25 J..lm openings decreases with time while that for the 7.25 
J..lm openings increases almost linearly. This is observed in Fig. 13 for cross 
sections. With a smaller opening, there should be more collisions between 
the incoming neutrals and ions with etch products. This limits the efficient 
transfer of incoming particles to the bottom of the trench, resulting in RIE 
lag. 
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Figure 20. Etch depth vs etching time 

3.6.2 Loading effect 

80 100 

The amount of area exposed to etching will determine to a certain extent 
the etch rate of the process. This pertains to the loading inside the chamber 
and the effect is largely affected by the pumping efficiency of the system. It 
is noticed that the etch depth in this case remains constant regardless of the 
open area on the wafer, as shown in Fig. 21 by cross-sectional SEM. The 
etching rates in the MERlE are more or less independent of the open ratio. 
This was not known to be the case for high density ICP. 

The loading effect appeared be traded off by the etching rate. That is, in 
the deep etching process, loading-insensitive etching can be achieved in 
return for the low etching rate in MERlE while the high etching rate can be 
achieved in return for the significant loading effect in ICP. Kartunen et. al 
[17] reported a strong dependency of etching rate and uniformity on loading 
in ICP. That is, the etching rate and the uniformity were 5.4 J . .Un/min and 2% 
for 8% loading, but they changed to 1.7 J.Un/min and 35% for 100% loading. 
In spite of the insensitivity of the loading shown in MERlE of Si in 
HBr/SiFJ02, the loading effect appeared to depend on the combination of 
the material etched and the etching gas. Etching rates of Si02 mask under the 
same condition decreased with the open ratio, resulting in an increase in 
etching selectivity of Si with respect to Si02. 
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Figure 21. Etch depth for different % of expose area 

4. CONCLUSION 

We were able to fabricate the encroachment-free cantilever MEMS beam 
structures with anisotropy higher than 0.96, using the trench etching 
technique with the Si02 mask. Oxygen, which is available mainly from the 
etching gas and partially from mask material, can react with the unsaturated 
etching products to affect the sidewall passivation layer buildup. It was 
found that presence of oxygen could be advantageous for MEMS deep 
trench etching. Without sufficient oxygen, non-volatile etching products 
could accumulate on silicon surface and lead to micrograss formation during 
silicon trench etching. The oxygen present in the etching gases can increase 
the etching selectivity of the substrate silicon with respect to the Si02 mask 
during the trench etching process. This also helps to improve anisotropy in 
etching profile of the MEMS structures. 

We also developed the in-situ trench formation and beam release process 
that dispensed both steps of spacer Si02 deposition and floor oxide etching, 
using MERlE of the HBr/SiFJ02 gas. The passivating layer of SiOx was 
formed on the sidewall of the beams and it was not attacked by subsequent 
release etching. The etching process developed in this study was virtually 
immune to loading. The in-situ process developed in this study was also 
proven feasible from electrical tests of the packaged MEMS devices. 
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