Characterization of near-field holography grating masks for
optoelectronics fabricated by electron beam lithography
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Direct write e-beam lithography and reactive ion etching was used to fabricate square-wave
gratings in quartz substrates which serve as pure phase masks in the near-field holographic
printing of gratings. This method of fabricating these masks extends the flexibility of the printing
technique by allowing both abrupt phase shifts as well as multiple grating pitches to be
simultaneously printed from a single contact mask. Grating masks with periods in the 235-230
nm range have been produced and measured to be within 0.15 nm of the design period.
Transmitted and diffracted beam powers have also been measured for various duty cycles and
etch depths and are shown to be important parameters for “balancing” these interfering beams.
Simple scalar diffraction modeling is used to qualitatively examine the dependence of diffraction
on grating parameters, but the need for 2 more comprehensive modeling is illustrated. Prototype
masks have been used to produce grating patterns on InP substrates using two different

ultraviolet illumination sources: an argon ion laser and a conventional mercury lamp.

I. INTRODUCTION

Corrugated-waveguide gratings are key elements for many
of the optical devices such as filters and distributed feed-
back (DFB) or distributed Bragg reflector (DBR) lasers
that are expected to play a key role in advanced lightwave
communications systems. Direct holographic exposure of
resists using two interfering ultraviclet (UV) laser beams
is the commonly used technique to produce the submicron-
pitch gratings required in semiconductor optical devices.
This method readily produces large area gratings, but is
limited in the variety of devices which can be printed in a
single step. Okai e al.! showed that a replica of a triangu-
lar grating made with a precision ruling machine can be
used in a self-interfering mode when illuminated with a
laser to print gratings in resist. This technique can be con-
sidered a form of near-field holography and was found to
produce high contrast images and improved reproducibil-
ity in the printing process when the mask was properly
processed to achieve a specific combination of amplitude
and phase characteristics. One advantage of this process is
the ability to incorporate pitch changes and therefore
phase shifts within the grating in a single print.

We have used direct write e-beam lithography (EBL)
and reactive ion etching (RIE) to fabricate square-wave
gratings in quartz substrates which serve as pure phase
masks in the near-field holographic printing of gratings. By
using EBL, the flexibility of the printing technique is ex-
panded by allowing both abrupt phase shifts as well as
multiple grating pitches to be arbitrarily located on such a
mask and therefore to be simultaneously printed from a
single contact mask. While similar structures have been
demonstrated using direct-write-on-wafer’® the parallel
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printing technique proposed here avoids the slow serial
writing process.

The principle of the printing technique is illustrated in
Fig. 1. UV light is incident on the grating at an angle 9
from the normal. The beam is partially transmitted (zero
order) and partially diffracted (first order). These two
beams then function just as in the conventional two-beam
interference method mentioned above, causing a pericdic
intensity variation below the mask at the spatial period of
the grating. This intensity pattern is used to expose photo-
resist that subsequently is developed and used as an etch
mask for wet chemical or dry etching of the corrugated
grating in the semiconductor. For large area gratings and a
highly coherent illuminator, this method should in princi-
ple result in perfect interference even in the far field. For
smaller area gratings, or those with nonperiodic features,
or when coherence of the illuminator is lower, the necessity
for near-field printing is increased.

The example in Fig. 1 includes an abrupt half-period
phase shift as might be found in a A/4-shifted DFB laser.
Figure 2 illustrates an approximate modeling of the inter-
ference pattern in the intensity of the transmitted and dif-
fracted beams as they propagate away from the mask sur-
face. The particular case chosen here has a 240 nm-pitch
grating with a half-period shift, illuminated by 364 nm
highly coherent light. The example assumes that the grat-
ing has been properly fabricated to produce equal trans-
mitted and first-order diffracted beams, and the fields are
approximated after the mask by numerically evaluating the
Fresnel integrals in the Fresnel diffraction approximation.
Since the transmitted beam is not affected by the phase
shift, the phase-shift location in the interference pattern
generally follows the propagation direction of the dif-
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F1G. 1. Schematic diagram of near field printing of grating like pattern by
interference of zero-order and first-order diffracted beams.

fracted beam. One can also see from the peak and valley
alignments the obvious result that, away from the slightly
smeared phase-shift location itseif, the phases of the two
regions are properly shifted. The important point in Fig. 2
is the gradual broadening of the abrupt phase shift, indi-
cating that the smearing is confined to a few grating peri-
ods as long as the gap between the mask and the sample is
kept in the range of a few microns. While the Fresnel
approximation to the steep-angled propagation after the
mask is obviously of limited validity, it does qualitatively
suggest that the printing technique can be used to repro-
duce local grating features when used in the near field.

In the example above only the undiffracted (zeroth or-
der) transmitted beam and the first order diffracted beams
are included. For light at wavelength A incident at an angle
6, we have k, = {(2Zw/A)sin 6, The grating at pitch A,
produces diffracted orders m with the %, wvalues
k., =ky,+m2u/A, For the grating pitches studied here in
the range of A,~ 240 nm, and illumination at a wavelength
of 2~364 nm, we find that indeed only the m=0 and
m=—1 orders satisfy |k, | <27/4 as required for non-
evanescent propagation after the mask. In fact, to generate
any diffracted wave that propagates after the mask requires
that sin 9,>A/A,—1, or ;> 31"

This article reports on the methods used to fabricate the
first-order phase-grating masks intended for use in near-
field holographic printing. We also characterize the impact
of grating parameters on diffraction efficiency and present
our preliminary results using these masks to print gratings.

BN e 223,96 pm

PHASE-SHIFT LOCATION

FIG. 2. Spatial evolution of near-field intensity modulation using a phase-

grating mask with an abrupt shift in the grating near the arrow.

J. Vag. Sci. Technol. B, Vol. 10, No. 8, Nov/Dec 1892

Tennant et al.: Mear-field holography grating masks for optoelectronics

2531

2) TriLevel Resist on Quartz Windows

EBR-9 E-Beam Resist
— Germanium

—Hard Baked AZ 4110
Chremium

Quurtz Mask Blank

F1G. 3. Schematic diagram of the steps used to fabricate the phase grating
in fused silica in the windows opened in the chromium coating.

. PHASE-GRATING MASK FABRICATION

We have adopted a two level e-beam process to produce
the actual square-wave phase masks. Our starting substrate
is a chromium coated fused silica photomask blank. In the
first step, we define the regions of the blank in which the
chromium is to be opened by wet-chemical etching. In this
example the mask is designed to print gratings for DFB
lasers. The first level therefore includes: windows for grat-
ings at each device site; fiducial mark which indicate cleave
positions; alignment marks; and windows for eich depth
monitors. These features are quite coarse and can readily
be patterned using conventional photolithography. EBL in
PMMA was used for expediency in the initial tests. The
second lithography level is a high-resolution step in which
the square-wave grating is formed in the windows previ-
cusly opened in the chromium level as well as large squares
used as etch depth monitors. Ironically, since the high-
resolution step reguires a small diameter e-beam, a resist
with lower dose requirements was needed. This requires
some compromise between throughput and resclution in
the imaging layer. EBR-9 (Ref. 4} was therefore used to
shorten the overall writing time. The gratings for this work
were contained within & single writing field in order to
avoid field stitching errors within the area spanned by in-
dividual devices.

The details of the second level process is shown sche-
matically in Fig. 3. Both single layer and trilayer schemes
were tried as masking layers for the RIE etch mask. The
figure illustrates the trilayer resist scheme which was
judged necessary to produce square-wave profiles. The
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FiG. 4. The relationship between e-beam dose in the resist and the result-
ing grating duty cycle (defined in the inset) in the phase mask for: single
layer EBR-9 (circles) and trilayer (squares). Also shown is the duty
which was measured in the resist prior to etching for the single layer resist
case.

grating pattern is written in the opened windows but over-
lapped a small amount with the chromium at the edge.
After development in 4:1 methyl isobutyl ketone: isopro-
panol the pattern is transferred into the thin Ge and hard-
baked photoresist by RIE using CF,Br and O,, respec-
tively. The resulting pattern is etched into the fused silica
using RIE in CHF;. The etch mask is then removed in an
oxygen RIE. Generally, linewidths are not preserved dur-
ing the process, especially since the CHF; etch step can
deposit polymer on the sidewalls of the etch mask while
removing material from the bottom of the grooves in the
fused silica. Figure 4 shows the duty cycle variation with
e-beam dose for the resulting gratings, prepared using both
single layer EBR-9 and the trilayer. For comparison, the
duty cycle of the imaging layer is plotted for the trilayer
sample prior to pattern transfer. We note that the single
layer and trilayer both appear to have similar dependence
but there can be a significant differenice between the initial
pattern and the resulting groove width.

The typical grating periods for this work ranged from
225 to 240 nm and were 15 pm long in the groove direction
and about 400 pm wide, therefore comprising about 1600
periods. This represents the approximate area of a single
laser. This pattern was repeated 512 times on the prototype
mask (although many more sites are available on the
mask)}. We have written as many a 8 different grating pe-
riods in this same range on a single mask.

lii. PHASE-MASK CHARACTERIZATION

The period of the gratings were determined by precisely
measuring the first-order diffraction angle. The sample is
mounted on a rotation stage and illuminated with an argon
ion laser (A =2363.8 nm). The beam incident on the grating
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FIG. 5. Measured ratio of the firsi-order diffracted power to the trans-
mitted power as a function of duty cycle for various etch depths for the
single layer resist case.

results in a specularly reflected beam, a transmitted beam,
a forward diffracted beam, and a backward diffracted
beam. The sample is first oriented to specularly retroreflect
the incident beam. The sample is then rotated to align the
backwards first-order diffracted beam to retrorefiect upon
the incident beam path. The difference in angle beiween
these two positions (49.28° for the A=240 nm gratings)
determines the period of the grating by simple geometry

A A
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Gratings fabricated in ten different test lots yielded a
mean deviation from the design period of 0.05%. Since our
simple angular measurement was limited to a resolution of
2 min of arc, this value appears measurement-limited.

Using a similar experimental arrangement, we have
measured the power in the transmitted and forward dif-
fracted beams. A lens is inserted between the incident TE-
polarized beam and the mask in order to focus the entire
laser beam within the grating area. The power into the
zero- and first-order diffracted beams are sequentially mea-
sured using a detector large enough to fully capture each
beam. The highest contrast in the image is obtained when
the power into the zero- and first-order beams are equal. If
we define C as the ratio of the intensities at the maxima and
minima, and R, as the ratio of the first-order diffracted
power to that of the transmitted power, then

_(VRg+1Y
“\R-1)

Since R =1 is the desired optimum, we sought to de-
termine the effects of grating duty cycle and etch depth on
this power ratio. Initial results were obtained for gratings
fabricated using the single layer resist process described
above. Figure 5 is a plot of four different etch depths. The
trends indicate that there is a peak in the beam ratio for
duty cycles near 30%. We also note that for all depths the
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FI1G. 6. Measured ratio of the first-order diffracted power to the trans-
mitted power as a function of etch depth for various duty cycles for the
single layer resist case.

diffracted beam is weak, peaking at about half the trans-
mitted power. Figure 6 replots the data to illustrate the
dependence of the power ratios on etch depth. There ap-
pears to again be a peak rather than the expected contin-
uous increase in the diffracted power with deeper etching.
Some of this behavior can likely be attributed to nonideal
groove profiles. Subsequent fabrication included the tri-
layer resist process shown in Fig. 3. This scheme is ex-
pected to produce improved square-wave gratings with
steeper sidewalls. This is supported by the improved dif-
fraction efficiency of the resulting gratings. Figure 7 shows
our most recent daia for R; dependence on duty cycle for
the trilayer processed gratings. We observe that the values
of R, bracket the balanced beam condition (ie., R, ,=1).
This is also achieved at a substantially shallower etch
depth than needed in the single layer case.
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Fi1G. 7. Measured ratio of the first-order diffracted power to the trans-
mitted power as a function of duty cycle for various etch depths for the
trilayer resist case.
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V. THEORY

To predict the effects of the various physical parameters
on the diffractive properties an analytical model would be
desirable. The simple approach using scalar diffraction the-
ory would proceed as follows. The field just after the mask
is assumed to be the incident field multiplied locally by a
spatially varying phase retardation. This “phase plate” is
evaluated simply by propagating the incident field in each
region ignoring diffractive effects during the propagation.
through the mask itself. Thus the empty regions of the
square wave suffer a phase retardation

¢1 =kzaird= (277'///1)d CO8s 9,‘,

where d is the tooth height. The regions in the teeth of the
grating suffer a phase retardation

¢=kid= (2mwn/A)d cos &,

where n is the material index and €’ is the refracted angle,
with

ncos §' =(n’—sin? 8,)?
from Snell’s law. The relative phase delay is then
$y=¢,—¢;. Up to a constant phase factor, in the plane just
after the grating defined as z=0, the field is thus assumed
to have the form

2T
E(x) =exp(-— X sin Hi)F(x),

A
where
1 for |1x—(27+1DA/2 <(1=1)A/2
Flx)= exp(idy) for |x—JA| <fA/2

Here J=0, +1, 2, .., and f&{0,1) is the grating duty
cycle defined as the fraction of the grating period com-
posed of the grating material of index ». As indicated
above,

2
¢d§Td[ (n®—sin? ;)% —cos ;1.
The expression for the field is Fourier decomposed to

2mm
Gy exp(z A x),

0

27
E(x) =exp(—[ x sin 3,-) E

m= - co

where

[ . 2om
amzzj; F(x,exp( —1i Tx)dx.

These expressions from the simple scalar diffraction theory
iead to the conclusion that the zeroth order (undiffracied)
and the mth diffracted beams have the fractional powers

|ao|2=1—45(1—F)sin?($,/2)

and

, 4 sin?(mmf)

Iam ,__m’;?;z—m sin2(¢d/2).
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FiG. 8. SEM of gratings etched in InP by RIE using resist mask patterned with near-ficld holography illuminated with argon laser.

For a 50% duty cycle {f=1/2), it is easily seen that the
first diffracted and the undiffracted beam have equal inten-
sities at ¢,=2 tan—(m/2). For an index of n=1.5 and a
wavelength of A=1363.8 nm, equal intensity for an incident
angle of 49.28° is predicted for a groove depth of d=181
am. This theory also suggests that the most power that can
be diffracted into the first order is 40.5%. The simple scalar
diffraction theory results in R, given by

4 sin® (mf)sin(,/2)
Rd:nl[l—éif(l—f)sinz(dm/Z)] ‘

This rises through the R ;=1 condition to infinity when the
undiffracted wave intensity has a zero.

An obvious flaw of the treatment given above is that this
also predicts an equal power diffracted into the m=+1
order, which as we saw earlier was not even a propagating
wave. The simple scalar diffraction theory predicts power
diffracted into other higher orders which are also evanes-
cent. Also, there is no polarization dependence to the the-
ory. The flaw here was the crude assumption that the field
after the mask is simply the incident field multiplied by a
phase retardation locally evaluated with ray optics. Since
this ignores diffractive effects going through the mask, it is
woefully inadequate when the grating features become
comparable to the incident wavelength. In the case here,
each grating tooth is only a third of the optical wavelength,
and a more rigorous diffraction theory is required.

Diffraction from phase gratings of arbitrary pitch and
profile has been formulated in a rigorous manner by Mo-
haram and Gaylord.> The treatment makes full use of the
Mazxwell equations including proper treatment of bound-
ary conditions and reflected waves. While it requires nu-
merical evaluation, it can easily yield high accuracy with-
ouf excessive computation time. While the general cyclic
behavior of the diffracted intensity and undiffracted inten-
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sity is qualitatively similar to the scalar theory, the rigor-
ous treatments show that nearly 100% of the power can be
diffracted into the first order for a proper depth. Also, the
rigorous theories properly indicate that indeed the only
waves leaving the sample are the specular and first-order
diffracted reflections, and the undiffracted and first-crder
diffracted transmitted beams. A rigorous treatment of the
geometries investigated here is unfortunately beyond the
scope of this article and will be the subject of a future
article.

Given the flawed qualitative behavior of the scalar the-
ory, it appears a coincidence that it is even close to pre-
dicting an optimum depth. We find that the experimentally
determined dependence of R; on eich depth for the struc-
tures we have fabricated exhibits more structure than pre-
dicted by the theories, appearing to peak near the optimum
depth rather than continuing to rise (see Fig. 6). The ex-
perimental data showing the dependence of R, on duty
cycle from the single layer and trilayer prepared sampies
show that the trilayer mask produced a significantly stron-
ger diffracted beam which allowed the beam ratio to ap-
proach 1. This may be the result of improved, more ideal
groove profiles. A mask produced with the best balanced of
the measured values should result in an intensity ratio (C)
of 440 between the mazima and minima of the near field
image, more than adequate for high-quality printing.

V. IMAGING RESULTS

e printing results shown in Figs. 8 and 9 were made
using the same grating mask which had a measured R, of
0.3, which should produce an intensity ratio near 10. Dif-
ferent illumination sources were used for comparison, since
a calculation of the required coherence and collimation
revealed that it should be possible to use a simple UV lamp
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F1G. 9. SEM of developed resist gratings patterned with same mask as the
previous figure but illuminated with mercury lamp.

for a gap of up to 10 um. As described above a gap smaller
than this is needed for general printing in this mode, there-
fore the source should not limit the quality.

Figure 8 shows a scanning electron micrograph (SEM)
of a grating which was first printed using Ar laser illumi-
nation in 44 nm thick Shipley $1400-3 resist. The devel-
oped resist pattern served as a RIE mask in a methane/
hydrogen etch of the InP wafer to a depth of 120 nm. A
cleaved portion of the 240 nm period etched InP grating is
shown in the micrograph. A second exposure was made
using the triplet at 365 nm from a mercury/zenon lamp. A
small scurce sized 100 W lamp was chosen to ailow colli-
mation with only a condenser lens. The SEM in Fig. 9
shows the developed resist which has been coated with a
thin layver of AuPd for inspection. The exposure time was
5 s in 50 am of AZ 1350J resist. The printed grating is
quite good and is uniform over a large area.

Vi. CONCLUSIONS

Near-field holographic printing appears to be a powerful
and viable method of printing gratinglike structures. It
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combines the flexibility of direct write EBL with the
throughput of UV contact photolithography. Pitch control
in our initial trials appears to be at least 0.1 nm for periods
near 0.24 uym, presently limited by our ability to measure
the diffracted angle. Both duty cycle and the groove depth
in the fused silica phase masks were found to be important
parameters for obtaining nearly balanced diffracted and
undiffracted beams; the condition desired for maximum
printing contrast. To model the optimum parameters for
the square-wave phase masks, we discussed the grating be-
havior using a simple scalar diffraction theory. While the
general behavior of the diffraction is informative, this sim-
ple view is inadequate to provide quantitative predictions.
A more rigorous approach has been treated in the litera-
ture and a limited comparison indicates much improved
agreement with the our data. Gur best sample to date was
produced using a trilayer resist scheme. It has diffraction
ratics as high as 1.5 depending on duty cycle.

Printing tests with a nonoptimized mask appears quite
promising. Similar gratings were produced using both
highly coherent laser illumination and as well as incoher-
ent illumination from the 365 nm triplet of a mercury
lamp. Although further refinement is needed, this method
has the potential of replacing the interfering laser beam
technique as the method of choice for printing the struc-
tures needed for optoelectronic integration.
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