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There is a renewed interest in the electrical activity at grain boundaries in relation to the outstanding
performance of thin film solar cells based on CusIn,GadSe2. We observed electrical activity at grain boundaries
in CuGaSe2 thin films by locally resolved work function measurements, using Kelvin probe force microscopy
in ultrahigh vacuum onin situ prepared surfaces. By means of their electrical activity under illumination, we
identify different types of grain boundaries, presumably associated with different crystallite orientations. A
comprehensive discussion of the applicability of different models is presented.
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In comparison to grain boundaries(GBs) in Si,1 those in
chalcopyrite semiconductors are by far not as well studied
nor understood. Only very recently have some
experimental2–4 and theoretical studies5 been conducted, mo-
tivated by the remarkably high solar energy conversion effi-
ciencies of polycrystalline absorbers compared to those ob-
tained so far from single-crystalline ones. However, this
comparison appears slightly biased: crystalline chalcopyrite
solar cells have not received nearly as much effort in the
optimization as high efficiency thin film devices(see, for
example, the elaborate band gap engineering exercises in
NREL’s three stage process6). Reaching efficiency figures
close to 20% from any type of polycrystalline absorber(in-
cluding as well silicon or CdTe) necessarily requires a favor-
able behavior of the GBs. Experimental studies have demon-
strated electrical effects atp-type chalcopyrite GBs, both
indirectly by Hall and conductivity measurements2 and di-
rectly using Kelvin probe force microscopy(KPFM);4,7 re-
sults were explained according to a GB model developed by
Seto for Si, which assumes a depletion layer in the near-GB
region induced by some charge storage at interface states.8 A
typical band diagram for this “electronic” GB model for a
chalcopyrite absorber has been reported, e.g., by Schuleret
al. for CuGaSe2.

2 It bends downwards some 100 meV, rep-
resenting an electrostatic barrier for the transport of holes
(typically majority carriers) and a sink for electrons(minor-
ity ones), as sketched in Fig. 1(a). The depletion region on
either side of the GB plane results from positively charged
interface states. This band bending has been observed di-
rectly by Sadewasseret al. by laterally resolved surface po-
tential measurements using KPFM(Ref. 4) and recently con-
firmed by Jianget al.7 However, both studies used samples
exposed to air, thus possible contamination affecting the GB
electronics could not be excluded. The minor detrimental
role attributed to GBs in polycrystalline films is accounted
for within the frame of the “electronic” GB model by a cer-
tain reduction of the band bending at the GBs gained under
illumination (i.e., under solar cell operating conditions), as a
fraction of minority carriers are trapped at interface states,
reducing the net stored charge and thus the associated elec-
tric field and depletion region.

In contrast to the “electronic” GB model, a recent theo-
retical study using first-principles modeling of GBs for se-
lected grain orientations in CuInSe2 proposed the appearance

of an energetic barrier for holes arriving from the inner part
of the grains without the presence of interface charge at
GBs.5 A reducedp-d hybridization between group-I-cation
and chalcogen-anion states, due to Cu-vacancy surface re-
construction, was proposed to lead to an overall downward
shift of the valence band maximum in the near-GB region, as
schematically shown in Fig. 1(b). This model can indeed
account for the experimental observations based on elec-
tronic transport measurements mentioned above. Further-
more, the absence of available free holes at GBs prevents
electron recombination, minimizing the detrimental effects
for electronic applications as a result of minority carrier loss.
This “structural” GB model explicitly excludes built-in po-
tentials(i.e., stored charge) at GBs. This is understood as the
result of a self-compensation of electronic point defects by
their arrangement into neutral pairs of the type 2VCu

− +InCu
2+,

despite the fact that some gettering activity of GBs(for dif-
ferent types of impurities and in particular for Na) is ac-
knowledged in the model.

In p-type chalcopyrites(as used for solar cell absorbers),
both GB models, the “electronic” and the “structural” one,
lead to similar predictions for the behavior of majority car-
rier transport(i.e., in the electronics involved at energies
below the Fermi level); however, they should be discernible
on the basis of minority carrier effects at GBs, for example
by measurement of the local electronic properties observed
with a characterization tool allowing high lateral resolution
in the nanometer range.

FIG. 1. Schematic band diagram at a grain boundary.(a) “Elec-
tronic” GB model explaining the electrical effects at GBs as a result
of band bending induced by stored charge(Ref. 2) and (b) “struc-
tural” GB model, proposing a barrier for holes as a result of the GB
stoichiometry(Ref. 5).
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In this Brief Report we present laterally resolved work
function sFd measurements carried out by KPFM in ultra-
high vacuum(UHV). A UHV-clean rear surface of a chal-
copyrite compound(CuGaSe2—hereafter CGSe) is investi-
gated, revealing distinct electrical activity at GBs. The
results provide evidence for the presence of different types of
GBs in the films, as distinguished by illumination effects. A
comprehensive discussion of the applicability of the models
described above is given.

Polycrystalline thin-film samples were grown in a two-
stage process by chemical vapor transport onto Mo-coated
soda-lime glass with slightly Ga-rich final composition as
required for solar cell device processingsh.7%d, and were
peeled-off in UHV following a technique reported in detail
elsewhere.9,10 This sample preparation prevents postgrowth
air exposure and surface contamination which may affect the
extremely surface-sensitive contact potential
measurements.11 The cleanness of the procedure, i.e., the ab-
sence of substrate remnants after lifting the sample off, has
been positively tested by means ofin situ XPS measure-
ments, revealing no traces of Mo on the CGSe rear
surface.10,12 Nonetheless, traces of oxygen and carbon have
been found, which are attributed to air contamination of the
Mo-surface prior to sample processing. KPFM measure-
ments were performed using a modified Omicron UHV-
AFM/STM sp=10−10 mbard capable of simultaneously mea-
suring topography and contact potential between tip and
sample.13 PtIr-coated Si cantilevers were calibrated on a
highly oriented pyrolytic graphite sample before and after
each measurement, in order to obtain absolute work function
values and to prove the stability of the tip.

The topography image of the CGSe rear surface[Fig.
2(a)] shows a granular texture, corresponding to the base of
columnar grains(,3 mm long) with lateral dimensions be-
tween 50–400 nm; in contrast, typical grain widths at the
film top surface lie in the micrometer range. GBs can be
identified in the work function mapped in the dark in Fig.

2(b) by direct inspection and comparison to the topographi-
cal image, showing lower work function values than the
crystallite surfaces. This effect is clearly seen along a repre-
sentative line-scan shown in Fig. 3. Three adjacent grains
build up GBs A and B. The work function lowering associ-
ated with the GBs is different in magnitude by a factor of
approximately 2. Due to the flat topography of the absorber’s
rear surface(height range,90 nm), any possible influence
of surface roughness on the work function measurement can
be largely excluded.

It should be noted that this work function reduction at
GBs is, in principle, not sufficient to exclude the applicabil-
ity of the “structural” model: the results can still be inter-
preted in the frame of both “electronic” and “structural” GB
models. In the first case the presence of positively charged
interface states results in a downwards band bending at the
GB [see Fig. 1(a)]. In the latter case, the electronic structure
of the Cu-poor near-GB region above the Fermi level has to
be considered, in particular regarding possible deviations
from the inner grain electron affinity values. Persson and
Zunger calculated the electron wave function for an energy
corresponding to the conduction band minimum(CBM) of
the grain interior, which appears nonvanishing and continu-
ous through the near-GB region.5 This finding is, however,
not sufficient for assuming a flat conduction band at the GB.
In fact, a CBM offset has been predicted by Zhanget al.14

for the interface between1:1:2/1:3:5compounds(together
with the postulated valence band offset found in Ref. 5), the
latter compound being the result of the arrangement of those
defect pairs contemplated in Ref. 5 leading to the Cu-
poor-GB region.15

For an explanation of the observed work function reduc-
tion within the “structural” GB model, it is mandatory to call
for the presence of an interface dipole at the transition from
the grain interior to the GB phase, resulting in a step in the
local vacuum level[as schematically indicated in Fig. 1(b)].
The possible presence of interface dipoles at such interfaces

FIG. 2. KPFM measurement on the UHV-clean rear side of a
CuGaSe2 absorber film.(a) Topography(height range=92 nm), (b)
work function in dark s4.79–4.94 eVd, (c) work function under
illumination s4.88–5.01 eVd, and (d) SPV images41–140 mVd.
Different GB types are distinguished by the presence or absence of
SPV. The line represents the position of the line scan in Fig. 3.

FIG. 3. Line scan along the line in Fig. 2. Upper panel: A drop
in the work function(in darkness and under illumination) at the
position of the GBs is observed. GBsA andB are of different types
as indicated by their different SPV characteristic(lower panel); the
line is a smoothed curve of the data(gray line).
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is necessarily rather speculative; it is nevertheless interesting
to contemplate possible scenarios in which dipoles may play
a role in the present problem. The polar nature of free{112}
anion- or cation-terminated facets(those selected in Ref. 5)
makes them in principle highly instable in comparison to
nonpolar facets, due to the corresponding high surface en-
ergy contribution arising from the surface dipole. It is well
known, however, that{112} faceting occurs naturally on
nonpolar-oriented films grown by epitaxy.16 This energy in-
stability of polar surfaces is compensated by means of defect
and defect pair rearrangement of the type 2VCu

− +InCu
2+, lead-

ing to a Cu depletion in the near surface region, which ef-
fectively reduces the dipole contribution at metal-terminated
planes.17,18 One would thus expect that the proposed mecha-
nism responsible for GB formation led to a reduced interface
dipole. Nevertheless, the polar character of metal-terminated
planes can be enhanced by metal relocation, for instance by
means of Na in the form of NaCu, a possibility which is
explicitly considered in the “structural” model. Na would
increase the polar character of the layer while maintaining
the valence band offset expected from Cu depletion, due to
lack of d levels. We thus cannot exclude the presence of
dipoles for the discussion of the GBs, and consequently can-
not exclude the “structural” GB model from the interpreta-
tion of the observed work function reduction at GBs in mea-
surements conducted in the dark.

In the following we will present additional results provid-
ing more evidence regarding the distinction between the ap-
plicability of the two GB models. We base our study on the
electronics at energies above the Fermi level, i.e., on the
changes observed in the electrical activity at GBs induced by
excess electrons, acting as minority carriers. If GBs were
governed by “structural”(i.e., band offsets) rather than “elec-
tronic” (built-in potential) factors as described by the mod-
els, the impact of the excess minority carriers should only be
minor. Illuminating the sample with super-band-gap light(la-
ser diode,l=675 nm) results in an overall increase of the
work function [Fig. 2(c)] which saturates at high intensities
s,60 mW/cm2d, an effect attributed to a reduction of the
surface band bending in the scanned(sample-vacuum) sur-
face plane. In the ideal case high-intensity illumination
should lead to flat band conditions in the scanning plane(for
a critical discussion see Ref. 19). Even if flat band conditions
are not achieved, the presence of surface photovoltage
sSPV=Fill −Fdarkd implies (a) no pinning of the Fermi level
(e.g., due to surface contaminants or a high density of sur-
face states) takes place at the scanning plane and(b) the
extension of the depletion region toward the inner part of the
sample can be modulated by illumination. If the SPV at suf-
ficiently high light intensities were the only effect recorded,
we should expect a general shift of the work function at all
scanned positions. In Fig. 2(d) a SPV image of the scanned
area is presented, obtained by subtracting Fig. 2(b) (mea-
sured in darkness) from Fig. 2(c) (under illumination), which
shows the presence of at least two distinct GB types, one
showing a larger SPV than the grains(bright areas) and oth-
ers which do not show up. A representative line scan in
Fig. 3 shows a significant reduction of the work function
drop recorded at GBB under illumination, together with the
overall increase in work function attributed to SPV on the

scanned surface plane; this shows up as a characteristic peak
in the SPV line(bottom). At the same time, GBA shows
almost no change under illumination. This leads us to con-
clude the existence of different types of GBs, presumably
associated with particular crystallite orientations. This con-
nection between crystallite orientation and GB electrical ac-
tivity can explain the influence of film texturing on the per-
formance of high efficiency solar cells, in addition to a
favorable band alignment between absorber and buffer lay-
ers, a point which has not yet received sufficient attention
(preliminary studies have been conducted recently20) and
which may in our opinion be of fundamental importance for
further device optimization.

The reduction of the potential barrier at GBs associated
with illumination cannot be accounted for within the frame
of the “structural” GB model under the exclusive premise of
an interface dipole. The decrease of the work function fits,
however, into the “electronic” GB model: a reduction of the
potential barrier sketched in Fig. 1(a) is due to photogener-
ated minority carriers(electrons) being trapped at ionized
donorlike electronic states at the GB. The mechanism of
light-induced GB passivation within the “electronic” GB
model does not seem to apply equally to all types of GBs.
For example, the behavior of GBs of typeA, which shows
almost no change under illumination, might well be ex-
plained to a large extent by the “structural” GB model. On
the other hand, the illumination-induced change in the GB of
typeB does require the “electronic” GB model. A semiquan-
titative analysis of GB properties within the “electronic”
model can be performed according to the model developed
by Seto for the case of moderate doping concentration of the
crystallites.4,8 The net doping concentration of the crystallites
forming GBB is found to bePnet=1.831016 cm−3. The den-
sity of charged states located at boundaryB can be estimated
to Pgb=1.931011 cm−2; this is well below the estimated
threshold leading to Fermi level pinning at the interface,
,1013 cm−2 as reported by Rauet al.,21 in clear agreement
with the observed SPV effect. It should also be mentioned at
this point that the overall film composition may also play a
role in the GB issue. Specifically, Schuler’s samples used for
Hall measurements and explained within the frame of the
“electronic” model were prepared under Cu-rich conditions.2

As Cu depletion is generally related to Cu-poor overall com-
positions, it cannot be excluded that the proposed mechanism
of GB formation in the “structural” model does not apply
equally well to samples grown under Cu excess. In other
words, the applicability of the “structural” and the “elec-
tronic” GB models for interpreting results may depend on the
type of samples considered(including as well high- and/or
low-band-gap chalcopyrites).

In summary, the results presented show the presence of
GBs with distinct electrical activity in polycrystalline chal-
copyrite thin films. The “electronic” GB model does repre-
sent an important contribution to the GB electronics. It is
concluded that a single shift of the valence band at GBs
resulting from a reducedp-d hybridization due to Cu deple-
tion, as proposed in the “structural” GB model,5 is not the
only mechanism involved in the electronics of GBs. This is
clearly indicated by the illumination-induced electronic ac-
tivity, which is necessarily linked with deviations from crys-
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tallite bulk electronic properties between the Fermi and local
vacuum levels. However, we cannot exclude a contribution
of the “structural” GB model. In this respect, Fig. 2(d) is
representative of a scenario in which different types of GBs
must be taken into account in order to fully understand the
film electronics. A theoretical prediction of electron affinity
values associated with Cu-poor compositions of chalcopyrite

compounds and the possible presence of dipoles would cer-
tainly shed more light on the intriguing issue of the structural
and electronic properties of GBs.
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