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Abstract

Results and conclusions from Phase II of a three year subcontract are presented. The subcontract,
entitled “Technology Support for High-Throughput Processing of Thin-Film CdTe PV Modules,” is First
Solar’s portion of the Thin-Film Photovoltaic Partnership Program. The research effort of this
subcontract is divided into four areas of effort: 1) process and equipment development, 2) efficiency
improvement, 3) characterization and analysis, and 4) environmental, health, and safety.

As part of the process and equipment development effort, a new semiconductor deposition system
with a throughput of 3 m*min was completed, and a production line in a new 75,000 ft* facility was
started and is near completion. With the near-term plan of 8%-efficient modules, this system and
production line will have a capacity of 80 MW,/year for CdS/CdTe plates and 20 MW y/year for finished
modules. As part of pilot-production and process improvement during Phase II, over 12,500 plates (each
0.72 m®) were coated with CdS/CdTe films; this is 4 times the total number produced prior to the start of
this contract.

Process development efforts were aided by the development of large-area characterization
techniques. Advances in large-area techniques this reporting period include improvement of spatial
mapping of CdS, progress towards spatial mapping of CdTe, and addition of in-situ measurement of CdS
film thickness and substrate temperature. Using spatial mapping of a representative film from the new
deposition system it was determined that the standard deviation of the CdS film thickness was 1.3% in
the down-web direction and 7% in the cross-web direction. Using a 13-point per plate measurement of a
sampling of plates from the new deposition system it was determined that the average CdTe film
thickness was 3.78+0.46 um and that the average standard deviation within plates was 0.4410.16 pum.
These values are better than expected for this phase in the start-up of a new system, but additional
improvement in the cross-web direction for both CdS and CdTe will be pursued in order to improve
module performance.

Progress was also made in large-area vapor-CdCl, treatment and in laser scribing. Heat-
treatment profiles were verified for the module-scale vapor-CdCl, system and vapor-delivery issues
were identified. A new laser-scribing technique that provides linear scribing speeds up to 3 m/s was
developed which allows all of the scribing for a scribe set to be done for a module in less than 1
minute with one laser, thus improving system uptime and decreasing costs relative to the previous
multi-laser approach.

As part of the efficiency-improvement task, research was done on cells and modules with thin CdS
and buffer layers as way to increase photocurrent with no loss in the other photovoltaic characteristics.
New chemistries for atmospheric-pressure chemical vapor deposition (APCVD) of buffer layers were
developed, APVCD systems were built for 100 cm” and 7200 cm® substrates, and process parameters
were explored. Cells with APCVD buffer layers and thin CdS on standard commercially-available
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TCO-coated soda-lime glass substrates were produced with NREL-verified efficiencies as high as
13.2%. Modules with APCVD bufter layers and thin-CdS from the new production deposition system
were produced (after the end of this reporting period, but as part of a deliverable for this reporting
period) with aperture efficiency up to 9.6% (unconfirmed).

Other efforts as part of the efficiency-improvement task included exploration of the effect of ambient
during vapor-CdCl, treatment, characterization of module-scale non-uniformity, module problem
diagnosis, and improvement and use of a large-area sputter system and a small-area VTD system.

A number of activities were part of the characterization and analysis task, including:

* A new admittance spectroscopy system, with a range of 0.001 Hz to 100 kHz, was
developed and used to characterize cells.

* A new spectral-response system was developed and used.

* Planar electron-beam induced current (EBIC) was used to characterize intra-grain vs. grain-
boundary regions of cells and cell non-uniformity.

* Energy-dispersive spectroscopy (EDS) capabilities were upgraded.

* Low-temperature photoluminescence (PL) was used to investigate the electronic states of
impurities in CdTe films and cells.

» The effect of back contacts on cell open-circuit voltage was investigated, and micro-non-
uniformity (grain-boundaries or point defects) was proposed as the cause of large
suppression of open-circuit voltage in some cells.

* Given the potential importance of micro- and macro-non-uniformity, the effect of non-
uniformity was modeled, and an analytical solution based on the mean-field approximation
was developed.

* An analytical solution to shunt-screening in cells was developed and verified.

* Scribe contact resistance was characterized.

* Performance of modules under non-standard conditions was investigated.

* Advances were made in accelerated-testing capabilities, included the construction of a new
environmentally-controlled light soak station, the development of a new high-acceleration-
factor laser-light soak test, and the development of planar EBIC as a very-high acceleration-
factor screening test.

+ Field stability to a period of greater than 5 years was verified with further analysis of the
array at NREL.

* Light soak and other accelerated tests were used to investigate the stability of alternative
processes at First Solar and for National CdTe Team members’ contacts on First Solar substrates.

* Failure mechanism research continued with some information presented on temperature and
contact effects.

As part of the environmental, health, and safety task, the methanol-based CdCl, process was replaced
with aqueous-CdCl,. This change enabled the retention of a “De Minimus” level of emissions for the
manufacturing plant, so no permitting is required.
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Introduction

This report is the second annual report for a subcontract originally awarded to Solar Cells, Inc. (SCI)
in 1998. In February 1999, SCI and True North Partners, LLC of Phoenix, Arizona jointly formed
First Solar, LLC. First Solar assumed all activities of SCI, including the research described in this
report.

First Solar has been the leading developer of high-speed, thin-film deposition techniques for CdTe
photovoltaic modules. Using a proprietary vapor-transport deposition technique the semiconductor
films for a 0.72 m* module can be deposited in less than 15 seconds. First Solar has also developed
reasonably high-throughput processes for the remainder of the steps required to make finished
modules and has been producing modules in various levels of pilot production for 6 years. Modules
with power output up to 60.5 W under standard measurement conditions have been produced (area
of 0.72 m?) and field stability has been demonstrated.

The basic process First Solar currently uses is as follows: 60 cm x 120 cm SnO;:F-coated soda-lime
glass plates are first edge seamed to eliminate sharp edges and prevent breakage during processing.
After washing, ~0.3 um CdS and then ~3.5 um CdTe are deposited on the plate at ~1 um/s using
vapor-transport deposition (VTD). After a CdCl, anneal and CdTe surface modification, contact
metals are sputter-deposited then annealed. Laser scribing is used to turn the filmed plate into a
monolithically integrated submodule. A module is then made by placing a film of ethylene vinyl
acetate (EVA) on the back side of the submodule and then encapsulating with a back sheet of glass.
At this time, small cells (1.1 cm?) from production plates have efficiencies of ~10%, which result in
0.72 m* modules with total-area efficiencies of approximately 7%.

The goal of the Thin-Film Photovoltaic Partnership program is to advance the state-of-the-art of
large-scale thin-film module fabrication. The subcontract awarded to First Solar as part of the
program leverages First Solar’s extensive knowledge and equipment base to achieve that goal. The
subcontract is divided into four areas of effort: 1) process and equipment development, ii) efficiency
improvement, iii) characterization and analysis, and iv) environmental, health, and safety. During
Phase II, First Solar made progress in all four areas.

This report is organized in the same manner as the task description of the subcontract, with the
exceptions that Task 3.5 of the statement of work (Research VTD chamber design) is reported in
section 2.3.2 of this report, and Task 3.6 (buffer-layer research) is reported in section 2.1.1.
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1. Equipment, Process, and Fabrication Development

1.1 High-throughput Deposition System Development (100 MW coater”)

A high-throughput semiconductor deposition system was completed during Phase II, with
the coating technology for the system developed under the Thin-Film Photovoltaic
Partnership program. The system has a 1.2 m (4 ft) web width and a line speed of
approximately 2.5 m/min. The high line speed is made possible by the high growth rate
achieved with Vapor Transport Deposition (VID) -- the ~3.5 um-thick CdTe film is
grown at ~1 um/sec. High-speed-index load locks enable continuous glass flow into the
deposition region, thus achieving the target throughput of four 0.72 m” plates/min. If run
at this throughput for three 40-hr shifts/week, the system would produce 1.5 million
CdS/CdTe-coated plates per year. If these plates were finished into 10%-efficient
modules with a 93% combined uptime and yield, the PV production would be 100
MW,/year. The system, which is normally referred to as the production coater in this
report, is shown in Figure 1.1 (with the load/glass-seaming robots, conveyor, and glass
washer in the foreground).

ril i
Figure 1.1. High-speed CdS/CdTe deposition system with 3 m*/min throughput.

The system consists of an entrance load-lock, a glass heating section, a deposition
section, an exit load-lock, and a cooling section. The cylindrical geometry of the glass
heating and deposition sections is suitable both to support the atmospheric pressure
load and to form an excellent radiation cavity to achieve uniform glass temperature.
Multiple heating zones allow adjustment of cross-web glass temperature. Glass sheets



are supported and moved throughout the system using ceramic rolls that are tangentially
driven by a flat chain.

Multiple, redundant coating subsystems are located within the deposition section of the
furnace. Injected source material is vaporized, the vapors distributed, and the inert carrier
gas exhausted in each coating subsystem. One distributor is used to form the CdS layer
and one to form the CdTe layer.

Critical to production operation is raw material utilization and equipment up-time. To a
large degree, these are coupled in the system, since whatever material is not deposited
condenses on cooler components and filters and eventually requires cleaning.
Fortunately the components that directly control the coating itself, the vaporizer and
distributor, generally remain clean, as they are the hottest components. Uniformity and
utilization issues are discussed in section 1.5 of this report. In-line diagnostics in the
system are discussed in section 1.4.2.

The first CdS/CdTe coatings were made with the system in February. The first
CdS/CdTe-coated plate from the system yielded cells of up to 11% efficiency after light
soaking. Additional results from use of the system will be discussed in sections 1.3, 1.5,
and 2.4.3.

1.2 Manufacturing Facility and Production Line Development

A 75,000 ft* manufacturing facility and module production line were developed during
this reporting period, primarily with internal and PVMaT funding. However, R&D
support of the development was funded under this contract, and the production line will
be instrumental in the fulfillment of this contract’s Phase III objectives. Ground was
broken for the manufacturing facility in July 1999 in Perrysburg Township, OH.
Equipment placement began in December, with all deposition equipment and
approximately half of the module finishing equipment installed by March 2000. The
equipment has been designed and constructed to handle the post-CdTe-deposition
processes at one plate per minute. The plan is to establish production at this level (20
MW/yr for 8%-efficient modules) with the ability to quickly add finishing capacity in
increments on site or at other locations.

1.3 Pilot-production Experience and Deposition-equipment Improvement

In parallel with the development of the production coater and production line as
described above, efforts continued on the improvement and use of the pilot-production
deposition system and pilot-production line. This work included ongoing problem
diagnosis and machine upgrades. For example, in January, coating problems were traced
to feed-line vacuum leaks -- repair of the leaks resolved the problems. Ramp-up of pilot-
production volumes continued as a way to learn about the process and make product for
evaluation purposes. In the 42 months prior to Phase I of this contract, the average
CdS/CdTe production was only ~80 plates/month. During Phase I the average was ~550
plates/month, and during Phase II the average was ~1050 plates/month. Production by



month during Phase II is shown in Figure 1.2. Note the transition to the production
coater in March 2000.
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Figure 1.2. CdS/CdTe plate production per month during Phase II.

1.4 Diagnostics

New automated measurement systems and techniques were developed to provide in-line
information and spatial mapping of film characteristics. Each area will be briefly
described in the following sections. Examples of resulting data will be presented in the
subsequent sections describing process development. Small-area characterization
development is described in section 3.

1.4.1 Off-line Measurements

Construction began on two new spatial mapping characterization systems. Like the
previously-built system described in the Phase I report[1], these systems will be able to
characterize full size (0.6 m x 1.2 m) plates. The systems use the same basic approach as
the system developed last year; namely, fixed-position excitation/detector pairs with X-Y
movement of the plate enabling high-density mapping of several important quantities.

Among the improvements to the two systems are: 1) improvements in the CdS thickness
measurement, and ii) addition of CdTe thickness measurement capability. The CdS
thickness will be measured by the optical absorption of a gallium nitride quantum-well
LED with improved detection electronics so that calibration before each scan is not
required. CdTe thickness mapping capability was added by the addition of a 808 nm 5
mW laser with thermo-electric cooling of the diode to prevent mode hopping and a DSP
lock-in to improve signal acquisition. Mock-ups of the CdS and CdTe measurement
systems show excellent results.



1.4.2 On-line Measurements

The Production coater has over 80 channels of temperature, pressure, position and speed
control, continuous residual gas analysis, a scanning infrared imaging system, and an
internal laser absorption system to measure CdS thickness.

Infrared radiation emitted from the SnO,-coated glass surface is detected by an imaging
system located between the heating chamber and the deposition chamber. The emitted
radiation passes through a ZnSe vacuum window. A spinning mirror sequentially
reflects radiation from across the web towards a single detector. The imaging system
creates a 2-dimensional map of the glass surface temperature. After correcting for
some spurious internal reflections, glass temperature uniformity has been measured to
be £10°C on the 60 cm x 120 cm substrates.

Since the CdS layer is soon buried by the lower bandgap CdTe, CdS thickness detection
is best done in-situ at deposition temperature. Therefore, an array of fixed-position
green lasers and paired detectors have been installed in the deposition system to infer
CdS thickness based on optical absorption. Fortuitously, the decrease in CdS bandgap
with temperature is sufficient to allow the use of small, readily available, stable solid-
state 532 nm lasers.

1.5 Deposition Development

Efforts to improve deposition characteristics (e.g., film uniformity, plate-to-plate
consistency, and material utilization) proceeded on the 60-cm-web pilot-production system
for most of Phase II and then were continued on the 120-cm-web production coater.

1.5.1 Uniformity

Uniformity of performance over the area of the 60 cm x 120 cm module is critical for
high performance modules. Uniformity of film thickness is an important indication of
uniformity of performance because film thickness can directly affect performance (e.g.,
thinner CdS can result in increased J. but lower V. and changes in CdTe thickness could
result in differences in performance after the CdCl, anneal) and because film thickness
can be an indication of other area-dependent variables which could affect performance
(e.g., deposition temperature and species-flux during growth).

One of the methods of investigating film uniformity is to take thickness profiles or maps
on a sampling of plates. This method is particularly useful for determining the effect of
process changes on uniformity. Figure 1.3 shows the thickness of the CdS for a variety
of thickness films made on the 60-cm-web pilot-production system and the 120-cm-web
production coater. Each curve is a function of cross-web position and is an average of 3
measurements in the down-web direction.
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Figure 1.3. Comparison of average cross-web thickness profiles for CdS films made in
the production system (open symbols) and the pilot equipment (solid symbols).

Instead of averaging the three down-web position measurements as was done for the
previous figure, plotting the three curves separately shows the high down-web uniformity
of the process, as can be seen in Figure 1.4. For the plate shown, the standard deviation
was 0.004 and 0.023 um in the down-web and cross-web directions, respectively (1.3%
down-web and 7% cross-web).
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Figure 1.4. CdS thickness as a function of cross-web position for three different down-
web positions for a film made with the production coater.



Another method of investigating CdS film uniformity is to take in situ measurements.
Figure 1.5 shows the down-web thickness of CdS as deduced by the optical technique
described in section 1.4.2.
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Figure 1.5. CdS film thickness as determined by in-situ optical absorption sensors.
Sharp up-turns are detection of coating on backside of glass at leading and trailing edges
of plates.

Still another method of investigating film uniformity is to take a number of point
measurements within plates which can be used to determine the standard deviation of
film thickness within each plate for a large number of plates. This method is used to
present the uniformity of thickness of the CdTe layer. Figure 1.6a is a histogram of the
standard deviations of the CdTe thickness from 13-point per plate measurements for
plates from the 60-cm-web pilot production system. The average of the standard
deviations is 0.358 wm, which is ~10% of the average thickness. Figure 1.6b is a
histogram of the standard deviations of the CdTe thickness for plates from the 120-cm-
web production coater. The average of the standard deviations is 0.44 um, which is
higher than that for the pilot production system. Two factors contributed to this increased
standard deviation: first, the data was taken during the start-up phase of the production
coater, and second, the data for the production coater is weighted toward non-standard
plates (for the pilot system all plates were measured, while for the production coater only
a sampling, on average 1 per 80, plates is measured with all “dial-in” and problem-
investigation plates being measured).
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Figure 1.6. Histogram of standard deviation of CdTe thickness within plates. (a) Plates
from pilot-production system deposition (0.358+0.170 um); (b) Plates from production
coater (0.4440.16 um).

Metrics of film uniformity other than film thickness, for example film morphology, were
also investigated. A series of experiments in the pilot-production system showed that one
type of CdS edge banding was feed-related. As a result of these experiments,
modifications were made to the distributors to improve deposition uniformity.

1.5.2 Consistency

Plate-to-plate consistency of film thickness is another metric of deposition quality. The
CdTe thickness of all plates produced on the 60-cm-web pilot-production system was
measured with the beta-backscatter technique with a grid of 13 points per plate. A
histogram of plates produced during Phase II is shown in Figure 1.7a.
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Figure 1.7. Histogram of average CdTe thickness per plate with measurement by beta-
backscatter technique with a grid of 13 points per plate. (a) Data taken from plates
made on the pilot equipment (3.73£0.34 um); (b) Data from sampling (~1 per 80) of
plates from the production coater (3.78um +0.46).



In February 2000 the first CdTe films were deposited with the new production coater.
Plates were measured only on a sampling basis, on average about 1 every 80, with a higher
sampling done during the “dial-in” phase after a process-parameter change. A histogram
was made for all of the plate measurements for the production coater and thus includes the
“dial-in” plates and experiments designed to produce thinner CdTe. Despite the inclusion
of all the data including the non-standard plates, this histogram, shown as Figure 1.7b,
still shows encouraging results with a plate-to-plate standard deviation of 12%. In Phase
IIT a systematic study is planned to determine the plate-to-plate consistency.

1.5.3 Utilization

Increasing semiconductor utilization is a way to reduce direct material costs and system-
cleaning costs. The latest calculations for continuous-stream CdS utilization indicate
34% for the pilot-production system and 50% for the production coater. Calculations for
CdTe utilization indicate 72% for the pilot-production system and 67% for the production
coater. The values for the production coater are actual output divided by input, while for
the pilot-production system estimates were made for a continuous flow using the
intermittent-flow data -- this may account for the slight drop in CdTe utilization on the
production coater relative to the pilot system. The cause for the increase in CdS
utilization is not known at this time.

The CdTe utilization, at 67%, is encouraging relative to some other deposition
technologies, but is short of our goal of 90%. Loss mechanisms, such as “web-edge
overspray” and re-sublimation have been identified, but efforts to reduce these losses have
been subordinated during the start-up phase of the production coater. Additional work on
utilization is planned after the system parameter space has been more fully explored.

1.5.4 Pinholes

The Phase I report included a description of CdTe pinholes that were prevalent along the
outer edges of plates. In Phase II we confirmed that these CdTe pinholes were the result
of large CdS particulates (at later stages of processing the CdS particulates would get
knocked off, leaving behind the CdTe pinholes). Tests also indicated that the CdS
particulates were the result of homogenous nucleation. The flow dynamics of the
production coater are such that CdS particulate, and thus CdTe pinhole, formation is no
longer a problem.

1.6 Large-area Vapor-CdCl, System

A pilot-production vapor-CdCl, system with a 60-cm-web and a throughput of one
module every 3 minutes was constructed in Phase I. During Phase II, the mechanical and
heating aspects of the system were verified by successfully using the system to heat-treat
plates that had received a spray with wet-CdCl,. The trial was so successful that the
system was commandeered for pilot-production in this spray/anneal mode. Later
attempts to run the system as intended with CdCl, vapor generators or open boats resulted
in inadequate treatment of plates. Subsequent modifications to provide a more confined
space for the vapor gave indications of better treatment, but possible machine life/uptime



problems. By this time, the urgency for a vapor-CdCl, system was removed by the
success of the aqueous CdCl,-treatement approach (see section 4.2) since the vapor-
CdCl, system was no longer needed to achieve the goal of a no-emissions plant.
However, since vapor-CdCl, results in a more uniform treatment and a more pristine
CdTe surface, it is expected to be capable of providing a higher performance product and
be more suited to production and will thus continue to be investigated with the intention
of being available for future manufacturing capacity additions. The system has been
moved to the First Solar Technology Center for this work in Phase III.

1.7 Interconnect Process Development

To make a monolithically-connected module, laser scribing is used to turn the filmed
plate into 116 series-connected cells. As shown in Figure 1.8, scribe-1 isolates the front
contact of the cells, scribe-2 enables the series connection to the next cell, and scribe-3
isolates the back contact of the cells. In pilot-production, laser scribing of modules was
done with two multi-beam laser systems at ~5 min/module. New concepts were thus
needed to reach the goal of 1 plate/min throughput with low capital costs.
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Figure 1.8. Monolithic integration with laser scribing.
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In Phase I, one concept explored was the use of a large number of fixed lasers. In Phase
II, a new concept was explored and developed that will allow all of the scribing of a
scribe set to be done with one system with one laser in less than a minute. The use of just
one laser has the advantages of lower initial cost and higher system up-time compared to
the previous concepts.

Technology support of this new concept was done under this contract, with machine
development by PVMaT and internal funds. The approach provides an increase in
scribing accuracy, linear scribing speeds up to 3 m/s (an order of magnitude increase),
and at least a 50% reduction of capital costs.



2. Efficiency Improvement

Improvement of module conversion efficiency has tremendous leverage in decreasing
total system “per Watt” costs. As a result, several projects were pursued with the intent
of improving module efficiencies. In addition to the work described below, considerable
work described elsewhere in this report was part of the effort to improve efficiencies (for
example the diagnostics of section 1.4, the deposition development of section 1.5, and the
characterization of section 3.1).

2.1 Buffer Lavyer and Thin CdS

The short-circuit current for an ideal solar cell with a direct bandgap of 1.45 eV is ~30.6
mA/cm®. The typical J of our current-production cell of only ~18 mA/cm? thus stands
out as an opportunity for significant improvement in cell efficiency. The low J is the
result of absorption of photons with energy greater than 2.4 eV in the ~3000A-thick CdS
layer, with no collection of these photogenerated carriers. Thinning of the VTD CdS
layer results in increased Jg, but low V. The incorporation of a thin high-resistivity
layer, commonly called a buffer layer, between the conductive front contact (SnO,:F) and
the CdS has been shown to allow thinning of CdS without loss of V. [2] [3]. Efforts to
develop a high-throughput process for a buffer layer are discussed in the next section
with device results using the layer and thin CdS in section 2.1.2.

2.1.1 Buffer-layer Development

In Phase II the majority of our efforts in buffer-layer development were focused on
exploring atmospheric-pressure chemical vapor deposition (APCVD). While we have
had some success with a sputtered buffer layer in devices with thin CdS, the very low
cost of APCVD makes it more attractive for high-volume production if the necessary
properties of the layer can be obtained.

A description of the equipment built for this APCVD work is given in sections 2.5.3 and
2.5.4. A description of the criterion for screening for new APCVD chemical systems
was given in a paper submitted to the Spring MRS Conference in San Francisco, CA
(D. Giolando, et al). Briefly, the ideal chemical system for high-volume production
would have the following characteristics:
* Volatility - should be at least 10 mm Hg vapor pressure to achieve growth rates of
100 to 2000 A/s.
* Reactivity - should give fast growth rate at the substrate with no pre-reactions
» Cost - low cost and ease of preparation lowers product cost and ensures adequate
supply of the chemicals.
» Toxicity - systems with low toxicity and lack of other characteristics that would
require safety efforts are preferred and should be investigated first.
» Waste treatment - Ease of treatment important; preferable if the waste product can be
converted back into the reagent.
+ Patentable - Ownership of the chemical systems ensures access.
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From a screening process using the above criteria, new chemistries were identified and
tested on 100 cm” and then 7200 cm’ substrates. Ranges of film properties were
identified that gave superior device performance. Several potentially novel features of
the deposition process, including new chemistries, have been identified and patent
applications are in process.

In parallel with the in-house effort to develop an APCVD capability for the buffer layer,
we have also explored the capability of outside vendors to make buffer layers. The first
batch from one vendor was found to be outside the range of electrical properties needed
and the first batch from another vendor was found to be unstable at cell processing
temperatures.

2.1.2 Thin-CdS Devices

Buffer-layer films made on 100 cm” substrates were used to make small-area cells, and
films on full-size plates (7200 cm?) were used to make both cells and modules. The
results were used to identify the important film characteristics. The function of the buffer
layer is to allow thinning of the CdS in order to increase J;. without loss in other I-V
parameters (primarily V., but also FF). This function was verified through the use of
controls. For example, one batch of control samples with thin CdS but no buffer layer
had an average efficiency of 6.7%, while cells with a doped buffer layer had an average
efficiency of 12.5%.

High efficiency cells have been achieved using the APCVD buffer layer and thin CdS. A
cell with a standard 3 mm-thick sodalime-glass substrate, commercially-available TCO,
and an APCVD buffer layer was made, given a 7 day light soak (~800 W/m?, 65°C), and
then measured at NREL to be 13.2% efficient (V,. of 0.821V, J. of 23.0 mA/cmz, FF of
70.06%). The spectral response of a similar high-efficiency cell and a standard
production cell is shown in Figure 2-1. As can be seen in the figure, the buffer/thin-CdS
cell has significant response in the wavelengths that would normally be lost in absorption
in the CdS (350-500 nm).
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Figure 2-1. Spectral response of (a) standard production cell and (b) cell with APCVD
buffer layer and thin CdS.
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Modules were also made with buffer layers and thin CdS. Details are given in section
2.4.3.

2.2 Improved TCOs

First Solar currently uses TEC 15 substrates from Libby-Owens-Ford (LOF). The work
described in section 2.1.1 (and the equipment section of 2.5) may also lead to
improvements in the APCVD of conductive layers for TCOs. Advances in this area
might be provided to glass/TCO vendors or might be used in-house for TCO films. New
TCO layers developed at NREL and other glass/TCO vendors were also evaluated for
suitability in our process.

2.3 Small-area Experiments

2.3.1 Vapor-CdCl, Treatment

Because in-line vapor processes can provide more uniform treatment and a more pristine
surface compared to wet-CdCl, treatment, they present an opportunity for improved
module performance. In Phase II the small-area vapor-CdCl, system (which was
described in the Phase I report) was used to explore the effect of treatment ambient.
Different gasses were injected into the treatment chamber at 7.5 sccm. The results were
multi-cell average efficiency of 10.91% for dry air, 10.69% for nitrogen, 10.68% for
room air, 10.74% for wetted nitrogen, 10.45% for wetted dry air, 10.25% for 50%
oxygen, and 10.20% for 100% oxygen. More remarkably, the light soak behavior of the
cells CdCl, treated with injection of wetted (room-temperature saturated) air was
dramatically different -- the cells dropped from 10.45% to 6.8% with 1 day of light soak
then came back to 8.7% with 14 days of light soak. The interaction of vapor-CdCl,
treatment ambient and light soak behavior of cells will be explored further in Phase III.

2.3.2 Small-area VTD

The small-area vapor-transport deposition system was used to discover that higher
substrate temperature can result in improved CdS uniformity. As a result of this work, a
13.5% (unconfirmed) efficient cell on standard TEC 15 glass (with no buffer layer) was
achieved. Research also progressed on doping of the CdTe during deposition. Cells of
~9% have been achieved with no post-deposition doping.

2.4 Large-area Experiments

2.4.1 Module Uniformity

Non-uniformity of performance harms the total performance of any solar cell or module
(modeling of the effect of non-uniformity is discussed in section 3.1.7). Even if the all
the areas of a module are the same efficiency, if there are variations in the solar cell
parameters (Voc, Js, FF) as a function of location, then the total performance will be
lower than the average of the areas due to the series/parallel connection of a module (i.e.,
the 116 cells of the module all have to carry the same current and the area within a given
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cell is ideally equipotential). Improvement of uniformity is thus a path to improved

module performance.

Efforts to improve coating uniformity were discussed in section 1.5.1. Efforts to improve
processing uniformity have been a central theme in the design and construction of the
new manufacturing line discussed in section 1.2. In this section we discuss data from two
modules that were cut up into 72 minimodules each. First, a low-efficiency module from
the pilot-production coater (9/10/99 deposition date) was characterized and was found to
be highly non-uniform as shown in Table 2-1. Second, one of the early plates from the
new production coater (3/24/00 deposition date) was characterized in the same manner
and was found to be much more uniform, as shown in the same table.

Table 2-1. I-V parameters of 72 minimodules from 9/99 and 3/00 plates:

Substandard module from pilot line] Module from production coater

Mini-module | Average | Standard | Relative | Average | Standard | Relative

parameter deviation | std dev. deviation | std dev.
Efficiency (%) 5.6 1.6 29% 7.0 0.5 7%
Vo mV)[ 752 82 11% 809 14 2%
Jo (mA/em?)|  17.8 0.8 4% 18.9 0.4 2%
Fill Factor (%) 44 7.8 18% 50.1 3.0 6%

In phase III we plan to do spatial characterization with an automated system that will
provide up to 7200 data points for a module.

2.4.2 Module Diagnosis

Another path to improving average efficiency of modules is to diagnose problems that
occur. Significant effort was expended in this manner for modules from the pilot-
production line. One of the primary problems identified was poor laser scribing from the
old multi-laser approach. These proble