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Statement of the problem or situation that is Mng addressed - SYpkalIy,one [o rhree sentences.

Yieldandreproducibilityremain impormntissues in CuIn(Ga)Se+(CIGS)photovoltaicmodule fabrication. while sroatl-areacells
(<1cm2)over 18%efficienthave been reporte~ the best large-areamanufactureddevices(> 1 &) are 11%cfflcientwith about
60V0yield. If improvementsin large-areamanufacturingcan accomplish15?40effkiency and 9(WO yidd, the result is a doubling in
throughputleadingto a reduction in costperwattofover50%. The challengenowfacingthephotovoltaksindustryisto bring
theefficienciesof small-areacellsandlarge-areaindustrialmodulesclosertogetherandto raisemanufacturingyields.

General mtatementof how thii problem is being addressed. Thii is the overall objective of the combiaed Phase I andPhaseIIprojeets - typically, one so
three sentences.

MaterisdsResearchGroup, Inc. (MRG) is improvingthe rnamkturability of CuIn(Ga)Se2-basedsolar cellsvia developmentof
realtime,closed-loopcontrol of co-sputteredCulnSq (CXS)absorberlayers.Co-spuuering,whenusedwithplasmaemission
closed-loopcontrol,providesgood control and scalabilityy of the fluxesto the CIS layer,and shouldmaintainessentiallythe same
filmefficiencyachievedinchampionco-evaporatedfilmswhileachievinghighrnanufhmringyields.

What is planned for the phase I project (typically, two to three sentences)?

PhaseI demonstratedthatco-sputteringof CISlayersusingopticalemissionspectroscopy(OES)controlis a promisingabsorber
depositionprocess for manufacturableClS-basedmodules. OESwas demonstratedto give correctinformationabout the metallic
depositionrates under differing target conditions,allowingreproduciblefilm compositions.Good spatialuniformityof fluxeswere
obtained,andtheprocesswasinco~oratedintoa modelfora large-scakdepositionsystem.Gooddeviceresult’swereobtained
usingall-dry,manufacturableprocessing.

COMMERCIAL APPLICATIONS AND OTHER BENEFITS as deeeribed by the applicant(Limit to space provkled).
The sueeessoftheresearehwillleadto improvementsintheenergyefficiencyandmanufacturabilityandthereforetowercostsfor
CIS-basedmodules. Off-grid and mobilepower applicationsstandto benefitimmediatelyfrom lowercost photovoltaicenergy
systems. A cleanerenvironment; increasednationalenergy independence,and cheaperpower are long-termbenefits,

SUMMARY FOR MEMBERSOFCONGRES% (LAYMANS TERMS, TWO SENTENCES M.&X-)
Thisresearchaimsq provide cheaper,lighter-weigh~solar electricpowerthroughdevelopinga simplerand cheaper
manufacturingprocessfor CulnSe2solar cells.
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1. PROJECTOBJECTIVES

Yield and reproducibility remain important issues in CUIn(G&)S~ (CIGS)
photovoltaic module fabrication. While multiple groups report champion small-area ceils
(<1 cm2) over 15% efiicient,123 and world-record small-area cells are over 18% efficieng4
the best large-area manufactured devices (> 1 @ are 1lVOefficient with about 60%
yield: The challenge now facing the photovoltaics industry is to bring the efficiencies of
small-area cells and large-area industrial modules closer together and to raise
manufacturing yields.<’

The most efficient small-scale CIGS cells to date have been fabricated using the
four-source co-evaporation method.12’3~4However, a number of factors make co-
evaporated cells difficult to produce in a manufacturing environment. During four-source
co-evaporation, species flux can vary; for example, due to thermocouple drift, difference
in pool surface temperature as source material is depleted, temporally non-uniform source
emission (“spitting”), m,d differences in source materials, In additio~ achieving
simultaneous delivery of at least three fluxes that are uniform over the intended module
area is difficult. The problem is compounded by the current Jack of precise multi-species
flux sensors. The absorber layer, critical for device petiormance, is particularly sensitive
to changes in deposition fl~es. Cu /In ratio, Ga-conten~ and presence of ‘non-CIGS
phases, are important factorsS)9in device quality that can deviate due to species flux
variations.

In an effort to improve the manufacturability of CIGS modules and avoid the
control problems associated wit$ co-evaporation, a number of groups have fabricated
CIGS layers by sequential depositions. These efforts include sequential sputtering and
evaporation of elements,’os’’O’1’’13*’4*’4-’5and by sequential sputtering of coxnpounds’2’lc.
Devices made with sequentially deposited CIGS, however, have not yet reached the
efficiencies of devices made with co-evaporated absorbers. Poor through-film unifonhity
and crystallinity are ofien seen in sequentially-deposited CIGS.12)]4>’SIn addition, post-
deposition reactions can be time-consurning,~’ and controlling the Ga profde in
sequentially deposited films is difficult, 1s>’7

MateriaIs Research Group, Inc. (MRG) has proposed improvement of tic
manufacturability of CuIn(Ga)S~-based solar cells via development of co-sputtered
CuInS~ (CIS) absorber layers, where metallic fluxes are controlled by optical emission
spectroscopy (OES). In this research, Cu and In fluxes are simultaneously delivered to
the substrate by sputtering from elemental sources rather than by co-evaporation or by
sequentially sputtered layers, The fluxes arc tightly controlled by monitoring the
appropriate plasma emission lines, despite varying degrees of sdenization of the target
surkces from the evaporative Se source. The Se flux does not need to be carefidly
controlled, since the incorporation of the Se into a hot CIS film is self-regulat@g,’ and
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therefore champion cells are made with Se fl~es ranging from 2 to 6 times the requirkd
stoichiometric flux.2 AdcMionally, fluxes tothesubstrate arcmade uniform over kmge
areas by not co-focussing the sputtering cathodes. Large area uniformity is obtained by
continuously moving the substrate and heater into positions directly over each cathode.
Reproducible control of codelivered fluxes using OES, and achievement of flux
uniformity over areas comparable to the target size, are important advances achieved
during the Phase I research.

The deposition t.ecluique developed during Phase I provides a number of
advantages over co-evaporative CIGS fabrication methods. First, because sputtering is a
plasma process, precise, inexpensive, and reproducible flux monitoring can be achieved
via optical emission spectroscopy. As each species in the plasma emits at its own
characteristic frequencies, the presmce of multiple fluxes is easily accommodated.
Corrections to sputtered deposition fluxes can be achieved instantaneously by changing
cathode powers. No heating or cooling of thermal masses is necessary. Secon& moving
the substrate parallel to each target surface easily provides uniform large-area fluxes.
Third, the sputtering process does not require high temperature sources and therefore
avoids problems associated with heat transfer between sources and inaccurate
thermocouple control. Finally, co-sputtering the absorber layer permits manufx of a
highquality all-sputtered solar cell, lowering equipment costs.

Co-sputtering also promises a number of advantages over sequentially deposited
layers. Co-sputtered films should avoid the problems of through-film uniformity and
crystallinity, lengthy reaction times, and lack of Ga incorporatio~ since film growth is
expected to follow the same reaction pathway during co-sputtering as during co-
evaporation. Also, co-sputtering from elemental metal targets minimizes the cost of
starting materials and allows higher deposition rates thn sputtering fkom compound, less
conductive targets.

Sputtering of In and Cu during Se evaporation has been performed by other
groups in the pas&18”1’20with up to 10% active area el%ciencies resulting.20 The
innovation in the CIS growth performed in this Phase I research are the modifications that
allow the process to be mantiacturable. in a large-scale facility. These modifications
include the use of optical emission spectroscopy (OES) to improve yields and
repeatability, the “utilization of a moving substrate that is parallel to all target surfaces to
achieve deposition flux uniform over large areas? all-dry window-layer processing, and
changes in the in profile fi-omprevious work.

High deposition rates =e possible for co-sputtered films. Sputter deposition rates
f%ommetallic targets are typically ‘in the 50 ~/sec range?] and cm,, be increased even
tier with tilcient magnetron design and good target cooling. For cathodes with the
same dimensions as those in h4RG’s large-scale sputtering system, a 50 ~sec maximum
delivery rate for Cu, IW and Se implies that sputtered fluxes can be delivered at a rate
compatible with coating 1 inch per minute of a 12 inch wide substrate with 2 pm of CIS.
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T& speed translates to a 200 kW/yr. production capacity if production occurs 12 hours
per day and modules average 10% efficient. This calculation assumes ordy 1 cathode for
each material is in place production capacity scales proportionally as additional cathodes
are added. Note that if yield and efficiency in manufwturing can be improved from the
cment state (10% efficien~ 60% yield) to 15V0eKlciency and 90% yield, the result is a
doubling in throu~put leading to a reduction in cost per watt of over 50’?40.

During Phase I, MRG proved the faibility of scaling up in-situ-controkd co-
sputtering of CIS for large-scale manufacturing. OES was demonstrated to give correct
itiormation about the met,dlic deposition rates under differing target conditions, allowing
reproducible film compositions. Good device results were obtained using all-dry,
manufacturable processing. By using a moving substrate parallel to the target surfiaces,
good spatial uniformity of fluxes were obtained, and the process was incorporated into a
model for a large-scale deposition system. CIS fabrication during Phase I was perfo~ed
on 2“ x 3“ substrates in MRG’s research-scale deposition system.

MRG expects that the development of large-area co-sputtered CIS layers will lead
to a number of improvements in the manuf~cturability and therefore cost of CK-based
photovoltaic modules. Lower product costs should result horn improved yields achieved
by use of inexpensive monitoring equipment and closed-loop control. Current differences
between cell and module efficiencies may be decreased by the production of quality
uniform material. The proposed co-sputtered absorber layers should be deposited with
high throughput and have been incorporated into a structure in which all constituent
layers tie rnanufacturing-filendly, High throughput, high yield, and low equipment costs
are generally recognized as key factors in the reduction of cost per watt of Cu@,Ga)S~
modukx.22

Single-crystal silicon modules dominate the current 90 MW per year
photovoltaics market?3 For the sale of Cu(I%Ga)Sez modules to be feasible, they must at
least compete in price with single-crystal silicon modules. It is currently estimated that
Cu@Ga)S~ modules must be manufactured at a cost less than about $1.80 per Watt to
compete with single-crystal technology.23 It is estimated that a manufacturing cost of $1
per watt can be attained for a high-efficiency, high-yield Cu(I~Ga)S~ deposition
process.~

The federal governmen~ the commercial sector, and individual citizens all stand
to benefit from the development of cost-effective Cu(In,Ga)S~ modules. In the long
term, a cleaner erwironmen~ increased national energy independence, and cheaper grid-
connected power are benefits. In the shoit-term, Users with off-grid power requirements
stand to benefit. Examples of such applications are agricultural water pumping,
emergency telecommunications, mobile road signs, supplementary power in watercraft,
and household power in areas that are not grid-connected or where the grid is “&reliable.
Foreign markets- comprise a substantial portion of the current off-grid sales
opportunities.xzs~’
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U.S. Department of Defense (DoD) applications are a particularly important
market to consider when developing thin-film, photovoltaics, as the DoD is the largest
single consumer of energy in the U.S?* The DoD spends about 3 billion dollars per year
on electricity, 1 billion of which is spent on electricity for off-grid facilities.n The
development of cost-effective photovoltaics that are silent, non-polluting, and nearly
maintenance free would provide a signific~t benefit over battery and diesel generator
power. Additionally, with some, tailoring of the substrate from glass to light-weight
polymer, thin-film photovoltaics may provide substantial improvements in power density
(power per weight) over currently av&.ilable remote sources. This is a particularly
important consideration for mobile ands- applications.

2. EXPERIMENTSANDRESULTS

2.A Introduction

The innovation in the CIS growth performed k Phase 1 involves the use of optical

emission spectroscopy (OES) control to regulate flux while codelivering all necessary
species, the utiltition of a moving substrate that is parallel to all target surfkces to
achieve deposition flux uniform over large areas, and the adaptation of high-efficiency
co-evaporative recipes to co-sputtering.

The CIS growth pefiormed h Phase I is based upon the “two-s?age” recipe for
CIS growth developed at the National Renewable Energy Laboratory (NREL). This
process was chosen as a starting point for the Phase I research, because because the
process has produced the world-record efficiency CIGS solar cellsl~ls,requires only short
reaction times, and allows profiling of flux ratios to engineer formation chemistry and
band gap. The typical disadvwtage to the two-stage absorber fabrication process is the
difficulty of controlling all species fluxes simultaneously and achieving uniform fluxes
over large areas. However, the combination of sputtered fluxes and OES-based control
minimizes these di~lculties for the co-sputtered films.

The two-stage absorber fabrication proc=s for CIS involves concurrent deIive~
of Cu, In, and, Se to the substrate. In the first stage, Cu, In, and Sc arc delivmed to the
substrate in a ratio causing the film to be slightly Cu-rich. The excess Cu#e is thought to
act as a fluxing agent that promotes grain growth”. Most of the film thiclmess is grown
in the first stage. In the second stage, enough In is delivered so that stoichiometric
amounts of Cu and In exist in the film. Both stages are conducted with an overpressure
of Se. Lack of precise deposition rate control during Se evaporation is not an issue, since
incorporation of Se into the growing film is self-regulating,’ with excess Se simply
evaporating fiorn the film surf&ce. Se fluxes for champion cells are routinely allowed to
vary from 2 to 6 times the requited stoichiometric rate.2

6
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2.B FluxDistribution

For efkctive deposition, fluxes must be uniform over the desired substrate areq
they must arrive at the substrate in the specified ratios, and they must be deposited
quickly enough to produce a reasonable film growth time.

Achieving uniform flux over the substrate area is a signMcant challenge that was
met during the phase I research. Cu and In targets co-focussed onto a stationary substrate
were originally planned, as shown in Figure 1a. However it was discovered that this
arrangement yield severely graded films. For example, for a 3“ source to substrate
distance and 12 mTorr sputtering pressure, film thkkness varied by x20% over 2“ x 2“.
The gradation occurs because the mean free path at sputtering pressures is less than the
target-to-sample @stance, and therefore more metallic atoms reach the closer edge of the
substrate than the farther edge.

The uniformity problem was solved by moving the substrate over each source,
parakl to each target surface. This solution is illustrated schematically in Figure 1. The
diagram on the left shows how a stationary substrate position led to films with graded
metal distributions. The diagram on the right shows the moving substrate cotilguratio~
with the substrate parallel to each target surface. Films uniform over approximately the
target area resulted. Uniformity is about *6.7’%0over 2“ x 2“. The substrate passes over
each target more than 50 times during a typical deposition.

Substrate
:.:.$.:... . . . .

Jvb
1 I

Cu Se In

\

Cu

Se

P. 9

Figure 1: Schematic ilhmration of theflux distributions resulting fiorn a stationary
substrate (at lef~, and a moving substrate (at right).

When moving the substrate and heater, special ‘care must be taken to avoid arcing
from the plasmas to the moving heater leads. This ch+enge was met by using a
combination of ceramic sleeves over the heater leads, large distances be&veen the heater
leads and the sputtering target, and slow-blow firses.

7
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Delay times over each cathode were set and programmed into the deposition
controls. These delay times were used to keep deposition times relatively short, awn
when the maximum In deposition rati”with the sputtering power supplies available is
signifi&ntly smaller than the maximum Cu deposition rate, in atoms/sec/cm2. Deposition
time is minimized when

delay over Cu maximum In rate(atoms/ sec lcm2 ) 1

delay over In “
. =1

maximum In rate(atoms/ sec /cm2 ) Cu I In ratio desired

The above equation assumes that Se rate can be increased enough to meet the
requirements of the In and Curates. Film depositions were performed in this
arrangement over 20”to 30 minutes, following the NREL two-stage recipe.

2.C Film Composition Measurement and Tracking

Control of the sputtering fluxes by monitoring the Cu and In optical emission and
adjusting the cathode powers appropriately was used to provide accurate and reproducible
CUand In deposition rates. In systkms where Cu, In, and Se are delivered concurrently
by methods other than evaporation, contamination of the Cu and In sources with Se, and
the resulting deposition rate fluctuations, h% often resulted in irreproducible
compositions?. OES, however, provides a means to monitor the sputtering flux rates
and maintain it at the correct level using cathode power adjustments, regardless of the
target surfu condition.

To use OES as a deposition rate control, the intensity of the characteristic lines for
each element are continuously tracked. Figure 2 shows the emission spectra of the Cu
and In plasmas during CIS &position. The intensities of the Cu emission at 325 nm and
the In emissionat451 run (at constant pressure) were used to track Cu and In deposition
rates. Note that no Se lines are apparent in the Cu and In plasmas, although Se is in the
deposition chamber.

8
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Figure 2: Emission spectra of Cu and In plasmas during CIS deposition.

The intensities of the Cu and In emissions, as shown in Figure 2, are then used to
provide a means to monitor the sputtering flux rates and maintain them at the correet
level using cathode power adjustments, regardless of the target surface condition. For
example, Figure 3 shows the thicknesses of several CiI samples made under constant
deposition conditions. For each depositio~ the surf’e started in a varying state of Se
contamination. Due to Se contamination of the target surface thickness of the samples
varies by over 20°/0,even thou@ deposition conditions, including the power to the
cathode, was the same for each sample. The thickness of eaeh sample, however, is
correctly indkated by the OES Cu emission, shown on me y-axis. As the Cu emission
increases, the thickness increases, regardless of the Se contamination on the target
surfbce. Thus, the desired Cu flux can be obtained by adjusting Cu cathode power to
produce the necessary Cu emission. An incorrect (h flux maybe obtained if only
setpoint control is used.

9
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Figure 3: Relationship between the thicknesses of Cu samples and the Cu OES emission
made under constant depositions conditions, with the surface of the target in varying
states of Se contamination.

The successfid use of OES to monitor andcontrol the deposition of Cu and In is
not limited to the single-element films shown in Figure 3, of course. Figure 4 shows a
comparison of Cu/In ratio for several CIS films as measured by energy dispersive
spectroscopy (EDS) versus the Ctin ratio calculated in real time from the optical
emission. EDS was pdormed by Rocky Mountain Laboratories, Inc. The Cu/In ratio
calculated from OES tracks the actual Ctin ratio measured by EDS. Note that the OES
calculations are based on room temperature sticking coefficients: tbe calibration between
optical emission and the various material thicknesses was performed at room temperature.
Thus, since the CIS depositions were performed at high temperature, the Cu/In ratio
calculated fiorn OES differs from that measured via EDS by some constant fhctor.
However, since the relationship is reproducible, the ratio of the Cu and In emission
signals can be used to control the actual film composition by adjusting for the difference
between room temperature and deposition temperature sticking coefficients.

10
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F&ure4: ComparisonojCtiInratioasmeaswedbyEDS versus CtiInrutiocalculated
inrealtimefiom OES, based onroomtemperatwe sticking coeficients.

When comparing EDS and OES measurement% the characteristics of the EDS
measurement must be considered. EDS sampling depths are typically around 1 pm31. M
EDS sampling depth less than the-2pm CIS thiclmess is confirmed by lack of Mo signal
in the meamirements. Thus, EDS measurements are likely to be weighted heavily by the
material within 1 pm of the film swfam. So, in samples with different CdIn profiles, yet
the same average Cu/In ratio, EDS will indicate different compositions. Similarly, the
presenix or absence of an In-rich layer on the CIS stiace may make very little difference
in the total composition of the sample, but may make a Iarge difference in the EDS
measurement of the composition. Thus, the relationship between the composition
indicated by OES (average composition) and that indicated by EIX (composition
weighted toward top of film) is not always as clean as that shown in Figure 4. Figure 5
shows a comparison of EDS and OES compositions for all co-sputtered samples on which
EDS composition was measured. Enor bars on EPMA measurements represent
statistical, not systematic, errors. Samples were made at different temperatures, with
different Cub profiles, different thicknesses of the In-only layer, and different Se fluxes.
Although there is 100SCagreement between all OES and EDS compositions
measurements, the best correlation is found when samples made under similar conditions
(i.e. differing amounts of Cu and In, but delivered with the same profile and all other
variables held constant) are compared. It is Iikely that a bulk composition measurement,
such as those made by inductively coupled plasma (TCP),would agree more closely with
the OES comparison when different Cu/In profiles are invohd.

11
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Figure 5: CzdIn ratio as determined by OES and,EDS, for all samples.

A second characteristic of 13DSmeasurements that should be considered is the
relative nature of the calibration. Semi-empirical relationships are typically Wed to
convert the measured x-ray signals to atomic concentration. Thus, although a percent
change in an element’s concentration from one sample to the next maybe very accurate,
the absolute percentage composition indicated by the EDS is not necessary accurate.
Table 1 shows atomic percent composition’of one sample that was measured by EDS at
two facilities and ICP at a third f=ility. The uncertainty in the EDS measurements
represents noise, not absolute uncertainty. The three measurements irnpIy the same Cu/In
ratio, but show very different amounts of Se. AU composition measurements ref=enced
in this report were performed at the facility “EDS1”.

‘?AOcu {Yoh ?40Se Cllm.1 Ratio

EDS 1 33.8 & 1 I 30.1*1 36.0 A 1 1.12 f .07

EDS 2 25.3 * 0.3 24.9 & 0.2 49.8 & 0.4 1.02* 0.02
ICP 26.8 24.6 48.5 1.09

Table 1: Comparison of atomic percent composition obtained by EDS measurements at
two dz~erent facilities and by ICP measurements.
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2,D MethodofSeDelivery

Two methods ofSe delivery - pulsed DC sputtering of Se and evaporation of Se at
sputtering pressures – were compared. Evaporatkm was shown to be more effective than
sputtering in delivering Se to the growing films. Deposition rate during pulsed DC
sputtering could not be increased beyond about 0.5 &sec, even with variations in
deposition pressure, target thickness, source to substrate distance, target annealing, and
target doping. Evaporation at sputtering pressures, however, easily produced deposition
rates of 95 hsec and higher. A’30 minute CIS growth time req@s a Se deposition rate
at least 12 ~sec. Even higher deposition rates are required if the substrate is not in the
location of maximum flux at all times. Lack of precise deposition rate control during Se
evaporation is not an issue, since incorporation of Se into the growing film is self-
regulating, [ and fluxes for champion celIs are routinely allowed to vary fiorn 2 to 6 times
the required stoichiometric rate? No Se emission lines were visible in the Se plasrn~ due
to the combination of low Se deposition rates and the absence of strong Se emission lines
in the UV-visible range.

2-E Device Results

Good device quality was demonstrated by qusntum efficiency and current-voltage
response. Figure 6 shows the current-voltage cwve of the most efficient co-sputtered
device made to date at MRG. In the inset its parameters are compared with that of the
world-record total-area efficiency CIS ceil. The MRG cell was made with all dry
processing, the type that will be used in large-scale manufacturing. Figure 7 shows the
quantum efficiency of the highest current co-sputtered device made to date at MRG. The
results were obtained after only 19’separate CIS device runs. Rapid progress can be
expected as the process is optimized through additional experiments.

13
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Figure 6: Current-voltage curve of the most e~cient co-spwtered device made to ahte
at MUG. Parameters are compared with [hat of the wor~d-record total areu eflciency. .
CIS cell.
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Figure 7: Quantum eficiency of highest current co-sputtered device made to date ai
MRG.

Efficiency losses in the co-sputtered cells are spread I%rly evenly among the
device parameters. Table 1 compares the device parameters for co-sputtered cells with
those of record CIS cells?2 The fourth column of Table 1 lists the efficiency differences

14
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that would result from improving each co-sputtered parameter to the record value. The
losses listed together account for tie 8.2% efllciency difference between the 13.2%
efficient record CIS cell and the 5,0% efficient co-sputtered cells. Current losses in QE
data are also spread fairly evenly among the possible current loss mechanisms: deep
penetratio~ short wavelength loss, and wavelength independent 10SS.

Parameter Co-Sputtered Record Cell Value Resulting ‘
Value Efficiency

Difference
Shofi-circuit current 27.1 tiCI112 36.3 ticn? 2.8%

Open-circuit voltage 0.372 V 0.484 V 2.5%
Series Resistance 3.8 f2-cm2 0.5 SZ-cm2 2.4%
Shunt Resistance 210 f2-cm2 2000s-kn2 + 0.5%

Totak 8,2%

Table 2: Table ofpossibk eficiency improvements in co-sputtered device parameters.

2,F Effect of Temmxature On Device Performance

The effect of deposition temperature on device pefiorrnanee ~ examined.
Multiple samples were f~ricated using the two-stage recipe under identical conditions
except for the heater temperature. Figure 8 graphs the results. The hottest deposition was
made first. For each succeeding sample, the temjxxature setpoint of both stages was
adjusted downward. The x-axis shows the average temperature during deposition. The
figure shows that device performance depends strongly on the CIS deposition
temperature. For the temperatures show ail parameters improve as temperature
decreases. A fourth absorber was made at an average heater temperature of 403 ‘C, with
very poor devices resulting. No devices on this fourth substrate yielded an open-circuit
voltage greater than 50 mV. Thus, an optimum average heater temperature for the
deposition process was found to exist between 403 and 472 ‘C.

15
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High-efficiency co-evaporated oells are typically deposited at substrate
temperatures exceeding 550 “C.1)2Therefore, an optimum deposition temperature around
450 ‘C is somewhat surprising. Experiments were performed to determine whether or not
the thermocouple indicating the heater temperature also correctly indicated the substrate
temperature. Additional thermocouples were introduced into the system to compare the
heater temperature (on top of the heater), the heater temperature on the bottom of the
heater (where the substrate is located), and the substrate temperature. The tempemture
coritrol versus time profile for the 522 ‘C run shown in Fi~e 8 was repeated. The
results are shown in Figure 9. The data show tha~ with the heater in its original
configuration%the’substrate experiences a maximum temperature of 378 *Cwhen the
heater reaches its maximum temperature of 568 ‘C. Thus, it is likely that the unexpected
performance versus temperature trend seen in Figure 8 results tlom the CIS
unintentionally being formed in a different growth regime than@ of the most efficient
CIS co-evaporated cells.

600--

.+-+”--

Soo - /

“4’–-+--,e-=*.+~

~400. --——-
-’ -“--p
~ 300.
x
E - @iginel Heeter Thermo~ple

c 200- _ Original Substrate
+ - OriginalHeater Bottom
+ Modified Heater Thermocouple

100-
. -A- - Modl!ledHeeter Botim
+ o+Modiied sut&@10
—– SetPoint

o
0 +0 20 30 40 50

lime {rein)

Figure 9: Substrate tenzperanme. heater temperamre, and heater temperu~ure setpoint
versus time for CN deposih-on, before and a$cr heater ?nodlj?catioras.

Modifications were made to the heater to produce the data in Figure 9 labeled
“modified”. Afier modifications, the substrate experiences a maximum temperature of
474 “C when the heater reaches its maximum temperature of 559 ‘C. CIS devices were
fabricated following with the same deposition conditions prior to the heater
modifications, but increased substrate temperatures. After only two depositions with the
improved heater, cell efficiencies improved from 4.4% to 5.OYO.’Thus, it is likely that

17
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firther improvement of the heater will be an important part of fbture development of the
co-sputtered cells. The hypothesis that increasing the heater temperature is impotiant to
device petiormance is supported by the observation that the highest efficiency (and most
specular) material is located on the sub$trak near the clip that presses the substrate
against the heater. This area near the clip is expected to be warmer than the rest of the
sample, since it experiences the greatest pressure between the heater and substrate, and
since the clip provides another path for heat conduction from the heater to the substrate.

2.G Effect of Se FIUXon CIS Promzties

The expect.al insensitivity of film composition, structure, and device performance
to Se flux were verified. During CIS depositions, the Se flux is typically not carefidly
controlled, since the incorporation of the Se into a hot CIS film is self-regulating: and
therefore champion cells are made with Se fluxes ranging from 2 to 6 times the required
stoichiometric flux,2

Se flux was controlled by the evaporation crucible temperature. Figure 10 shows
Se film thickness as a function of crucible temperature. The solid points show data from
the fabricated films. The line is an exponential based on the simple evaporation theory
presented by PoIanyi and Wigne~3. For each film, deposition time was 40 minutes, and
the substrate was placed the same distance from the target as during CIS deposition. The
crucible volume is 2 cm3. The depositions show for thickness calibratio~ were made
with no& flow in the chamber.

/
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Figure Z(?.-$ej% thickness as cafunction of crucible temperature.
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Source-to-substrate distance and sputtering pressure also have aneffkct on Se
deposition rate. In traditional, low-pressure evaporation the flux reaching the substrate
shows a I/# dependency on source-to-substrate distance. The introduction of sputtering
gas into the chamber firther decreases the evaporative flux reaching the substrate as
source-to-substrate distance is increased. At sputtering pressures (for example, 10 mT),
the mean free path of gas molecules in the chamber is less than 1 mmw. Thus, for source-
to-substrate distances on the order of inches, significant scattering of the evaporated flux
occurs. For the chamber configuration at MRG, it was found that the introduction of. 12
mT sputtering pressure reduces thezunount of Se reaching the substrate by 45’XO.

The effect of Se flux on device performance was examined. An Se crucible
temperature was chosen to deliver approximately twice the stoichiometrically required
amount of Se flux at every pass of the substrate. This flux level was calculate~ at
sputtering pressures, to occur for a crucible temperature of 305 ‘C. CIS films were also
made at temperatures corresponding to 37% of the original Se flux, and 23% of the
original flux. No effect of the reduced Se - as judged by device performance, EDS
composition, and XRD pattern – was seen at the 37°!0flux level. However, when the Se
flux was reduced to 23Y0,all data indicated Se-deficient films. Devices made with the
23% Se were not electrically active. EDS measurements showed a 40V0reduction in Se
(relative to the Se in the normal samples). ln XRD ~easurements, the presence of off-
stoichiometric phases is evident in the 23’XOSe samples. (The actual difhction pattern of
the Se-deficient film can be found below, in Figure 14.) SEM micrographs show that the
CIS films made with 23% Se flux have a morphology different fivm the other films.
Figure 11 shows SEM micrographs of a stoichiometric film on the le~ and of a
selenium-deficient films on the right. The roughly micron-sized s@~eres of CIS are
present in a smooth matrix in the left micrograph. The Se-deficient film, shown in the
right micrograph, has facetted and striated”crystallite varying from 1-5 microns in size.

Figure II: SEMmicrographs of stoichiometrk (lejl) andselenium-dejkient (righ~$lms.
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2.H Effectof In-Onlv Laveron Performance

High efficiency CIS cells are typically deposited in a sequence that involves .
growing the rnajori@ of the film thickness in a Cu-rich state, then increasing the In
deposition rate at the,&d of the deposition to bring the film back to a nearly
stoichiometric state.1’2This sequence is thought to enhance grain growth by aIlowing the
presence of Cu.#e, which acts as a fluxing agent and promotes grain growdL throughout
the majority of the deposition?S>6

The importance of the Cwi6h growth phase was examined for the co-sputtered
cells. The In-only f@l layer was suspected as possibly detriniental to &vice
photocument after an error in sample handling was made. Afkx the CIS had been
deposited on one substrate, the film was mistakenly brushed with a gloved hand, and the
surface of the film appeared to be removed. 1%~ devices were fabricated on the CIS-
coated substrate, and those in the vicinity of the handling “damage” showed markedly
higher photocuments than the other devices on the substrate.

To investigate the effect of the In-only layer on photocurrent, two samples were
made with roughly the same amount of Cu and In. In the first sample, 18°Aof the In was
deposited during the In-only layer. In the second sample, rdl of the In was deposited
tincumently with the Cu. Results are shown in Table 3. The short-circuit current
increases drmhatically when the In-only layer is eliminated. Open-circuit voltage and fill
factor remain essentially unchanged. The increase in efficiency resulting from
elimimting the In-only layer reflects only the increase in short-circuit current.

SampleDOE125 Sample DOE126
$40 of In thickness 18 0
deposited during second,
,Jn-onlylayer
Jsc (mAJcm2) 16.8 23.7
Voc (mVl 318 330
Fill Fitctor (’%0) 40 41
Efficiency (’Yo) 2.1 3.1

Table 3: Device parameters comparing the effect of chan~”ng the In-only layer
thickness.

2.1 Effect of Cu/lrI ratio on device mxformance

Numerous samples were made with varying Cu/In ratios. The Cu/In ratios of the
best co-sputtered cells (as measured by EDS or OES deposition rates) are significantly
lower than that of the besr co-evaporated cells. When co-sputtered cells are fabricated
with the CU5 ratio = 0.98, the (X/In ratio of champion CIS cells, the co-sputtered cells .

20



.2-fZ12-&K3Zi 11 :lDAM FROM MRG 3E13 425 6562

*

exhibit severely shunted behavior. Several possibilities forthecause oftiewmposition
discrepancy exist. Forexample, theinaterhdmaybe’’mder-reac@d”. If, inthe reaction
path of the film during deposition, it is favorable for In to exist in its metallic form rather
than only in CIS, excess In and a low Cu/In ratio may result. Considering the low heater
temperature that was discovered, as discussed in section “2.F Effect of Temperature On
Device Performance”, the under-reacted scenario is pruticukwly likely. Another possible
eau.seof the composition discrepancy is the existence of Cu-rich and Cu-poor layers in
the co-sputtered samples, resulting from the cycling motion of the substrate.
Compositional measurements that profile the sample (such as secondary ion mass
spectrornetry) and those that measure the entire sample uniformly (such as inductively
coupled plasma measurements) should be performed to ven~ or disprove the existence of
layers in the compositional profile. If layers, or under-reacted material, exis% they must

‘be eliminated by process variations,’ such as substrate temperature or motion.

Except for the tendency of devices with high Cu/In ratios to be leaky, no
correlation between Cu/In ratio and other device parameters is evident.

2.J Investigations of Ion Bombardment Effects

An investigation of the effects of ion bombardment on the growing film was
planned for the Phase I research. The possible effects of ion bombardment are illustrated
in Figure 12. The samples in this figure are high-quality CIGS absorber made at the
National Renewable Energy Laboratory (NREL) that were subjected to various plasma
treatments at MI@ atler fabrication. One film was exposed to an Ar plasma, another was
exposed to a H plasma, and a third was left unchanged, The films were then returned to
NREL to be finished into solar cells. Figure 12 shows light aid dark current-voltage (IV)
curves from each cell. Compared to the control sample, the H-treated cell shows
somewhat reduc’kd currents and voltages, and increased shunting. The Ar-treated celI
shows a compIete disappearance of zero-bias photocurrentl The absorber surfkce has
clearly been damaged in both plasma treatmen% and has been darnaged most severely in
the case of the heavy ion (%) plasma. The plateau seen in the IV curve of the Ar-treated
sample is consistent with a spike in the band edges in the junction region due to surfhce
damage.

P. 23
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During the fabrication of co-sputtered samples, however, no effects bearing the
signawe of ion bombardment damage (as seen in Figure 12c) were observed at any

P. 24
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dqositionpowers. Itislikeiy thattie relatively ti@mbst@etemp@esd~
deposition allowed sufficient atomic mobility for recry~lltion and repair of damage
fiorn ion bombardment.

~

The effects of annealing on cell performance were examined. Anneals have been
reported by some researched to produce small increases in efficiency.zs’ In accordance
with these authors’ experien~s, two types of anneals were perform~: 1) a 200 ‘C anneal
in air of the ftished device for 15 minutes, and 2) a 200 “C, 3 minute anneal in air of the
CdS/CIS/Mo/glass structure before the i-ZnO deposition. Devices were characterized
both before and after the first type of anneal. The first type of anneal was performed on 5
substrates, and caused all devices to exhibit decreases in opendmuit voltages. The
decreases ranged from 10 to over 200 mV, As a consequence of the voltage decrease,
the first type of anneal in most cases caused device efficiencies to decrease substantially.
Efficiency increases from the first type of anneal were seen only on one substrate, on
which photocurrents wwe originally very low. On thk substrate, a mild voltage decrease
after annealing was offset by a photocurrent increase to result in a small eff~ciency
increase. To evahwte the second ~ of anneal, one CISIMo/glass piece was divided into
two pieces. Each piece was finished into devices, but only one piece was given the post-
CdS anneal. Devices on the annealed piece exhibited open-circuit voltages and short-
circuit currents comparable to the control piece, but had significantly smaller fill factors.
Thus, the two types of anneals performed were detrimental to device efficiency in most
cases, particularly for the most efficient cells. Small improvements in device efficiemiy
were seen in only one case, where a substrate with very low original photocurrent showed
some improvement in photocurrent after annealing. Annealing WaStherefore assessed to
not be a promising route towards efficiency improvement.

I 2.L XRD Results

XRD measurements were made on 9 CIS films. The 9 films covered a broad
range of compositions and deposition conditions. Ctin ratio, as measured by EDS,
ranged from 0.35 to 2, and Se content varied by a fwtor of 4 over these films. A @-2@
drive, Siemens powder x-ray difiiactometer using CDka radiation was used. In all films,
CIS was evidenced to be oriented most strongly in the (112) directiom with significant
contribution from the (204) or (220) orientation as weI1. TheMo(110) peak cmdd be
seen clearly in all films. Figure 13 shows representative XRD spectra. All peaks evident
on the scale shown in Figure 13 can be indexed to CIS or Mo.
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Figure 13: XRD specrra of co-sputtered CIS@ns.

For two films, non-CIS peaks can be seen if the baseline region of the XRD
pattern is expanded. These two films were the films in which composition is farthest
from stoichiometric. XRD patterns of these films are shown in Figure 14. The XRD
patterns from a Cu-rich and Se-deficient film are shown. The XRD pattern of a
stoichiornetric film is also shown for comparison. For the Cu rich film, the CdIn ratio is
two. For the Se-deficient film, the Se content is only about 30?40of stoichiometric. In
Figure 14a, the major lines from CE3 and Mo are indicated. Figure 14b expands the
baseline regions of the XRD patterns. On the magnified scale, differences in ~e
diffktion patterns of the Se-deficient, Cu-rich, andstoichiometric films can be se-
particularly the manifestation of non-CIS phases in the Se-deficient materiai.
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2.M SEMResuks

Avariety of filrncharacteristics wereseen in SEMsurface photographs. SEM
photographs were taken by Rocky Mountain Laboratories, Inc. Films were observed to

have average grain sizes ranging born about 3Apinto about 2 pm. Grain size differences
arc illustrated in Figure 15, which shows two SEM micrographs of films of diffkrent
grainsize.

Figure 15: SEA4photographs at 500ti magnzjication, showing sample. 1]6 (le$) with
-% pm grain size, and sample 120 (righ~ with -1. %pn grain size.

Many of the CIS films showed appeared to have raised material on the film
surface, as illustra@d in Figure 16. The two leftmost SEM photographs show various
shapes of raised material above the main film surface. The rightmost photograph shows
no such material.

Figure 16: SEMphotographs at 2000x magnification, showing sqmples 102 (i’e@)and
105 (middIe) with raised material growing above the mainj$lm surface, and sample 103
(right) with no such material.

SEM photographs also revealed differences in film densities. Most films on
which SEM measuremen~ were made had a density similar to that shown in Figure 17,
middle. Such “average density” films exhibit a closely-packed grain @cture with only
small voids apparent between the grains. Other films were very, dense, such as that
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shown attheleftin Figure 17. Forthevery dense fihns, a.lmo~no voids metisibleintie
SEM photographs. Finally, the least dense films showed voids in the SEM photographs
on the same order as the grain size. Such a film is shown as the rightmost SEM
photograph in Figure 17.

Figure 17: SEMphotographs at 5000x magnzjication, showing samples 111 (i’e>) with
a relatively aknse appearance, sample 107 (middle) of average density, and sample 118
(righ~ wi~h voids on the order of the grain size.

~ SEM photograph of h@-efficiency co-evaporated CIGS horn NREL is shown
in Figure 18, as reprinted from refmence 17. The figure shows both the fihn surfbce
(tilted at 20° from normal), and a cross+seetion. Magnification is 15,000x. The film
appears very dense, and no excess material can be seen raised above the film surfke.
The grain size is on the order of 1 pm.

Figure 18: SEA4photograph of NR.U co-sputtered CIGS, at 15,000x magnification
Reprintedfiom refirence 17.

A summary of the characteristics seen in the SEM mierographs is shown in the
fimt four cohunns of Table 4. Also shown in Table 4 are the Cu/In ratios as measured by
EDS, the device efficiencies, and the two-point resistances made at the same location
(called “location #3”) on each sample. All films on which SEM measurements were
made are included in the table. The highest efficiency deices shown (#’s 104, 110,111,
113) span a wide range of grain sizes, densitie~ and p~sence or lack of raised material on
the film. Thw it appears that none of these three characteristics detectable by SEM is a

P. 29
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controlling factor inefficiency. Also, there isnoapparent ccme!ation between the Cu/In
ratio and grain size, presence of raised material, and density. Rather, the one parameter
that appears to correlate well with the device efficiency is the two-point resistance. The
highest efficiency samples exhibit two-point resistances in the range from 15,000 to
200,000 !2. All of the lower-efficiency samples exhibit two-point resistances outside of
this range. ,’

Sample Approx. Raised Density EDS Efficiency Resistance
Grain Material ClI/In (%) 3 (ohms)

Size (lAm)
102 1% Yes Average 2.93 <,0.5 26
103 1 No Average 1.74 <0.5
104 17/2 Yes Voids 1.08 3.40 200,000
105 1% ‘ Yes Average 0.67’ 1.00 1.5 x 106
107 1 No Average 0.69 < ().5 2
109 2 No Average 0’.62 < ().5 1.5
110 9/4 Yes Dense 0,5 3 25,000
111 1 Yes Dense 0.35 4.4 15,000
113 1%2 Yes Voids 0.7 3.9 30.000
114 1‘/2 No I Average 0.99 2.2 5,000
115 1% No ‘ Voids 0.96 <0.5 1,000
116 3/4 No Voids 0.93 < ().5 22
117 1 No Voids 0.99 <0.5 8

I 118
I 1 # 1 r 1
I 11/2 I No I Voids 10,74 I 0.5 I 11 I
1

119 11A No Voids 0.80 <0.5 100
120 l% No Voids 0.94 < ().5 1

Table 4: Summary of characteristics seen in SEM micrographs.

2.N CBD vs. srmttered CdS

Sputtered CdS was used as the first part of the window layer to finish all devices,
except where noted otherwise. Traditional high-efficiency solar celk have been
fabricated using chemical bath deposited (CBD) CdS. The CBD CdS process is
considered problematic for manufacturing for a number of reasonS First, it involves the
use of volatile toxic chemicals – most notably thouire~ a mutagem and carcinogenic
aqueous solutions of Cd salts. Secon~ the process is a batch rather than ,continuous
process. ‘l%ir~ high volumes of aqueous, volatile, toxic wastes are generated. For
example, the typical laboratory setup generates about 2 gallons of such waste for each
square foot coated. Sputter deposition of CdS, on the other hand, is all-dry, generates an
extremely low volume of waste (-0,01 crn3waste per II?coated), generates only waste
that is contained in the vacuum chamber, and can be pefiorrned continuously. The use of
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sputtered CdS is therefore an important aspect of the manufichirability of the fabricated ~
devices.

The performance of sputtered CdS has been cornpared,to CBD CdS at MRG in
the past. The performances of the two window layers were found to be comparable. In
these preliminary experiments Absorber material was CIGS on molybdenum-coated
soda-lime gkas%fabricated at the Institute for Energy Conversion. The sputtered CdS
sample yielded a 12.1°/0efficiency, and the CBD CdS sample yielded a 12.90/o
efficiency38. The CBD CdS sample showed only siightly higher fill factor and voltage
than its sputtered counterpart.

Similar experiments were repeated at MRG, using the co-sputtered absorbers.
One CIS-coated substrate WaS cut into 4 pieces, as shown in Figure 19. One piece
received CBD CdS, and the two neighboring pieces received sputtered CdS. Neighboring
pieces on both sides of the piece receiving CBD CdS were chosen so that the effects of
slight gradients in the CIS eompositio~ which exist from one end of the substrate to the
other, would not invalidate the CBD / sputtered comparison. Nex$ all three pieces
received i-ZnO and indiurn “tinoxide (ITO) in the same deposition runs. The fourth pieoe
was set aside for other types of characterizxition. The three pieces that received window
layers were scribed into multiple devices. Results are shown in Table 5. No Wf6rence
between the performance of the sputtered and CBD CdS layers can be deduced fbm
Table 5.

(qdered
CdS)

... ..... ........ .......
2

(sputtered
~as)

—...—....—....,-”,

3 “.

1-(sputtered
CdS)

(o~er
tests)

Figure 19: Division of CIS/Mo/Glass sample #D0El13.

Piece Number of Jsc Voc (mV) Fill Factor Efficiency 7
devices (mA/cm’) (%) (%)

1 (sputtered) 19 fl.3*4.o 25C)* 30 35*4 1.() * 0.3
2 (CBD) 23 40*2.3 M() +-30 32*3 1.()* (3.3

~3 (sputtered) 2a 13.6 i 5.4 25o ~ 50 32*5 1.3 ~ 0.8 )

Table 5: Device parameters for ~hreepieces of sample #DOEl13. Values are shownd
the standurd deviation.
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2.0 Window Issues

High-efficiency co-evaporated CIS solar cells utilize three semiconductor window
layers deposited on top of the CM absorber. These three layers are typically 500~ CclS,
500~ i-ZnO, and 0.5-1 ~m transparent conducting oxide (TCO). The CdS was originally
thought to forma heterojunction with the CIS~9 but more recent data indicate that the
electrical junction may be buried in the CIS, and the CdS may facilitate the formation of
defects in the near-surface CIS to create the buried junction!” It has been found
empirically that the most eflkiient CIS solar cells utilize a highly resistive ZnO layer on
top of the CdS!* It is hypothesized that this i-ZnO layer might prevent shunting by
capping areas that are not completely covered by CdS, or that the i-ZnO layer might
increase efficiency by protecting the CdS and CIS from harsh conditions encountered
during the final window layer deposition. The fd window layq is the highly
conductive TCO, which provides photocurrent collection across the cell without
substantial resistive losses. A number of window layer issues still need to be examined
for the co-sputtered cells.

Evidence from Phase I exists that the transparent conducting oxide grown on a
glass witness slide has diierent properties than that grown on the CIS devices during the
same deposition. TCO grown on glass exhibits typically 20 WEl and> 85°/0transmission
averaged over the AMl.5 spectrum. The resistance between two probes placed -0.5 MM
apart on the TCO/glass structure is typically -40C2. When the same probes are placed on
completed devices the measured resistance ranges born 200 to 400 ohms. The described
method of comparing resistances is not rigorous because it includes contact resistance and
cannot be converted to sheet resistance. However, the traditional and rigorous method of
sheet resistance measurements, four-point probing, is not readily petiormed on TCO/i-
ZnOICdS/CIS/Molglass. When making four-point measurements on the completed
device structure, conduction can occur across the junction and then through the extremely
conductive Mo, rather than just through the TCO. Measured sheet resistance is then
significantly lower than the actual sheet resistance. The problem is particularly severe
when a large dMance exists between the probes, making flow across the junction even
more favorable. The measured sheet resistance also depends on the CIS junction
properties, since a leakier junction makes current flow to the Mo more favorable.
Furthermore, transmission measurements of TCO on devices are also problematic, since
the substrate is opaque. Consistent with the high resistance observe@in the two-point
measurements, cell photocurrent was observed to be dependent (reproducibly) on probe
placement. Cell photocurrent should,only be dependent on probe placement if extremely
severe localized shunting defects exist, or if TCO resistance is so high that voltage drops
across the TCO affect the ‘short-circuit current. The cell series resistance -as extracted
fkom IV curves -is aIso consistent with a resistive TCO, although multiple sources of
series resistance are possible. If the series resistance of the cells is in fmt due to the
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TCO, the 3.8 Cl-cmzseries resistance seen in the most efficient device implies a TCO
resistance of approximately 130 CliLlfor the 0.3 x 0.6 cm2devices. Note that the 130
Cln sheet resistance value estimated from the IV curves is consistent with the estimation
of the sheet resistance based on the two-point probes.

Strong effects of substrates on transparent conducting oxide (’IXO) propdes are
commonly obsemed~2 It has been found that crystallinity and orientation of the ITO film
are very important to its conductive and transrnissive properties~3 It is likely that the
roughness and orientation of the CIS, CdS, and i-ZnO surfaces are affecting the ITO
crysta.llinity and orientatio~ and tkrefore its properties. Characterization of the TCO on
the glass slide and on the sample must be performed to determine exactly how the two
films are different. X@ will be used to examine film crystallinity and orientation both
on glass and on devices. On glass, four-point probing can be used to measure sheet
resistance, and traditional transmission measurements can be performed. On device% due
to the opaque and conductive Mo substrate, a combination of two-point and four-point
probing, current-voltage, and quantum efficiency measurements must be used to deduce
ITO sheet resistance and transmission. The two and four-point probing measurements
can provide a comparison of changes from one sample to the next. Resistance
information can also be obtained on ftished devices by looking at the slope of the
current-voltage curve in far forward bks. Quantum efilckmcy measurements can provide
information about TCO absorption by indicating the photon loss fraction tit is relatively
wavelength-independent.

The crystdlinity and orientation of the ITO can be controlled by a combination of
Ar pressure, water vapor pressure, and cathode power., Once the correct deposition
conditions have been determined, closed-loop control by OES can be used to maintain
these film properties as the target ages and the deposition system becomes coated.a

A second window layer issue that should be exam:med for the co-sputtered cells is
the optimization of the i-ZnO properties, For the fabricated cells, i-ZnO was deposited
with the same conductivity as that used for the-highest efficiency co-evaporated cells with
CBD CdS. The role of the i-ZnO in the co-sputtered cells ftished with sputtered CdS
may be very different than that required of the i-ZnO in a cell finished with CBD CdS.
CBD CdS is known to be an agglomerated, noricontiguous, relatively porous, film. Such
qualities make the hypothesized role of the i-ZnO, as described above, particularly
important. It is possible that the i-ZnO may be unnecessary, or eken detrimental, to
devices fabricated with sputtered CdS. The effect of i-ZnO parameters on co-sputtered
device performance must be investigated.

2.P OES Hardware and Software Develo mnent

Hardware for OES control consists of a dual-grating, charge-coupled device
(CCD), optical emission spectrometer ~ufactured by Princeton Instruments, Inc. with
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fiber optic input. Vacuum compatible fiber optics were placed inside the sputtering
chamber and directed at each sputtering target. Coating of the fiber tip was prevented by
aiming the fiber down a long, groundwl tube parallel to the sputtering target surface.
Since plasma emission is isotropic, but deposition is no% the fiber tips are not coated.
The lack of coating has been verified previously!3

Software was developed to process the OES data and recommend adjustments to
the charriber controIs. The main screen for this so-e is shown in Figure 20. The
calibration that converts OES signal to deposition rate for each metal is built into the
application code. With each u the operator then simply entem the CIS recipe that he is
using, determining the amount of materials that will be deposited in each stage. The
application then tells the operator in real time, during the depositio~ how to adjust the
cathode powers. The algorithms used keep the CulIn ratio as speciiled by the operator in
the recipe, and compensate for inaccurate power supply adjustments by the operator
earlier in the run. The power supplies are adjusted manually by the operator as
recommended by the computer, but closed-loop control will be implemented in the
Mure. In MRG’s ITO process, the OES output already ties directly and automatically to
multiple chamber controls, and improved yield and film qualities have been
demonstrated.”3 The algorithms used by the OES application account for either (or both)
power supplies being set at their maximum power, emission produced by arcing in the
plasma, the time delay of the substrate motion over each sputtering target, and subtraction
of background ‘counts. Monochromator settings, such as grating numbers, grating
positions, wavelength range for each peak of interest, and exposure times, are set at the
beginning of the deposition by the operator and then are executed automatically. The
application operates continuously, informing the operator of the recommended power
setting for each cathode based on the OES readings, and s3so informs the operator when
either cathode should be turned off. The Cu and In peaks are remeasured approximately
every 30 seconds. The application allows graphics to be turned on or off, allowing visual
pre~ntation of spectra for troubleshooting, or maximum speed of the control during
deposition. The application automatically saves to disk each OES spectrum it takes. A
summary file – consisting of the time each spectrum was take% the integrated intensity of
each peak of interest at each time, and the implied thickness of each material deposited as
a fimction of time- is also automatically saved to disk for each CIS deposition.
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Figure 20: Mainscreenfor so@areprocessing OES&taduring CISdeposition.

2.0 Larsze-Scale Svstem Model

The process developed in phase I can be used to design a large-scale co-sputtered
CIS system. A basic schematic of such a system is shown in Figure 21. This system is
based on the deposition process researched during Phase I and the commercially-available
MRG P1400 vacuum chamber. This modified “off-the-shelf” system incorporates all
elements of the deposition process developed in Phase 1. Sputtering is used to deliver Cu,
In, and G% whiIe OES in-situ controls regulate the deposition rate from these sources.
The substrate is padel to all target stiaees to maintain the materials uniformity already
proven in MRG P1400 systems, and position sensors regulate the substrate motion. Note
that because a moving substrate has already been incorporated into the Phase I process, it
is not necessary to perform the involved modeling that is generally required to reproduee
flux profiles from a stationary research-style deposition in a dymunic manufacturing
dejkxition. Rather, the Phase I process transfkrs directly to the dynamic large-area
system. As implemented during tie phase I depositions, the process time should be less
than 30 minutes of deposition per batch of substrates. Se is delivered by cvaporatiou as
during the Phase L Two In targets are included for each Cu target, to account fm the
lower In deposition rates when comparable voltages are applied to each cathode,
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particukwlyinthe presence ofSe. This ratio of Into Cu targets (or delay time) for
maximum deposition rate was discussed in section “2.B Flux Distribution”. Provisions
for Ga incorporation are also made in the large-area chamber.
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Figure 21: Model of deposition system for 12” x 12” CIGS thinfdms based on process
researched during Phase 1 and the commercially available MRG P1400 vacuum
chamber.

Several features of the designed system warrant ftier description. For example,
cathode design and positioning have been optimized to provide uniform and maximum
deposition flux at a given deposition power. The cathodes in the P1400 system have
already been shown to provide at least +4?40uniformity over the 12” substrate widt~ for a
variety of materials, including CdS, ZnO, ITO, and Cu. Figure 22 shows deposition as a
fimction ofdistanee along the direction of substrate motion (substrate length) for several
source-to-substrate distances. Deposition was measured via film thickness for fhns made
under consta@ deposition conditions. For the shorter source-to-substrate distances,
deposition is the fmtest at the center of the cathode, but does not extend fm beyond the
substrate edges. For the largest source-to-substrate distance, deposition extends far
beyond the cathode edges, but is significantly reduced directly over the cathode. (Note
that for intermediate substrate distances maxima can be seen in the curve on each side of
the target center, indicating the position of the target racetrack.) To maximize the
deposition rate for dynamic depositions, a source-to-substrate distance must be chosen to
utilize the wide-spread flux of the longer distances, without sacrificing the higher target-
center flux of the shorter distances. The resulting relationship is shown in Figure 23.
Deposition rate is m=irnized when the source-to-substrate distance is about 3“. Thus the
MRG P1400 systems are designed with approximately a 3“ source-to-substrate distance.

“.
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Figure 22: Deposi~ion as ajimction of distancefiom the target center along the
substrate length for MRG PI 400 cathodes. The relationship is graphed for three
dr~erence source-to-substrate distances.
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deposition conditions.

35



.&22-2fzl@zl

.,

.

1 :20AM FROM MRG 3E13 425 6562 P. 38

Another aspect of the proposed chamber that deserves further description is the
expected throughput. During Phase 1, CIS was deposited over 2“ x 2“ substrates in 25
minutes using 3“ diameter (i.e. 7.1 in2area) sputtering taigets. In the designed system
deposition will be performed using 3.5” x 18“ sputtering targets, increasing the vohune of
material per second delivered to the substrate by approximately a fh.ctorof 9.2. In the
Phase I small deposition syst~ the substrate spends approximately one third of the
deposition time over the Cu target and two thh-ds of the deposition time over the In target.
AS mentioned in the previous paragraph, the delay times over each target were set to
minimize deposition time when o#erating each sputtering supply at maximum voltage.
Two In cathodes per Cu cathode are designed into the large-area system to simulate the
delay times of the small-area system. Assuming, in the large-scale system, that a
substrate transport can be implemented so that multiple substrates are loada and each
deposition target is covered by a substrate at all times (i.e. no deposition flux is wasted),
then another factor of 3 in the volume of material per second delivered to the substrate is
gained. (A simple example of substrate transport that does not waste deposition flux is a
roll-to-roll cartridge for flexible substrates. For rigid substrates, an example is a spinning
cassette, with cathodes arranged radially around the cassette axis.) The total area coated
per minute, assuming no deposition flux is wristed, is then 4,.4in2. Assuming a 10%
product efficiency, 90’%yiel~ 10% machine down-time for maintenance, and 40 hour per
week shifts, the throughput of one of the large-area machines is 29 kW/year/shift. As a
maximum of 4.2 shifts can be run during nonstop operation, the maximum throughput of
the designed machine is 121 kW/year.

2-R Future Work

A number of items exist as fhture work in the development of manufacturable
CIS-based solar cells via co-sputtered CIS absorber layers.

Most notably, the efficiency of the co-sputtered devices must be improved.
AIthough the devices show great promise, as efficiencies of 5.0% have been obtained
using all-dry processing after only 19 CIS depositions, world-record CIS cells exceed
13% efficiency. Therefore, the CIS process sequence has to be optimized in terms of
number of sublayers, deposition rates of the metals, Ctin profile, and temperature
profile. For example, world-record CIS cells exhibit a Cuh ratio around 0.98, with
nearly uniform Cu/In ratio through the thickness. The CuAn ratio of the best co-sputtered
cells (as measured by EDS) is significantly lower than that of the @est co-evaporated
cells. When co-sputtered cells are fabricated with the Cu/In ratio* 0.98, the co-sputtered
cells exhibit severely shunted behavior. An understanding of why the composition of the
best co-sputtered cells is significantly different than that of lhe best co-evaporated cells
will likely lead to efficiency improvements in the co-sputtered cells. Several possibilities
for the cause of the composition discrepancy exist. For example, the material may be
“under-reacted”. If, in the reaction path of the film during deposition, it is favorable for
Into exist in its metallic form rather than only in CIS, excess In and a low Cu/In ratio
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may result. An observed difference between the actual substrate temperature and that
indicated by the thermocouple controlling the heater, as discussed in section ‘2.F Efkct
of Temperature On Device Performance”, must also be investigated as a source of under-
reacted materird. In fac~ a numb of issues – such as the effkct of the In-rich layer, and
the impact of substrate temperature - ‘should be re-examined once it is insured that the
heater is operating properly. Another possible cause of the composition discrepancy is
the existence of Cu-rich and Cu-poor layers in the co-sputtered samples, resulting from
the cycling motion of the substrate. Compositional measurements that profile the sample
(such as secondary ion mass spectrometry)” and those that measure the entire sample
uniformly (such as inductively coupied plasma measurements) should be performed to
veri~ or disprove the existence of layers in the compositional profile. If layers, or under-
reacted material, exis~ they must be eliminated by process variations, such as substrate
temperature or motion. It has been observed, as discussed in section “2-H Effect of In-
Only Layer on Ptiormsmce”, that separating the deposition into a Cu-rich and an In-only
stage appears to be detrimental to co-sputtered device ptiorrnance, particularly the
photocurrent. Descriptions of a number of co-evaporative deposition processes that rely
on starting with In-rich phases have been published?zdd-4SotiTherefore, because of the
observed detrimental ef%ectof the Cu-rich i In-only progression on co-sputtered device
pefiormance, the In-rich recipes mentioned above should be investigated for the co-
sputtered deposition. Finally, several improvements in Se delivgry could lead to higher
efficiency co-sputtered devices. Practical improvements to the Se delivery system would
likely include shattering Se sources to prevent unneeded evaporation of Se (and therefore
metallic target contamination) during ramp-up and cool-down phases, larger Se crucibles
to insure that Se supply is not depleted too early in the deposition, and more careful
temperature control of the Se crucible by using a proportional integral derivative (PID)
controller and permanently attached thermocouple.

Window layer improvements offkr another avenue to increase the efilciency of co-
sputtered devices. As disussed in section “2.0 Window Issues”, evidence from Phase I
exists that the transparent conducting oxide deposited on devices is adversely influenced
by we CIS substrate, though exhibiting good properties on glass, A comb~tion of two-
point and four-point probing, current-voltage, and quantum efficiency measurements
must be used to deduce ITO sheet resistance and transmission on CM devices. As
discussed earlier, deposition conditions, particularly the water content of the ITO, must
be adjusted to produce good ITO properties on CIS, as weli as on glass. The
optimization of the i-ZnO properties in the window layer should also be examined for the
co-sputtered cells. It is possible that the i-ZnO may be unnecessary, or even detrimental,
to devices fabricated with sputtered CdS, as discussed in section “2.0 Window Issues”.
The effect of i-ZnO thickness and conductivity on co-sputtered device performance must
be investigated.

The alteration of the CIS bandgap by incorporation of Ga allows the tailoring of
device response to the solar spectrum, providing, a third avenue for eff~ciency improments
in co-sputtered devices. Such bandgap adjustments have allowed champion cells, which
have yielded 13,2% efficiencies for pure CIS~2 to reach 18.8% efficiency? The
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incorporation of Ga during the co-sputtering process by the use of a third sputtering target
should be performed. Since Ga is a liquid at room temperature, a pure Ga target cannot
be used. Rather, Ga should be poured into the racetrack of a severely eroded In target.
The correct deposition conditions, - including temperature, compositio~ and profile -
must be investigated for Ga incorporation. Otherwise, Ga maybe poorly incorporated,
preventing the fidl possible increase voltage from being utilized. High-efficiency co-
evaporated CIGS is deposited under deposition conditions very similar to those under
which CIS is deposite~ except that Ga flux supplements the In flux. The high-
temperature (>550 “C) ,portion of the deposition appears to be critical for gainful Ga
incorporation. The most successfid efficiency improvements from Ga incorporation have
resulted from awxage Ga/(In+Ga) ratios around 0.25, resulting in an eff6ctive bandgap of
about 1.15 eV. High efficiency CIGS often use Ga profiles within the CIGS layer. The
highest Ga/(M-Ga) ratio is introduced at the back of the CIGS film, creating a bandgap
graded toward the space-chmge region. Electrons are thereby drawn toward the space
charge region, and recombination at the back contact is reduced.

A substantial amount of fbture work exists in scaling the small-area process
developed in Phase I to large (manufacturing-size) areas. Such a scale-up would be
based upon the large-area system described in section “Z.Q Large-Scale System Model”.
The described modifications to the MRG W 400 chamber must be made, and the process
performed in the small-area chamber must be transferred to the large-area chamber.
Particularly of concern is management of thermal loads and implementation of the high-
temperature transport system. Expected improvements in the co-sputtering process, as
described in the preceding paragraphs, should also be incorporated” into the large-area
system. Eventuality, optimization to the process in the large-area chamber, to maximize
materials utilization and throughpw should be performed.

Evaluation of yield is a significant aspect of deterrninin g whether or not a given
process is manufacturable. If yield and efficiency in manufacturing can be improved
from the current state (10?4oefficient, 60% yield) to 15% efficiency and 90% yield, the
result is a doubling in throughput leading to a reduction in cost per watt of over 500A.
Thus, several important questions regarding yield must be answered. Firs$ the amount of
yield improvement provided by using OES control, rather than setpoint control, must be
assessed. It was demonstrated during phase I that OES can be used to give correct
information about the metallic deposition rates under differing target conditions. Enough
data points must be taken under the same deposition conditions to make statistically valid
conclusions about how much OES improves yield. Such data points should include a
comparison of both single-element layers and CI(G)S samples made under OES and
setpoint control. Second, the yield of the co-sputtered process must be compared with
published yield data describing current manufkctuzing processes?’~

P. AO
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3. TECHNICALF.EASIBmITY

During Phase I, MRG has proven the feasibility of scaling up in-situ-controlled
co-sputtering of CIS for large-scale manufacturing. TMs has been, accomplished by
meeting each of the technical objectives set at the begirming of the resexch effort. A
table showing each task as described in the work plan and how it was accomplished is
shown below. Each task, as layed out in the Phase I proposal, is listed in the left column.
The result obtained during the Phase I research and described in this final report is listed
inthe right column.

TASK RESULT I

1.Establish reliable film ● OES was used to monitor and control the
composition and quality deposition of Cu and In.

● OES was shown to compensate for the
contamination of the Cu and In sources due
to reaction with Se.

. Good device quality was demonstrated by
quantum efficiency and current-vohage
response.

2. Evaluate film structure ● X-ray difiaction (XRD) was used. to veri~
the formation of the CIS phase and
composition.

● Scanning electron microscopy (SEM)
micrographs @ow that the non-
stoichiometric ftis have a morphology
diffkrent from the stoichiometric materials.

3. Determine optimal Se delivery . Evaporation was shown to be more
method effective than sputtering in delivering Se to

the growing films.
4. Optimize sputtered flux .. Moving the substrate over each of the
deposition sources was shown to produce fa greater

uniformity than yas possible with a fixed
substrate position.

5. Investigation of ion . The effects of ion bombardment were
bombardment cffkcts found to,be negligible.
6. Modeling of large-scale ● A large-area deposition system suitable to
deposition system in-situ controlled deposition of CIS has

been modeled,

Table 6: Tasks and results from Phase I research.

Thus, Phase I has demonstrated that co-sputtering of CIS layers using OES
control is a promising absorber deposition process for manufiwtuxable CIS-based
modules. OES has been demonstrated to give con-ect information about the metallic
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deposition rates under differing target conditions, allowing reproducible film
compositions. Good deviee results were obtained using all-dry, manuticturable
processing. By using a moving substrate parallel to the target stiaees, good spatial
uniformity of fluxes were be obtained, and the process was incorporated into a model for
a large-scale deposition system.
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