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SUMMARY

During 1996, a number of projects were carried out at Colorado State University on Cu(In,Ga)Se,
(CIGS) and CdTe solar cells and small modules:

)

)

3)

4

®)

(6)

Colorado State participated directly in the deposition of CIGS at NREL for the first time.
Five separate substrates were used, and sodium was both deliberately introduced and
deliberately blocked from exiting soda-lime substrates. In general, sodium in the CIGS
led to better junction properties and higher efficiency.

In other CIGS measurements, we showed that electrodeposited absorber material made
at NREL produced competitive cells. Voltages, normalized to bandgap, were about 50
mV less than the best evaporated CIGS cells. We also showed, in collaboration with
Solarex, that existence of a high resistivity ZnO layer is probably not critical for cells with
relatively thick CdS window layers.

In collaboration with seven CdTe fabrication labs, we measured the effect of CdS
thickness on cell parameters. Although voltage and fill-factor generally degrade for CdS
thickness below 100 nm, the exceptions suggest that with at least some fabrication
techniques, CdS thickness can be reduced to the point that high quantum efficiency in the
blue and a good diode junction are not mutually exclusive.

A number of artifacts that appear in module measurement and analysis, but are generally
negligible for small test cells, were investigated. These include effects due to module-cell
geometry and misleading conclusions from selective illumination experiments.

NREL data from the highest efficiency CIGS and CdTe cells were analyzed to provide
direct comparisons of different fabrication techniques. The three commonly used NREL
deposition systems have produced CIGS cells with very similar junction properties.
Similarly, after adjustment for bandgap, the best South Florida junctions from several
years ago are remarkably similar to those produced by Golden Photon in 1996.
Colorado State continues to play a significant role in both the CIGS Thin-Film and the
CdTe projects summarized above. Ihave served on the CIGS logistics team and have

worked towards a common format for cell-data exchange between laboratories.
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INTRODUCTION

The objectives of the Colorado State program are (1) the separation and quantification of individual
losses in specific thin-film solar cells, (2) the detailed characterization of small modules, and (3) the
presentation of a viable model for the forward-current loss mechanism. Progress was made in each

of these areas.

Five research students were responsible for most of the experimental and analytical work. Ingrid
Eisgruber, who completed her Ph.D. in March 1996 and now works at the Materials Research Group,
did essentially all of the work on modules. Jennifer Granata has been responsible for systematic
comparisons of both CdTe and CIS cells and has begun her Ph.D. thesis work on the effect of
sodium in CIGS cells. Brendon Murphy and Karl Schmidt worked on smaller projects focused on
specific cells, and completed their Masters’ degrees during 1996. Jason Hiltner joined us Summer

1996 and has been responsible for updating much of the data collection software.

The Colorado State program continues to collaborate closely with a number of other laboratories.
During the past year active collaborations have included Golden Photon, Inc., the Institute of Energy
Conversion, International Solar Electric Technology, Inc., the National Renewable - Energy
Laboratory, Solar Cells, Inc., Siemens Solar Industries, Solarex, Energy Photovoltaics, Inc., the

University of South Florida, the University of Toledo, and the Colorado School of Mines.



CELL DEPOSITION

In a continuation of work begun by Tuttle and colleagues at NREL', Jennifer Granata modified the
sodium content in CIGS cells deposited on molybdenum/soda-lime glass from three sources,
Mo/alumina, and Mo/stainless-steel.?> In each case, four different sodium conditions were used. In
presumed increasing order of sodium concentration; these were (a) a diffusion barrier of SiO, (or in
the soda-lime “B” case, a metal) was deposited before the Mo back contact and no sodium was
deliberately added. (b) the barrier was omitted and no sodium added, (c) the barrier was used and
a small amount of sodium was added to the copper deposition source, and (d) the barrier was omitted
and sodium added. The rest of the cell fabrication was done with as nearly identical processing as

possible.

Current-voltage curves for the different substrates and different sodium conditions are shown in
Fig. 1. In the future. the amounts and profiles of Na will be measured, but at present only qualitative
labels are used. In several cases where a diffusion barrier was used, and no sodium deliberately
added, there was significant current limitation in forward bias for both light and dark measurements.
Individual parameters deduced from the Fig. 1 data showed significant cell-to-cell variation, but also

clearly identifiable trends that qualitatively tracked the assumed sodium concentration.

Fig. 2a and 2b show the two primary indicators of junction quality, open-circuit voltage and fill
factor, for the different substrates and sodium concentrations. The trend for both voltage and fill
factors to increase when more sodium is present. Fig. 2c shows that the combination of these two
effects is a fairly clear increase in cell efficiency with greater amounts of sodium. No significant
variation in CIGS bandgap, as deduced from quantum efficiency, was seen among the cells depicted
in Figs. 1 and 2, and the small variation in current density did not appear to correlate with sodium

content.

'JR. Tuttle, et.al. IEEE PVSC 25, 797 (1996).
2 ].E. Granata, J R. Sites, and J.R. Tuttle, AIP Conf. Proc. 394, 621 (1996).
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Two major factors in determining fill factor are shown in Fig. 3. The diode quality factor A under

illumination generally decreases when more sodium is present. The series resistance R, also has a

downward trend, though the large values at the left of the plot correspond to the current-limited

curves in Fig. 1 and therefore have considerably more uncertainty.
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Figure 3. Trends observed in (a) diode quality factor and (b) series resistance under

illumination for same CIGS cells.

A final comparison, shown in Fig. 4, is hole density in the CIGS absorbers deduced from capacitance

measurements. The larger hole densities in the higher-sodium, better-junction cells is the correlation



most often seen. The most likely physical interpretation is less compensation due to fewer

extraneous donor states, and hence a lower forward recombination current.
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Continuing work in this area will introduce much more quantitative amounts of sodium. It will also
utilize SIMS analysis to determine the spatial profiles of sodium in actual cells and to give another
indicator of relative sodium concentration. Similar studies will be made with CulnSe, absorbers
without gallium. One reason to use pure CIS is the practical consideration that it is much easier to
conwrol the process, and hence reduce cell-to-cell variations, with one fewer element involved. A
second reason is that since both CIS and CIGS are candidates for commercial cells, it is important
to know whether or not the sodium effect is modified by the presence of gallium. Also for future
studies, one must logically ask whether the positive effect of sodium is unique, or whether there are
other elemental impurities that might have a similar, or perhaps even more positive, effect on cell

performance.



CELL ANALYSIS

CIS/CIGS

Colorado State participated in the characterization of CIGS cells fabricated by Raghu Bhattacharya
of NREL by electrodeposition (10/22/96 report to Bhattacharya). Three different gallium
concentrations were used. Fig. 5a shows the light current-voltage curves for one cell from each
concentration, and Fig. 5b shows the corresponding quantum efficiency curves. In all cases,
efficiencies were in the 12-14% range. Bandgaps deduced from the long-wavelength quantum-
efficiency cutoffs were 1.07, 1.13, and 1.22 eV for these three cells. The current-voltage curves,

which show a progression to higher voltage and smaller current, reflect this variation.

Fig. 6 compares open-circuit voltage with bandgap for the three gallium concentrations used for the
electrodeposited CIGS cells. The differences between qV,. and E, are 0.52-0.54 eV. Also shown
on the same plot is the progression of record-setting, or near-record-setting, CIGS cells made at
NREL by evaporative techniques. The smallest qV __-Eg difference is 0.47 eV. The dashed line is
simply an aid to the eye, which corresponds to a difference of 0.5 eV. The results from the
electrodeposited CIGS should be viewed as quite good. The 50 mV difference in V , with the best
cells made is remarkable for a technique that has not to date received a large amount of development
investment. Particularly noteworthy is the 700 mV cell (open circle) which has a modest qV . -Eg

differential at a relatively large gallium concentration.

A second characterization study involved CIS cells fabricated at Solarex (8/5/96 report to John
Kessler). In this case, the focus was comparative study of the value of a high-resistivity ZnO layer
between the CdS layer and the conducting ZnO front contact. Three cases were compared: A had
no high-resistivity ZnO, B had a high-resistivity layer with additional oxygen added during
deposition, and C had a high resistivity layer deposited without additional oxygen. In each case,
different thicknesses of CdS were used corresponding to 0 (no CdS at all), 2, 3, 4, and 8 minutes of

chemical-bath deposition (CBD) times.



40|Cell CB04 567 624 ; ;l
Voo 0.525 0.610 0.705 [V] , I
Joo 346 312 27.6 [mAcm? | /
-« FF 067 071 0.0 |
e 20 122 134 137 %) |
O
g E, 107 113 122 [V |
E
=
‘@
g8 07
©
=
g
5
o
20 F
_40 L ! 1 L L 1
04 02 00 02 04 06 08 10
Voltage [V]
1.0 [ . ‘ .

Relative Quantum Efficiency

N

0.0 L i L 1
400 600 800 1000 1200 1400

Wavelength [nm)]

Figure S. (@) Current-voltage curves for CIGS cells fabricated at NREL by
electrodeposition. (b) Corresponding quantum efficiency curves for the three
gallium concentrations used.



T 7 T T R T T
I g i
0.70 - - -
I 17.7% .
I v .’
- 16.8% -
0.85 v Q. -
] ) O C624
I re ® C504
E - ,', O C587
9 i " J o )
%060 L K v S773 (1998)
- v M1423 (1996)
L A S579 (1995)
Slope=1 ,’
0.55 , O C3682 (1994) _
i . m C253 (1994)
- .
0.50 M s e e L
1.00 1.05 1.10 1.15 1.20 1.25

Bandgap [eV]

Figure 6. Open-circuit voltage vs. bandgap for electrodeposited (circles) and other high-
efficiency CIGS cells made at NREL.

Fig. 7 shows the key solar-cell parameters from one cell per substrate, for the different ZnO

conditions and CdS deposition times. The cells with CBD deposition times greater than 2 min have
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similar parameters and the presence of high-resistivity ZnO does not appear to be significant, though
it may reduce shunting somewhat. Quantum efficiency as expected showed less blue response with
thicker CdS. All these efficiencies were between 10 and 12%. With thinner CdS, or none at all, the
cells do not perform as well. The 2-min cells had lower voltage and fill factor. In the extreme case,
the cells in this study that had neither CdS nor a high-resistivity ZnO layer showed no photovoltaic

response.

A third CIGS study involved cells both fabricated and measured at NREL (12/13/96 report to Noufi
and several others). The purpose of this study was to see whether there was any significant
difference between the highest-efficiency cells made with the three commonly used NREL
deposition Systems, referred to internally as S, C, and M. Fig. 8a overlays the current-voltage curves
for the best cells from each system, and Fig. 8b shows the corresponding quantum efficiencies.
Superimposed on the quantum-efficiency curves is the estimated grid loss and the measured

reflection from one of the cells.

The two cells NREL made in 1996 are about 20 mV higher in open-circuit voltage without an
obvious difference in the bandgap of 1.14 eV deduced from the quantum efficiency cutoff. The two
newer cells also have the same current and essentially identical QE curves. These curves imply an
internal quantum efficiency very nearly unity between 550 and 750 nm. The older cell has a QE a

few percent lower over this range.

Fig. 9 shows the forward current for the three cells on a logarithmic scale using the same data shown
in Fig. 8a. The fits after removal of the resistive terms are essentially identical for the two newer
cells, and the older one is parallel but 20 mV lower in voltage, or equivalently 40% larger in forward
current. All three slopes correspond to a diode quality factor of 1.5. Resistive corrections are fairly
small: the largest series resistance (S573) reduces efficiency by just over 0.1%, and the smallest
shunt resistance (M1574) reduces efficiency by just over 0.2%. In the absence of these resistive

corrections, all three fill factors would be slightly above 0.78.

11
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CdTe

The major CdTe project for 1996, which was a central part of the team activity, was the comparison
of cells that were nominally identical except for thickness of the CdS window. In the first round,
cells with CdS thicknesses between 500 and 2500A were fabricated by NREL, University of Toledo,
Solar Cells, Inc., University of South Florida, Colorado SchHool of Mines, and the Institute of Energy
Conversion (1/22/96 and 5/15/96 CdTe Team Meeting Reports). In the second round, these
laboratories, plus Golden Photon, Inc., provided cells with the CdS thickness specifically targeted
to be 200 and 800 A (11/18/96 CdTe Team Meeting Report).

Fig. 10 shows the comparison of the quantum efficiencies from the first-round cells made at the
University of Toledo.> Two superstrates and four CdS thicknesses are shown. Measured superstrate
absorption and completed cell reflection are plotted downwards to indicate the photon losses from
these sources. The LOF superstrates have a significantly higher current loss (about 3.5 mA/cm?) due
to absorption. The CdS absorption loss ranged from about SmA/cm? for the thickest CdS shown in
Fig. 10 to about 2 mA/cm? for the thinnest. Current-voltage measurements made on the round one
cells showed a tendency for the voltage and fill factor to deteriorate for the thinnest cells. The onset
of this deterioration generally occurred between 500 and 1000 A and appeared to be less serious for

cells fabricated by close-spaced sublimation.

In the second round of measurements with thinner CdS cells, it was realized that the thickness of the
CdS after completion of the cell was generally less than that which was deposited. Thus, the
parameter adopted to describe CdS thickness was the percentage of blue-photon absorption, which
is defined at the top of Fig. 11. The hand-drawn lines are quantum efficiencies near 450 and 600 nm.
The fill factor and open-circuit voltage for the round two cells are plotted against this parameter in
the bottom section of Fig. 11. A 40% blue-photon absorption corresponds roughly to a CdS
thickness of 1000 A. This plot shows that fill factor and voltage generally decrease when thinner
CdS is used. Not shown in Fig. 11, however, is the recent high-efficiency cell made at Golden
Photon, where the blue-photon absorption is essentially zero, but the fill factor and voltage are
similar to the values shown for other cells with blue-photon absorption of 40-50%.

3 JE. Granata, J.R. Sites, G. Contreau-Puente, and A. D. Compaan, IEEE PVSC 25, 853 (1996).
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The current-voltage curve of the high-efficiency Golden Photon (GPI) cell is shown in Fig. 12 in
comparison to the highest-efficiency CdTe cell from the University of South Florida (USF), the
record-efficiency crystalline GaAs cell, and the calculated maximum cell response for the CdTe

bandgap. The GPI and USF curves are fairly similar and show a trade-off between current and

voltage.
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The lower voltage, higher current for the GPI cell is due to a reduced bandgap, which is a result of
sulphur diffusion into the CdTe to produce a CdTe,_S, layer. The reduction in bandgap is confirmed
in Fig. 13, which overlays the bandgap cutoff in quantum efficiency of the two cells. The
wavelength difference between the two is 19 nm, which corresponds to a bandgap difference of 32
meV. This difference is very nearly the bandgap difference between the two cells. The increased
photocurrent available to the GPI cell with the 32 meV smaller bandgap is about 1.2 mA/cm?, again
similar to that seen in Fig. 12. However, superstrate transmission and quantum-efficiency
measurements show that the photocurrent losses are somewhat different between the two cells. The
GPI cell has a greater superstrate/TCO absozption loss, whereas the USF cell has a greater short-
wavelength loss due to CdS absorption.
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‘X19 n
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~ 2 “ '._
= 1.2 mA/cm vy
0.2 - / \‘Z
0.1 p- Y
0.0 bt v e b vy e ) P B

760 780 800 820 840 860 880 S00
Waveiength [nm]

Figure 13.  Comparison of quantum-efficiency cutoffs for high-efficiency CdTe cells.
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There is also a difference in fill factor between the GPI and USF cells. This difference is best
illustrated by a logarithmic plot of foward current density (J+J;) vs. voltage as shown in Fig. 14. The
data, as well as the crystalline GaAs and calculated maximum, are the same as in Fig. 12. The
dashed lines are fits for zero series resistance and infinite shunt resistance. The slopes are very
nearly equal for the two CdTe cells, corresponding to diode quality factors of 2.1 for GPIand 2.0 for
USF, and the difference between the dashed lines is the 32 meV bandgap difference. The GPI data,
however, deviates more from the fit, near 10mA/cm?, implying a somewhat higher series resistance
(1.2 Q-cm?) than that of the USF cell (0.5 Q-cm?). The large deviations from the fits below Vyp are
primarily leakage effects.
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Figure 14.  Data from Fig. 12 plotted as log (J + J;) vs. V.
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MODULE ANALYSIS

A series of investigations of thin-film polycrystalline modules were completed by Ingrid Eisgruber.*
Fig. 15 shows the CdTe and Cu(In,Ga)Se, module-interconnect configurations commonly used. In

both cases, three scribing steps are required to separate the individual cells and electrically reconnect

a) Light

glass superstrate i l l
oo, v Y Y Y Y Yoy

Al »NA
n-CdS

Laser Scribes

b) Light

r_fglass substrate
} Laser Scribes

Figure 15. Standard interconnect patterns for CdTe and CIGS thin-film modules.

them in series. The light is either a broad, solar-like source or a laser beam that is scanned across
each cell in the module. The latter procedure was done on a large number of modules in
collaboration with Richard Matson at NREL. The optics system, which can scan over a meter in two

directions, is shown schematically in Fig. 16.

*1.L. Eisgruber, IEEE PVSC 25, 829 (1996).
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Figure 16.  Schematic of large-scale laser scanner at NREL.

Laser scanning is basically a measure of the photo-current induced by a focused beam as it is directed
across a cell or module. A primary use of laser scanning in module analysis is the identification of
the location and the nature of defects. There tend to be a high density of defects in the vicinity of
a module’s scribe lines used to define the interconnects. In practice these lines are not as clean as

suggested by Fig. 15.

Cell defects can be loosely divided into local shunts and local areas of reduced photocurrent. Fig.
17 shows the calculated impact on the photocurrent when the beam passes over 2 pm diameter
shunts of varying resistance. The characteristic signature is a gradual decrease in signal over a 1 mm
distance scale. Clearly, however, the shunt needs to have a very low resistance to have much impact
on the scan. In contrast, a photocurrent defect often yields near-zero signal over the area of the

defect and little or no impact elsewhere.

21



1.0 100 =

0Q
2 08F
< shunt path
o resistance
©
&)
< 0.6
c
o
o
S
c 0.4 = h
i)
©
2
w
C.2 I
0.0 1 ! ] 1

0.000 0.002 0.004 0.006 0.008 0.010

Distance [m]

Figure 17.  Calculated laser-scan signal for a 1 cm wide CdTe cell with a 2um diameter shunt.

A combined shunt-photocurrent defect was deliberately introduced to a CIS cell by pricking it with
apin. The resulting shunt resistance was determined to be 14000 Q (much less of a shunt than any
shown in Fig. 17), its diameter was 300 pm, and the transition from full to zero photocurrent was

very abrupt. This observation is consistent with the calculation shown in Fig. 18, which shows the
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z N
T 0.999 | - 1.0 1.0
8 0998 | 08 | | o8l
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: 0.997 0.6 I 1 06|
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Figure 18.  Calculated signature of (a) a 14 KQ shunt, (b) a 300 pm photocurrent defect,
and (c¢) a combination of the two.
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effect of the shunt to be negligible compared to the loss of photocurrent. Furthermore, although both

are present, the only practical consequence is the local loss of photocurrent.

Measurement of current-voltage curves for individual cells in a thin-film module must be done with
care. Since the cells are typically quite long compared to their width, a two-wire measurement,

between B and C in Fig. 19 for example, will include excess series resistance due to the long path

length to reach the top and bottom of cell #2. The extra resistance, psLZ/ 12 is the order of 100 Q-cm?

for even a small module with L= 10 cm and ps = 10 Q/sqr. Clearly one needs to use the low-
resistance metal contacts (A and D) to the end cells for the current leads and then measure the

voltage at B and C, or across any other cell, with separate leads.

CELL #1 #2 #3 #4

metal
contact
pads

N

o
v v y

Figure 19. Schematic of four-cell module.
In addition, the voltage drop across the width of a module cell is likely to be significant, and even
with a four-wire measurement, the voltage probes must be placed properly. This point is illustrated
in Fig. 20, where a two-cell module is shown for simplicity. The current leads are at the ends as
described above, and one voltage lead is assumed to be at the right end also. The placement of the

other lead at F or G, however, can produce radically different current-voltage curves. Placement of
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Figure 20. (a) Voltage-probe placement options and their consequences for (b) apparent
maximum-power voltage and (c) apparent fill factor.
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F, or at the interconnect between cells, gives the correct answer with the lower fill factor. The major
change in voltage between G (distance = 0) and F (distance = 1 cm) is shown in Fig. 20b, again
assuming a 10 {/sqr contact. The maximum power voltage at G, and the apparent fill factor with

the probe placed at G, is in fact larger than that for an ideal, or zero resistance, conductor.

Several other features of module analysis, including (1) the failure of the linear series-resistance
approximation, (2) the separation of photocurrent and shunt-resistance differences among cells in
an encapsulated module by variation in chopped-light frequency, (3) the effect of forward bias on
laser-scan measurements. and (4) the serious difficulties in interpreting laser scans of modules when

bias light 1s used. were covered in the 1995 Annual report and will not be repeated here.
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RECOMMENDATIONS

The general recommendation is for a continuation and strengthening of the cooperative spirit among
the laboratories fabricating and analyzing polycrystalline thin-film cells and modules. The teaming
process initiated by NREL is an excellent strategy to promote the exchange of both ideas and specific
results. A logical next step is to investigate ways to extend the teaming concept to the international

community.

A second and more specific recommendation is to pin down the role of sodium, and perhaps other
impurities, on CIS and CIGS junction quality. A related recommendation is to credibly sort out the
roles of an indium-rich surface layer, carrier densities in the junction region, and band offsets

between layers.

A third recommendation is a more aggressive attack on the junction limitations of CdTe cells.
Maximum CdTe efficiency has not increased for nearly five years, and the physical model of the
material is less mature than that of CI(G)S. Particularly since gallium can increase the CIS bandgap
without an obvious downside, the question of whether CdTe junction quality has reached its practical

limit is becoming an important question.
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