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Abstract

The production of stable thin-film photovoltaic cells requires tight control of temperature uniformity within the glass substrates dur-
ing the vacuum deposition process. Though traditional approaches such as radiation shielding and channeling more power to outer
lamps result in substantial improvements in temperature uniformity they fail in meeting the stringent requirement of less than 1 �C
variation across the substrate required to guarantee the long-term stability of the devices. The problem becomes especially acute while
scaling up to larger commercially-viable panel sizes. To this end, a finite element thermal model of a commercial-scale deposition station
has been developed and optimized with the target of achieving the desired temperature uniformity of 1 �C. The effects of improvements
such as radiation shielding, addition of radiation spreader, contouring of radiation spreader and optimizing power distribution among
the radiation lamps have been studied. A new lamp configuration has been proposed for attaining the desired uniformity levels.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Solar energy holds the promise of becoming a cleaner
alternative to fossil fuels. Although the price of crystalline
silicon solar cells has dropped considerably in past few
years [1], even cheaper methods of harnessing solar energy
are required in order for it to attain commodity level
adoption. To this end, a variety of alternative solar panel
technologies such as amorphous silicon, CdTe and Cu(In,
Ga)Se2 are being developed by research groups worldwide
[2]. Of these, solar panels fabricated by depositing thin
films of cadmium telluride (CdTe) and cadmium sulfide
on glass panels have shown a definite potential to replace
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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crystalline silicon [3] as the dominant solar material and
a number of processes for developing CdTe solar cells have
been developed [4]. So far, the major impediment to suc-
cessful demonstration of this technology has been the low
device stability [5–7]. Recently Sampath and co-workers
[8–10] have demonstrated the production of stable CdTe
solar panels in their pilot-scale manufacturing facility for
76 mm · 76 mm (300 · 300) solar panels. A schematic of this
facility is shown in Fig. 1.

The facility is a continuous inline physical vapor deposi-
tion system where all the device fabrication steps are per-
formed in one vacuum enclosure. These steps include
heating of the glass substrate, deposition of CdS and CdTe
films, heat treatment with CdCl2, ohmic contact formation
and ohmic contact heat treating. The system is operated at
40 mTorr of N2. The processing stations are nearly identi-
cal in design and construction. Devices produced using the
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Fig. 1. Schematic of the pilot system for CdTe PV fabrication: (1) belt conveyor, (2) glass substrate, (3) air to vacuum to air (AVA) seal, (4) vacuum
chamber, (5) heating module, (6) CdS deposition, (7) CdTe deposition, (8) CdCl2 deposition and heat treatment, (9) CdCl2 annealing and stripping, (10)
ohmic contact formation, (11) contact annealing, (12) AVA seal, (13) completed seal.

Nomenclature

A area of surface in m2

Cp specific heat in J/kg K
F view factor between surfaces
K thermal conductivity in W/m K
q radiation flux incident on surface in W/m2

T temperature in �C

Greek symbols

e emissivity of surface
q density in kg/m3

r Stefan–Boltzmann constant (W/m2 K4)

Subscripts

i surface index for cavity radiation calculations
j surface index for cavity radiation calculations
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above pilot system have been subject to accelerated indoor
testing and have demonstrated a consistent efficiency of
10.5% over 7500 h of operation. After successful demon-
stration of the pilot system for manufacturing 76 mm ·
76 mm (300 · 300) substrates, the facility is being scaled up
to produce commercially viable 406 mm · 406 mm (1600 ·
1600) panels.

The stability of cells produced by the vapor deposition
process is strongly related to the uniformity of deposition
of the thin films on the glass substrate [11]. The kinetics
of the deposition process being a strong function of tem-
perature, the uniformity of deposition directly depends
on the temperature uniformity within the substrates
[12,13]. In order to consistently produce stable devices,
the variation of temperature across the substrate is to be
maintained below 1 �C for a nominal temperature of
500 �C [11]. Simulations show that even without design
optimization, the temperature variation within the sub-
strate in the 76 mm · 76 mm (300 · 300) pilot facility of Sam-
path et al. [9] was within 1 �C and hence resulted in the
production of stable devices. However, a model of the
406 mm · 406 mm (1600 · 1600) facility shows that the unop-
timized variation across the substrate is 17.4 �C which
would have a pronounced deleterious effect on the device
performance and stability. Hence it was decided to proac-
tively optimize the 406 mm · 406 mm (1600 · 1600) facility
to ensure high temperature uniformity before it was
employed to manufacture solar panels. The design
improvements considered include traditional approaches
such as radiation shielding and providing higher power to
the outer lamps which are shown to greatly reduce the tem-
perature variation within the substrate but fall short of
meeting the target uniformity. A new lamp configuration
with optimized power distribution is shown to be effective
in reducing the temperature variation across the substrate
to the low levels required for manufacturing stable photo-
voltaic devices.

The paper is organized as follows:

(i) Section 2 outlines the geometry of the deposition
station.

(ii) Section 3 gives the details the finite element model
and its experimental validation.

(iii) Section 4 presents the simulations and results of the
optimization study.

(iv) Section 5 discusses the new lamp configuration to
achieve the desired uniformity levels.

(v) Section 6 summarizes the findings of the study.

2. Geometry

The schematic of a 406 mm · 406 mm (1600 · 1600) pro-
cessing station is shown in Fig. 2. It consists of two identi-
cal graphite sources heated by two banks of seven quartz
IR lamps. Each source is a 457 mm · 457 mm · 76 mm
(1800 · 1800 · 300) block with a 406 mm · 406 mm (1600 ·
1600) central cavity. The cavity in the lower source houses
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Fig. 2. Elevation and end view of a processing station.
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the material to be deposited. The material sublimes and
condenses on the underside of a glass substrate placed
between the two sources to form the thin-film p–n junction
of the solar cell. The IR lamps are housed in lamp holders
made of electrically insulating silica material. A stainless
steel backplate reflects radiation from the lamps back
towards the sources. The end view also shows radiation
shields and a heat spreader which will be discussed later
in this document.

3. Finite element model

The complexities inherent in the geometry and the non-
linear property variation preclude accurate quantification
of the uniformity using analytical approaches. Hence, the
finite element approach was employed to develop the ther-
mal model of the station. Since the transport processes in
the current study occur in near vacuum, it is assumed that
heat transfer within the system only takes place by radia-
tion exchange between the exposed surfaces and by con-
duction through the solid sections. The nonlinear finite
element software ABAQUS was selected for developing
the model since it has a built-in solver for cavity radiation
and permits the solution of coupled transient radiation–
conduction problems with nonlinear property variation.
Since the geometry is symmetric about midplanes in all
three Cartesian directions, only 1/8th of the geometry
needs to be modeled by assigning symmetry boundary con-
ditions along the midplanes.
Bounding surfaces were added to the top, back and side
of the model to represent the vacuum chamber and provide
boundary conditions for cavity radiation. Bounding sur-
faces on the top and back were assigned a uniform temper-
ature of 70 �C which is representative of values measured in
the chamber walls of the pilot scale system. It is to be noted
that in the actual setup, each station will have similar sta-
tions adjacent to it on its two sides. Since the current model
is representative of any given station it is assumed that the
adjacent station is at a temperature not much different
from the current station. Hence, a zero flux or symmetry
boundary condition is applied to the surfaces on the side
of the model.

The model is meshed using a combination of shell and
brick heat transfer elements. Since the length to thickness
ratio of the substrate is very large, to prevent loss of accu-
racy associated with high aspect ratio solid elements or an
inordinately fine mesh dictated by the small thickness of
the substrate, the substrate was meshed using four noded
shell elements which account for temperature variations
in the thickness direction by numerical integration. The
lamps too were meshed as 2.54 mm (0.100) thick hollow
shells to closely represent the actual geometry of the IR
quartz lamps being used. All the other components (except
the radiation shields and the heat spreader) shown in Fig. 2
were meshed using solid eight noded heat transfer brick ele-
ments. Temperature dependent properties were supplied
for all materials in the model. These are summarized in
Tables A.1–A.5 in Appendix.



Table 1
Comparison of predictions of finite element model with experimental
results

Bottom source Top source

Center Side Rear Corner Center

Experiment
(with top shields)

399 386 391 384 224

Finite element model 399 389.6 393.8 386.5 226.7
Error (%) 0.9 0.7 0.6 1.2
Experiment

(without top shields)
401 – 394 388 267

Finite Element Model 401 391.4 396.4 389.6 264.4
Error (%) – 0.6 0.4 1.0
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The cavity radiation formulation in ABAQUS is based
on the gray body assumption with diffuse reflection [14].
Each exposed face of an element is considered as an iso-
thermal, isoemissive surface. The emissivities assigned to
the various materials considered in the model are given in
Table A.6 in Appendix. View factors between individual
facets are calculated using the basic formula,

F ij ¼
Z

Ai

Z
Aj

cos /i cos /j

pR2
dAi dAj

where, dAi and dAj are the areas of the facets, R is the dis-
tance between their centers and /i, /j are the angles be-
tween the line connecting the centers of the two facets
and their respective normals. The view factor calculation
algorithm in ABAQUS also takes into account general sur-
face blocking (or shadowing) as well as the most common
forms of radiation symmetry. The current model uses the
planar symmetry module in ABAQUS across the three
Cartesian directions. The cavity radiation flux entering
each facet of the cavity is calculated using the formula,

qi ¼
rei

Ai

X
j

ej

X
k

F ikC�1
kj ððT j þ 273:15Þ4 � ðT i þ 273:15Þ4Þ

where

Cij ¼ dij �
ð1� eiÞ

Ai
F ij

and dij is the Kronecker delta. The cavity radiation flux is
converted into nodal fluxes and applied to the exposed
nodes.

To simulate heating from the IR lamps, a surface flux
was applied to the outer surface of the lamp shells. The
magnitude of the surface flux multiplied by the total sur-
face area of the lamps was taken as the power input to
the lamps. The steady-state solver in ABAQUS was
invoked and the solution was assumed to be converged
when the maximum residual heat flux in the model was
below 0.5%. Each calculation took approximately 3 h.
When the mesh was refined by approximately 1.5 times
the maximum difference in temperature at points of interest
in the source and substrate changed by only 0.3% while the
computational time increased to 15 h. Since the changes in
temperature were within 1% while the increase in computa-
tional time was approximately 5-fold, the basic mesh was
used in this study. A mesh refinement of over 1.5 times
exceeded the 3GB memory capacity of the machine and
could not be attempted.

Experimental trials were conducted on an actual pro-
cessing station similar to the one shown in Fig. 2. The
power input to the bottom lamps was adjusted to bring
the temperature at the center of the pocket in the bottom
source to approximately 400 �C. With the temperature in
the center of the pocket at �400 �C, the temperatures at
the rear and side of the pocket as well as that at the center
of the top source were recorded. The experiment was car-
ried out for two configurations: (i) without any radiation
shields on the top source and (ii) with radiation shields
on the periphery of the top source. These two experiments
were simulated using the finite element method described
above. A comparison of the results from the two experi-
ments and the corresponding values from the finite element
model is given in Table 1. As seen from the table, the pre-
dictions of the model are within about 1% of the experi-
mental data. The good agreement between the predictions
of the finite element model and the experimental data
established the validity of the modeling approach and the
thermophysical properties used, in capturing the thermal
transport in the actual system. Hence the modeling
approach was used further for optimizing the processing
station for minimum temperature variation within the
substrate.

4. Simulations and optimization

Using the configuration shown in Fig. 2, simulations
were carried out to get the unoptimized temperature varia-
tion within the substrate. The lamp power was adjusted to
obtain a target temperature of 500 ± 0.3 �C at the center of
the substrate. The largest temperature difference in the sub-
strate is obtained between the center and the corner and
was found to be 17.4 �C. This is the baseline unoptimized
temperature variation over which improvements were
sought. The unoptimized power consumption was 2 kW.

Three methods traditionally used in the vacuum indus-
try for reducing temperature variation were successively
applied to the unoptimized geometry in order to improve
the temperature uniformity within the substrate. First,
radiation shields were added to the front and back of the
source in order to prevent heat loss from the source to
the chamber walls and thereby improve the uniformity
within the source. Since the substrate is in very close prox-
imity to the sources and gets heated via radiation from
them, it can be expected that a reduction in temperature
variation within the source would result in a corresponding
reduction in temperature variation within the substrate.
Second, a radiation spreader was added between the lamps
and source to distribute the heat from the lamps uniformly
to the top surface of the source. The spreader geometry
itself could be optimized for maximizing uniformity.
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Finally, the lamps could be wired separately and the power
distribution across the lamps could be changed to obtain
an optimum power distribution across the lamps which
results in the maximum uniformity. The results of applying
these three methods for improving the thermal uniformity
are presented below.

4.1. Addition of radiation shields

Radiation shields in the form of 1 mm (0.0400) thick
stainless steel plates were added at the back of the source
as shown in Fig. 2. The dimensions of the radiation shields
were same as those of the face of the source and they were
placed at a distance of 1.5 mm (0.0600) from each other. Due
to the large length to thickness ratio of the shields, as with
the substrate, they too were meshed with four noded shell
elements.

Since the shields were located in close proximity to each
other, it was assumed that the view factor between adjacent
radiation shields was 1 and hence the simpler gap radiation
formulation in ABAQUS was applied to the spaces
between the radiation shields which is given by the stan-
dard formula,

q ¼ rððT A þ 273:15Þ4 � ðT B þ 273:15Þ4Þ
1=eA þ 1=eB � 1

where the suffixes A and B represent two adjacent shields.
For a given value of power supplied to the lamps, with

every additional radiation shield, the substrate temperature
increased due to the lowering of heat loss from the sources.
The power supplied to the lamps was incrementally
reduced till the temperature at the center of the substrate
was brought back to 500 ± 0.3 �C. The difference between
the maximum and minimum temperatures within the sub-
strate was recorded as the maximum temperature variation
within the substrate. This variation was plotted as a func-
tion of number of radiation shields and is shown in
Fig. 3. The power required to maintain the substrate at
0
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Fig. 3. Change in maximum temperature variation in substrate and power
required to maintain temperature at the center of the substrate at
500 ± 0.3 �C with number of radiation shields.
500 �C with the addition of radiation shields is also shown
in Fig. 3.

Two important deductions can be made from Fig. 3.
First, the addition of a single shield results in the maximum
reduction in power input and also results in the maximum
decrease in temperature variation from 17.4 �C to 5.5 �C.
The relative improvement with additional shields is small
and beyond 15 shields, the incremental reduction in power
or temperature variation is negligible. The configuration
with 15 radiation shields was therefore accepted as opti-
mum at which the maximum temperature variation within
the substrate was 3.3 �C and the power consumption was
0.89 kW. In conclusion, the addition of radiation shielding
results in a significant drop in temperature variation from
17.4 �C to 3.3 �C.

4.2. Addition of radiation spreader

In order to further decrease the temperature variation
within the substrate, a radiation spreader in the form of
a 3.2 mm (1/800) stainless steel plate was added between
the lamps and the source as shown in Fig. 2. It was theo-
rized that adding the spreader would provide a more uni-
formly distributed source of heat addition as opposed to
the discrete lamps and also serve to reduce heat loss
from the top edges of the source to the lamp holder. How-
ever, the effect of the heat spreader was not very large. Its
addition reduced the maximum temperature variation
within the substrate from 3.3 �C to 2.7 �C while the power
consumption increased from 0.89 kW to 0.92 kW.

Next, we sought to optimize the spreader geometry to
see if any further improvements in uniformity could be
obtained. Changing the thickness of the spreader from
3.2 mm (1/800) to 6.4 mm (1/400) resulted in no significant
improvement in the temperature variation (only 0.05 �C).
The effect of using a spreader area smaller than the source
area was studied next. The motivation behind contouring
the spreader was to direct more heat towards the back of
the source from where the main heat loss takes place.
Fig. 4 shows the effect of increasing the gap between the
edge of the spreader and the heater holder. As can be seen
from the figure, the curve shows a minimum at a gap of
76.2 mm (300). However, the difference between the mini-
mum temperature difference (2.64 �C) and the temperature
difference with a full spreader (2.67 �C) is again insignifi-
cant. Moreover, decreasing the spreader width on the sides
always resulted in increase in the temperature variation
within the substrate. Hence, it was concluded that contour-
ing the spreader provides no significant benefit over the use
of a spreader that completely shields the lamps from the
source. The reason for this lack of improvement was due
to the fact that though the a gap on the back of the source
directed incrementally more radiative flux there, it also
exposed the top edges of the source directly to the heater
holder to which they lost heat. These effects balance at
the optimum spreader gap of 76.2 mm (300) but no overall
improvement is obtained.
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4.3. Optimum power distribution among lamps

A common method in obtaining temperature uniformity
in rapid thermal processing (RTP) systems is to individu-
ally control the power input to each heating lamp
[15–22]. This approach was adopted here to further
improve the temperature uniformity within the substrate.
In order to find the power input to each lamp so that the
maximum possible uniformity would be realized, an opti-
mization program DN0ONF from the mathematical
library IMSL [23] was interfaced to ABAQUS. This pro-
gram is based on a FORTRAN subroutine NLPQL devel-
oped by Schittkowski [24] and employs the successive
quadratic programming method to solve general con-
strained nonlinear programming problems. To find the
optimum power distribution, this problem was specified as

minimize f ðxiÞ
where

f ðxiÞ ¼ T substrate-max � T substrate-min

and xi’s are power inputs to individual lamps subject to,

T substrate-mid-500j jP 0:3

and

0 6 xi 6 50

The maximum lamp flux was limited to 50 W/in.2 corre-
sponding to the maximum output of 1500 W per lamp.
The equality constraint on the temperature at the center
of the substrate was converted to the inequality constraint
with a tolerance of ±0.3 �C to speed up the optimization
process. Each evaluation of f(xi) required one simulation
in ABAQUS. Since most of the computational effort in a
simulation was consumed in the calculation of view factors
which did not change in this part of the study, an interfac-
ing program was written which updated the lamp fluxes
and obtained the substrate temperatures without exiting
the ABAQUS run; the interfacing program then used re-
verse communication to update the work function and con-
straints in the optimizer.

The unoptimized and optimum lamp power distribu-
tions are shown in Fig. 5. The optimization of the lamp
powers for maximizing uniformity at a nominal tempera-
ture of 500 �C resulted in reduction of the maximum
temperature variation within the substrate from 2.7 �C to
2.5 �C and the total power consumption remained
unchanged at 0.92 kW. Even after optimizing the power
distribution to the lamps, only a slight improvement in uni-
formity was obtained. This indicated that the heating con-
figuration shown in Fig. 2 was inherently inadequate in
meeting the target temperature variation of below 1 �C
required for producing stable thin film photovoltaics and
a change in lamp configuration was necessary to obtain
further improvement in uniformity. Hence a new lamp con-
figuration was sought.

5. New lamp configuration

In order to gain insight into the effect of various
improvements discussed above on the temperature varia-
tion within the substrate, the temperature contours within
the substrate were plotted and are presented in Fig. 6. As
can be seen from the figure, in the unoptimized configura-
tion, the temperature within the substrate rapidly decreases
from 500 �C at the center to 482.6 �C at the corner. Addi-
tion of radiation shields substantially prevents heat loss
from the front and back of the source thus significantly
improving the uniformity within the substrate. The maxi-
mum and minimum temperatures yet occur at the center
and corner respectively. Addition of a spreader between
the lamps and the source serves to reduce the temperature
gradients within the substrate. Optimization of power dis-
tribution among the lamps directs the power to the outer
lamps which moves the location of the maximum tempera-
ture from the center of the substrate to the side of the sub-
strate. This serves to direct the majority of the heat flow
through the radiation shields as opposed to the corner of



Fig. 6. Temperature contours within substrate with increasing uniformity.
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the source thereby further reducing the temperature varia-
tion. The above temperature contours indicate that further
improvement in uniformity can only be obtained by
actively restricting the heat flow from the front and back
of the source. Passive shields can only achieve this up to
a point. Hence, it was decided to place an active source
of heat i.e. an IR lamp instead of the radiation shields in
front and back of the source as shown in Fig. 7.

Three different optimization studies were undertaken
after adding the extra lamp at the front and back of the
sources. In the first study, all the lamps were assigned the
same amount of power. This is the easiest configuration
from an ease-of-control perspective. With all lamps draw-
ing the same power, the maximum temperature variation
was found to be 2.6 �C which is only marginally better than
2.7 �C obtained for the case with radiation shields, no front
and back lamps, and uniform power distribution among
top and bottom lamps. The total power consumption how-
ever increased from 0.92 kW to 1.35 kW. In the second
study, the top and bottom lamps were assigned the same
power while the front and back lamps were assumed to
be controlled independent of them. In this case, the maxi-
mum variation within the substrate dropped to 1.2 �C
while the overall power consumption increased to
1.42 kW. Out of this only 0.61 kW was consumed by the
14 top and bottom lamps while the rest (0.81 kW) was con-
sumed by the four front and back lamps. The uniformity so
obtained was within reach of the target of 1 �C. In the last
study, the power supply to every lamp was varied indepen-
dently. This resulted in a maximum variation of only
0.65 �C. The total power drawn by the system was
1.42 kW. Of this the optimizer directed 0.75 kW to the four
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front and back lamps, 0.6 kW to the four edge lamps in the
top and bottom and a small amount (0.06 kW) to the two
middle lamps in the top and bottom. The rest of the lamps
Fig. 8. Temperature contours within substrate for three optimization
i.e. the inner lamps in the top and bottom with the excep-
tion of the middle lamps drew no power. Thus it can be
concluded that the inner lamps in the top and bottom are
studies with front and back lamps instead of radiation shields.



Table 2
Summary of findings of optimization study

Configuration Max temperature
variation in
substrate (�C)

Total power
consumption
(kW)

Basic 17.4 2.00
Add 15 radiation shields 3.3 0.89
Add spreader 2.7 0.92
Optimize spreader geometry 2.6 0.91
Optimize power distribution

among lamps
2.5 0.92

Add front and back lamps
(remove shields) same
power to all lamps

2.6 1.35

Different power levels to
top/bottom and front/back
lamp banks

1.2 1.42

Different power levels to all lamps 0.65 1.42

Table A.1
Properties of graphite sources [25]

T (�C) K (W/m K) T (�C) Cp (J/kg K) q (kg/m3)

0 110 26.85 721.4 1700
200 85 76.85 875
400 72 126.85 1025.8
600 62 176.85 1155.6
800 55 226.85 1268.6
1000 50 276.85 1352.3
1200 45 326.85 1423.5
1400 41 376.85 1490.5
1600 38 426.85 1549.2

476.85 1599.4
526.85 1645.4
576.85 1683.1
626.85 1712.4
676.85 1737.5
726.85 1762.6
826.85 1808.7
926.85 1854.7

1026.85 1892.4
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redundant i.e. effective heating and control of thermal
uniformity within the substrate can be obtained by
only the four edge lamps on the top and bottom of the
sources and the 4 lamps in the front and back of the two
sources.

The temperature contours obtained within the substrate
in the above three studies are presented in Fig. 8. The gen-
eral nature in temperature contours is largely unchanged
between Figs. 6c and 8a and the temperature uniformity
is almost identical in both cases indicating that though
the addition of front and back lamps can be an impediment
to heat flow from the front and back surfaces of the sources
(as was the case with the radiation shields for Fig. 6c), the
constraint that they have the same power as the top lamps
is too restrictive and does not alter the general nature of
heat flow in the problem. Fig. 8b shows a considerable
departure from the general problem in that it shows that
heating from the front and back lamps is preferable to
heating from the top and bottom lamps for achieving
higher thermal uniformity within the substrate. This is also
concluded from the fact that a majority of the power is
directed to the front and back lamps as opposed to the
top and bottom lamps. Lastly Fig. 8c shows that the most
optimized heating configuration for the current problem
distributes power to the front and back lamps and the
outer or edge lamps in the top and bottom banks thus pro-
viding the most symmetric temperature distribution within
the substrate permitted by the problem.

6. Summary

The fabrication of stable thin film CdTe photovoltaic
cells necessitates tight control of temperature uniformity
within the substrate during the vacuum deposition process.
Though the configuration for producing 76 mm · 76 mm
(300 · 300) panels meets these uniformity requirements, on
scaling the panel size to 406 mm · 406 mm (1600 · 1600) it
is no longer possible to achieve the desired uniformity
levels even after employing traditional methods such as
radiation shielding and directing more power to the outer
lamps. Hence it is necessary to employ computer based
optimization techniques for maximizing the temperature
uniformity. To this end, a finite element model of a single
processing station was developed, interfaced to a numerical
optimization routine in IMSL, and the effect of various
uniformity enhancement techniques was studied. The find-
ings of the study are summarized in Table 2. It can be con-
cluded that while passive shielding and optimizing the
power distribution to different lamps can substantially
improve the thermal uniformity in the substrate, they can-
not alter the basic heat flow patterns in the graphite sources
and thus a temperature gradient always exists between the
center and the rear of the sources. Addition of an active
heat source (IR lamps) in the front and back of the graph-
ite sources and then optimizing the power input to all
the lamps results in a heat flow pattern that directs heat
from the peripheral lamps towards the center of the source
and results in a maximum variation of only 0.65 �C
within the substrate which is well within the target value
of 1.0 �C. The optimization study also indicates that the
inner lamps in the top and bottom banks are redundant
and can be safely removed without loss in thermal
uniformity.
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Appendix. Thermophysical properties of materials used in

finite element model

Tables A.1–A.6.



Table A.2
Properties of stainless steel [26]

T (�C) K (W/m K) Cp (J/kg K) q (kg/m3)

�73.15 12.6 402 7900
126.85 16.6 515
326.85 19.8 557
526.85 22.6 582
726.85 25.4 611
926.85 28 640
1226.85 31.7 682

Table A.3
Properties of soda lime glass [27]

T (�C) K (W/m K) Cp (J/kg K) q (kg/m3)

20.85 1.2 936.32 2530
41.85 1.48
88.85 1.38
126.85 1.56
157.85 1.62
202.85 1.74
244.85 1.85
270.85 1.74

Table A.4
Properties of quartz lamps [28]

T (�C) K (W/m K) T (�C) Cp (J/kg K) q (kg/m3)

0 1.44 �17.14 520 2200
98.77 1.60 41.63 660
209.88 1.73 106.94 767
320.99 1.84 185.31 867
432.10 1.90 263.67 947
506.17 1.93 361.63 1020
623.46 1.93 518.37 1060
765.43 1.93 609.80 1080
895.06 1.94 727.35 1107

838.37 1133
936.33 1160
995.10 1180

1112.65 1220

Table A.5
Properties of silica insulator [29]

T (�C) K (W/m K) Cp (J/kg K) q (kg/m3)

20.85 1.2 936.32 2530
41.85 1.48
88.85 1.38
126.85 1.56
157.85 1.62
202.85 1.74
244.85 1.85
270.85 1.74

Table A.6
Emissivities assigned to the various materials in the finite element model

Material Emissivity Reference

Graphite 0.8 [25]
Stainless steel 0.25 [26]
Soda lime glass 0.8 [27]
Quartz lamps 1.0 –a

Silica 0.5 [30]b

a The lamps were assumed to radiate out all the heat flux applied on
their outer surface.

b Since the spectral emissivity of silica as reported by Rozenbaum et al.
[30] varies rapidly from 1 to 0 in the wavelengths corresponding to thermal
radiation, an average value of 0.5 was used.
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