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Abstract-We show results of numerical and compact modeling
of poly-crystalline CIGS thin-film solar cells. We use
numerical simulations as a benchmark to develop a simple,
physics-based compact model of the behavior of the cell in the
dark. We show that, while the single-crystal cell behavior can
be accurately described by a two-diode model, when grain
boundaries are present and active a four-diode model is
required. Finally, we show results of the application of
numerical simulations to the study of the cell degradation
under damp heat stress conditions.

I. INTRODUCTION

Thin-film solar cells based on Cu(In,Ga)Se, (CIGS)
show record efficiencies among thin-film technologies, and
are now experiencing the first phase of commercialization,
with manufacturers introducing mass production processes
yielding cells with efficiencies in the 10-16% range [1]-[3].
Lab specimens can provide power conversion efficiency as
high as 20% [4], despite the poly-crystalline structure of the
semiconductor thin film. The structure of the most popular
cells features, from top to bottom, a ZnO transparent contact
layer, an n-doped CdS buffer layer, a p-doped CIGS
absorber layer, and a backside metal (Mo) contact sitting on
a soda lime glass or flexible substrate.

Several papers were published on material growth,
processing and characterization on one side, and on the
performance of finished cells and modules on the other, but
there is still a gap to fill in between: some of the specific
features of CIGS cells, specifically those pertaining to the
behavior of grain boundaries and heterojunctions, are still
under debate, and a complete understanding of the
relationship between material characteristics and cell
behavior is not available yet. Since data about defects, band
offsets, potential spikes, etc., at grain boundaries and
interfaces are hard to obtain experimentally, and often
indirect and speculative, some researchers have tried to
bridge the gap using physical-level numerical simulations

[5]-[8].

This work aims at using numerical simulations to
investigate the specific features of these devices, with the
ultimate goal of developing physics-based compact models
for quick assessment of the performance of cells and
modules under development at CNR-IMEM, Parma, Italy.

II.

The behavior of defects at grain boundaries (GBs), in the
grain interior (GI), and at hetero-interfaces is critical for the
performance of CIGS solar cells. In particular it is known
that: (i) the p-doped CIGS absorber has a columnar
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polycrystalline structure, with grains in the micrometer
range; (ii) this polycrystalline structure does not have a
disruptive effect on cell performance, probably due to
charged defects and/or band offsets preventing the GBs
from acting as effective recombination centers [9]; (iii) Cu-
poor regions are likely to form at GBs and at the top CIGS
interface, resulting in localized wider band-gap and valence
band offset [10]. We focus on standard n-ZnO/n-CdS/p-
Culng ¢9Gag31Se; cells (Fig. 1). Symmetry and periodicity
allow to limit the simulated area to one grain boundary,
provided that the grain size is reasonably uniform over the
cell area. All the simulations are performed using Synopsys
Sentaurus.

The cell behavior in the dark is described by the Poisson,
electron and hole continuity and drift-diffusion equations.
Recombination via deep defects follows the Shockley—
Read-Hall (SRH) model. Deep traps are located in the GI
(bulk acceptors), and at the GB (interface donors), the Cu-
poor region at the GB may feature an increased band-gap
totally localized on the valance band, AEy (i.e., AEc = 0)
[10]. Fig. 2 shows the energy band profile along a horizontal
line in the vicinity of a GB (with AEy = 0.2 eV). The surface
donors at the GB result in a downward bend of the energy
bands that enhances the GB of electrons and depletes it of
holes; in the presence of a valence band offset due to Cu
depletion, the hole concentration is further reduced, which is
beneficial to the cell in that it reduces non-radiative
recombination at the GB. The full set of material parameters
used in the simulations of the baseline cell is shown in Tab.
I. The cell is illuminated by the standard AM1.5D solar
spectrum.
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Fig.1 Structure of the simulated solar cell. g is the grain size. The gray
region around the GB represents Cu-poor CIGS.
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Fig. 2 Energy band profile along a horizontal line in the CIGS (see Fig. 1).
The grain boundary hosts interface donors and is characterized by a
valence band offset AEy (0.2 eV in this example).

TABLE 1
MATERIAL PARAMETERS
Layer ZnO CdS CIGS
Eg[eV] 33 2.4 1.15
Doping [em®] | Np=10" | Np=610" | Ny=3-10"
e/e, 9 10 13.6
me/m, 0.2 0.2 0.09
my/mg 1.2 0.8 0.72
U [em?/(Vs)] 100 100 100
W, [em?/(Vs)] 25 25 12.5
Bulk traps ZnO CdS CIGS
Density [cm™] 10 10 10"
Energy midgap midgap midgap
G, [cm?] 107" 107 2-10
oy, [em?] 107" 1072 2-10
GB traps Density Energy [eV] G.= Oy
Donor 2:10"”% [em™] | Ey+0.880 | 10" [cm?]

As an example, Fig. 3 shows the effect of the grain size
g on the efficiency mn (defined as the ratio between the
output power at the maximum power point and the incident
radiation power), for three different values of the valence
band discontinuity at the GB, AEy. As previously observed,
the valence band offset at the GB hinders hole collection by
the GB (see Fig. 2), thus reducing the recombination at GB
defects; with AEy = 0.4 eV the GB is practically passivated.
As expected, as the grain size increases, 1 tends to the
single-crystal value > 17%. It is interesting to notice that a
grain size variation in the 0.5-2 um range, quite plausible for
current manufacturing processes, results in a significant
difference in M unless the GB is passivated by a large AEy.
Additional simulation results can be found in [11]. In the
following the grain size is kept constant at 0.5 pm.

II1.

In the absence of defect-rich grain boundaries, the dark
I-V curve of the cell can be satisfactorily described by a
standard two-diode model, where a diode with ideality
factor n; = 1 describes the ideal diode current component,
and a diode with ngc = 2 accounts for the space-charge
recombination current.

COMPACT MODELING OF THE DARK I-V CURVE
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Fig. 3 Effect of CIGS grain size on efficiency, for different values of the
GB valence-band discontinuity. The dashed line marks the efficiency of
the single-crystal cell.
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Fig. 4 Dark I-V curves for the single-crystal cell (no GBs), with different
bulk defect densities N (102, 10", 10™, 10", 10" cm™) . The solid (blue)
lines are numerical simulation results, the dashed (black) lines are
obtained with the two-diode compact model.

Fig. 4 shows the perfect match between numerical
simulations and the two-diode compact model for various
bulk trap densities in the CIGS (Ng). The saturation currents
of the two diodes are shown as a function of Ny in Fig. 5.
The space-charge recombination saturation current Jy, duly
scales linearly with defect density; on the other hand, the
ideal diode current J;; shows the transition between a short-
base diode behavior at low Ng, where the current is nearly
independent of the electron diffusion length (hence of Np),
to a long-base diode behavior at large Ng, where J;; grows
with Ng due to shortening of the diffusion length.

The presence of defect-rich grain boundaries alters the
picture with respect to the single-crystal case, the valence
band discontinuity at the GB (AEy) playing a key role. For
AEy = 0.4 eV, the large valence band offset makes the
semiconductor nearly intrinsic at the GB, and keeps holes
away from the GB, thus locally inhibiting recombination via
the interface defects. The conduction band dip caused by the
charged interface donors (see Fig. 2) results in some
channeling of the electron current along the GB at low bias;
however, at high bias the current is almost uniformly
distributed along the direction orthogonal to the GB.
Consequently, the dark I-V curve is only marginally altered
with respect to the single-crystal cell. This is shown in Fig.
6, where we compare the total dark current of the cell (solid
line) with the electron current flowing outside the GB just
below the CdS/CIGS interface, i.c., the p-n junction (dots):



the difference between the two is negligible, meaning that
the situation is quite similar to the single-crystal case.
Therefore, the two-diode compact model described above is
still adequate.

The situation is dramatically different when AE, = 0.
Here the band dip caused by the GB defects (Fig. 2) results
in a much enhanced channeling of the current along the GB,
as shown in the maps of Fig. 7. This remarkable difference
is evident in the comparison between Fig. 6 and Fig. 8: the
latter shows the dark current of the cell with AEy = 0 (solid
line), together with the electron current flowing outside the
GB just below the CdS/CIGS interface (dots), and the
difference between the two (dashed line). Contrary to the
situation of Fig. 6, here at moderate and high bias all of the
electron current injected by the CdS cathode flows along the
GB. Due to the large injected electron concentration, and
since the GB is depleted of holes by the band dip caused by
interface defects, high-injection conditions are reached quite
early at the GB, with the dark I-V curve showing the typical
ny; = 2 ideality factor beyond Vp =0.5 V.
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Fig. 5 Two-diode compact model parameters for the fit of Fig. 4, as a
function of bulk trap density. Jo; is the saturation current of the diode with
ideality factor n; =1, Jo, is the saturation current of the diode with ideality

factor ngc =2.
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Fig. 6 Solid line: dark current characteristics for a cell with N; = 2-10"%cm?
defects at the grain boundary, AEy = 0.4 eV, and N = 10" cem™. Dots:
electron current flowing outside the GB just below the CdS/CIGS
interface.
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Fig. 7 Electron (top) and hole (bottom) current density map for a cell with
N; = 2-10"2cm? defects at the grain boundary and N = 10" cm™ in the
grain interior. AEy =0. Vp =0.8 V.
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Fig. 8 Solid line: dark current characteristics for a cell with N; = 2- 10"%cm™
defects at the grain boundary, AEy = 0, and Ng = 10" cm™. Dots: electron
current flowing outside the GB just below the CdS/CIGS interface.
Dashed line: electron current flowing along the GB just below the
CdS/CIGS interface.



A compact model physically representative of the cell
with AEy = 0 at the GB must therefore include:

(1) a diode with ideality factor n; = 1 describing the ideal
current flowing outside the GB (dots in Fig. 8);

(2)a diode with ngc = 2 describing the space-charge
recombination current flowing outside the GB (dots in
Fig. 8);

(3) a diode with ideality factor ngg = 1 describing the ideal
current component flowing along the GB (dashed line in
Fig. 8); this diode must dominate the GB current at low-
to-moderate bias (below about 0.5 V in Fig. 8);

(4) a diode with ideality factor ny; = 2 describing the high-
injection current flowing along the GB (dashed line in
Fig. 8); this diode must dominate the GB current at
moderate-to-high bias (above about 0.5 V in Fig. 8).

The simplest way of implementing this model is therefore a

parallel connection of diodes (1) and (2) with a voltage-

controlled current source I5.4(Vp) accounting for the current
components (3) and (4); for example:

I_,(Vy) = (L(vV,) " +1, (VD)”)_I-

This amounts to a 4-parameter model, the parameters
being the saturation currents of diodes (1)-(4). An example
of compact modeling of numerically-simulated dark I-V is
given in Fig. 9.

IV. NUMERICAL SIMULATION OF DAMP HEAT
DEGRADATION

Long-term reliability is obviously a key factor for the
success of any solar cell technology. In particular, damp
heat (e.g., 85°C / 85% RH) is observed to be a critical
condition for the long-term cell degradation. A numerical
simulation model such as the one we developed can be
usefully employed in this kind of investigation. As an
example, we consider the change of defects distribution
brought about by damp heat stress, as reported in [12] based
on admittance spectroscopy measurements. Two defect are
identified in [12]: N; is an interface defect undergoing
activation energy increase during the stress, but not
observed to influence the cell degradation, while N, is a
bulk defect whose density and energy both increase upon
stressing. We simulated these pre- and post-stress defect
distributions (see Fig. 5 of [12] for details), and obtained the
cell performance parameters shown in Tab. II, in qualitative
agreement with published experimental observations.
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Fig. 9 Dark current characteristics for a cell with N; = 2- 10"2cm™ defects at
the grain boundary, AEy = 0, and Ny = 10" em. Solid line: numerical
simulation. Dots: 4-diode compact model; the 4 parameter values are: Jo; =
3-10" mA/em?, Jo, = 1.5:-10°mA/cm?, Jo3 = 2.5-10  mA/cm?, Joy = 4.5-10
mA/cm?.
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TABLE 11
DAMP HEAT SIMULATION
Pre-Stress Post-Stress

Voc [V] 0.641 0.613
Jsc [mA/cm?] 26.3 24.7
Fill Factor [%)] 71.9 70.1
Efficiency [%] 12.1 10.6

V.  CONCLUSIONS

We showed results of numerical as well as compact
modeling of CIGS thin-film solar cells. The presence of
defect-rich grain boundaries with possible band-gap
modifications is a specific feature of these cells that must be
accounted for in any physics-based model. We have used
our numerical simulations as a benchmark to develop a
simple, physics-based compact model of the behavior of the
cell in the dark. While the single-crystal structure behavior
can be accurately described by a standard two-diode model,
when grain boundaries are present and active a four-diode
model is required for a good match of the numerical
simulation results. Further developments will include the
compact modeling of the illuminated cell behavior. Finally,
we have shown preliminary results of the application of
numerical simulations to the study of the cell degradation
under damp heat stress conditions.
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