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Abstract

Local electrical transport measurements with scanning probe microscopy on polycrystalline (PX) p-CuInSe2 and p-Cu(In,Ga)Se2 films

show that the photovoltaic and dark currents for bias voltages smaller than 1V flow mainly through grain boundaries (GBs), indicating

inversion at the GBs. Photocurrent for higher bias flows mainly via the grains. Based on these results and our finding of �100meV GB

band bending we deduce the potential landscape around the GBs. We suggest that high grain material quality, leading to large carrier

mobilities, and electron–hole separation at the GBs, by chemical and electrical potential gradients, result in the high performance of these

PX solar cells.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Several types of thin-film polycrystalline (PX) solar cells
with p-CdTe and chalcopyrites (p-CuInSe2; CIS, and
p-Cu(In1�xGax)Se2; CIGS, with xo0.3) as absorbers
exhibit cell efficiencies that surpass those of the corre-
sponding single-crystal-based devices. This is remarkable
as the electrical behavior of PX electronic materials is often
interpreted in terms of defects and impurities, which are
thought to segregate at the grain boundaries (GBs) and
create in-gap localized states that serve as traps. Free
charge carriers are then trapped in these GB states, creating
a depleted space charge region next to the boundaries, and
a potential barrier for electronic transport between
adjacent grains [1]. However, for example for CIS, the
highest reported single crystal efficiencies are 11–12% [2],
compared to empirically optimized �15% for PX cells
(without Ga) [3]. A similar situation holds for CdTe/CdS
cells, for which we showed [4,5] that the band bending is
e front matter r 2006 Elsevier B.V. All rights reserved.
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strong enough for the GBs to become inverted. As a result,
the spatial separation of photo-generated e–h pairs is
helped and the minority carriers in the bulk of the grains
(electrons here) are channeled along the continuous
network of GBs as majority carriers, with minimal e–h
recombination [4–7].
These and other possible PX solar cell configurations [6]

were considered theoretically already more than 20 years
ago [8]. Models, based on GB electrical potential barriers
have also been suggested to apply to CIS and CIGS, based
on experimental results from various spatially resolved
techniques [9–13]. Also a ‘‘structural’’ model for the
formation of a hole barrier at the GBs was suggested
[14], by assuming that GBs behave as the materials’
surfaces, which were earlier [15] found to be Cu-poor
(cf. also ref. 12). The presence of Cu vacancies increases the
ionization potential, yielding a wider surface bandgap [16],
thus forming a barrier for hole transport. Because, in this
model, a GB is taken as two adjacent free surfaces, it
implies a GB hole barrier, if electrostatic effects are
considered [1]. In this case the barrier does not result from
electrical charges and was suggested [14] to be beneficial for
charge transport, as electrically active defects are usually
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effective recombination centers, an idea further explored by
modeling [17,18]. Hitherto, it has not yet been possible to
confirm the predicted (sizeable) GB bandgap widening [12],
and one report even suggests some GB bandgap narrowing
[19]. We note in passing that in the case of PX CdS, our
measurements indicated that GBs actually have a smaller
effective band gap than the bulk [20]. Here we present
conductive atomic force microscopy (C-AFM) measure-
ments performed on PX CIS and CIGS films, which yield
information on the local electrical transport properties of
these systems. Our data suggest that the enhanced
performance of solar cells based on these PX materials
results from the combination of large mobility of both
electrons and holes in the grain interiors, and the photo-
carrier charge separation by chemical and electric potential
gradients at the GBs.
2. Experimental

The �2 mm thick PX CIS and CIGS films were deposited
on soda-lime glass substrates, coated by 1 mm thick Mo
layer, using the three-stage co-evaporation process, devel-
oped for optimal cell efficiencies and described elsewhere.
[21–23] With this process no phases that are deleterious for
cell performance, such as CuxSe, are present in the films.
Cross-sectional scanning electron microscopy (Fig. 1) and
scanning capacitance microscopy [4] images show that
there are several (typically 2–4) grains within the thickness
of the studied films, without evidence for other conductive
phases. The scanning capacitance measurements also
showed that there is no buried homojunction in the
structures (at least within the resolution of the method)
[4], as will be discussed elsewhere. The Mo layer served
as a back contact (counter electrode to the conductive
AFM tip) in the C-AFM measurements. The C-AFM data
were acquired under either ambient or dry N2

atmosphere conditions, showing no significant difference.
Fig. 1. Cross-sectional scanning electron microscope picture of typical

CIGS /CdS sample with, at the bottom, the Mo layer, in the centre the

CIGS film and on top the CdS and ZnO. The bar is 1 mm (complete

horizontal width of figure is 3.5 mm). Note that the samples used in the

present study were without the ZnO and CdS layers.
The tip–sample contact area has a diameter of �10 nm
(based on estimates from the Hertzian model, cf. Ref. [4]).
Therefore, with a typical current of 0.1 nA (see below), the
current density is �100A/cm2. Since the scan rate was such
that the tip stayed locally within the given contact area for
less than 1ms, the electron dose was rather low, of only
1018 electrons/cm2. Consequently, the sample was not
damaged in the course of measurements, as manifested
by the reproducibility of our topography and current maps.
An original feature in our C-AFM measurements is the

ability to acquire simultaneously both dark current and
photocurrent images (along with the topography) under
identical tip pressure (and electrical contact). This is
achieved by implementing a two-pass technique, in which
the current in the second pass is measured with the AFM
laser turned off (using the stored topographic information
gained during the first pass). In this way, the dark and
photocurrent measurements are performed on exactly the
same location, with identical tip pressure (or electrical
contact). This method thus allows separating dark from
photo effects also for materials with a bandgap smaller

than the photon energy of the AFM laser.
The AFM laser intensity (1mW) is focused to a 100 mm

diameter. The light impinges on the tip-sample contact area
only after being scattered by the cantilever, as the
cantilever shades the tip-sample contact area. As a result
only a few percent of the original intensity reaches the
relevant area. Considering these two factors leads to an
estimated illumination intensity of the order of one to a few
suns, comparable to that in operating solar cells. In
addition, since the space-charge region width is typically
of the order of a few Debye lengths (�100 nm for Debye
length of 20–40 nm), also the electric field at the tip/sample
interface is similar to that operative in a working solar cell,
�104V/cm.

3. Results and discussion

Fig. 2 shows C-AFM results in the dark (2(a) and (b))
and under AFM laser illumination (2(d) and (e)) at low
positive sample bias. The corresponding topographic image
in which the grains and GBs are clearly seen is presented in
Fig. 2(c). In this low-bias range the dark currents are
always positive (i.e., correspond to the bias direction) and
are much higher at the GBs than elsewhere. However,
under illumination, a negative photocurrent (i.e., opposite
to the applied bias voltage) flows through the GBs for low
enough bias (depicted by the dark regions along the GBs in
current image 2(d) and by the red line in the current
histogram presented in Fig. 2(f)). This negative current
decreases and turns positive in certain GBs at �100mV
bias, as demonstrated by current image 2(e) and by the blue
line in the histogram. By varying the total intensity of the
above-bandgap light, using various external light sources
(e.g., red and green light lasers), we confirmed that Fig. 2(e)
represents the situation under saturated illumination,
meaning that the total band bending at the GBs is
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Fig. 2. (a) and (b): Current images in the dark (laser off) at 50mV (a) and 100mV (b) of CuInSe2 on Mo films. (c) Topography of the 2� 2 mm2 area

scanned in the current images (color scale range: 300 nm). (d) and (e) Corresponding current images with the laser on, at 50mV (d) and at 100mV (e). Note

that the dark current is positive in both cases (current ranges: 0.3 nA in (a) and 0.5 nA in (b)) while the photocurrent is negative for bias voltages below

100mV. (f) Current histograms that give statistical information on the current flowing through the entire scanned area, i.e., for the number of pixels

(proportional to the area) at which each current is achieved: red line (negative current only) corresponds to the current image in (d) and blue line (both

negative and positive currents) corresponds to the image in (e). C-AFM images were measured using a Solver (NT-MDT) AFM, with Pt-coated tips

(Micromesh). Bias polarity is that applied to the sample.
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�100meV. We note that the current is not always seen
along the entire GB, and varies somewhat between GBs.
This is because of variations among GBs, due to differences
in crystallographic orientation, contaminants, tip-GB
contact quality and in the series electrical connection with
the Mo back contact.

In Fig. 3 we show results from C-AFM experiments
under steady (AFM-laser) illumination on CIGS while
changing the applied bias along the scan, as indicated by
the voltage values shown to the right. These data are also
consistent with GB band bending of �100meV. Here too,
no effect of an additional external light source was seen.
We note that this band bending is much less than what we
found at CdTe GBs [4]. There, our scanning capacitance
microscopy measurements showed that �500mV is re-
quired for photocurrent sign inversion at the GBs [4,5].
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Fig. 3. C-AFM 5� 5mm2 measurement performed on a CIGS on Mo film with the AFM laser turned on, while varying the bias voltage during the

measurement. The topographic image is presented in (a) and the current image in (b). The voltages were changed along the scan, from top to bottom to

values and at positions shown to the right. Note the change in current polarity taking place at V ¼ 100mV. The images were acquired using a Dimension

3100 (Veeco) AFM, with Pt-coated tips (nanosensors). The photocurrent range is 5 nA.
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The observed photocurrents show that there is �100mV
electric potential difference acting as a photovoltaic (PV)
junction at the tip/GB contact. From the lack of a PV
effect at the grain surface we deduce that the observed
potential difference exists only at the GBs. At the grain
surface the corresponding field does not induce observable
current, possibly due to faster recombination at the surface
than at the GBs, which, thus, are different from the grain
surfaces [24,25]. Such GB barriers agree with those
deduced from scanning Kelvin probe results [9–11] and
with conclusions drawn from macroscopic electrical
measurements [26,27] and simulations [17,18].

In contrast to the above results, we found that for high
bias voltages (X1V) the current through the grains, under
illumination, actually exceeds that through the GBs, as
shown in Fig. 4. This finding and the fact that the preferred
current routes did not change with tip pressure, rules out
any contact-related artifacts in our current images. More
fundamentally, this bias-dependent change in the preferred
current routes shows that our results cannot be ascribed to
differences between the hole mobilities in the grains and
GBs, because, if this would have been the case, the
dominant current routes should have been the same at
high and low biases [28].

The observation of a higher dark current in the GBs
(Fig. 2) can be explained by one of the following scenarios:
(1) accumulation of holes in the GBs; (2) depletion of holes
but with improved mobility in the GBs (compared to the
grain interior); (3) inversion of the dominant carrier at the
GBs. (1) is ruled out in view of ample experimental
evidence for a hole barrier at the GBs (see e.g., Refs.
[10,29]). (2) is very unlikely as it (a) implies an unphysical
higher hole mobility at the rather disordered tissue of the
GBs than in the grain interior, and (b) being inconsistent
with the change of the dominant conduction path with
applied voltage (41V), as seen in Fig. 4. This leaves
scenario (3), which implies a potential landscape around
the GBs, as proposed below.
To account for inversion at the GB the energy difference
between the conduction band edge, Ec, and the Fermi level,
EF, should a priori be smaller than that between EF and the
valence band edge, Ev. With a typical (EF—Ev) of �0.2 eV
in these PX materials [17,22] and the 0.1 eV band bending
that we find, a valence band offset of the order of about
0.4 eV is needed. Fig. 5 illustrates our suggestion for the
corresponding potential landscape in PX CIS and CIGS.
We note that such a scenario was proposed previously,
based on two-dimensional [18] and one-dimensional
modeling [17]. In fact, since it is generally accepted that
the electron mobility in these system is an order of
magnitude larger than the hole mobility [17,18], electrons
can become the dominant carriers in the GBs even without
full inversion, reducing the required valence band offset by
�0.1 eV. The corresponding band offset value is now in the
range of 0.3 eV, within the range of available theoretical
predictions [14,18].
The potential landscape presented in Fig. 5 is consistent

with our results that indicate charge separation (and,
consequently, preferred current routes) at GBs, even at a
bias larger than 0.1V, i.e., at voltages beyond the band
bending deduced from our data. We ascribe this to the hole
barrier induced by the valence-band offset at the GBs, as
calculated before [14], but which adds to the electrostatic
band bending induced by GB defect states [17,18]. Then, at
low enough bias, electrons traveling through the grain bulk
are more likely to recombine with holes (the majority
charge carriers in the grain bulk) than are electrons
transported along the GBs.
At very large bias (41V) the holes can, by tunneling and

field emission, overcome the rather large, yet spatially
narrow (a few unit cells) barrier induced by the valence-
band offset. The observed large currents that flow through
the grains (Fig. 4) are consistent with improved material
quality of the grains due to defect segregation at GBs [30].
We note that these high bias conditions are relevant for PV
operation of the cell because here the voltage is applied
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Fig. 4. (a) Current image of PX CIS on Mo film, measured under AFM laser illumination with a bias of 2V on the 800� 300 nm2 area, shown in the

topographic image (b). (c) Current variation along the cross-section taken along the line marked in (a). The color scale range in the topographic image is

200 nm.

Fig. 5. Suggested schematic potential landscape for CuInSe2 in the

vicinity of a GB that can account for dominant electron transport at the

GBs in the dark. The (x) length scale is about 0.5–1mm.
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over all of the 2 mm thick absorber film while the PV
voltage drops over a fraction of a mm.

The difference we found between the high- and low-
voltage behavior helps to understand the fundamental
conduction processes in the cell. Since the mobility is not
expected to vary significantly with bias voltage, and is
likely to be higher in the grains than at and near the GBs,
we conclude that the conduction process at higher voltages
is dominated by inter-grain transport. This transport
process becomes more effective at voltages that are large
enough to overcome the inter-grain potential barriers.
Once such voltages are exceeded, the system can benefit
from the relatively high grain interior mobility, made
possible by high intra-grain material quality due to defect
migration to the GBs [30]. As described elsewhere, similar
experiments with PX CdTe did not reveal such a change in
the dominant conduction paths with increasing voltage (up
to a few V) [4]. This is consistent with the much larger band
bending (�500meV), and consequently larger barrier to
inter-grain transport [5] in the latter system.

4. Conclusion

Our results imply that the mechanism leading to
improved solar cell performance in PX CIS- and CIGS-
based devices is both similar to, and different from that for
the CdTe-based ones. In the latter, it is due to the spatial
separation of photo-generated electron–hole pairs, which is
induced by the large electrostatic band bending at the GBs,
which reduce their recombination rate, at the expense of
some loss in open-circuit voltage. In the present case, the
photo-generated electron–hole pairs are separated by the
electrochemical, i.e., the combined, chemical and electrical,
potential gradients around the GB (cf. also ref. 17 for a
discussion). In addition, it is likely that the high crystalline
purity, leading to large carrier mobility in the grains, as
well as the GB-induced partial separation of carriers, are
the combined cause for the overall improvement of the
photovoltaic behavior in the corresponding solar cells.
The data presented here along with those reported earlier

[4–6,9,20] manifest the power of combining various local
probe microscopy techniques to understand the electrical
properties of PX materials and, thus, to help optimize PX
electronic materials in general and PX-based PV devices, in
particular. In terms of grain distribution, we repeat our
earlier conclusion (for CdTe cells) that the smaller the
number of grains that are positioned in between the
window and electrode, the better will the cell performance
be [4,5]. Clearly, as discussed above, other factors will
enter, such as the grain interior quality.
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