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A five wafer batch annealing oven using a resistively heated, stacked hot
plates was designed and tested for low temperature (100~450°C) annealing
applications for 200mm wafers. The oven is designed to process five wafers
simultaneously. Thermal properties of the 5 wafer batch annealing oven and
wafer temperature profiles during low temperature annealing in stacked hot
plates were characterized as a function of hot plate temperature. The stacked
hot plate configuration makes convection between hot plates negligible and
provides nearly isothermal environment for the wafer. Spin-on-glass (SOG)
bake and cure processes were performed using a resistively heated batch
annealing oven. Changes in film shrinkage and refractive index are
characterized as a function of hot plate temperature and annealing time.

INTRODUCTION

Spin-on-glass (SOG) is widely used and remains one of the most promising
materials for low-cost inter-level planarization of VLSI multilevel interconnects. [1, 2]
There are two basic types of SOG: siloxane-based organic SOG and silicate-based
inorganic SOG. Both types of SOG involve spinning and annealing (baking and curing).
Several low temperature (up to 400°C) thermal treatments are necessary to ensure that the
desired thickness and physical property are obtained and the solvents are removed from
the SOG.

Improper baking and curing very quickly could cause the upper layers of the SOG
to be completely polymerized and prevent adequate moisture and/or solvent evaporation
from the bulk of the SOG. In order to provide sufficient time for outgassing of the
solvents and moisture, the baking and curing must be performed without causing any
thermal shock. [1] Outgassing can cause trapping of hot and volatile compounds under a
cap of fully polymerized SOG at the upper layer of the SOG. These trapped volatile
compounds may then contribute to cracking and popping. [1, 3] A gradual increase in
temperature is ideal for baking and curing cycle. The SOG is typically baked on hot
plates and cured in batch furnaces. Thermal shock during the hot plate baking makes the
process control difficult. A long process cycle and large batch size processing in batch
furnaces poses cueing problem for small size production lots.

In this paper, a resistively heated batch annealing oven using stacked hot plates
was proposed for low temperature (100~450°C) annealing applications to improve
productivity and lot size flexibility. Thermal properties of stacked hot plates including



wafer temperature profiles during low temperature annealing were characterized as a
function of hot plate temperature. SOG films were annealed in batch annealing oven.
Change in physical properties of SOG films before and after anneal was characterized as
a function of temperature and time.

EXPERIMENTAL APARATUS

A resistively heated, stacked hot plate oven (batch annealing oven) was designed
and tested for low temperature annealing applications in the temperature range of
100~450°C. The stacked hot plate oven was designed to provide single wafer signature,
lot size flexibility and reasonable productivity at minimum facility requirement.
Resistively heated hot plates were used to heat 200mm Si wafers in this study. The
system is designed to process five wafers simultaneously. Figure 1 shows a side view of
stacked hot plates with five Si wafers. This feature allows gradual heating of wafers
required for low temperature annealing/baking applications without deteriorating
productivity. The individual hot plate is made of aluminum and has an embedded heater
for temperature control. The aluminum was chosen as the hot plate material because of its
thermal stability in the temperature range up to 450°C, high thermal conductivity and
ease of machining. The hot plate is slightly larger than the Si wafer in diameter and
significantly thicker (30mm) than the Si wafer. Individual hot plates have three standoffs
to keep the distance between a wafer and the hot plate. The standoffs are equally spaced
on the perimeter of approximately 70% of wafer diameter. The gap between the hot
plates is 20mm. During the process, wafers are placed on standoffs on the bottom hot
plate. The wafers are located at in the middle of top and bottom hot plates (10mm above
the bottom hot plate and 10mm below the bottom hot plate).

Fig. 1 Schematic diagram of stacked hot plates and thermal image
of the hot plates at 300°C.



SOG annealing was done using the stacked hot plate annealing system. Organic
SOG films on 200mm Si wafers with as spun thickness of 360nm were under 1 atm air.
The SOG film shrinks up to 18~19% when it is fully out gassed. The annealing
temperature was varied from 200°C to 400°C. The annealing time was also varied
between 1 and 5 min. The film thickness shrinkage and refractive index change after
annealing under different conditions were measured at 49 points on 200mm wafers using
an ellipsometer.

RESULTS AND DISCUSSION
Wafer Temperature Profile

The temperature uniformity of the hot plates was found to be very uniform. High
thermal conductivity of aluminum prevents temperature gradient across the hot plates.
The thermal conductivity of gases is 3 to 4 orders of magnitude lower than that of
aluminum. [4, 5] The poor thermal conductivity of gases makes heat dissipation through
the gas phase conduction smaller. The stacked hot plate configuration makes convection
between hot plates negligible and provides nearly isothermal environment for the wafer.

Wafer temperature profiles on hot plates were investigated as a function of hot
plate configuration, standoff height, hot plate temperature and process atmosphere. [5]
200mm bare Si wafers with instrumentation thermocouples were annealed in the stacked
hot plates at different temperatures under 1 atm air. The temperature of the six hot plates
was controlled individually, but the temperature set points were kept the same. The
wafer was placed on 8mm tall standoffs of the bottom hot plate. Temperature profiles of a
wafer in stacked hot plates were measured at hot plate temperature set points of 200, 250,
300 and 350°C. Figure 2 shows the wafer temperature ramp up profiles in the stacked hot
plates. Temperature uniformity within wafer and across 5 wafer load was found to be
within +/- 1°C.

As the wafer is inserted in the stacked hot plates, the wafer temperature initially
increases gradually and then it saturates at little below the hot plate temperatures. The
heat transfer between the hot plates and the wafer is predominated by thermal conduction
through the gas. Since the conduction heat transfer is one of the major heat transfer
mechanisms at 1 atm air, the wafer temperature ramp up/down profile depends on
ambient gas. When a high thermal conductivity gas such as H, and He is used as an
ambient gas, the wafer temperature ramp rate and the saturated wafer temperature are
higher than air, N,, O, and Ar. [5]

The direct contact between a wafer and a hot plate provides fast wafer
temperature ramp up, but it results in ununiform wafer heating during temperature ramp
up. When wafers with films deposited or coated at low temperatures are directly placed
on a hot plate tend to slide during annealing due to the air bearing effect of out gassed
species. By keeping an intentional gap between the hot plates and the wafer, good within
wafer temperature uniformity can be obtained throughout the process. Wafer sliding can
also be prevented. The wafer temperature profiles suggest that non-contact thermal
annealing is gentle and provides repeatable process results. A nearly warpage free
thermal annealing is achieved by placing a wafer on standoffs in stacked hot plates.



Hot Plate Temp. = 350°C

3007 T —
o 050 T 300°C
~ ] e
(] 1 L |
2 2007 ] ] 2R
8 // ] 200°C|
é’-1502 ///,,—r ——
= 1007 S
5 P
© 5017
= g’
0 |||||||||||||||||||||||||
o 1 2 3 4 5

Time (min)

Fig. 2 Wafer temperature profiles during annealing process under 1 atm air.

SOG Anneal

Complete out gassing without generating cracks in SOG films is desirable. To
achieve this process goals, uniform and gradual heating of Si wafer for relatively long
time (4~5min) is desirable. Incomplete baking or nonuniform baking result in poor
uniformity in selectivity of etch rate in the following etch back process step. We were
able to control SOG film properties using the batch annealing oven in the wide range of
process conditions. Surface response plots of film shrinkage and uniformity after
annealing under various process temperature and time are shown in Fig. 3. As annealing
temperature and time increase, thickness shrinks more and refractive index decreases due
to the film densification. Thickness shrinkage up to 19% was obtained. Average thickness
uniformity of SOG films after annealing ranges from 0.5 to 1.5% in 1c. Surface response
patterns of film shrinkage and refractive index look quite similar. This suggests a strong
correlation between film shrinkage and refractive index. Typical refractive index of as
spun SOG films is ranging from 1.426 to 1.428. As annealing temperature and time
increases, the film shrinks and the refractive index decreases. The refractive index of
completely shrinked SOG films at 400°C for 5 min is around 1.390. Typical refractive
index for thermally grown oxide is 1.460. [6]

Particle performance of the system was measured regularly between production
runs. Particle size over 0.2um was measured. Figure 4 shows particle performance over
extended period (over 4 months) in mass production environment. Excellent particle
performance was obtained. Average number of particles added on a 200mm wafer is
around 2. The particle performance of five individual slots was almost identical. Gentle
heating of wafer and convection flow of outgassed species to the exhaust on top of the
system helps in preventing particle generation in mass production environment. Sudden
increase of particles in annealed SOG samples are well known problems in conventional
single hot plate systems as well as large batch type furnaces. In case of single hot plate



systems, very fast wafer temperature ramp up using direct contact between a wafer and a
hot plate causes a large amount of outgassing and condensation of outgassed species on
cold surfaces near wafer processing area. The fast outgassing and condensation causes
sudden increase of particles in the conventional single hot plate systems. In case of large
batch type furnaces, total amount of outgassing species from a large number of wafers in
confined processing area makes the efficient exhaust of outgassing species difficult.
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Fig. 3 Surface response plot of film shrinkage, uniformity and refractive index of SOG
films after annealing under various process temperature and time.
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Fig. 4 Particle performance in mass production environment.

The system used in this study is very compact (600mm (W) x 1200mm (D) x
1700mm (H)) and operates under 1 atm air and does not require any process gas,
compressed air or cooling water. Average power consumption is less than 4kW at 400°C
operation. Due to the 5 wafer simultaneous processing capability and gentle wafer
temperature ramp up characteristics of the system, we are able to achieve very repeatable
process results at higher productivity compared to conventional single hot plates and
batch furnaces. Lot size flexibility is also improved compared to the batch furnaces
without deteriorating productivity. Typical throughput for 3~5min process is 60~40wph.
While throughput is maintained to a comparable level to conventional large batch
furnaces, we were able to reduce wafer cycle time significantly and improved the lot size
flexibility. The throughput and process results (i.e. uniformity and repeatability) are
improved significantly compared to conventional single hot plates. The system provides
lot size flexibility as well as productivity.

The low temperature batch annealing oven which employs six stacked hot plates
showed very promising test results in various low temperature annealing processes such
as Cu anneal, Al anneal, low k dielectrics anneal, and photoresist baking applications. It
is also promising for low temperature annealing applications in GaAs and InP device
fabrication processes. Chamber enclosure, process gases, vacuum pump and pressure
control function can be added for processes which require precise process environment
control.

CONCLUSIONS

A five wafer batch annealing oven using resistively heated, stacked hot plates was
designed and tested for low temperature (100~450°C) annealing applications for 200mm
and 300mm wafers. Thermal properties of the annealing system and wafer temperature
profiles during low temperature annealing in stacked hot plates were characterized as a
function of hot plate temperature. The stacked hot plate configuration makes convection
between hot plates negligible and provides nearly isothermal environment for the wafer.
SOG films were annealed in the batch annealing oven. Changes in physical properties of



SOG films before and after anneal was characterized as a function of temperature and
time. Productivity and lot size flexibility of batch annealing oven are compared with
conventional hot plates and furnaces.
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