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We investigated the electronic properties around grain boundaries of polycrystalline CuðIn1-x;GaxSe2Þ
films as a function of Ga content, using scanning tunneling spectroscopy. Spectra acquired on samples

with low Ga content (x ¼ 0 and 0.33) reveal downward band bending with respect to adjacent p-type

grains, suggesting type inversion at the surface of grain boundaries. Such a behavior was not observed for

samples with high Ga contents. These results are consistent with our atomic force microscopy data and

may shed light on the origin of the x-dependent efficiency for polycrystalline CuðIn1-x;GaxSe2Þ-based
solar cells.
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The electronic and optoelectronic properties of poly-
crystalline semiconductor systems usually differ from their
single-crystal analogs because they are strongly influenced
by the grain boundaries (GBs) formed between crystallites.
Usually, the presence of GBs degrades solar-cell device
performance due to defects and impurities that segregate
there, creating in-gap electronic states that lead to en-
hanced recombination of photoexcited electron-hole pairs.
However, in solar cells consisting of a chalcopyrite thin
film absorber, it seems that the presence of GBs does not
harm the device performance and may even help improve
it. In particular, solar cells comprising a polycrystalline
CuðIn1-x;GaxÞSe2 (CIGSe) absorber seem to outperform
their single-crystal counterpart, achieving a record solar
energy conversion efficiency of �20% [1]. This system
includes a wide range of energy gaps depending on the
Ga content, increasing from�1:05 (for x ¼ 0) to�1:7 eV
(for x ¼ 1). The highest efficiency of polycrystalline-
CIGSe-based solar cells is currently obtained for
x � 0:3 [1].

In order to understand the possible role of GBs in
affecting the performance of the above solar cells, various
local probe microscopy techniques have been applied.
Scanning Kelvin probe microscopy (SKPM) measure-
ments on polycrystalline-CIGSe films showed a band
bending at the GBs of up to 300 meV [2–4]. Our previous
conductive atomic force microscopy (C-AFM) study [5]
supports these findings and suggests also the presence of an
additional valence-band offset as was calculated by
Persson and Zunger [6]. A similar scenario was proposed
by Hafemeister et al. [7] for �3 GB. In order to check
whether the band bending at GBs is beneficial to the
photovoltaic performance, Jiang et al. measured such
band bending as a function of the Ga content, by using
SKPM, and correlated the results with the measured effi-
ciencies of the corresponding cells [8]. They found that,
while maintaining a nearly constant and relatively high GB

band bending in the range x ¼ 0–0:28, the efficiency of the
device increased with Ga content, as expected from the
band-gap increase with x. However, for higher Ga content
the device efficiency decreased rapidly, although the gap is
increasing. This efficiency reduction correlates well with
the sharp decrease of the band bending that they found to
take place in the x ¼ 0:28–0:38 range. These authors con-
cluded that the built-in potential at the GBs helps to
improve the photocarrier collection efficiency, which is
expected to improve device conversion efficiency [8].
Device simulations [9,10] show that a band bending at

GBs due to charged defects can indeed improve the photo-
generated carrier collection; however, this effect is ham-
pered by the reduction in the open circuit voltage (Voc), so
that the overall efficiency of the device is consequently
reduced. On the other hand, for neutral GBs with a valence-
band offset larger than 300 meV, the simulated efficiencies
were concluded to be similar to that of the single-crystal
device. In all cases, however, the simulated efficiency of
the polycrystalline-CIGSe-based solar cell never exceeded
that of its single-crystal analog.
A recent scanning tunneling spectroscopy (STS) study

[11] performed on CIGSe films with x � 0:3 showed spa-
tial variations of the tunneling spectra near the GBs that
can be explained by a combined effect of a downward band
bending towards the GBs and an increased density of
defect levels around the bottom of the conduction band.
The spectra also indicate a reduced density of deep-level
defects at the GBs that can yield low recombination
activity. However, variations between different GBs in a
particular sample and the dependence of the tunneling
spectra on the Ga content were not addressed in that
work. Following that, we present here direct evidence not
only for band bending but also for type inversion at the
GBs in similar CIGSe films. Our findings enable us to
suggest a plausible reason for the efficient performance
of the corresponding (x � 0:3 CIGSe) solar cells.
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Our study consists of combined C-AFM and STS mea-
surements of a series of polycrystalline CuðIn1-x;GaxÞSe2
films having Ga contents that cover the whole range be-
tween x ¼ 0 (CISe) and x ¼ 1 (CGSe). The C-AFM data
reveal band bending only for samples with x � 0:5 with
average values that correlate well with the Ga-content
dependence of the corresponding cell efficiencies.
However, band bendings were observed only on part of
the GBs. Our STS data manifest, with comparable abun-
dance, GB band bending, exhibiting explicitly p- (grain
surface) to n- (GB surface) type inversion for the x ¼ 0:33
CIGSe films. The latter effect is quite significant, since it
suggests that the minority carriers in the cells (i.e., the
electrons) that are collected by the GBs enhance the
efficiency of the cells.

The CIGSe samples were grown on Mo-coated float
glass substrates using a multistage coevaporation process
[12]. The scanning tunneling microscopy (STM) and AFM
measurements were performed on the bare surface of the
pure CIGSe absorber layer, with the underlying Mo layer
serving as a back contact to the AFM or STM tip. The C-
AFM measurements were performed in the contact mode
using Ti=Pt-coated Si tips. Photo- and dark-current
measurements were acquired simultaneously (along with
the topography) under identical tip pressure (and thus
similar electrical contact) by using a two-pass technique.
In the first pass the current is measured along with the
topography (with the AFM laser on, as required for the
feedback), while the second current map is obtained
promptly with the laser off, as detailed in Ref. [5]. Note
that the wavelength of the AFM laser provides supra band-
gap illumination (� 650 nm) with an effective intensity of
about 100 mW

cm2 [5].

The STM measurements presented here were performed
at room temperature, in the dark, and in vacuum
(� 10�6 Torr). Prior to these measurements, the samples
were treated for 2 min in an aqueous KCN solution (5%) to
remove surface oxidation. The samples were washed then
with distilled water, dried, and inserted rapidly (about
2 min exposure to air) into the STM chamber that was
promptly evacuated. The STM topographic images were
typically measured with sample-bias and current set values
of V ¼ 1:5 V and I ¼ 1 nA, whereas the tunneling I-V
curves were acquired with set values (before disabling the
feedback loop for spectrum acquisition) of V ¼ 0:8 V and
I ¼ 0:5 nA. Our dI=dV-V tunneling spectra, which are
proportional to the local density of states (DOS) [13],
were numerically derived from curves resulting by averag-
ing over 15–25 I-V characteristics taken at a specific
location, in each of which the current was recorded, and
averaged over, 64 times for every bias value.

Figure 1 shows a typical C-AFM topography, dark- and
photocurrent maps measured simultaneously at V ¼
50 mV (sample bias) on a CIGSe film with x ¼ 0:33.
The currents are mainly along the GBs but not through

all of them. In the dark [Fig. 1(c)], only positive currents
are observed, as expected. However, the current map mea-
sured under illumination [Fig. 1(b)] shows negative cur-
rents in some of the GBs (flowing counter to the applied
bias) and positive in others. At much lower bias values only
negative photocurrents were detected along the GBs, as
demonstrated by the V ¼ 0 photocurrent histogram pre-
sented in Fig. 1(d), while at much higher bias values only
positive currents were observed. The crossover bias volt-
age Vc, at which the mean of the current distribution
becomes zero, is a measure of the band bending at the
GBs [5], as is shown to be the case of 50 mV for the
x ¼ 0:33 sample [see Fig. 1(d)]. It should be noted, how-
ever, that this value provides a lower limit to the band
bending, due to the background contribution of the forward
current at the GBs.
Figure 2(a) portrays the average Vc (taken over many

GBs that showed downward band banding) as a function of
the Ga content. It is seen that, for Ga contents above
x ¼ 0:33, there is a sharp reduction of Vc towards zero.
In Fig. 2(b), we present the efficiency (�) of the reference
solar cells as a function of the absorber’s Ga content. The
efficiency initially rises with Ga content, as expected from
the corresponding increase of the band gap, but it drops
sharply for higher Ga contents (x � 0:5) due to the sup-
pression of the short-circuit current Isc. These results are in
agreement with Ref. [8] and suggest that the band bending
at GBs, observed in both SKPM and C-AFM experiments,
may aid photocarrier collection in the cells. We should
remark, however, that we have observed dark or
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FIG. 1 (color online). Topography (a), photocurrent (b), and
dark-current (c) maps measured on an x ¼ 0:33 CIGSe film with
50 mV bias voltage. Scan size: 4� 4 �m2. (d) The photocurrent
histograms at zero bias (red) and at 50 mV (blue), showing that
the reversed photocurrent vanishes (on average) at �50 mV.
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photocurrent only on part of the grain boundaries. This
observation can be related to the SKPM results reported by
Baier et al. [14], where some GBs showed upwards rather
than downwards band bending. It may well be that current
can be measured (in the applied bias range) only on the
latter GBs, and obviously no negative currents can be
detected in GBs showing upwards band bending. It should
be noted, however, that SKPM is a pure surface sensitive
technique, while the current maps measured by C-AFM are
affected also by the transport properties and charge photo-
generation in the bulk. We therefore turned to apply STS, a
surface sensitive technique, to gain further insight into
possible variations among GBs within a sample. STS is
particular appealing for our study, since it can also monitor
conduction and valence-band offsets at the nano scale [15]
and even provide direct evidence for n-type to p-type
inversion [16].

In Fig. 3, we show typical results as obtained for samples
with three Ga contents. For each x, two tunneling spectra
are presented, one acquired on a GB and the other on an
adjacent grain, as indicated in the topographic images
shown to the left. Two conspicuous features are to be
noted. For the x ¼ 0:33 sample, the spectrum acquired
on the GB is clearly shifted towards negative bias with
respect to that taken on the grain, consistent with a down-
wards band bending at the GB. Importantly, the spectrum
measured on the GB exhibits a clear depression in the
DOS, much more pronounced than that observed on the
adjacent grain. A similar depression was reported in
Ref. [11], but here it is centered at around V ¼
�220 mV rather than at zero bias. Concomitantly, the
chemical potential (V ¼ 0) at this GB is located at a
voltage where the DOS clearly rises towards the conduc-
tion band edge, in vast contrast to the behavior in the
adjacent grain. It is hard to estimate from the spectral shift,
as evident as it may be, the actual value of the band
bending, since the tunneling spectra do not easily lend
themselves to an exact determination of the band edges.
The spectra are largely affected, in particular, at elevated

bias voltages, by unknown factors such as the density of
shallow defect levels and the bias-dependent tunneling
barrier. The most reliable estimate for the band-bending
value is then the shift of the DOS minimum, implying band
bending of �200 meV. Spatial spectral shifts such as that
shown by Fig. 3(d) were found for about 50% of the grain-
GB pairs measured on the x ¼ 0:33 sample, showing shifts
of the DOS minima in the range 100—230 meV. By
adopting the band-diagram scheme presented in
Ref. [11], such shifts are sufficient for driving the GBs to
become n-type at their surface. We would like to point out
that we have never observed spectral shifts towards posi-
tive bias, in contrast to the positive band bending found on
some GBs in a recent SKPM experiment [14].
A similar behavior, yet only on about 25% of the mea-

sured GBs, was observed also on the x ¼ 0 (CISe) film, as
portrayed by the spectra plotted in Fig. 3(b). Here, the DOS
minimum at the GB is shifted to �120 mV. The origin of
the shoulder in the 0–300 mV range is not yet clear, and it
may reflect an increase in the density of shallow defects
around the conduction band edge. This feature, however,
was not observed for all GBs.
In contrast to the x ¼ 0 and x ¼ 0:33 samples, we never

observed any spectral or DOS minima shifts for the
x ¼ 0:75 and x ¼ 1 (CGSe) films. In Fig. 3(f), we show
a typical pair of dI=dV-V tunneling spectra acquired on a
GB and adjacent grain on an x ¼ 0:75 sample. The two
spectra appear to be nearly identical up to a bias of
� 0:3 V, above which the slope of the spectrum measured
on the grain becomes larger than that on the GB. This effect
does not necessarily imply an increased DOS on the grains
at elevated energies and may be due to a smaller tunneling
barrier (e.g., a smaller work function or electron affinity)
on the grain. This particular feature was not generic, and
some pairs of spectra were nearly identical over a wider
voltage range. However, as noted above, no shift in the
DOS minima was observed in any of such pairs of spectra
measured over tens of grain-GB pairs for the CGSe and
x ¼ 0:75 CIGSe films.
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FIG. 2. (a) Average Vc as a function of the Ga content x. (b) The device efficiency of the reference solar cells. The error bars reflect
the spread in the measurements, and the lines are guides to the eye.
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As mentioned above, the spectra shown in Fig. 3(d) for
x ¼ 0:33 were found at about 50% of the GBs. Other GBs
exhibited the behavior shown in Fig. 4. The spectra mea-
sured on these GBs exhibit a notable dip centered around
zero bias, in contrast to those measured on the center of the
adjacent grains that exhibit a very shallow dip. These data
thus manifest a significantly reduced DOS at the chemical
potential of the GB with respect to that of the grain center.
Such a behavior (and in fact very similar spectral features)
was reported by Mönig et al. for x ¼ 0:3 [11]. As pointed

out by these authors, the reduced density of deep-level
defects at the GBs, as manifested by these spectra, imply
a low recombination rate at GBs, which is beneficial for
solar-cell operation. However, the spectra presented in
Fig. 4 do not portray an explicit signature for band bending
or type inversion at the GBs, an effect that assists charge
separation.
Our STS and C-AFM data are in good agreement with

one another, in particular, when noting that Vc (see Fig. 2)
provides only a lower limit to the band bending. Both types

-0.5 0.0 0.5

0.0

0.3

 d
I/d

V
 (

ar
b.

 u
.)

 Sample Bias (V)

G

GB

(c)

GB

G

-1.5 -1.0 -0.5 0.0 0.5 1.0

0.0

0.5

1.0

dI
/d

V
 (a

rb
. u

.)

(d)

X = 0.33
GB

G

-1.5 -1.0 -0.5 0.0 0.5
0.0

0.2

0.4

0.6

dI
/d

V
 (

ar
b.

 u
.)

(a)

G

GB

GB

G
(b)

X = 0

(f)

X = 0.75

(e)

GB

G

FIG. 3 (color online). 0:5� 0:5 �m2 STM topographic images measured on CIGSe films with x ¼ 0 (a), x ¼ 0:33 (c), and x ¼ 0:75
(e) and corresponding tunneling spectra (b), (d), and (f) measured on grain centers (red curves, ‘‘G’’) and grain boundaries (blue
curves, ‘‘GB’’) at positions indicated in the respective images. The spectra presented in (d) exhibit a pronounced spectral shift,
manifesting downwards band bending at GBs to a degree that yields type inversion, from p-type (on grain) to n-type (on the GB). The
above spectra manifest also reduced DOS at around the band center at the GB with respect to the adjacent grain. In contrast, neither a
spectral shift nor a reduction in the GB DOS at the chemical potential is observed for x ¼ 0:75 (f). Note that the plots have different
scales.
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of measurements reveal band bending at GBs only for the
low Ga-content samples, with no signature of such an
effect for CIGSe films with x > 0:5. It should be noted
that such good agreement is by no means trivial, since,
unlike STS, the C-AFM results are affected also by the
bulk. More importantly, our tunneling spectra provide
evidence that the band bending may yield type inversion
at the GB surface (which should also extend somewhat into
the GB interior), namely, that they have n-type character.
Recent scanning capacitance measurements also suggest
such type inversion at the GBs of similar samples [17]. It is
important to note here that type inversion in GBs is as-
sumed to be an important ingredient in enhancing the
efficiency of polycrystalline-CIGSe-based solar cells, due
to its possible contribution to the minority-carrier
collection.

Another important observation provided by our local
probe measurement is the variation in the electronic prop-
erties among GBs within the same sample. In particular,
both STS and C-AFM data show that band bending takes
place only at �50% of GBs on the x ¼ 0:33 sample and
less abundantly for the x ¼ 0 and x ¼ 0:5 samples
(25%–30% and �10%, respectively). This behavior may
also have consequences related to the performance of
polycrystalline-CIGSe-based solar-cell devices. Band
bending at GBs improves the minority-carrier collection
and, consequently, increases Isc. At the same time, how-
ever, the recombination current along such GBs acts to
decrease the open circuit voltage Voc. Simulations show
that the latter effect dominates, and the device efficiency
should thus reduce [2,9,10]. It may be then that the fact that
only part of the GBs’ surface exhibit significant band
bending on the CIGSe films should be beneficial for the
cell performance, allowing, on the one hand, a better
collection efficiency with respect to the single-crystal cell
yet not hampering too much the Voc, on the other hand.

In summary, direct evidence for band bending at grain
boundaries of polycrystalline-CIGSe films, to an extent
that may drive the surface of GBs to become n-type, is
provided by scanning tunneling spectroscopy. Such a be-
havior was observed only for films with low Ga content,
x ¼ 0 and 0.33, but not for x ¼ 0:75 and 1. These findings
are consistent with C-AFM data obtained on the same films
that exhibited band bending only for x < 0:5. The good
correlation between the Ga-content dependence of the
band bending and the efficiency of CIGSe-based solar cells
points to the important effect the GBs have on the solar-cell
performance. In particular, the (p- to n-) type inversion at
the GBs surface observed in our tunneling spectra, most
clearly for the x ¼ 0:33 film, appears to be a key contribu-
tor to the maximal efficiency that was found for solar cells
consisting of x � 0:3 polycrystalline-CuðIn1-x;GaxÞSe2
absorbers. This follows the expected relatively efficient
minority-carrier collection in the GBs.
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FIG. 4 (color online). (a) 0:5� 0:5 �m2 STM topographic
image measured on a CIGSe film with x ¼ 0:33. (b) Two tun-
neling spectra, one measured on the grain center (red curve, G)
and the other on the grain boundary (blue curve, GB), at
positions indicated in the topographic image. A reduced DOS
around the chemical potential is observed at the GB, but no clear
signature for band shifts (band bending) is detected on this GB.
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