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Two-dimensional numerical device simulations investigate the influence of grain boundaries (GBs)
on the performance of Cu(In,Ga)Se, solar cells. We find that the electronic activity of grain
boundaries can reduce the efficiency of Cu(In,Ga)Se, solar cells from 20% to below 12% making
proper passivation of GBs a primary requirement for high efficiency. Cell efficiencies larger than
19% require GB defect densities below 10'" ¢m™2. Also, an internal band offset in the valence band
due to a Cu-poor region adjacent to the GBs could effectively passivate grain boundaries that are
otherwise very recombination active. It is shown that such a barrier must be more than 300 meV
high and at least 3 nm wide to virtually suppress all grain boundary recombination. Contrariwise,
such a barrier represents an obstacle for hole transport reducing carrier collection across grain
boundaries that are not perpendicular to the cell surface. We further find that inverted grain
boundaries lead to an accumulation of the short circuit current along the grain boundary, which in
certain situations enhances the total short circuit current. However, we do not find any beneficial
effect of any type of grain boundaries on the overall cell efficiency. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2917293]
I. INTRODUCTION

Cu(In,Ga)Se, (CIGS) solar cells provide the highest
power conversion efficiency of all thin-film photovoltaic
devices.! The grain size g of these polycrystalline absorber
films hardly exceeds the film thickness d of typically d
=1.5-2.5 um. The electronic activity of grain boundaries
(GBs) in such a situation could be much more critical than in
multicrystalline Si solar cells with g being of the order of
g=5-10 mm. Interestingly, solar cells made from polycrys-
talline CulnSe, and CIGS absorbers reach efficiencies above
14% and 19% 1respectively,1’2 markedly outperforming their
12.5% efficient monocrystalline counterparts.3 This situation
is very similar to that of polycrystalline CdTe solar cells but
very different to that of multicrystalline/monocrystalline Si
solar cells. During the past few years, considerable research
effort was directed to understanding why the polycrystalline
materials CdTe (Refs. 4 and 5) and CIGS (Refs. 6-17) yield
such excellent photovoltaic absorbers. Especially, the ques-
tion was discussed whether, and if yes, how GBs can be
beneficial for CIGS and CdTe solar cells whereas they are
detrimental for most other photovoltaic materials. In addi-
tion, there are several models that explain the low electronic
activity of GBs in CIGS with the help of arguments concern-
ing beneficial crystallography of GBs,"? extrinsic defect
chemistry based on the beneficial effect of oxygenl&19 and
sodium,”**" as well as a self-passivation effect by an internal
valence band offset.'>"*

The present work uses two-dimensional numerical simu-
lations of polycrystalline CIGS solar cells to investigate the
influence of GBs on their electrical performance. The results
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presented here extend earlier simulations and incorporate

analytical assessments of specific recombination and trans-
port effects that may occur in polycrystalline CIGS. Concen-
trating on the question whether and under which circum-
stances CIGS cells may reach high efficiencies, the present
simulations focus on the influence on solar cell performance
of GB defect densities, bulk and GB defect energy and cap-
ture cross sections, grain sizes, and GB position (perpendicu-
lar and parallel to the cell surface). In order to obtain GB
barrier heights of 100 meV consistent with experimental
data,>”"? our model requires a GB defect density of N
~2%10'? ¢m™2. In such a situation, 19% efficiency cells are
obtained only with a low GB electron capture cross section
0y,=107"® cm?. Defects above midgap are shown to en-
hance the cell’s short circuit current at defect densities above
2X 102 cm™2, which ensure carrier population inversion
around the GB. Additionally, we explore the possibilities for
a polycrystalline semiconductor to outperform a single crys-
talline material in terms of photovoltaic performance. Our
results show that this situation cannot be constructed by in-
troducing GB defects into an absorber with excellent photo-
voltaic properties. Nevertheless, redistribution of a fixed
amount of defects from the grain interior toward the GBs can
be beneficial. Also, when starting with a relatively poor ab-
sorber bulk material, we find that additional GB defects may
enhance at least the short circuit current.

It has been proposed that GBs in CIGS feature a hole
barrier due to a Cu-poor layer surrounding the GB,"*"
which would strongly reduce GB recombination. Here, we
obtain an analytical expression that models the recombina-
tion rate at such a barrier by assuming different GB capture
cross sections oy, and oy, for electrons and holes. In cells
where the GB is perpendicular to the cell surface, the simu-

© 2008 American Institute of Physics
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FIG. 1. Solar cell geometry considered in the simulations, with a cell thick-
ness d=2 um and a grain size g=2 um, with a vertical GB at the coordi-
nate y=1 um (used in Secs. Il and IV) or a horizontal GB (Sec. V). At the
front of the cell, a ZnO top contact is followed by a CdS layer which forms
a junction with the CIGS absorber. Our model mimics this junction using a
50 nm thick n*-type CIGS layer placed at x=0. The Mo back contact and its
corresponding MoSe, layer (not shown) are modeled by a 50 nm thick
p*-CIGS layer. The dotted layers are included in the calculations of the
optical generation rate only.

lations show that a significant improvement of the efficiency
requires an internal valence band offset AE),
=kT log(oy,,/ 0y ;) >300 meV, where kT denotes the ther-
mal energy. Up until this point, our results are consistent
with earlier work.?%>* Here, we also show that the width of
the region with lowered valence band energy must be larger
than 3 nm, otherwise quantum-mechanical tunneling reduces
the passivation effect. If the GB is parallel to the cell surface,
the high barriers represent an obstacle for hole transport that
strongly reduce the device efficiency.

This paper is organized as follows: In Sec. II, we intro-
duce the model, detailing the geometry, parameters, and
solving method utilized for the simulations. Section III pre-
sents the simulation results for the case of a vertical grain
boundary, followed by the analysis of the effects of the GB
hole barrier in Sec. IV. Finally, Sec. V presents the simula-
tions for horizontal GBs and in Sec. VI, we summarize and
discuss the results.

Il. MODEL

Figure 1 displays the assumed geometry of the ZnO/
CdS/CIGS solar cell structure. For the computations dis-
cussed in Secs. III and IV, we assume a vertical GB placed
along the center of the absorber yielding a columnar grain
with a grain width of g=2 um. Section III C adds results
with a fourfold smaller grain size of g=0.5 wm. In Sec. V,
we assume a horizontal GB dividing the absorber into two
equal parts, as shown by the dashed line in Fig. 1. The CIGS
absorber of thickness d=2 um has a band gap energy E,
=1.15 eV. The photogeneration profile G(x) is calculated
from a coherent optical model” for the complete
(300 nm)ZnO/ (50 nm)CdS/(2 um)CIGS/Mo stack illu-
minated with a 100 mW/cm? AM1.5G spectrum.26 The gen-
eration profile inserted in our simulations corresponds to the
absorption in the CIGS layer. The injection of carriers pho-
togenerated in the CdS layer into the CIGS layer is incorpo-
rated by adding 30% of the CdS absorption”’ into the CIGS
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FIG. 2. Calculated band diagram in a CIGS solar cell under thermodynamic
equilibrium (a) and during illumination under short circuit conditions (b),
across a grain boundary (GB) located at y=1 um (see Fig. 1). The energies
Ey and E. are the energies of the valence and conduction band edge, re-
spectively, and Ej is the interface defect energy, here located at 0.880 eV
above the valence band edge. Additionally shown are the GB barrier height
®,, and the band-bending energy ¢V,,. In part b, the hole and electron quasi-
Fermi levels Ep, and Ep,, are defined. The assumed GB trap density is Nj
=4X10" cm™.

generation rate profile at coordinate x=0, i.e., at the CdS/
CIGS interface. The integral of the resulting G(x) profile
yields a maximum available short circuit current density
J§*=33.5 mA/cm?.

If not explicitly stated otherwise, we use the following
material and device parameters: effective densities of states
Ne=10" cm™ and Ny=10" cm™ for the conduction and
valence bands, acceptor density N,=2X 10'® ¢cm™, mobili-
ties w,=10 cm* V s7! for holes and ,=100 cm* V s™! for
electrons, and relative dielectric constant e=10. We have as-
sumed zero recombination at the CdS/CIGS interface as well
as at the Mo back contact.

The electronic activity of GBs is modeled by defects
situated at energies E;,— Ey=270, 605, or 880 meV, where Ey,
denotes the energy of the valence band maximum. One-half
of the defects are assumed to be donorlike, the other half
acceptorlike such that, in the limit of a high interface defect
concentration Ny, the Fermi energy E is pinned at Ej;. A
pinning position at E;—E,=270 meV would lead to a band
bending of about 100 meV at the GB that is compatible with
the available experimental data®”'* on CIGS, E—Ey
=880 meV leads to type inversion at the grain boundary if
N;, is sufficiently high, whereas E;—FE,=605 meV corre-
sponds to a trap level at the intrinsic Fermi energy E, i.e., a
worst case scenario at equal capture cross sections for elec-
trons and holes for the GB defects. Specific parameters that
are used for the calculations presented in Figs. 2-8, 10, 11,
13, and 14 are summarized in Table I.

The simulation of the electronic transport is carried out
for the CIGS part of the device only, by solving the station-
ary Poisson equation, and the current continuity equations
combining drift and diffusion currents.” In the continuity
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FIG. 3. Grain boundary barrier heights ®, with increasing GB defect den-
sity N, calculated in CIGS solar cells at a depth of x=1 um (see Fig. 2)
under illuminated, short circuit conditions (open symbols), and in the dark
(full symbols). Shallow defect levels (squares) located at E;—Ey,
=270 meV above the valence band edge yield small barrier heights that are
only weakly increased by the addition of defect levels, and are unaffected by
illumination. Defects at E;—E,=605 meV (circles) and E;—Ey
=880 meV (triangles) build up significant GB barriers with increasing den-
sity Ny, saturating at N;=4X 10> cm™? in the dark due to Fermi level
pinning. These high barriers are drastically reduced by illumination (open
circles, open triangles).

equations, we insert the difference between the photogenera-
tion profile G(x) and the local net recombination rate, calcu-
lated as the sum of radiative and nonradiative defect-level
recombination. The net radiative recombination rate is lo-
cally evaluated using the expression
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FIG. 4. Calculated efficiency 7, short circuit current density Jgc, and open
circuit voltage Ve for a CIGS solar cell with grain size g=2 um. The
doping concentration is N,=2X 10'® cm™ and the bulk defect concentra-
tion is Ny=2 X 10" cm™. Bulk as well as GB defect levels use equal elec-
tron and hole capture cross sections Ubl,n/p:(ril.n/p:10_15 cm? and energy
levels at 270/605/880 meV (squares, circles, diamonds) above the valence
band edge.
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FIG. 5. Simulated dependence of cell efficiency # on the defect concentra-
tion N, for grain sizes g=0.5 wm (open symbols) and 2 um (full symbols),
and GB trap energies 270 meV (a), 605 meV (b), and 880 meV (c) above the
valence band edge. With the assumed capture cross sections of o,
=0y,,,=107"% cm™, efficiencies over 19% are reached by cells with defect
concentrations below Ny=2X 10" ¢cm™ (g=2 wm) or N,=10"" cm™ (g
=0.5 um).

Rrad:Brad(np _niz): (1)

where we assume B,,q=6X 107! ¢m? s7!, according to op-

tical characterizations in CIGS thin ﬁlms,29 n and p are local
electron and hole concentrations, respectively, and n; is the
intrinsic carrier concentration. The bulk defect occupancy
and recombination rate are evaluated using Shockley—Read—
Hall (SRH) statistics at the assumed monoenergetic donor/
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FIG. 6. Simulated dependence of cell efficiency # on the defect concentra-
tion N, for grain sizes g=0.5 wum for bulk materials with defect concentra-
tions Ny, =2 X 10'5 ¢cm™ (open symbols) and Ny =2 X 10"3 cm™ (full sym-
bols) and a capture cross section o'bl_”/p:lO"3 cm?. The cell efficiencies
decrease with increasing N;; to levels that depend on the assumed capture
Cross sections oy =0y ,,= 1015 cm? (full and open squares) and oy
=10""* cm? (full and open circles) at the GBs. The data for a deeper bulk
defect Ey—Ey=605 meV (crosses) with Ny=2X10" cm™ and oy,
=101 c¢m? [cf. Fig. 5(b)] show no difference to the data obtained for shal-
lower bulk defects E,,—E,=350 meV (open squares).
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FIG. 7. Efficiency 7, short circuit current density Jgc, and open circuit
voltage V. for an average defect density N,,=2 X 10' cm™. The increase
in the concentration N;; of interface defects implies a reduction of the con-
centration Ny, of bulk defects following Ny=N,,—N;/g. Open symbols cor-
respond to data with capture cross sections oy, ,,= 0y, ,,,=107"* cm? while
closed symbols use oy, =0y, = 107" cm?.

acceptor defect level” with a concentration Np,. The grain
boundary is modeled as a true internal surface, where we
specify the charge density,

it = (2)

gN;
T[(l - Zfit),
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2
Ny w(nypi = n;)

—1 —1 B
Un,p(”it +n ) +0 n,n(l’n + D1

Ry = (3)

where vy, is the carrier thermal velocity, N;, is the GB defect
density per unit area (i.e., the sum of acceptor and donor
states), ny, p; are the local electron and hole concentrations
at a given point of the GB line, and

per unit area, where g denotes the elementary charge and f; (En E(:)
. . I’llit=NceXp N (4)
the occupation function of the assumed donor/acceptor GB, ’ kT
as established by SRH statistics, which also yield the GB
surface recombination rate and
TABLE I. Defect energies Ey,, defect concentrations Ny, and capture cross sections oy, for the bulk defects as well as the corresponding quantities E;;, Ny, and
oy, for the interface defects as used in the computations for Figs. 2-9, 11, 12, and 14. The sign “~” between two numbers indicates a covered range of the
corresponding variable.
Figure 8 Ey—Ey N Ot Ey—Ey Ny Tit
(pm) (meV) (em™) (cm?) (meV) (em™) (cm?)
2 2.0 880 2X10% 10715 880 4x10" 10713
3 2.0 270, 605, 880 2Xx10" 10713 270, 605, 880 2Xx10"-2x 10" 10713
4 2.0 270, 605, 880 2X 10 1079 270, 605, 880 0-10" 1079
5 2.0/0.5 270, 605, 880 2X10% 10° 270, 605, 880 0-10" 10°
6 0.5 350, 605 2X 103, 2% 107 10713 605 10°-10" 103, 10"
7 2.0 270, 605, 880 (0-2)x 10 10713, 10714 270, 605, 880 (0-4)x 10" 10713, 10714
8 2.0 605 2x10 10714 880 (0-4)x 10" 1071610714
9 2.0 605 2x 105 107 880 8X101-4x 10" 1071
11 2.0 270, 605, 880 2X10% 10713 270, 605, 880 4x10"? Electrons: 10713
Holes: 1072'-10713
12 2.0 270 2x 10 10713 270 4x10",4x 102 Electrons: 1071
Holes: 1072'-10713
14 2.0 270 2x 10" 10713 270 4% 10", 4x 10" Electrons: 10713

Holes: 1021-1071
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are auxiliary quantities.30

The two drift-diffusion equations together with the Pois-
son equation are simultaneously solved with a finite-element
method using the software FEMLAB,31 which is set to solve
all equations simultaneously. An iterative Newton scheme for
highly nonlinear problems is run on a strongly irregularly
spaced finite-element mesh consisting of about 5000 s-order
rectangular elements. On the front and back surfaces, we use
mixed boundary conditions. Majority carriers are set to a
fixed concentration given by the equilibrium value, while for
minority carriers we impose a zero-flux condition, i.e., zero
surface recombination. The electrostatic potential is set to
zero at the front surface, and at the back surface to the sum
of the applied voltage and the internal built-in voltage that
results from calculating the electrostatics in thermal equilib-
rium. The mesh spacing immediately around the GB is typi-
cally 2.5 nm, while the minimum mesh spacing is 0.05 nm in
the front space-charge region.

lll. VERTICAL GRAIN BOUNDARIES
A. Grain boundary barrier heights and type inversion

For the electronic activity of GBs, we have to consider
two different effects: first the areal charge density Q;, accu-
mulated at the GB defects as given by Eq. (2) induces a band
bending in the bulk neighboring the GB interface. Figure
2(a) shows a calculated band diagram under equilibrium con-
ditions where the Fermi energy E at the GB is pinned to the
energy E; of the interface defects resulting in a band bending
qV,. The second consequence of GB defects results from
their recombination activity. Under illumination, the quasi-
Fermi levels E, and Ep, for electrons and holes are split, as
shown in Fig. 2(b). The nonequilibrium charge carriers re-
combine following Eq. (3). In Eq. (3), the recombination
current is not only proportional to the defect density N;, but it
depends via Egs. (4) and (5) on the defect energy E;. Addi-
tionally, the band bending induced by the defect charge Q;
influences the free carrier concentrations n, p, and, conse-
quently, also the recombination current. According to Eq. (3),
a situation where n=p is the most uncomfortable one at
equal capture cross sections.

Figure 3 shows calculated barrier heights ®,, across the
GB, as defined in Fig. 2(a). For these calculations, we have
assumed defects with capture cross sections o),
=10"" cm? and energies E;=E,+270, 605, and 880 meV
with densities ranging from N;=2X10'! to 2X 10'* cm™2.
In addition to the doping density N,=2X10'® cm™3, we
consider a bulk defect density of Ny =2X 10" cm™ that
limits the lifetime of the minority carriers in the bulk of the
material. Under equilibrium conditions (full symbols, in Fig.
3) and with low interface defect density (N;,=2X 10'!), the
barrier height @, virtually equals the energy distance Ep
—E-=~160 meV in the bulk for all defect energies Ej, i.e.,
there is no energy barrier at the GB interface. Within the
range from N;;=8 X 10! to 4 X 10'> cm™2, the barrier heights
asymptotically approach the value of the corresponding de-
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fect energy (dashed lines in Fig. 3). For the interface defects
close to the conduction band (E;;—E,=880 meV), we there-
fore find type inversion when N, =8 X 10'! cm™. The band
diagram shown in Fig. 2(a) corresponds to such a situation
under equilibrium conditions. Figure 2(b) shows the same
configuration under illumination and demonstrates that the
capture of minority carriers into the interface states signifi-
cantly reduces Q; and, consequently, the band bending
around the GB.

The reduction of band bending and that of the GB barrier
®,, by illumination is demonstrated more quantitatively by
the open symbols in Fig. 3 especially for the trap energies
E,—Ey,=880/605 meV whereas the curve with E;—Ey
=270 meV is barely affected by illumination. This latter
situation appears to be the most probable in current CIGS
cells, since, assuming a Fermi energy 160 meV above va-
lence band edge, E;;—Ey,=270 meV would yield a barrier of
qV,=110 meV, in accordance with the available experimen-
tal data.5*!?

B. Recombination via grain boundaries

Next, we turn to the consequences of GBs on the calcu-
lated photovoltaic output parameters. Figure 4 shows the ef-
ficiency 7, short circuit current density Jgc, and open circuit
voltage V¢ as a function of the GB defect density NV, in a
CIGS solar cell with grain size g=2 um. The base of these
calculations is CIGS with a concentration Ny, of bulk defects
Np=2X10" cm™ and capture cross sections T nip
=107 cm? corresponding to a bulk minority carrier lifetime
of 5X107® s and a diffusion length L,=3.6 um. Conse-
quently, the photovoltaic performance of the reference com-
putation for an interface trap density N;=0 yields a high
efficiency 7=20%. The influence of GBs is now modeled
by increasing the density of GB defects with capture cross
sections @ ,,y, = 10715 ¢cm? at three different energies E
=Ey+270, 605, and 880 meV. The device efficiency de-
creases by increasing the number of GB defects, indepen-
dently of the energy position of the traps, obeying an aug-
mented recombination of carriers. Although this is the
expected overall consequence of increasing Ny, an excep-
tional trend takes place for the photocurrent density [Fig.
4(b)] in cells with traps at the energy E;=E,+880 meV,
where Jgc is recovered beyond a minimum at N; =8
X 10" cm™2. Our calculations reveal that the reincrease in
Jsc toward the maximum available value at higher GB defect
densities corresponds to the onset of type inversion at the GB
under illumination. In this situation, the number of available
holes limits GB recombination, and an increase in band
bending at the GB reduces the recombination probability of
electrons and, as a consequence, increases their collection
probability.

However, the open circuit voltages Vo displayed in Fig.
4(c) unveil that this specific improvement is restricted to the
short circuit situation whereas under open circuit, recombi-
nation monotonically increases with increasing defect densi-
ties for all defect energies. This fact also dominates the over-
all performance shown in Fig. 4(a), demonstrating that the
introduction of GB defects into a high quality CIGS absorber
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material leads to a uniform decline of the efficiency # re-
gardless of the assumed GB defect energy E;.

C. Influence of grain size

Efficiencies in excess of 19% for CIGS solar cells are
possible with grain sizes of only g=~0.5 um, as shown in
Ref. 2. In order to investigate the possibilities for such a high
performance at such low grain sizes, we simulate cells with a
vertical GB and a grain width g=0.5 wm, for different trap
energies and increasing defect densities. Figure 5 shows the
efficiency depending on N, for g=0.5 um (open symbols),
and, for comparison, we include the results for g=2 um
(full symbols) extracted from Fig. 4(a). The bulk and GB
defect energy is varied from E;—Ey=E,—FEy=270 meV
[Fig. 5(a)], to 605 meV [Fig. 5(b)], and 880 meV [Fig. 5(c)].

As expected, the smaller grain size yields lower efficien-
cies, regardless of the trap position. More importantly, our
model indicates that efficiencies of 7=19% require a very
low defect density N,=10'" cm™ for g=0.5 um, whereas
N,=2x%10"" cm™ is needed for the larger grains (g
=2 um). In these cases, the corresponding band bendings
are around ¢V,=25 meV (cf. Fig. 3). We note here that 7
=19% are also possible when using N,=4X10'> cm™
combined with electron capture cross sections oy,
=10""* em™, ie., much smaller than oy,,=10"" cm™
used in Fig. 5. In this case (not shown), the band bending
amounts to gV,=100 meV.

D. Spatial distribution of defects

Up until this point, our calculations started with a rather
perfect bulk material such that the efficiency level of the
solar cells without GBs was higher than the record
efficiencies.' Section III D investigates the interplay between
bulk and GB defects. Figure 6 compares the influence of GB
defects on the efficiency of solar cells having a high bulk
minority carrier lifetime 7,=(vy,Ny0p) ' =5 X 107 s to the
efficiency of cells with low 7,=5X107'" s. We show here
the example with a defect energy E;—Ey=605 meV for the
GB and E,—Ey=350 meV for the bulk defects. Variations
of 7, are achieved by the choice of Ny,=2X 10" ¢cm™ (open
symbols) and Ny,=2 X 10" ¢cm™ (full symbols) with a con-
stant capture cross section o,,,=107"% cm? The different
choices of Ny, defines rather different efficiency levels of
20% and 11.8% at low values of N;=2X10° cm™. How-
ever, the increase in N; leads to a deterioration of the cell
efficiencies that depends very much on the assumed capture
cross sections  oy,,,=107"> cm? (squares) and oy,
=10"" cm? (circles) at the GBs. At high defect densities
Ny=10" cm™, the efficiencies are entirely determined by
the GBs. Thus, Fig. 6 illustrates the transition between the
extreme situations of a solar cell that is dominated by defects
in the grain interior and a cell that is defined by its GB
properties. In addition, Fig. 6 shows calculations for a deeper
bulk defect E.,—FE,=605 meV (crosses) with Ny=2
X 10" cm™ and Opinip= 107 cm? [i.e., data already shown
in Fig. 5(b)]. We conclude from the comparison of these data
with the results for Ey,—Ey,=350 meV (open squares, Ny,
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=2X 10" ecm™ and 0y,=10""% cm?) that the choice of the
bulk defect energy is rather irrelevant as long as the lifetime
7, is high.

In our next numerical experiment, we investigate the in-
fluence of the spatial distribution of defects on the photovol-
taic output parameters, by simulating cells with defects
rather homogeneously distributed in the bulk to cells where
the defects are concentrated at the coordinate of the vertical
GB. These simulations assume cells where the bulk and the
GB defect level have equal capture cross sections and energy
level, gradually increasing N;; and reducing Ny, thus main-
taining the mean defect density N,, according to

N,y =Ny + Ni/g. (6)

The case of Ny=0 represents a monocrystalline material
were all defects are homogeneously distributed in the bulk,
whereas N, =4 X 10'> ¢cm™? corresponds to the polycrystal-
line material where all defects are located at the GB. Figure
7 shows the photovoltaic output parameters as a function of
N, using N,,=2 X 10 cm™, for defect levels with energies
270/605/880 meV (circles, squares, stars) above valence
band. With capture cross sections o, =0y,,=107'* cm?
(open symbols), the power conversion efficiency increases
only in the case of E;;=270 meV, by 0.4% absolute when all
defects are concentrated at the GB (N,=4X10'> cm™).
Taking o )= i, =107 cm? (closed symbols) results in
an increase in the efficiency of around 3% absolute for all
three defect energies. This result with highly recombination
active defects is consistent with the scaling law of Ref. 32.
This law states that at a given number of recombination cen-
ters the concentration of these defects in well separated cell
areas (here, the GBs) is always a more favorable situation
compared to a spatially homogeneous distribution of these
defects. However, a benefit of defects concentrated at the GB
instead of distributed in the bulk is guaranteed only in cases
where the defects have sufficiently strong recombination ac-
tivity. When defects are less active, as seen in Fig. 7(a) from
the curves where a'n,p=10‘14 cm2, the shift of the defects
from the bulk to the GB slightly rise the device efficiency
only when the defect energy is lower than midgap (open
circles), and harms the device performance if the defects lie
near/above midgap (open squares and open stars).

E. Collection of carriers along grain boundaries

The enhancement of carrier collection along inverted
grain boundaries has been discussed as one possible advan-
tage of polycrystalline semiconductors with respect to their
monocrystalline counterparts. From the experimental evi-
dence it appears that type inversion applies rather to CdTe
solar cells*> whereas in CIGS (Refs. 7-9, 12, 16, and 17) the
band bending around the GB is relatively small. Hence, the
following calculations aim more at a general understanding
of carrier collection along GBs than to the real situation in
CIGS.

As we have already seen in Fig. 4, an improvement of
carrier collection by inverted GBs is overcompensated by the
increase in GB recombination when taking a high perfor-
mance CIGS bulk as a starting point. Therefore, we explore
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FIG. 9. Profiles of the vertical component of the local current density j,
calculated at a depth of 100 nm, i.e., close to the cell junction. The profiles
are calculated under illumination, short circuit conditions, for grain bound-
ary (GB) defect densities of N;=8%10'9/8 X 10'/4 X 10'> cm™.

now the situation of a rather mediocre bulk material. The
assumed bulk defects have an energy 605 meV above the
valence band edge, a concentration Ny, =2 X 10> cm™, and
capture cross sections oy, ,,,=107'* cm?, corresponding to a
bulk diffusion length L=~ 1.1 um. The reference computa-
tion for a GB trap density N;=0 yields a photovoltaic per-
formance of 7=~16% and Jsc=31 mA cm™, as shown in
Fig. 8. Consistently, these values are somewhat lower than
those obtained in Fig. 4 where smaller o-bl’n/p=10‘15 cm?
were taken. The introduction of GB defects at energy Ej
=Ey+880 meV with capture cross sections G,
=10""%/107'3/107"1% c¢m? leads to an enhancement of Jyc up
to 32.6 mA cm™2 at N;,=4 X 10'?> cm™. However, an overall
improvement of the efficiency 7 is not observed, as the gains
in Jgc are overcompensated by the losses in Vgc. The trap
density N,=4 X 10'> cm™? corresponds to an addition of 2
X 10' cm™ to the total defect concentration. In the case of
low capture cross section (ri[‘n/ple‘lé cm? (circles in Fig.
8), this adds roughly only 10% to the recombination in the
grain interior with Nu=2X10" cm™ and 0Oy,
=10"'% cm?. Therefore, we conclude that losses in Vo are a
combination of the additional GB recombination and a
higher recombination through bulk defects in the space-
charge region surrounding the GB. Even considering cases
where the carrier mobilities are an order of magnitude lower
(results not shown here) and the different combinations of
bulk and GB capture cross sections used above, we have not
identified a situation where the introduction of an inverted
GB in the way described here leads to an enhanced efficiency
of the solar cell.

The improvement in Jg- seen in Fig. 8(b) does only
weakly depend on the chosen capture cross section, indicat-
ing that carrier collection is effectively enhanced by the GB
provided sufficient type inversion is achieved. Interestingly,
for intermediate concentrations and the larger capture cross
sections, the Jgc data exhibit a minimum, pointing to a non-
negligible effect of GB recombination on carrier collection.
To shed some light into the enhancement of Jgc with increas-
ing N;, we calculate spatial profiles of the perpendicular cur-
rent density component j, close to the heterojunction (x
=100 nm). These profiles (shown in Fig. 9) correspond to
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the simulations of Fig. 8(b) belonging to the curve
with  0y,,=107"" cm®>  for  N;=8X10" (dotted)/8
X 10" (dashed)/4 X 10'> (continuous) cm™2. For clarity,
the curves are displayed in the interval 0.5 um<y
<1.5 um. At N;;=8 X 10" cm™? (dashed curve), the cell
operates at the onset of type inversion at the GB. All three
profiles reflect that with increasing band bending (higher N;,)
the current density becomes increasingly concentrated at the
GB. However, this current crowding effect leads to higher
Jsc values only if the recombination probability around the
GB is lower than in the bulk. Such a condition is only
achieved when sufficient-type inversion in the surroundings
of the GB is attained. This explains that the dashed curve in
Fig. 9 yields the lowest Jgc value, since at the onset of in-
version, the carrier concentrations at the GB are nearly equal,
yielding maximum recombination rates. The case with Nj
=4x 10" cm™? (continuous curve in Fig. 9) has a much
stronger inverted population around the GB, which result in
an improved Jgc.

IV. EFFECT OF THE INTERNAL BAND OFFSET
A. Excess barrier height

It has been suggested in the past that one important in-
gredient for the high performance of polycrystalline CIGS
thin-film solar cells stems from an internal valence band off-
set AE), at the GBs (sometimes also referred to as a neutral
barrier) resulting from a slightly Cu-poor composition of the
region adjacent to the GB."5 The effect of this internal
offset at the GBs could be of similar importance as it is at the
surface of the absorbelr,33 whereas, there is ample experimen-
tal evidence for the Cu-poor surface layer34’35 and its benefi-
cial consequences for the performance of CIGS solar cells as
long as the overall film composition is Cu—poor,3 % the ques-
tion whether or not such a Cu-poor layer is a general positive
feature of GBs in CIGS is still under discussion.””*’

The present study concentrates on investigating the ef-
fect of such an internal band offset and on finding the con-
ditions that have to be fulfilled if the Cu-poor layer should
have a decisive beneficial effect on the performance of poly-
crystalline CIGS solar cells. Figure 10 shows the band dia-
gram of a GB surrounded by a Cu-poor layer that has a
valence band offset AEy toward the CIGS bulk. In such a
situation, the hole barrier at the GB is enhanced leading to an
effective barrier ®,=®,+AEy. Note that only the part ®,
results from the interface charges Q; whereas the internal
valence band offset AE, leads to an additional contribution
that is sometimes referred to as neutral barrier.'*"

This additional barrier prevents holes from the grain in-
terior to reach the location of the GB. As long as the GB is
parallel to the direction of carrier transport, we can assume
that the band offset does not affect carrier transport in the
direction to the collecting junction. Then, the effect of the
internal band offset is the reduction of carrier recombination.
In the following, we model recombination at the GB with the
help of a reduced effective hole capture cross section a'ief;,
which in the Appendix is shown to obey
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FIG. 10. Band diagram across an uncharged, flatband GB displaying an
internal valence band offset of AE}, at the location of the grain boundary (a),
and across a charged GB (b) with a band bending ¢V,. The energy of the
defect level at the GB is Ej,.

o = o, exp(— AEY/KT), (7)

ity — Yitp
where kT denotes the thermal energy. Note that according to
Eq. (7), one order of magnitude in the ratio r,= o-if;/a'iw
corresponds almost exactly to an increment of the band off-
set AEy, by 60 meV at room temperature.

Let us first assume a high GB defect concentration (N;
=4 X 10" cm™), serving as limiting cases for maximum GB
recombination activity, to gain a general overview on the
effect of the internal band offset. Figure 11 compares the
conversion efficiency #, short circuit current densities Jgc,
and open circuit voltages V¢ as a function of the ratio r,
assuming o, , =05, =107 cm®. These simulations use bulk
defect densities N, =2X 10" cm™, and bulk capture cross
sections G, = 10~ cm?. The defect energies are assumed
equal in the bulk and at the GB, being E,=E,=E,
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FIG. 11. Simulated efficiency #, short circuit current density Jgc, and open
circuit voltage Ve as a function of the ratio r, between effective hole and
electron capture cross sections at the GB. Note that one order of magnitude
in r, corresponds to an increment of the band offset AE, by 60 meV. The
defect density at the grain boundary is 4 X 10'2 cm™2.
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edge for bulk as well as for grain boundary defects. Open symbols stand for
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of the GB. Full symbols correspond to the situation where only the first third
(0.66 wm) of the GB is passivated by the band offset as shown in the inset.

=270 meV (circles)/605 meV (squares)/880 meV (dia-
monds). All energy values are taken relative to the valence
band maximum in the grain.

As shown in Fig. 11, decreasing values of the cross sec-
tion ratio r,, improve 7, independently of E;. Comparing the
efficiency values at the extreme values of r,, # increases
between 5% and 8% absolute (depending on the defect en-
ergy) when r, is reduced from 10° (equal capture cross sec-
tions, no GB band offset) to 107, corresponding to a band
offset of AE,=360 meV. Although V¢ increases with de-
creasing r,, independently of Ej;, the short circuit current den-
sity shown in Fig. 11(b) drastically changes its behavior
when E; lies above midgap. Indeed, the simulations with
E,=E,+880 meV show a high Jgc=33 mA cm™? already at
ry=10°, with no influence of r,. This feature explains that
the efficiency shown in Fig. 11(a) tends to be higher for the
defect above midgap than for defects near or below midgap
(squares, circles). This effect is explained by the phenom-
enon of improved carrier collection by inverted GB, guaran-
teed by the high defect density N;,=4 X 102 cm™.

In the next step, we deepen our analysis for the case of a
rather shallow defect level in combination with band offsets,
and intermediate defect densities. Figure 12 shows the output
parameters as a function of r, obtained for E=Ey
+270 meV and Ny=4Xx10'"" and 4 X 10'2 cm™. The data
points with N;;=4 X 10'> c¢m™2 (open circles) are the same as
in Fig. 11 (open circles). We see that at the lowest ratio r,
=107%, corresponding to AE,=360 meV, all effects of GB
recombination are eclipsed. Figure 12 shows that high effi-
ciencies around 20% are possible for N, <2 X 102 cm™,
and ratios r,= 1073, i.e., band offsets AE,=300 meV.
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Additionally, Fig. 12 shows the calculated parameters
(full symbols) under the assumption that the GB is passi-
vated only to one-third of its length toward the front surface
by the internal band offset as sketched by the inset in Fig.
12(c). Such an assumption is reasonable for two reasons.
First, there is ample evidence that the Cu-poor region pro-
viding the internal valence band offset is present at the sur-
face of the absorber.’*® It is therefore reasonable to con-
clude that a Cu-poor region at the GBs is more likely to be
present toward the surface of the absorber than toward the
back contact. Second, measurements of the majority-carrier
transport properties of CIGS films in coplanar geometry, i.e.,
perpendicular to many GBs, exhibit activation energies in a
range between 60 and 120 meV,‘“ i.e., much smaller than an
effective internal band offset. Therefore, the extra barrier
cannot be present along the full length of all grains in the
CIGS films. Rather, it might be present at some GBs and/or
only for a part of the GB length.

A good passivation of GBs for the first 0.66 wm should
be a relatively effective situation because at least recombina-
tion in the space charge region is reduced. This is reflected in
the fact that V- moderately increases with decreasing r,
(increasing AEy) for the partially passivated GBs in Fig.
12(c). However, Jg- remains essentially unaffected by the
increase in the internal barrier [Fig. 12(b)] resulting eventu-
ally in rather moderate improvements of the efficiency [Fig.
12(a)]. We conclude from this result that not only a high
barrier height of at least 300 meV but also an almost homo-
geneous presence of the Cu-poor layer around the GBs along
their entire length is required to virtually eclipse their delete-
rious impact on the device performance.

B. Influence of the barrier width

It is evident that a mere interface reconstruction is not
sufficient to provide a sufficient interface passivation be-
cause holes may penetrate the extra barrier by quantum-
mechanical tunneling. Therefore, only a sufficiently thick
high band gap layers will prevent holes from tunneling into
the interface states at the GBs. In the following, we investi-
gate the tunneling effect considering a rectangular energy
barrier with an energy height AE, around the GB. The prob-
ability Pr,, to penetrate such a barrier is found in the WKB
expression

(8)

- 2w(2m*AEV)”2)
h 9

PTun = exp(

where w is the width of the barrier, i.e., the width of the
Cu-poor wide-gap region on either side of the GB (cf. Fig.
10). The quantity # is Planck’s constant and m* denotes the
effective mass of the hole in the Cu-poor interface layer (as-
sumed to be 0.7 times the free electron mass m, according to
Ref. 43). Figure 13 displays the tunneling probability Pry,
(dotted lines) and the sum P=Pp,,+Ppp (solid lines) that
corresponds to the probability that a hole from the bulk of
the grain arrives at the GB either by tunneling or by thermi-
onic emission with the probability Prg=exp(—AE/kT)
(dashed lines in Fig. 13). As can be seen from Fig. 13, a
barrier width w>3 nm is needed to reduce the tunneling
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FIG. 13. Tunneling probability Pr,, (dotted lines), thermionic-emission
probability Prg (dashed lines) and combined probability P=Pry,+ Prg for
carriers trespassing an energy barrier of width w and height AE,
=100/200/300 meV. Roughly, beyond a barrier width w>3 nm, tunneling
becomes negligible, remaining thermionic emission as the only transmission
mechanism. The right axis indicates the effective barrier height AE  (see
Sec. VG for details).

probability to negligible values and, in consequence, the
probability P to the thermionic-emission values given by Eq.
(7). Note here that the transmission probability enters into
our numerical simulations via the capture cross section ratio
ro=P. Therefore, all results in Figs. 11 and 12 account either
for a specific valence band offset together with a sufficient
thickness w=3 nm or for a given combination of w
=3 nm and AEy, where the resulting r, must be extracted
from Fig. 12. Thus, we conclude that an almost perfect pas-
sivation of the GBs resulting from r, =107 in Figs. 10 and
11 not only requires a considerable band offset AE)
=300 meV but also a significant width w=3 nm of the
Cu-poor region on either side of the GB.

At this point, it is important to note that the consider-
ations above are also valid for the passivation effect of the
Cu-poor layer at the surface of CIGS films. This layer has a
thickness that varies between 5 and 60 nm depending on the
overall film composition.44 Hence, tunneling could reduce
the passivation effect of this surface layer in case of CIGS
films that come very close to a stoichiometrical composition.
Ensuring a sufficient thickness of the Cu-poor surface layer
seems therefore of importance for high-efficiency CIGS solar
cells. We argue that the last (Cu-free) deposition stage of the
three-stage deposition process.45 for highest efficiency CIGS
solar cells plays an important role in this context.

V. HORIZONTAL GRAIN BOUNDARIES

Grains in high-efficiency CIGS absorbers are preferen-
tially columnar making the vertical GB model the most im-
portant one. However, GBs parallel to the cell’s surface are
present to a certain amount in all CIGS solar cells. This
section investigates the impact of such horizontal GBs on the
cell performance, according to the geometry sketched in Fig.
1, where the GB is placed at a depth x=1 um. Here, we are
particularly interested in the effect of the hole barrier, since it
introduces an additional physical effect compared to the situ-
ation of the vertical GB: the action as an obstacle to carrier
transport.

The effect of potential barriers on majority-carrier trans-
port is usually modeled by lowering the carrier concentration
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FIG. 14. Simulated solar cell parameters as a function of the ratio r, be-
tween effective hole and electron capture cross sections at the GB, for a cell
with a horizontal GB located at the middle of the absorber. Note that no
vertical GBs are present in these calculations. The curves are calculated for
GB defect densities N, =4 X 10'1/4X 10> cm™ (squares/circles). The de-
fect energy is 270 meV above the valence band edge for bulk as well as for
GB defects. The introduction of a hole barrier to the horizontal GB is ben-
eficial only up to about r,=107~107*. Below this range, the fill factor (FF)
falls rapidly, followed by additional drops in Jgc and Vqc, with the expected
drop of cell efficiency 7.

within the barrier by the factor exp(—AEy/kT), or by keeping
the carrier concentration constant and reducing the mobility
by the same factor.*® Here, we follow the latter strategy by
assuming an effective hole mobility given by

/*L;ffz Mp exp(_ AEV/kT) =Mple (9)
in the surroundings (£20 nm) of the GB.

The calculated solar cell output parameters as a function
of r, are shown in Fig. 14. The curves are calculated for two
GB defect densities N;, that differ by one order of magnitude,
4% 10" cm™ (squares), and 4X10'> cm™ (circles). For
bulk and GB defects, a defect energy of 270 meV above the
valence band edge and equal electron and hole capture cross
sections Oy, = 0y,p,=10""" cm? are assumed. Note that no
vertical GB is assumed in the following calculations. As seen
in the efficiency % [Fig. 14(a)], the introduction of a hole
barrier to the horizontal GB is beneficial only up to r,
=1073-107%, depending on N, (AE,=180-240 meV). In
this regime, the hole barrier acts similarly to the case of the
vertical GB described previously, i.e., by reducing the re-
combination probability for holes. The overall efficiency im-
provement in this regime is due to an enhancement of the
open circuit voltage [Fig. 14(c)]. At r,, below 107, the bar-
rier hinders carrier transport and, therefore, strongly reduces
the short circuit current density Jg¢, the fill factor (FF), and
consequently, the cell efficiency #. Especially, the fill factor
FF shown in Fig. 14(d) monotonically decreases with de-
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creasing r,. By comparing the values at the extremes of the
1, axis, we notice that at r,=107%, Jc and FF drop to about
1/3 and 1/2 of their values at r,=10°, respectively.

The results shown in Fig. 14 demonstrate that cell re-
gions with horizontal GBs with a hole barrier that is wide
and high enough to prevent recombination implies that hole
transport across the same barrier becomes almost impossible.
Especially for values AE,>240 meV where the reduction
of carrier recombination becomes significant (cf. Figs. 11
and 12), an additional horizontal GB virtually eclipses the
(local) short circuit current that would originate from light
absorption in the front part of the grain.

Vi. SUMMARY

The present paper investigates GB effects on the perfor-
mance of CIGS solar cells, studying the effects of defect
densities, energy levels and capture cross sections, grain size,
and GB orientation (vertical and horizontal to the cell’s sur-
face). Our results show that the introduction of GB defects
results in an overall efficiency loss from 20% to below 12%,
making proper passivation of GBs a primary requirement for
high efficiency. In order to reach 7=19% with electron and
hole capture cross sections of 10" cm™2 at vertical GBs,
our results predict that low defect densities of Ny
=10"" cm™ for a grain size of g=0.5 wm, and N,=2
X 10" em™? for g=2 um are required. Such low defect
densities yield negligible GB barrier heights. In order to re-
produce the experimentally found GB barrier heights of 100
meV reported in the literature, our calculations require GB
defect densities of 2 X 10'2 cm™2, considering a defect level
at 270 meV above valence band edge. In such a situation,
efficiencies of 7=19% would require an electron capture
cross section of 107'% cm? (at the vertical GB).

Highly concentrated defects placed in the upper half of
the band gap yield inverted GBs. Such inverted GBs improve
the collection of photogenerated carriers in the cell, enhanc-
ing the short current density Jgc. However, 7 is not improved
because this effect is counterbalanced by losses in V¢ asso-
ciated with the required high defect concentration. Only
when comparing monocrystalline and polycrystalline CIGS
with the same overall number of defects we observe that
redistributing these defects toward the GBs may improve the
device performance especially for high defect concentrations
and/or high defect capture cross sections. However, efficien-
cies 7 in excess of 16% are hardly compatible with a signifi-
cant concentration of defects close to the conduction band
and with inverted GBs.

We further simulate cells featuring a band offset in the
valence band at the GB, a hole barrier, as a possible efficient
passivation mechanism working at the GBs."*!'* Barriers at
least 300 meV high would effectively reduce recombination
at the GB provided the barrier is present along the entire GB.
Additionally, a minimum thickness of 3 nm is needed to
prevent quantum-mechanical tunneling of carriers into the
GB. However, barriers that fulfill these requirements for
width and height are no longer beneficial when associated
with horizontal GBs, where they act as obstacle for hole
transport across the GBs. Thus, the hole barrier may play an
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important role in CIGS films by passivating some, possibly
the most recombination active, GBs. However, this barrier
cannot be a general feature of all GBs in high-efficiency
CIGS absorbers. The generally benign character of GBs must
also embrace beneficial crystallographic GB structures' '
and defect chemical passivation of GB defects'®! in order
to keep the defect density low.
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APPENDIX: DERIVATION OF EFFECTIVE CAPTURE
CROSS SECTIONS

Here, we obtain Eq. (7) considering the band diagram
shown in Fig. 10(a), although the resulting expression is per-
fectly valid also for a charged grain boundary as in Fig.
10(b). By using the expression for the SRH recombination
rate evaluated at the location of the GB, we demonstrate that
the incorporation of a valence band offset AE, at the GB
alters the equation only by the hole capture cross section,
which must be replaced by the effective capture cross section
(r?g’ given by Eq. (7). The recombination rate given by Eq.
(3), depends on the electron and hole concentrations at the
GB, given by ny=Nc expl(Ep,~E¢)/kT], pi=Nyexpl(Ey
—Ep,)/ kT], where Ep, and Ep, are the electron and hole
quasi-Fermi energy levels, respectively. When a valence
band offset AEy, is added, Eq. (3) must be rewritten using the
following replacements:

Pit— Pit exp(= AE/KT),

Pric— Pri exp(= AE/KT). (A1)

By performing these replacements, and considering that
under solar cell operation ”12 is negligible, the recombination
rate is given by

Nivwhilic

Rit = (A2)

U;,lp exp(AEy/kT)(n; + nl,it) + U;,ln(pit +pl,it) .

This expression indicates that when adding a valence
band offset, R;; may be calculated as if there where no offset,
but considering a hole effective capture cross section given
by

ot oy p exp(= AEV/KT).

ity =

(A3)

Since the recombination rate analyzed here is at the lo-
cation of the GB, this expression is also valid for charged
GBs with a band bending, as shown in Fig. 10(b).
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