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Abstract—3D numerical simulations of CIGS thin-film solar
cells with different grain-boundary (GB) characteristics have been
carried out in order to investigate the effect of defect properties
and band edge shifts at GBs on the cell performance. Simulation
results are compared with experimental data taken on cells with
and without NaF post deposition treatment. GBs with different
energy gaps and defect properties have been analyzed.
Simulations support the idea that the detrimental effect of
defective GBs on the cell performance might be reduced by a
treatment with Na. The results of this study can help with the
interpretation of experimental findings.
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. INTRODUCTION

Polycrystalline CIGS solar cells have achieved power
efficiency conversion above 23% [1], despite the presence of
numerous grain-boundaries (GBs). The role and physics of GBs
has thus received considerable attention, but how exactly the
GBs affect the efficiency of the cells is still under debate.

In order to obtain such high performance, the CIGS has to be
doped with alkali metals: in particular, the effect of Na in CIGS
solar cells has been widely discussed in the literature [2], but
although Na has been directly observed at GBs [3], the
underlying reasons for the improvement of cell efficiency have
not yet been fully understood.

Investigations by atom probe tomography (APT) have
recently shown that Na segregation, Cu depletion and In
accumulation at GB are common traits of beneficial GBs that
can promote the carrier collection and separation [3], similarly
to the GB characteristics observed in high efficiency cells [4].

To gain further insight into the role of GBs on the cell
performance, the present study focuses in particular on the effect
of defects and band edge shifts at GBs on the cell performance.
Results provided by modelling can help to comprehend the role
of GBs in solar cells treated with Na, and lead to better
interpretation of experimental data.

Il. EXPERIMENTS AND METHODS

Experimental data are taken on Na-containing and Na-free
CIGS cells manufactured by ZSW on ZrO; substrates [5]. The
solar cells feature a p-type CIGS absorber of about 2 um without
Ga grading, an n-type CdS buffer of 60 nm, 80 nm of intrinsic
ZnO and about 400 nm of Al-doped ZnO as transparent
conductive oxide layer with molybdenum as rear contact and
nickel/aluminum/nickel electrodes as front contact. No anti-
reflecting coating has been used. The bandgap as derived from
quantum efficiency measurements was 1.19 eV for both, the Na-
free and Na-doped sample.

The 3D model of the cell sketched in Fig.1 considers a
cylindrical CIGS grain with 200 nm radius surrounded by the
grain boundary. The GB is modeled as a thin region, 2 nm wide,
decorated by donor defects. Since different defect activation
energies, Ea, have been measured in the cells with and without
Na post-deposition treatment (PDT) [5], the effect on the cell
performance of defects with Ea=160, 300 and 350 meV is
investigated. Recombination via defects follows the SRH model
as detailed in [6].

Besides the different defect population, the GB may differ
from the grain interior (GI) by a larger bandgap due to Cu
depletion [7]; cells with Eq g = 1.23, 1.29 and 1.34 eV at the
GB are simulated [8].

Fig. 1. Simulated cells structure. Red-hatched region indicates the GB.



All simulations are performed with the Synopsys Sentaurus-
Tcad suite, at room temperature, both in dark and under
AM1.5G illumination. The light propagation through the
layered media is calculated by the transfer matrix method
(TMM); the optical generation in the CIGS is calculated on the
basis of complex refractive indexes depending on both the
[Ga)/([Ga]+[In]) and [Cu]/([Ga]+[In]) ratios [9,10].

The conduction-band offsets at ZnO/CdS and CdS/CIGS
that can affect the current behavior, as explained in [11], have
been set at -0.2 eV and 0.1 eV respectively, while the other
main cell parameter values can be found in [12].

I1l. RESULTS AND DISCUSSION

A. Modelling of Na-doped Cell

At first, a cell with an energy gap Eg.ce of 1.19 eV in the Gl
and GB has been simulated. In this case, the GB only differs
from the GI by the presence of donor traps with an activation
energy of 160 meV, as measured for Na-doped samples [5].

A Gaussian energy distribution is required for good fitting of
simulated current-voltage (IV) curves and experimental data
both in dark and under illumination. The simulated 1V curve
(black dashed line) for a donor defect peak value of
7-108eV-1em?, a hole capture cross section at GB of
4.10"*cm?, is shown in Fig. 2, together with measured ones
(green solid lines, measured on 5 different cells of Na-doped
sample).
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B. Effect of Cu depletion at GBs

In order to evaluate the potential impact of Cu depletion on
the cell efficiency, the following points have been considered:

(i) it is known from APT measurements that the GB is Cu
depleted, but the value of E4 at the GB depends on the degree of
Cu depletion and GB composition [8];

(i) itis also known that the enlargement of Eg in Cu depleted
GBs is primarily determined by a downshift of the valence band
[7], that causes a valence band offset, AE,, at the GI/GB;

iii) simulation studies [13] have shown that a valence band
offset, AE,, between the Gl and the GB is equivalent to have an
hole effective capture cross-section, on.r, Of the trap in the GB
given by:

Oh-efi=0h eXP(-AEW/KT) 1)

where on is the trap hole capture cross section, k the Boltzmann
constant and T the temperature. In this respect, the capture cross
section used in the reference cell model can be considered as on-
«ff, SINCE N0 Eg enlargement has been initially modeled at GBs.

The real hole capture cross section of the trap in the GB, oy, can
thus be calculated with (1) from the value ones=4-10"%" cm?
used in the reference cell to fit the experimental data, and
depends on the value of Eq at the GB, that is to say the degree of
Cu depletion.

Cells with Eq=1.19, 1.23, 1.29 and 1.34eV at the GB
corresponding to AE, =0, 40, 100 and 150 meV, respectively,
have been simulated; for each value of Eg, the hole capture cross
section of defect in the GB has been calculated accordingly to
(1), with on-e=4-10"1 cm?, The simulated data reported in
Table 11, demonstrate that the same cell photovoltaic (PV)
parameters of the reference cell can also be obtained with traps
of larger cross section in combination with larger AE, at the
GI/GB interface, that is to say Cu-depletion at GBs can improve
the performance of cells.

TABLE II. SIMULATED CELL PARAMETERS FOR DIFFERENT EG
AND AEy AT GB. o}, IS CALCULATED FROM Gy, eer WITH (1). Eg = 1.19,
1.23,1.29 AND 1.34 EV AT THE GB CORRESPOND TO AE, =0, 40, 100
AND 150 MEV. DEFECT ACTIVATION ENERGY Ea = 160 MEV (SEE TEXT
FOR DETAILS).

Fig. 2. Measured and simulated dark current-voltage curve for Na-doped
cell (as described in the text).

The corresponding simulated cell parameters show an
excellent agreement with the mean values of the measured
figures of merits (see Table I).

Using this model as the reference cell, the effect of different
measured trap activation energies and energy gaps in the GB on
the cell performance have been evaluated.

Gh Gh-eff AEy Voc Jsc FF n

(cm?) (cm?) (meV) | (mV) | (mA/cm?) | (%) (%)

4.10°Y 4.10Y7 0 669 29.69 78.30 | 15.55

" 1.9-10% 0 663 29.01 77.85 | 14.97
1.9-10

4.10Y 40 669 29.66 78.28 | 15.54

. 1.9-10% 0 628 22.88 73.74 | 10.60
1.9-10

4.10°Y 100 669 29.63 78.28 | 15.52

" 1.3-.10 0 571 9.28 64.83 | 3.44
1.3-10°

4.10Y7 150 669 29.6 78.28 | 15.50

TABLE I. MEASURED AND SIMULATED CELL PARAMETERS (NA-
DopeD CELL).
voc (mv) | 3¢ FF(%) (%)
(mA/cm?) n
1V Measurement 668 29.67 78.30 15.53
Simulation 669 29.69 78.30 15.55

In particular, recombination at GBs is largely suppressed by the
valence band offset that impedes holes to reach the defective GB
region and recombine there, as shown in Fig. 3 by the valence



bands and SRH recombination profiles at short circuit condition
for ov=1.3-10-* cm? and AEy = 0, 150 meV (see Table I1).
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Fig. 3. Valence Band (solid line) and SRH recombination profiles (dashed
lines) along a horizontal line in the middle of CIGS at short circuit
condition, for a defect at GB with Ex = 160 meV.

C. Effect of defect activation energy at GBs

In the sample without NaF post-deposition treatment, an
additional defect with an activation energy of 300-350 meV has
been detected [5].

In order to evaluate the effect of a trap with different
activation energy on the cell performance, the cell figures of
merit have been simulated for a defect located at 300 and 350
meV below the conduction band edge, for each values of on
calculated in section B. Data are reported in Table I11 for the case
of no Eg enlargement at the GB (i.e., Eg g = 1.19 eV, AE,=0eV,
the worst case for the cell performance).

TABLE Il SIMULATED CELL PARAMETERS FOR DIFFERENT
ACTIVATION ENERGY, Ea= EC-ET, OF DEFECT AT GB. EG=1.19EV @ GB
(L.E., AEV=0EV).

Oh Ec-Er | Voc Jsc FF n
(cm?) (meV) | (mV) | (mA/cm?) | (%) (%)

4-107
(reference cell)

160 669 29.69 78.30 | 15.55

160 663 29.01 77.85 | 14.97
1.9-106 300 588 30.85 7458 | 13.53
350 568 31.36 67.82 | 12.08
160 628 22.88 73.74 | 10.60

1.9-10% 300 522 22.47 67.12 | 7.88
350 504 22.86 59.3 6.83
160 571 9.28 64.83 | 3.44
1.3-10° 300 451 7.26 58.72 | 1.92
350 431 6.43 53.65 | 1.49

It is apparent from simulation results in Table 111, that the
increased recombination at GBs in the case of deep trap and
large capture cross section is consistent both with the reduction
of Ve and FF experimentally observed in the Na-free cells [5].

However, differently from simulation results, no reduction of Js
is measured in the cell without NaF PDT, despite the presence
of a deep defect with activation energy of 300-350 meV.

However, if the energy gap enlargement at the GB due to
Cu depletion is accounted for in the model, the effects of the
defect at the GB on the cell’s parameters change (see Table 1V).

In particular, simulations demonstrate that even in the
presence of large concentration of deep defects, the Jsc does not
reduce if the GB has a sufficient large energy gap compared to
the GI. This behavior can be related to variations in the SRH
recombination, as shown in Fig. 4 for 6,=1.3-10%4 cm?,

TABLE IV. SIMULATED CELL PV PARAMETERS FOR ACTIVATION
ENERGY Ec- ET=350 MEV OF DEFECT AT GB. AEy@GB AND &, WERE
VARIED.

Ch AE\@GB Voc Jsc FF n
(cm?) (meV) (mV) | (mA/cm?) (%) (%)

0 568 31.36 67.82 12.08

1.9-10%®
40 607 32.08 70.3 13.69
0 504 22.86 59.3 6.83

1.9-10%
100 607 32.04 70.3 13.68
0 431 6.43 53.65 1.49

1.3-10%
150 608 32.0 70.31 13.67

In fact, in the case of AEyv=0¢eV (black squares), the
recombination at the GB is very large and Js is drastically
reduced; for AEy =150 meV (red circles) instead, the large
valence band offset, AE,, arising at the GI/GB interface acts as
a hole barrier, and Js: recovers, as explained in sec. Il B: as an
example, in the case of defect with Ea = 350 meV, the mean
SRH recombination rate in the GB drops from 4.29-10% to
3.34-10% cm3st and the current raises from 6.43 to 32 mA/cm?.
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Fig. 4 Short circuit current density (full symbols) and SRH recombination
(open symbols) in the CIGS layer for AEy =0 (black symbols) and
150 meV (red symbols), variable trap activation energies, Ea = 160, 300,
350 meV and hole capture cross section c,=1.3-10* cm?.



Fig.4 also shows a different dependence of Js. on Ea
depending on the value of AEy. This behavior can be explained
as follows.

Due to the very large SRH recombination rate at the GB for
AEv=0eV, the integrated recombination in the grain-
boundary exceeds that in the grain interior despite the small GB
volume: Jsc thus reduces with Ea, since the deeper the defect in
the energy gap the larger the recombination (lines with squares
in Fig. 4). In the case of large AEy (lines with circles in Fig. 4),
recombination at GB drops due to the AEy arising at GI/GB
interface, and can become comparable with that in the Gl that
has a lower recombination rate but a larger volume than the GB.

On the other hand, the ionized donor concentration in the
GB diminishes with Ea too and affects the carrier concentration
in the GI region next to GB (Fig.5a), where the carrier
recombination velocity reduces (Fig. 5b).

While the recombination at the GB tends to increase with
Ea, the one in the Gl behaves in the opposite way, therefore the
final trend of recombination as a function of Ea will depend on
which of them dominates.

In the case of AEv = 150 meV the recombination in the GB
does not vary much with the trap activation energy (see Fig.5b),
so that the overall recombination in the CIGS reduces with Ea
and the Js increases (full circles in Fig. 4).
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Fig. 5. a) Carrier density and b) SRH recombination rate along a horizontal
line in the middle of CIGS at short circuit condition for a defect at the GB
with activation energy Ea; = 160 meV and Ea, = 350 meV.

D. Effect of two defects at the GB with Ea; = 160 meV and
Ea = 350 meV

DLTS and TAS analysis of Na-free cells [5], have detected
the simultaneous presence of two defects. One with an activation
energy of Ec-Eti=Ea1 =160 meV, as in the Na containing
sample, and one with Ec-Et,=Ea2 = 300-350 meV.

The simulation results for the scenario of two defects at GB
with activation energies 160 meV and 350 meV and the same
gaussian distribution in energy used in the Na-doped cell, are
shown in Fig. 6 for different values of the hole capture cross
section, o©n_deesp, Of the defect with Ea=350meV;
Eq ce=1.34 eV, i.e. AEy = 150 meV.

Simulations show that a cn_geep = 102 cm? is required to
reach an efficiency as low as the one measured in the Na-free
cell, i.e., n = 8.84 %. On the other hand, the Jsc corresponding to
such on-geep IS lower and the Vo and FF are larger than the cell
parameters measured in the Na-free cell that are summarized in
Table V.

A possible reason for this discrepancy might be that, except
for the different activation energies, both traps at the GB have
been simulated with the same Gaussian distribution in energy as
in the case of the Na-doped cell, i.e, peak concentration of
7-10'®eV-1cm 2 and standard deviation of 0.05 eV.
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Fig. 6. Cell’s parameters, in the case of two defects in the GB, versus the
hole capture cross section, on_geep, OF defect with E, =350 meV, and
Nr,=7-10"® eV-'cm3, The shallow defect has an Ea; =160 meV and
Nr;=7-10"® eV-'cm?® (more details on defects’ properties in the text).
AEy =150 meV.



Instead, a good agreement has been obtained between
simulated and measured PV parameters in the case of Na-free
cells by decorating the GB with the two defects (i.e., with
EA=160meV and Ea>=350meV), but with different
characteristics.

In particular, a peak trap concentration of
1.85-10%eV-Icm® for the shallower defect, and
9-10% eV-1cm- 2 for the deeper one, and a on_deep = 1.4 1011 cm?
allows to obtain a reduction of the Vo, FF and n with almost no
degradation of the Js, compared to the Na-doped cell, as in
measurements (see Table V).

The way the two defects affect the cell performance is worth
further investigation, however, this example would seem to
suggest a possible effect of the Na treatment on the electronic
properties of GBs.

TABLE V. MEASURED AND SIMULATED CELL PV PARAMETERS FOR
AEy =150 MEV.
Ea Nt Oh Voc Jse FF n
(meV) [eViem?®) (cm?) | (mV) |(mA/cm?)| (%) | (%)
Na-free
v
- 511 29.50 | 58.65 | 8.84
Meas.
160 |1.85-10'| 1.3-10%4
Sim. 515 29.66 | 57.48 | 8.78
350 | 0.9-10% | 1.4.10
Na-doped
v
- 668 29.67 | 78.30 | 15.53
Meas.
160 7-10% | 1.3-10%
Sim. 669 29.6 78.28 | 15.50
350 0 -

IV. CONCLUSIONS

3D numerical simulations of solar cells with different GB
characteristics have been carried out in order to investigate the
effect of defect properties and band edge shifts at GBs on the
cell performance.

Starting from the experimental evidence of Cu-depletion and
Na segregation at grain boundaries, GBs with different energy
gaps and defect properties have been studied. Simulations prove
that the band gap widening due to Cu depletion at GBs can help
salvaging the performance of cells otherwise limited by non-
radiative recombination at GBs.

GBs with defect activation energies measured in Na-free and
Na-doped cells have been also simulated. Introduction of a deep
level in the GB can explain the reduction of V. and FF of Na-
free cells, but the simulated Jsc suppression is not consistent with
the experimental data. By the introduction of a valence band
offset at the GB, Jsc remains unaffected by the deep level as
observed experimentally.

In  Na-free cells, measurements have detected the
simultaneous presence of two defects, one with activation

energy of Eai=Ec-Er1 =160 meV, as observed in the Na
containing samples, and one with Ea2 = Ec-E12 = 300-350 meV,
only detected in the Na-free sample.

A reduction of the V., FF and n with almost no degradation
of the Jsc as the ones measured in Na-free solar cells can be
simulated by considering both shallow and deep defects at the
GB, but with different concentration compared to the case of
Na-doped cell. This might suggest the positive effect of the Na
treatment on the electronic properties of GBs.
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