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SUMMARY

A number of studies relating to the fundamental operation of CIGS and CdTe solar cells
were performed during Phase I. In addition, we have worked closely with industrial and
NREL partners to evaluate specific cells, expanded our LBIC (light-beam-induced-
current) capabilities, and analyzed the effective efficiency to be expected from several

commercial thin-film modules.

The fundamental work on CIGS cells included a detailed analysis of grain-boundary
effects using two-dimensional modeling. It showed that the relatively benign effects
observed are best explained by a decrease in the valence band edge in the vicinity of the
grain boundary. A second project, which followed earlier work relating spatial grading
of CIGS to performance, showed the increasing importance of an electron reflector at the
back of the CIGS absorber as it is made progressively thinner. A third project
generalized earlier work on the window/absorber conduction band offset to show that
there is a general rule governing when a “spike” leads to a distortion of the current-

voltage curve.

The CdTe studies included a reasonably convincing explanation of the 1.456-eV
photoluminescence peak as a copper-oxygen donor complex about 150 meV below the
conduction-band minimum. A second project demonstrated how different combinations
of absorber lifetime and back-contact barrier lead to different common features seen with
CdTe cells. A third project extended stability and uniformity studies to focus on
performance differences among cells with graphite, Ag, and Ni back contacts. Finally, a
study of current response following voltage steps showed that reversible transients were
essentially always present, but their magnitude varied considerably with sample

preparation.
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INTRODUCTION

The work reported here embodies a device-physics approach based on careful
measurement and interpretation of data from Culn;.xGaxSe, (CIGS) and CdTe solar cells.
The project goals have been (1) to reliably and quantitatively separate individual
performance loss mechanisms, (2) to expand the tools available for such measurement
and analysis, (3) to refine the physical explanations for performance losses, and (4) to
suggest fabrication approaches or modifications that can reduce these losses. Device
physics provides the link between basic materials properties and solar-cell performance.
It allows us to be quantitative, it gives a rational framework for choosing research

directions, and it often serves as a reality check for proposed solar-cell models.

The experimental and analytical work in this report has largely been done by a dedicated
group of graduate students. Markus Gloeckler and Alex Pudov, who completed their
PhD’s in 2005, explored the impact of several basic properties of CIGS including grain
boundaries, the conduction band offset, and electron reflection. Caroline Corwine and
Samuel Demtsu, who should both finish in mid-2006, have studied of the PL effects of
copper and oxygen in CdTe cells (Caroline), plus the impact of copper on both the back
contact and the bulk CdTe (Samuel). Ana Kanevce and Jun Pan have continued and
expanded several numerical-simulation studies of CIGS and CdTe, respectively. Tim
Nagle and Alan Davies have upgraded the LBIC system and have done considerable
analysis of both CdTe and CIGS cells. In addition, undergraduate Wolfgang Timko built
a unit to scan the LBIC wavelength, and Affiliate Prof. Alan Fahrenbruch has applied

explored current transients in CdTe cells.

Prof. Sites' group has actively participated in the NREL-sponsored National CIGS and
CdTe R&D Teams. It has had productive collaborations with Prof. Sampath's group at
Colorado State, as well as with researchers at the Colorado School of Mines, First Solar
Inc., Heliovolt Corporation, the Institute of Energy Conversion, ISET Inc, the National
Renewable Energy Laboratory, Shell Solar Industries, the University of Ljubljana
(Slovenia), the University of South Florida, and the University of Toledo.



BASIC CIGS STUDIES

CIGS Grain Boundaries. The first project was an attempt to understand why grain
boundaries in CIGS cells are sufficiently benign to allow the large voltages and
efficiencies observed. Markus Gloeckler, in collaboration with Wyatt Metzger at NREL,
modeled the CIGS grain boundary (GB) by a thin layer located between two uniform

regions of CIGS material. The results summarized here were published in the Journal of

Applied Physics 98, 113704 (2005).

Figure 1 below shows the basic structure used for simulation of vertical GBs. The mesh
spacing used for numerical solutions of the Poisson equation is varied so that it is finer in
regions where rapid changes in parameters are expected. The GB region is modified in
various ways, but our baseline three-layer (ZnO/CdS/CIGS) structure is assumed
otherwise, and the GB differs from the surrounding material only by the presence of
additional defects or by an expansion of the band gap. The results are not sensitive to the

width of the GB layer so long as it is in the range of 2 to 50 nm.
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Figure 1. Simulation mesh used for CIGS vertical grain-boundary calculations.

Three physical types of columnar GBs, as well as combinations, were considered: an

increased density of defects at a neutral GB, a charge sheet at the GB, and an expansion

0.6



of the valence band in the GB region. In all cases, a spacing of 1 micron between GBs
was assumed. In the first case, the GB recombination velocity S, was used as the
primary parameter. The simulation results in Fig. 2 show a decline in all parameters, but
the most dramatic change is in voltage. The conclusion is that Sy, must be the order of
1000 cm/s or less for the neutral GBs to be benign. This would imply nearly complete
passivation, and seems unlikely to be the explanation for benign GBs in CIGS. The
results shown in Fig. 2 are in good agreement with those of Taretto et. al. [Thin Solid

Films 480-481, 8 (2005)].
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Figure 2. Neutral GB recombination on columnar GBs. Lower limit of Sy, is the
absence of GBs.

The second GB feature explored is a sheet of positive charge, and hence a potential @qy,
created by the GB defects. This scenario, illustrated in Fig. 3, is appealing, because it

implies hole repulsion from the GB region, and hence larger current collection. In fact,



as shown in the Fig. 4 simulation results, there should be a current increase as high as 4

mA/cm” for charge potentials above 0.4 eV.
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Figure 3. Effect of positive charge sheet on bands and quasi-Fermi levels for zero
bias with one-sun illumination.

The other point made by Fig. 3, however, is that as the GB potential is increased, the
quasi-Fermi levels for electrons and holes, Es, and Eg, respectively, become closer to each
other, or equivalently, there is an increasing region where n and p approach the same
order of magnitude. This situation will substantially increase forward recombination and
reduce the open-circuit voltage. Physically, the same potential that assists collection by

channeling the photogenerated electrons and holes will, in forward bias, provide channels



for electrons and holes to flow in the opposite direction, allow greater recombination,

increase the forward current, and reduce Voc.
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Figure 4. Current-voltage parameters as a function of charge potential assuming Sg
is 10° cm/s.

The dual effects of the charge potential on collection and forward-current enhancement
are shown in Fig. 4. The top reference line is the baseline with no GBs. The lower
reference line corresponds to a GB recombination velocity Sg, of 10° cm/s and no charge
potential. As @, increases, the voltage (upper left) goes down and somewhat later the
current (upper right) goes up. The fill-factor (lower left) changes very little. The
combined effect on the efficiency (lower right) is an initial decrease from the neutral
recombination value and a latter increase as the collection effect becomes significant. It

never, however, approaches the GB-free, or equivalently the benign GB, condition.



The possibility of a valence-band expansion near CIGS GBs was the third major scenario
considered. There is both experimental [Hetzer et.al., APL 86, 162105 (2005)] and
theoretical [Persson and Zunger, PRL 91, 266401 (2003)] evidence that this is indeed the
case and is due to copper depletion near CIGS GBs. As implied in Fig. 5, the holes will
be kept away from the GB, but there should not be additional electrons near the GB that
would enhance the forward current. The simulated results for the solar-cell parameters

are shown in Fig. 6.

Figure 5. Valence-band expansion
in the vicinity of a GB.
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Figure 6. Current-voltage parameters as a function of valence band expansion AEy.
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The same two reference lines are used in Fig. 6. In this case, the voltage and fill-factor
increase significantly as the valence-band hole barrier is increased until they saturate at
very nearly the GB-free values for AEy greater than 0.3 eV. The AEy = 0 values of
voltage and fill-factor are significantly different for different values of Sy, but when AEy
increases, they converge to the same values and yield very nearly the GB-free efficiency.
The current is always slightly lower, because fewer electron-hole pairs are generated in

the expanded band-gap region near the GBs.

If there is both a charge sheet and an expanded band gap at the GB, the AEy-curves in
Fig. 6 are modified, but only slightly, by the charge sheet. Hence, the expanded band gap
is the primary explanation for the benign character of grain boundaries in CIGS solar
cells, and the degree of neutral-GB recombination and magnitude of the charge potential

are predicted to play relatively minor roles.

Thin CIGS Absorbers. Markus Gloeckler [Gloeckler and Sites, J. Appl. Phys. 98,
103703 (2005)] also used numerical simulation to investigate the device physics and the
expected performance of thin-film solar cells with absorber thicknesses similar to or
below their optical absorption length. The key issue for CIGS cells with absorber
thicknesses below 1.0 um is to limit back-contact recombination, which can be
accomplished by the choice of back-contact material, surface modifications, or inclusion

of a Ga/(Ga+In) grading.

Three possible grading profiles are shown in Fig. 7. The back gradings considered are
(1) an abrupt increase in the Ga content only near the back contact (“electron reflector”),
or a linear increase throughout either (2) half- or (3) the full-absorber thickness. The
valence band and the conduction- and valence-band offsets with the CdS window layer
are not altered by these profiles. The results are shown in Fig. 8 where the expected
performance parameters are plotted as a function of thickness. The dashed lines, which
show considerably lower performance, are the parameters in the absence of a Ga grading

and with a constant band-gap of 1.15 eV.
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Figure 7. Three back-grading scenarios: electron reflector, half grading, and full
grading.

The inclusion of a simple electron reflector substantially increases V. for thin devices.
The electron reflector reduces the dominating minority-electron recombination at the
back contact by the suppression of electrons. The recombination rate reduces roughly by
the same factor by which the electron concentration is suppressed, exp(—AEg./kT). A
back grading with a band-gap increase greater than 0.2 eV reduces recombination by a
factor greater than 10° , and in this situation, V. is again limited by bulk recombination.
As the absorber is thinned, the bulk volume and, therefore, the bulk recombination
decreases, and V,. should actually improve beyond that achieved in thick devices. This

effect was pointed out earlier by Orgassa et al. [Thin Solid Films 431-432, 387 (2003)].

Half- or full-grading leads to further increases in V., but reductions in Ji.. In both these
cases, efficiency is slightly higher than that of the electron reflector for thick cells, but
slightly lower for cells with d < 0.6 pm. In thick cells, half- or full-grading improves
upon the electron reflector as the collection of deeply generated carriers improves. In thin
cells, the lower current due to the increased band-gap is more significant, and in depleted
cells, the collection benefit introduced by a half- or full-grading is very small. Hence, the

trade-off between V. and J is negative.

12
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Figure 8. Performance parameters for the three gradings shown in Fig. 7 in
comparison with an ungraded absorber. AEg, =0.2 eV.

In addition to electron reflection, the potential for optical improvement was evaluated by
considering variations in back-contact reflectivity and light trapping, but the optical effect
was found to be a smaller factor. However, back-contact electron reflection combined
with improved back-contact reflectivity should allow for thinning of the absorber
material from 3 pm to 0.3 um with efficiencies above 17%. Finally, a sensitivity analysis
with respect to material parameters showed that problems related to spatial non-
uniformities are likely to become progressively more important as the absorber is

thinned.

Conduction-Band Offset. Ana Kanevce, with assistance from Markus Gloeckler,
deduced the basic condition governing when a positive conduction-band offset (“spike”)

leads to a distortion of the current-voltage curve. This work, which built on Alex
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Pudov’s thesis work [A.O. Pudov, A. Kanevce, J.R. Sites, F. Hasoon, and H. Al-thani, J.
Appl. Phys, 97, 064901 (2005)], was presented at the Spring 2005 MRS meeting.

Figure 9 shows the band diagram of a CdS/CIS cell at zero bias, though the discussion
applies equally well to other windows and absorbers. Two features are critical that
discussion: the conduction-band offset AE. and the splitting of the Fermi level under
illumination into Ep, for electrons and Epr, for holes. The hole current has practically no
influence on J-V distortion, and therefore only the conduction band and quasi-Fermi level

for electrons were analyzed.

Energy [eV]
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Figure 9. Band diagram for CdS/CIGS under illumination at zero bias.

Assuming thermionic emission across the CdS/CIS interface, the electron current density
can be calculated by integrating over the product of carrier density and carrier velocities
in the direction of transport vy . The carrier densities are similar to the thermal velocity,

so the integral can be simplified:

J,=qfvdn~any, , (1)
EC
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where vy, is the thermal velocity of electrons ~107 cm/s, q is the elementary charge, and n
is the free carrier density given by:

n=N_, exp[- %]. (2)
N, is the effective density of states in the conduction band, k is the Boltzmann constant,
and T is the absolute temperature. Thus, at a fixed temperature, the maximum electron
current through the junction is determined by n(CdS) and therefore by the energy
difference between the conduction band and quasi-Fermi level for electrons in the CdS

close to the interface with CIS. An increase of this energy difference will result in fewer

free electrons, and hence in a possible current limitation.

A typical photocurrent density achieved for CdS/CI(G)S cells is J. = 32 mA/cm’.
According to equation (1), the minimum carrier density to provide the current flow would
be n=2x10"" cm™, which corresponds to a 0.48-¢V difference between conduction band
and quasi-Fermi level. If E. - Ep, exceeds this value, additional drift fields are required to
insure carrier transport across the barrier. This effectively places the main junction in
forward bias, which reduces the CIS depletion width and the current collection. For a
large barrier, the transport becomes severely limited and collection effectively goes to
zero. The 0.48-eV value is calculated for the particular choice of parameters used in the
model. Since Ny oc m’ 3/2, a different effective mass choice will alter the 0.48-eV value,
but only weakly, since it appears in the logarithmic term. Similarly, the dependence on
Jp is weak. At lower temperatures, however, the value of E. - Ep, that leads to the J-V

distortion will be proportionally smaller.
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BASIC CdTe STUDIES

Photoluminescence (PL). Caroline Corwine, through a series of careful measurements
in collaboration with Tim Gessert and others at NREL, has convincingly pinned down the
physical origin of the key 1.456-eV PL line commonly seen with thin-film CdTe cells.
Parts of this work were published in Appl. Phys. Lett. 86, 221909 (2005) and were
presented at the Spring 2005 MRS Meeting.

The top two panels of Fig. 10 show the PL signal from CdTe cells made at NREL with
and without the CdCl, processing step. Structure nearer the band gap is not shown, and it
did vary between the two cells. However, the 1.456-eV line, and a series of its phonon
replicas, was very similar between the two thin-film cases shown. Furthermore, the
energy of this peak was quite constant as the excitation energy was varied by more than
an order of magnitude. Such intensity-independence is a characteristic signature of a
donor-to-band or band-to-acceptor transition. In this case the primary PL line implies an

impurity level approximately 150 meV from one of the bands.

The procedure to identify the 1.456 line was to utilize single-crystal CdTe, where the line
is not present, and expose a number of such samples to various etches, depositions, and
annealing gasses. Special attention was given to the incorporation of copper, chlorine,
and oxygen, since thin-film CdTe cells typically involve these elements during
fabrication. The bottom panel of Fig. 10 is the result when a thin layer of copper was
deposited, followed by annealing in oxygen. With this combination, the line of interest,
the phonon replicas, and the intensity independence very closely replicate the thin-film
spectra over the range shown. Other combinations of Cu, Cl, and O failed to match the
thin-film results. Our opinion is that previous attribution of the 1.456 line to CI defects

neglected presence of Cu and O impurities in the cell fabrication process.
Identification of the specific Cu/O defect was assisted by first-principles band-structure

calculations performed by Jingbo Li at NREL, which identified O1.-Cu; as the likely

defect with an energy 125 meV below the conduction-band minimum. This assignment
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makes good physical sense in that when oxygen is present during annealing, it is likely to
substitute for Te, and when copper diffuses through CdTe, it is likely to so interstitially.

Furthermore, the energetics should favor the Or.-Cu; complex over the individual defects.
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Figure 10. PL specta focused on the 1.456-eV peak and its phonon replicas. NREL
cells (top, middle), single-crystal CdTe exposed to C and O (bottom).



Explanation of J-V Features. Jun Pan and Markus Gloeckler investigated the combined
effects of a significant back-contact barrier @ and a wide range of absorber carrier
density t. This combination leads to competing mechanisms that can alter the J-V
characteristics in two different ways. One is a majority-carrier (hole) limitation on
current in forward bias that reduces the fill-factor and efficiency of the solar cell. The
second is a high minority-carrier (electron) contribution to the forward diode current that
results in a reduced open-circuit voltage. CdTe solar cells are particularly prone to the
latter, since the combination of a wide depletion region and impedance of light-generated
holes at the back contact increases electron injection at the front diode. Characteristic J-

V curves for four combinations of T and ¢, are shown in Fig. 11
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Figure 11. Calculated J-V curves for varying CdTe lifetime up and down by a factor
of ten and varying back-contact barrier. Baseline (BL) shown for reference.

Variations in J-V curves with carrier lifetime in the absence of a significant back barrier,

Fig. 11(a) and (b), have a straightforward interpretation. In Fig. 11(a), low lifetime
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results in more recombination in the space-charge region (SCR) and, therefore, a higher
forward current and hence lower Vo and fill factor. Larger CdTe lifetimes will both
reduce the forward current due to SCR recombination and increase the forward flow of
electrons to the back contact. The net result, shown in Fig. 11(b), is a significant increase

in fill factor, with A approaching 1, but little effect on voltage.

Current-voltage curves similar to those shown in Fig. 11(c) are frequently observed for
CdTe solar cells, and are attributed to impedance of hole current by the back barrier. The
dark curve is nearly flat, because the hole current is limited by the Schottky back contact.
The light curve appears relatively normal in the power quadrant, but with some loss in fill
factor. Above Vo, the light curve is also nearly flat. Commonly, however, the light curve
saturates at a higher current than the dark curve, resulting in a crossover of light and dark
J-V curves. The current limitation of both dark and light curves in the first quadrant is

often referred to as rollover.

The illuminated J-V curves shown in Fig. 11(d) are somewhat counterintuitive, because
they show a lower Vi even though the lifetime is very high and the absorber is not fully
depleted. V. decreases further with still higher back-barriers (also shown at ¢, = 0.6 eV
and 0.7 eV), and the J-V curves show substantial crossover between light and dark
curves. For both dark and light conditions, the quasi-Fermi level for electrons is much
closer to the conduction band than it is for low CdTe lifetime. This simply means that the
electron density is high throughout the CdTe, and one can expect enhanced electron
current. The total current of the diode is dominated by the back-contact electron
recombination current, which increases with a larger barrier and reduces V.. For larger
barriers, in fact, the incremental reduction in V. is equal to the increase in ¢,. Overlap of
front and back space-charge regions should always enhance electron current, but is not a

requirement for substantially increased forward current.

CdTe Stability. Samuel Demtsu and Alan Davies, in collaboration with David Albin

and Joel Pankow at NREL, [Solar Energy Mat. Solar Cells, in press] investigated the
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stability and performance of CdS/CdTe solar cells made using four different back contact
structures. Two device sets were made with Ag and Ni deposited on a Cu-doped graphite
layer. For the other two sets, the graphite layer was removed before the application of the
Ag or Ni. Figure 12 shows the changes in parameters when a typical cell in each
category was held for extended periods of time at 100°C under open-circuit bias and one-

sun illumination.
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Figure 12. J-V parameters vs. stress time at 100°C, one sun, and OC voltage for cells
made with four types of back contact.

Devices made with graphite/Ag and graphite/Ni back contacts showed similar initial
performance, and modest degradation under stress. In the presence of a graphite layer, no
measurable difference in performance or stability was seen between the use of Ag or Ni

as a secondary contact. In this configuration, the graphite paste behaves like a diffusion
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barrier. In the absence of the graphite layer, devices made with Ni-only and Ag-only back
contacts, had significantly smaller FF initially, and showed much faster degradation than
those with the graphite layer. Degradation was predominantly due to a decrease in FF.
For the Ag-only back contact device, diffusion of Ag from the back contact resulted in
higher CdTe doping concentrations before and after stress. Fast Ag diffusion along grain
boundaries also contributed to shunt formation and increased the micro non-uniformity.
For Ni-only devices, the Ni alloyed with the Te-rich CdTe surface forming NisTe,.
Though the NisTe, intermetallic layer helps minimize Ni diffusion, some tendency
towards shunting results from the formation of micro non-uniformities in these devices,

relative to the more stable graphite-layer devices.

Light-beam-induced current (LBIC) measurements before and after stress showed little
change in spatial uniformity for devices with a graphite layer, but >6% and 2% variation
for the Ag-only and Ni-only devices, respectively. This increase in uniformity reflects
the greater formation of micro non-uniformities when these devices were stressed. The
poorer collection of carriers is likely explained by ohmic micro-shunts, or possibly by

increased recombination due to larger defect concentrations in the CdTe and CdS layers.

Current Transients. Alan Fahrenbruch investigated the current transient response to
voltage and illumination steps applied to CdS/CdTe cells. Results were presented at the
Spring 2005 MRS Meeting. The cells were obtained from Sampath at CSU, Gessert at
NREL, and McCandless and Hegedus at IEC and included normal as well as abnormal

devices. A typical result is shown in Fig. 13.

The initial measurement followed a dark soak at zero bias for several hours. All the cells
showed dark forward-bias transients, but the magnitude and direction depended on cell
preparation. In every case, the transients were reversible, and the recovery was not
exponential, but was fit well by stretched exponentials (abbreviated SE in Fig. 13). Bias
and light induced transients were small for the better behaved cells, those without

rollover or cross-over, and the effect of these transients on efficiency was small.
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Abnormal devices with non-optimal Cu, however, showed much larger transients than

those depicted in Fig. 13.

0.50
----- Value at t—> o --f—-r;,
z ' Forward-bias step = 0.70 Vo
§0.48 /'A
l_
SE
0.46| occeeen SE “2J(V ¢)
% A Rise
) \V4 Deca
3044 ' Fa N\
é v"‘ \L
<042 o=k
[ Starting value ——--LI
| |
0.40
102 10" 10° 10" 102 103
TIME (sec)

Figure 13. Transient current response following a positive or negative voltage step.

Similar transients have been observed by McMahon [Proc. 29th IEEE PV Specialists

Conf., 2002, pp. 768-771] and by del Cueto and Osterwald [DOE Solar Program Review,

2004]. They have important implications for the measurement of cell efficiency and

stability, and they provide clues about the current transport mechanisms. A possible

mechanism involves modulation of the junction barrier profile by changing the charge on

deep acceptors, giving a change in the effective junction barrier height.
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GENERAL STUDIES

Light-Beam-Induced Current (LBIC). LBIC measurements by Tim Nagle and Alan
Davies have continued to provide a direct link between the spatial non-uniformities
inherent in thin-film polycrystalline solar cells and the overall performance of these cells.
LBIC is uniquely equipped to produce quantitative maps of local quantum efficiency with
relative ease. In our system, spatial resolution of 1 um at 1-sun intensity, and return to
the same location after cell other measurements, is routinely achieved. The LBIC
measurements demonstrate that several types of effects that alter cell performance can be
traced to specific local-area features. Examples of such effects include defects related to
edges, grids, or scribes, spatial variations in alloying, and local changes due to high-
temperature stress. A summary of the CSU LBIC work was presented at the January
2005 PVSC in Orlando [J.R. Sites and T.J. Nagle, Proc. IEEE Photovoltaics Specialists
Conf. 31, 199-204 (2005)].

We have had a wavelength range of 638 to 857 nm available with a set of five diode
lasers operated at room temperature. The 857 nm laser has been particularly useful, since
it can be tuned to lower wavelengths by reducing its temperature and hence it can be
scanned through the CdTe band gap. The scanning process has been made substantially
easier during the past year with the construction of a control system based on a Stirling
cooler by undergraduate Wolfgang Timko during a summer institute. Other recent
upgrades have included better signal-to-noise electronics for operation under voltage
bias, new mounting stages that allow cell transport to other measurement stations, and

more sophisticated analysis software.

Third-Level Metrics. The process of third-level metrics has provided a revised
formulation of the procedure for quantifying individual cell losses [S.H. Demtsu and
J.R.Sites, Proc. IEEE Photovoltaic Specialist Conf. 31, 347-350 (2005)]. Basically, the
first-level metric is the cell’s efficiency, the second level is the breakdown into open-

circuit voltage, short-circuit current, and fill-factor, and the third level is the further
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breakdown of those parameters. The process works quite well for high-efficiency CdTe
cells in that the third-level parameters can be determined with reasonable accuracy.
Uncertainties are greater for the cells found in production modules, but are still
reasonably good and can allow the individual parameters to be tracked as fabrication
changes, intentional or otherwise, are made. Table 1 gives the comparative breakdown of
third-level metrics for a production cell (P), the record CdTe cell (R), and a projected
target cell (T). The two rightmost columns, with the larger losses highlighted, give the

differences in efficiency attributed to each metric.

Production Record Target R-P (An %) T-R (An %)

Voc Losses
Viee! Vin 7.0x10% 2.5x10% 1.0x1072 0.9 1.1
Jsc Losses [mA/cm?]
Reflection 1.9 1.9 1.8 0 0.1
Glass Absorption 1.8 0.7 0.3 1.4 0.2
TCO Absorption 1.1 Incl 0.3 incl incl
CdS Absorption 4.6 1.4 1.2 2.3 0.2
Deep Penetration 0.7 0.8 0.6 -0.1 0.2
Total 3.6 0.7
Fill-Factor Losses
A-Factor 2.2 1.9 1.8 0.4 0.1
Series Res [Q-cm?] 6.0 1.2 0.5 1.4 0.3
Leakage [mS/cm?] 0.2 0.6 0.3 -0.1 0.1
Voltage Dep of J. [%] 1.0 1.0 1.0 0 0
Voc difference [FF%] 3.2 2.4 1.8 0.2 0.2
Back-contact [FF%] 3.8 0 0 0.5 0
Total 2.4 0.7

Table 1. Third-level metrics for CdTe cells.

Effective Module Efficiency. A joint project with Marko Topi¢ and Kristijan Breel at
the University of Ljubljana in Slovenia calculated the effective efficiency of PV modules
averaged over a year under field conditions. In the absence of variations in temperature
or illumination spectrum, and when the series resistance and the leakage conductance in a
PV module are negligible, the module efficiency increases roughly logarithmically with
solar irradiation. The primary variation is the open-circuit voltage Voc and its direct

effect on the fill-factor. The upper curve (a) in Fig. 14 shows the calulated efficiency vs.
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irradiance dependence for a Wurth Solar CIGS module. The other three curves in Fig. 14
show the modifications to curve (a) as the module’s temperature coefficient, effective
series resistance, and effective leakage conductance are sequentially added to the
calculation.

13 T T T T T T

Conversion Efficiency (%)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Irradiance (kW/m?)

Figure 14. Dependence of conversion efficiency on irradiance for a Wurth CIGS
module. (a) Constant cell temperature, (b) cell temperature proportional to
irradiance, (c) addition of series resistance, and (d) addition of leakage conductance.

The increase in module temperature with irradiance, compared to the ambient
temperature, is very nearly linear and to has essentially the same rate for a wide range of
modules. This temperature coefficient dT/dP is approximately 30°C/kW-m>.  The
temperature effect (curve (b) in Fig. 14) reduces 7(P) by an amount nearly proportional
to irradiance. The effective series resistance Ry per cell and the effective leakage
conductance Gy, were deduced for Wurth Solar WS75 CIGS modules. Curve (c)
demonstrates that Ry has a larger effect at higher irradiance. Gy, per cell, on the other
hand, reduces the module efficiency in inverse proportion to irradiance. Using Gy, = 1
mS/cm” deduced from fitting the slopes of current-voltage characteristics at low voltages,
curve (d) is calculated. The overall result is that the maximum efficiency for this module
should occur in the neighborhood of one-half sun (7= 10.2 % at P = 580 W/m®). The
details of the curves shown in Fig. 14 will vary with the technology employed and with
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the values of dT./dP, o, effective Ry and Gy, for the specific module fabricated, but the
general form of such curves will be similar to Fig. 14. The simulation of the a-Si and
CdTe modules was slightly more complicated than for CIGS, because the effective Gqp

increased significantly with irradiance.

The annual effective efficiency 7. can be calculated as a ratio of integrated available
electrical energy generated in a year divided by the integrated solar energy. The process
formally requires site-specific temperature and irradiance data, but the result does not
depend strongly on the site selected. In general, 7. is smaller 7src, the often-specified
efficiency corresponding to one sun and 25°C, and the ratio can vary as much as 10%
among modules. We conclude that an approximate value of 7., the module efficiency at

one-half sun, should be considered as a suitable parameter for comparing module output.

Industrial Partners. During phase I, we worked with CIGS industrial partners ISET,
Heliovolt, and Nanosolar in two primary area: (1) measurement and analysis of specific
cells in our lab and (2) advice for building or refining in-house systems for J-V and QE
measurements. In general, results were reported to the companies without further

dissemination.
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PHASE II PLANS

Much of the work planned for Phase II will follow naturally from the work summarized
above. This work will involve continued collaboration with our team partners, and it will
continue to focus on both specific and basic-science information needed to assist

commercialization of thin-film photovoltaics.

CIGS work will continue to explore the possibilities for thin absorbers. Two specific
projects will be the comparison of cell performance between front-wall and back-wall
illumination, which should intuitively converge for thicknesses below the optical
absorption depth, and a more quantitative analysis of how thin-absorber cells are affected
by non-uniformities. Work will also continue, in collaboration with team partners, on the

use of alternative junctions and on characterization and analysis of specific cells.

Several CdTe projects (the explanation of observed J-V curves, the use of deposited
copper in the back contact, and the Cu-O complex observed by photoluminescence)
should move towards completion during Phase II. A major new project will be to explore
what would need to change to close the very large gap in open-circuit voltage between

thin-film CdTe cells and their crystalline counterparts.

Also during Phase II, we are expect that Caroline Corwine and Samuel Demtsu will
complete their PhD degrees, that the other current students will continue to progress

towards their degrees, and that new student Galym Koishiyev will formally join the

group.
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