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Abstract

The unusual defect chemistry of polycrystalline Cu(In,Ga)Se; (CIGSe) thin films is a main
issue for a profound understanding of recombination losses in chalcopyrite thin film solar cells.
Especially impurity driven passivation of electronic levels due to point defects segregating at
the surface and at grain boundaries is extensively debated. By combining current imaging tun-
neling spectroscopy with photoelectron spectroscopy, the local defect level density and unusual

optoelectronic grain boundary properties of this material are correlated with the macroscopic

*To whom correspondence should be addressed
TWestfilische Wilhelms-Universitit Miinster
fCenter for Nanotechnology (CeNTech)
THelmholtz-Zentrum Berlin

$These authors contributed equally to this work.



energy levels and surface composition. Vacuum annealing of different CIGSe materials pro-
vide evidence that sodium diffusion from the glass substrate does not affect the surface defect
passivation or grain boundary properties of standard Cu-poor materials. Furthermore, we find
no major impact on the observed thermally activated dipole compensation or the accompany-
ing change in surface band bending (up to 0.6eV) due to sodium. In contrast, Cu-rich CIGSe
shows an opposing surface defect chemistry with only minor heat induced band bending. Our
results lead to a comprehensive picture, where the highly desirable type inversion at the p/n-
interface in standard chalcopyrite thin film solar cells is dominated by band bending within the
CIGSe absorber, rather than the result of Na impurities or a n-type defect phase segregating at
the interface. This is in accordance with recent studies suggesting a surface reconstruction as

origin for the Cu-depletion and band gap widening at the surface of chalcopyrite thin films.
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Introduction

In the last two years chalcopyrite thin film solar cells based on CIGSe as absorber material have
shown record conversion efficiencies of up to 21.7%, most remarkably exceeding the performance
of conventional devices based on polycrystaline silicon.'™ The standard device structure and a
corresponding energy level diagram of the heterojunction is sketched in Figure 1. Excellent ab-
sorption properties of the CIGSe material, the superior long-term stability and the possibility to
apply large area thin-film deposition techniques for module production lead to an attractive bal-
ance of cost and efficiency for this technology. Further efficiency improvements above 25% seem
to be possible via improvements of the open circuit voltage and the fill factor.* However, this re-
quires a profound understanding of recombination mechanisms, which are strongly related to the
complex defect chemistry of the chalcopyrite material. In fact, these devices are by far not as well

understood as conventional silicon solar cells, which is mainly due to low formation energies for
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point defects and the related high tolerance for off-stoichiometry.5~” Understanding the factors,
which determine the anomalous optoelectronic grain bounary properties and the defect level den-
sity at the CIGSe/CdS heterojunction is probably the key for further efficiency gains. In particular,
with a grain size of about 1 —2um, chalcopyrite thin films exhibit an extremely high density of
grain boundaries, which is orders of magnitude higher as compared to crystalline silicon based
devices. Considering grain boundary recombination a major loss mechanism for the device perfor-
mance, the high efficiency of chalcopyrite based solar cells is astonishing. Therefore, chalcopyrite
grain boundary properties have been subject to intense controversial discussion in literature for
many years. 314

As it concerns the defect chemistry at the CIGSe/CdS interface a Cu-deficient surface layer,
which is observed at the free CIGSe surface, is believed to largely determine the electronic proper-
ties and recombination losses. !> The pronounced surface Cu-depletion with respect to the bulk of
slightly Cu-poor grown material lowers the valance band maximum at the surface/interface leading
to a band gap widening of about 200 —300meV relative to the (integral) bulk band gap (1.2eV)
(Figure 1b).!6!7 Furthermore, the surface Cu-depletion is believed to be closely related to a type
inversion at the interface and at the free surface.!> However, its structural properties and in par-
ticular the extension in depth d of the absorber are subject of an ongoing debate. As shown in
the energy level diagram in Figure 1b, the importance of this subject is based on the fact that this
thickness strongly affects the barrier for the thermionic contribution to interface recombination
currents. A thickness d restricted to only a few atomic layers would strongly increase tunneling
contributions, whereas a spatially more extended Cu depleted region would prevent tunneling as
source for interface recombination.

Explaining the surface Cu-depletion, there are three main models under discussion: (i) a defect
phase with bulk-like properties and n-type conductivity segregating at the surface, '>!® (ii) electro-

migration of Cu atoms in the surface field of the space charge region into the bulk, '*-!

and (iii) a
surface reconstruction model, where under Cu-poor conditions only the top few atomic layers are

subject to elemental rearrangements involving a high density of Cu vacancies and (In,Ga)-on-Cu
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Figure 1: (A) Schematic diagram of the standard device structure of a chalcopyrite thin film solar cell. The 2um
CIGSe absorber is grown on a 1um Mo back contact. The window layer consists of 0.5um ZnO and a 50nm CdS
buffer layer. The CIGSe side of the absorber/window interface is Cu depleted with respect to the bulk composition. (B)
Corresponding energy level diagram in the range of the heterojunction (redrawn after Klenk and Lux-Steiner).? The
Cu depletion leads to a lowering of the valence band maximum. CBM: Conduction band minimum; VBM: Valence
band maximum.

Regarding both, the CIGSe/CdS interface as well as grain boundaries, the crucial question be-
comes if passivation mechanisms in the material are intrinsic or due to the presence of impurities
like oxygen, elements from the window layer (Cd, Zn, or S), or due to sodium diffusion from the
glass substrate.®10-12.26-30 1 fact, the introduction of alkali metal containing soda lime glass as
substrates for the devices led to significant efficiency improvements in the early 1990s. Meanwhile
Na is known to diffuse during film growth into the chalcopyrite film where it accumulates at grain
boundaries and at the surface/interface. 3132 Moreover, the development of additional alkali metal
post deposition treatments have led to the very recent efficiency gains.!~> Both the beneficial ef-
fects of Na diffusion from the glass substrate as well as the post deposition treatments are barely
understood.

Usually, defect spectroscopy of semiconductors is performed with integral methods, which
only allow indirect conclusions about the localized defect chemical properties at interfaces. There-
fore, in the present work we investigate the local electronic defect density of different CIGSe
samples by scanning tunneling spectroscopy (STS), which is a well established tool in surface
science to experimentally assess the density of states of a sample on a nanometer scale. In STS
experiments the tunneling current between a sharp metallic tip and the sample surface is analyzed

as a function of applied bias voltage I(U). The differential conductivity can be approximated to



be proportional to the density of states dI/dU o< DOS. By controlling the bias voltage polarity in
the measurements occupied and unoccupied states can be probed in an energy range of a few eV
around Eg. By recording I(U) spectra on a fine equally spaced grid (current imaging tunneling
spectroscopy (CITS)), dI/dU maps are obtained, which are interpreted in terms of the local elec-
tronic defect level density at different energies eU. Furthermore, locally resolved STS allows to
study lateral band bending effects at grain boundaries.3*3* Combining dI/dU mapping with UV,
soft-, and hard X-ray photoelectron spectroscopy (UPS/XPS/HAX-PES) allows to correlate the
local defect level density with the integral energy level alignment, dipole formation, and chemical
composition at the surface of the investigated CIGSe samples. Please note that in general these
techniques can be classified as surface sensitive. Nevertheless, they comprise slightly different
information depths: synchrotron excited HAX-PES allows to control the information depth via the
tunable excitation energy in a range of 6 to 25nm; XPS experiments have usually a information
depth of 3 —5nm; UPS experiments can be estimated to probe about 1nm; in STS the tunneling
current is governed by the outermost orbitals, leading to an information depth even below 1nm.

In our study, we compare standard Cu-poor CIGSe, grown by elemental co-evaporation, with
and without a sodium diffusion barrier at the Mo back contact. In addition, Cu-rich samples, where
the growth process was terminated during the Cu-rich growth stage, are investigated to assess the
effect of the integral Cu content on the defect chemistry and electronic properties at the surface
and at grain boundaries. In the following these samples are referred to as Na-free, standard, and
Cu-rich CIGSe, respectively.

Unexpectedly, our results show that the presence of sodium can be excluded as origin for
passivation and lateral band bending at grain boundaries of standard absorber layers. Furthermore,
we provide experimental evidence that surfaces of slightly Cu-poor chalcopyrite thin films can
intrinsically passivate electronic surface defect levels and compensate surface dipoles without the
presence of impurities like alkali metals, oxygen, or elements from the window layer. Both sample
materials with and without Na diffusion barrier show a pronounced increasing surface downward

band bending of up to 600meV induced by a heat treatment in ultrahigh vacuum (UHV). This is in



contrast to the Cu-rich material, which after removal of secondary phases from the surface shows
hardly any change in the surface band alignment. These findings show that the type inversion
at the surface of standard chalcopyrite materials is dominated by band bending, rather than the
segregation of a bulk like defect compound with n-type conductivity at the surface. The absence of
any significant lateral and vertical band bending effects in case of the Cu-rich material suggests that
in case of standard Cu-poor grown CIGSe, copper vacancies and (In,Ga)-on-Cu antisite defects at
the surface or grain boundaries are responsible for an accumulation of positive charges inducing
the lateral and vertical band bending in this case.

The HAX-PES experiments for standard CIGSe samples provide evidence that after oxide re-
moval and subsequent UHV heat treatment the resulting surface type-inversion goes along with a
surface Cu-depletion extending only a few atomic layers into the bulk of the absorber. At the same
time the compositional analysis by XPS shows only a negligible correlation of the surface Cu
content with the degree of surface band bending, suggesting only minor effects due to electromi-
gration as driving force for the surface Cu depletion. However, our findings are in agreement with
the theoretical model proposing a defect induced surface reconstruction, where recent theoretical
advances demonstrated its capability to not only provide an explanation for the surface Cu deple-
tion and dipole compensation, but also for the surface band gap widening of standard chalcopyrite

absorbers. ©

Results

The polycrystalline CIGSe thin films were grown by a multi-stage co-evaporation process with an
intermediate Cu-rich growth phase on molybdenum coated float glass substrates.® The integral
gallium content of all samples was [Ga|/([In] + [Ga]) ~ 0.3. CIGSe thin films were grown on
two different types of substrates under standard conditions within the same process, resulting in
a slightly Cu poor integral composition of about [Cu|/([In] + [Ga]) = 0.78. To prevent sodium

diffusion from the glass substrate into the chalcopyrite film for one of the samples, a commercial



Mo-coated substrate with an integrated sodium diffusion barrier (Saint Gobain, Mo-SP++) was
used alongside a Mo-coated standard float glass substrate. A third sample was grown in a pro-
cess, which was terminated after the Cu-rich growth stage resulting in an integral composition of
[Cu]/([In] + [Ga]) = 1.05. Tt is well known that at this growth stage the Cu excess leads to the
segregation of Cu,_,Se phases at the surface. !> These copper selenides can easily be removed by
an etching treatment in a wet chemical KCN solution. 3¢ After KCN etching we found the integral
Cu content reduced to [Cu]/([In] + [Ga]) = 0.93, which can be attributed to the removal of the
Cu,_,Se phases. The presence prior to and removal of copper selenides after the KCN etching
was verified by scanning electron microscopy (Figure S1). Although, this sample state shows a
slight Cu-deficiency, in the following we label it as "Cu-rich sample" referring to its growth under
Cu-rich conditions. Generally, exposing chalcopyrite surfaces to such a KCN treatment removes
oxides and surface contaminants. Thereby it is pointed out that a KCN treatment of (standard)
Cu poor grown absorber films does not alter the conversion efficiency of the finalized solar cells,
rather it preserves the surface Cu depletion and allows to recover the photovoltaic properties of
aged chalcopyrite absorbers.?*37-38 To obtain defined and comparable surface conditions prior to
our measurements, corresponding samples were etched in an aqueous KCN solution (5%) for 3
minutes (unless otherwise stated). After the etching and subsequent rinsing in purified water the
samples were, without further air exposure, immediately transfered via an inert gas glove box into
the STM or XPS/UPS UHYV systems. In case of the HAX-PES experiments an air exposure of the
samples during transfer into UHV of less than 30 seconds could not be avoided.

Figure 2 shows dI/dU maps at various bias voltages for standard, Na-free, and Cu-rich grown
CIGSe. The data are presented for both the state after KCN etching and after a subsequent heat
treatment at 280°C in UHV for 30min. As it will be shown later, at this temperature Na diffusion
from the glass substrate to the surface is activated. On the very right of Figure 2 corresponding
dI/dU(U) spectra are shown from the centers of three different grains, where the spectra are
averaged over the rectangular areas indicated in the corresponding topography images for each

data set. First it is noted that the data for standard and Na-free CIGSe show very similar signatures.



After KCN etching both materials show a metallic dI/dU characteristic with a high density of
defect levels in the energy range of the band gap. Only very few grains show a slightly reduced
differential conductivity around Er (U = 0 V) as for example grain 2. We rarely find such partly
passivated grains on standard CIGSe surfaces. An assessment of available data sets allowed to
estimate that about 5 to 10% of the surface area show such a reduced defect density on whole

grains, which is probably related to a particular grain orientation.
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Fi gure 2:dl /dU maps at various bias voltages for standard, Na-free, and Cu-rich grown CIGSe before and after the
UHYV heat treatment at 280°C. The contrast color scales at the bottom are the same for all images in one column. The
blue areas in the dI/dU maps at U > 0.5V indicate sites where the current limit of the measurement (5nA) is exceeded.
The diagrams on the very right show spectra, which are averaged from the areas surrounded by the black rectangles
in the topography images. On the bias voltage axis the corresponding energy ranges of the valence- and conduction
bands (VB, CB) are indicated. Thereby, the valence band maximum is in accordance with photoelectron spectroscopy
measurements for the state after UHV annealing in each case. Complete data sets are provided as dI/dU movies (see
Supporting Information). Image size is indicated by a 400nm scale bar in the lower left of the topography images.
Set-point values (U;[) in the different data sets are (from the top to bottom): (—2.0V;0.70nA), (—2.0V;0.40nA),
(—2.0V;0.40nA), (—2.3V;0.30nA), (—2.3V;0.55nA), (—2.3V;0.55nA).



At grain boundaries, the dI/dU maps at U = OV of the KCN etched state for the standard and
Na-free samples in both cases show a reduced dI/dU contrast. As previously reported for as grown
and KCN etched standard CIGSe films, this can be attributed to a reduced density of (deep) de-
fect levels close to Ef at grain boundaries. >3 In addition to this grain boundary passivation both
studies reported a distinct downward band bending toward the grain boundaries. Interestingly, an
analysis of single STS spectra from the CITS data sets of the standard and Na-free samples at var-
ious distances from grain boundaries reveals a comparable lateral downward band bending toward
the grain boundaries. This can be estimated by extracting single dI/dU spectra from different
distances of various grain boundaries (see Figure S2 and S3) showing distinct shifts in the spectra,
which leads to pronounced gradual characteristics in the dI/dU movies at positive bias voltages
(movies provided as Supporting Information). Please note that directly on grain boundaries the
band bending effect and changes in the density of states are present at the same time. Therefore,
in Figure S2 and S3 we discern these two effects.

After UHV annealing of the standard and Na-free samples the surface defect levels are largely
passivated for both with only minor lateral inhomogeneities from grain to grain or at grain bound-
aries. The corresponding STS spectra (4 to 6 and 10 to 12 in Figure 2) can be compared with the
assumed energy level alignment at the surface, which is indicated at the bias voltage axis. Here, the
(VBM) was determined by photoelectron spectroscopy for the sample state after UHV annealing
(Figure S5). The alignment of the CBM is estimated by assuming an enlarged surface band gap of
1.4eV, which is in agreement with reported values in literature. ®16-17:3939 Ag the density of states
in the conduction band is about an order of magnitude lower as compared to the valence band,
the STS data do not allow to directly determine the band gap. However, the STS spectra show a
reasonable agreement with the indicated band gap region.

While the STS data of the standard and Na-free absorbers show very similar STS character-
istics, the Cu-rich grown material shows significant differences. After KCN etching the surface
appears widely passivated, where we do not observe any significant band bending effects (see Fig-

ure S4 and corresponding dI/dU movie, Supporting Information). However, there are small areas



with an extremely high differential conductivity at positive bias voltages (see e.g. averaged spectra
# 15). Within these areas band bending effects are observed pointing to upward as well as down-
ward band bending toward grain boundaries (Figure S4). From the analysis of several data sets we
estimate that about 5 to 10% of the surface shows such high conductance. Disregarding these high
conductance areas, the spectra show semiconducting characteristics (spectra 13 and 14, Figure 2).
After UHV annealing no significant changes of the band gap or its alignment with respect to Ef
is observed. Only the mentioned areas with extremely high differential conductivity seem to be
absent or significantly reduced in dI/dU at U > OV. In the same way as for the other two samples,
the energy level alignment for the case after UHV annealing is shown at the bias voltage axis.
Hereby, we considered a surface band gap, which is 0.2eV smaller than in the case of the Cu-poor
grown material.®

To elucidate compositional and electronic changes of the three different materials due to the
UHV heat treatment, XPS experiments were performed. For each sample, first the KCN etched
state was measured. Then it was subsequently heated to various temperatures (each for 30 min) in a
range of 100°C < T <320°C in UHV. To analyze potential heat induced compositional changes we
quantitatively evaluated XPS core level intensities /¥, determined by calculating the peak areas.
These experimental intensities are then corrected by the corresponding sensitivity factors for our
experimental setup. In the following the resulting corrected intensities are termed /¥ for the core
level y,,. Please note that assuming the concentration of an element & to be constant in depth, the
corrected intensities are a direct measure for the concentration II’/ " — Cy. However, as discussed
below, the investigated CIGSe materials show concentration changes within the XPS information
depth. Therefore, we analyze our data strictly in terms of the corrected intensities.

Figure 3 displays the [€U2P /(JIn3d 4 jGa2p) apnd jGa2p /(jIn3d 4 [Ga2p) re]ative corrected intensi-
ties for the Cu 2p3 5, In 3ds 5, and Ga 2p3/, core level lines. After KCN etching all three samples
show values pointing to a Cu depleted surface stoichiometry with respect to the bulk composition
(top row in Figure 3). After the annealing step to 170°C the standard CIGSe sample shows a

slight step-like decrease, which points to a further reduction of the relative surface Cu content. In
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contrast, the Na-free sample shows over all a surface stoichiometry close to the values of the stan-
dard sample after annealing to 7 > 170°C with only minor changes of the values with annealing
temperature. The distinct and reproducible heat induced reduction of the relative Cu content in
the case of the standard material is attributed to the different surface oxidation of the standard and
Na-free material in the as-grown state. Both sample materials have experienced a similar exposure
to ambient air (below 48 hours). The quantitative analysis of the O 1s peaks, however, reveals
that the as grown standard material shows an about 5 times higher oxygen content. This can be
understood considering the presence of sodium is known to catalyze the oxidation of indium and
gallium on chalcopyrite surfaces.® In fact, for the as grown standard CIGSe sample we find spec-
tral features in the In MNN and Ga LMN Auger spectra, which point to a pronounced oxidation
of these elements. In contrast, the data for the as grown Na-free sample show distinctly less ox-
idation. As both samples do not show any oxidation features of copper and as the KCN etching
treatment completely removes the In and Ga oxides from the surface, the surface concentration ra-
tio [Cu]/([In]+[Ga]) decreases accordingly for the standard material due to preferential removal of
oxidized Ga and In. It is suggested that the consecutive annealing at 170°C leads to a heat induced
elemental redistribution, which adjusts the surface Cu contents of both samples to the same value
of about 0.4 (see also discussion below).

The same data for the Cu-rich sample show a similar value after KCN etching as compared to
the standard sample. However, annealing temperatures above 170°C lead to a severe increase in the
relative surface Cu content supporting an increased elemental diffusivity at this temperature. The
values adjust close to the corresponding integral value of [Cu|/([In] + [Ga]) =0.93 at T > 250°C.
As shown in the lower row of Figure 3, the compositional changes in the relative surface gallium
content due to annealing are very similar for all three samples and point to a slight increase in the
gallium concentration at the surface, where, over all, the values are reduced as compared to the
integral value (gray dashed line in Figure 3).

Besides the heat induced compositional changes, we also evaluated changes in XPS core level

peak positions due to the UHV heat treatment. Figure 4 displays the variations in the binding
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Figure 3: Relative corrected XPS intensities for Cu 2p; /2> In 3ds 5, and Ga 2p3 5. The filled circles are data points,
which were recorded after consecutively heating the samples to various temperatures in UHV. The open circles show
data of additional experiments where a single heating step to 280°C was applied. The data reflect changes in the
relative surface composition due to the heat treatment. To compare these results with the integral composition of the
samples, the horizontal dashed lines show the corresponding values as measured by X-ray fluorescence analysis.
energies of the Cu 2p3 5, In 3ds 5, Ga 2p3 5, and Se 3ds , core levels, where the peak positions are
normalized to the state prior to any heat treatment. For the standard and Na-free sample we find a
significant gradual increase in binding energy for all core levels of up to 0.6 eV. The fact that the
core levels shift collectively in binding energy shows that this effect is not related to any changes
in the chemical environment of the involved elements. Rather this collective increase in binding
energy shows that the increasing annealing temperature leads to a pronounced surface downward
band bending. In contrast, the Cu-rich sample shows only minor changes in the binding energies
of the different peaks.

In a previous study conducted on CulnSe, surfaces it was suggested that the presence of sodium
could be the source of positive surface charge and therefore the reason for the heat induced type
inversion after UHV annealing at chalcopyrite surfaces.?’ Therefore, we found it surprising that
the Na-free sample shows the same heat induced increase in surface band bending as the standard
sample. Figure 5 shows the XPS spectra of the Na 1s region for the KCN etched state and after
annealing to 280°C. After KCN etching the data clearly show the absence of any sodium species at

the surface for all samples. However, after the 280°C UHV heat treatment we find a small amount

of sodium in the case of the standard and Cu-rich sample material, which, thermally activated,
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Figure 4: XPS core level binding energy shifts determined after the samples were heated consecutively to various
temperatures in UHV. All data points are normalized to the state without any heat treatment. The significant collective
peak shifts to higher binding energies observed for the standard and the Na-free sample reflect a pronounced increasing
downward band bending with increasing temperature. In contrast, the Cu-rich sample shows only minor band bending
effects. The open circles in the diagrams show data from additional experiments where only a single heating step to
280°C was performed.

diffused to the respective surface. The spectra for the Na-free sample expectedly prove its absence.
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Figure 5: Na 1s core level spectra after KCN etching and after annealing to 280°C in UHV. The spectra are normal-
ized to the background at the lower binding energy side and subsequently offset for better comparability.

For the samples, which were heated to 280°C in a single UHV annealing step (open symbols
in Figure 3 and 4), we also performed UPS experiments after KCN etching and after subsequent
annealing, where we determined the energetic position of the VBM E\fbm (spectra shown in Figure
S5, values summarized in Table 1). Additionally, by measuring the secondary electron cutoff
energy for each sample state, the corresponding work functions W were determined (Table 1). All
three samples show an increase in work function of about half an eV due to the UHV annealing,
which counter intuitively goes along with the observed heat induced downward band bending. As
illustrated by a schematic energy level diagram in Figure 6b, if the change in work function was due
to the band bending alone, one would expect a corresponding decrease in work function. Therefore,
the heat treatment must involve a change in the surface dipole 6 for all sample materials. To get

an idea about the quantitative surface dipoles before and after the heat treatment, we estimated the
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corresponding values. While the details of the calculations and an error analysis are provided as
Supporting Information, the results are given in the very right column in Table 1. Please note the
significant errors for the surface dipoles, which are based on the uncertainties within the estimation.
Nevertheless, due to the large changes in the surface dipoles, these findings help to understand the
heat induced processes at the surfaces as discussed below.

Table 1: Work function (W), valence band maximum from UPS (EVSbm), change in band bending as determined
by XPS peak shifts in Figure 4 (ABB), and surface dipole & for all three CIGSe materials after KCN etching and
a subsequent single step UHV annealing at 280°C for 30 min. The values for ABB are averaged over the different

shifts of the XPS peaks (open symbols in Figure 4). Details about the calculation of the surface dipoles are given as
Supporting Information.

W £0.05 Efbm +0.05 ABB +0.07 ¢ +0.4

(eV) (eV) (eV) eV)
Standard:
KCN 4.81 0.52 =0 —0.7
UHYV annealed 5.29 0.85 0.43 +0.1
Na-free:
KCN 4.60 0.50 = —-0.9
UHYV annealed 5.18 0.85 0.47 0.0
Cu-rich:
KCN 5.14 0.56 =0 +0.3
UHYV annealed 5.68 0.59 0.17 +0.9

Discussion

Grain Boundary Effects. The lateral defect density distribution of the standard and Na-free ma-
terial as measured by STS shows qualitatively very similar signatures (Figure 2). In particular,
before the UHV heat treatment both samples show a reduced dI/dU contrast at grain boundaries
in the vicinity of Er (U = 0.0V). Moreover, both samples show a similar downward band bending
toward the grain boundaries, which can be seen in the single STS spectra recorded at different
distances from various grain boundaries (Figure S2 and S3) and particularly well by the gradual
characteristics in the dI /dU movies at positive bias voltages. The downward band bending toward
grain boundaries is in accordance with previous STS results from both as grown and KCN etched

standard Cu(In,Ga)Se; thin films.'?3 In these studies it was suggested that both grain boundary
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effects (passivation of deep defects and band bending) could be related to the presence of sodium.
In fact, a possible passivation of grain boundaries involving sodium has been discussed in literature
since over a decade.®?7~2° The data for the standard and Na-free material presented in Figure 2
allow now (supported by our XPS results) to exclude the presence of sodium as origin for these
effects.

In the past, there have been numerous investigations of chalcopyrite materials using Kelvin
probe force microscopy (KPFM), providing access to local work function changes and hence lat-
eral band bending effects at grain boundaries. Most studies report an increased surface potential
of about 100 to 300mV, which can be associated to a downward band bending at grain bound-
aries. %1140 While a rigid quantitative analysis of lateral grain boundary band bending from the
STS data is difficult, the combined analysis of single spectra and the dI/dU movies allows to esti-
mate that the observed band bending (with and without sodium) is in the same range. In a recent
KPFM study utilizing a new way of data analysis, however, pronounced fluctuations in the poten-
tial changes are reported, implying downward as well as upward band bending,'*> which cannot
be confirmed by our results for the standard absorber material with slight Cu deficiency and an
integral Ga content of about [Gal/([In] + [Ga]) = 0.3.

The UHV heat treatment for the standard and Na-free samples leads to a homogeneous passiva-
tion of the surfaces without any noticeable grain boundary effects, implying the absence of lateral
potential changes (i.e. lateral band bending) at grain boundaries (see also Figure 6 and discussion
including vertical band bending below).

In the case of the Cu-rich grown material prior to the UHV annealing, most of the surface area
is already passivated without any significant grain boundary effects. This suggests that the grain
boundary effects observed for the standard and Na-free material prior to the heat treatment must
be related to copper deficiency. Under Cu-poor conditions Cu-vacancies (V¢y) and (In,Ga)-on-Cu
antisite defects ((In,Ga)cy) are the most prominent defects in the bulk as well as on surfaces and
grain boundaries.%”#! Therefore, these defects should be considered to play a dominant role for

the observed grain boundary passivation and lateral band bending effects.
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Surface Cu Depletion and Type Inversion. The pronounced collective XPS peak shifts to
higher binding energies observed for both the standard and Na-free sample point to an accumula-
tion of positive surface charge and a related increasing surface downward band bending induced by
the UHV annealing. As previously shown for CulnSe;, such a strong band bending ultimately leads
to type inversion at the surface. It was suggested that the positive surface charge could be related to
the presence of small amounts of sodium, which diffuse to the surface heat induced. 394243 How-
ever, our data for the Na-free sample show the same pronounced surface downward band bending
after the heat treatment as the standard sample. As we evidently do not observe any sodium on
the surface after the annealing of this sample (Figure 5, center), sodium can hence be safely ex-
cluded as origin for this effect. Please note that for none of the investigated samples we observe
the presence of potassium at the surface.

As discussed above, the observed increasing surface band bending for the standard and Na-free
material due to the heat treatment goes along with changes of the lateral band bending at grain
boundaries (from downward band bending to flat bands). Thereby, the combination of surface
band bending and lateral band bending at spatially extended grain boundaries, results in a complex
three dimensional alignment of the energy levels. To visualize this, Figure 6a and b sketches
both in a comparative way, the lateral band bending at grain boundaries, which is shown for the
case at the surface (a) and the band bending from the bulk towards the surface (surface band
bending) (b). Due to the UHV annealing the surface band bending increases from nearly flat-
band conditions by several hundred meV leading to type-inversion (indicated by the red dashed
line in Figure 6b). In the STS experiments after the etching procedure, we observe a distinct
downward band bending towards most of the grain boundaries. The UHV annealing in turn levels
these electronic inhomogeneities out, leading to a uniform potential distribution at the surface as
indicated by the red dashed line in Figure 6a. This means that close to grain boundaries the heat
induced change in surface band bending ABB is significantly smaller than on the grain centers.

This in turn suggests that prior to the UHV heat treatment, the energy levels at grain boundaries
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are pinned downwards with respect to the grain centers. Therefore, after the annealing an equally
strong surface downward band bending on the grains and grain boundaries is obtained. Please
note however, that this does not exclude lateral grain boundary band bending within the bulk of
the absorber. Rather, the pronounced photocurrents at grain boundaries measured by conductive
atomic force microscopy>* suggest that there still could be a pronounced grain boundary band
bending in the bulk.3* A possible scenario could be that when one moves from the surface (with a
homogeneous potential distribution) toward the bulk, the surface induced space charge decreases,

while the grain boundary space charge might still be intact.

(a) Lateral band bending (b)  Surface band bending
at the surface E
vacuum level A vacuum level

7’
_____________ i ) d=+0.1eV
: surface dipole
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I band gap
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Figure 6: Energy level diagram illustrating the relation of lateral band bending effects at grain boundaries (a) and the
(vertical) downward band bending at the surface (b) of Cu-poor grown chalcopyrite thin films (given values correspond
to the standard CIGSe sample). The band gap widening at the surface due to the Cu depletion is illustrated as a linear
band gap widening at the VBM. The lateral and vertical band bending leads to a two dimensional band diagram at
grain boundaries.

In contrast to the standard and Na-free samples, the Cu-rich grown material shows only a weak
change in surface band alignment upon UHV annealing (Figure 4, right). Therefore, no surface
charge is built up due to the heat treatment in this case. Given the widely passivated state of the
Cu-rich sample after KCN etching as well as after the heat treatment, the surface defect physics
of the Cu-rich material must significantly differ from the Cu-poor grown material. This again
suggests that under Cu-poor conditions, V¢, and/or (In,Ga)-on-Cu antisite defects play a crucial
role in surface type inversion.”'® In fact, the correlation of surface type-inversion and copper

depletion on surfaces of chalcopyrite films with a sub-stoichiometric integral Cu content must
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be closely related to these findings. !>!° Therefore, the present results must be discussed in view
of the controversial debate about the origin of the Cu depletion and the related type-inversion at
chalcopyrite thin film surfaces. The most discussed model assumes a bulk like ODC phase with
n-type conductivity, segregating at the surface of chalcopyrite films grown under slightly Cu poor
conditions. !>!8 This model is based on findings from first-principles calculations predicting the
favorable formation of ordered defect pairs, where two negatively charged Cu vacancies (2V,)

0

and an In%t defect form a charge compensated (2V, + Iné‘l:) complex. '® However, this model

applied to an ODC layer segregated at the surface is lacking experimental evidence?%23-3344 and
very recent results from screened-exchange hybrid density functional theory cast doubt on the
findings about the mechanisms leading to an energetically favorable formation energy of such an
ODC phase.’

A different model, which combines the Cu depletion and type-inversion for chalcopyrite sur-
faces is proposed by Herberholz et al.!® The authors suggest that positive charges at the surface
induce a vertical downward band bending. According to the model, the electric field of the related
space charge leads to the electromigration of mobile Cu™ ions into the bulk of the material, deplet-
ing the surface of copper. This model is supported by low activation barriers for Cu diffusion via
interstitial sites as determined from ab-initio simulations.?! From this point of view, the surface
Cu content should significantly correlate with the heat induced surface downward band bending
observed for the standard and Na-free samples in our experiments. However, the XPS data for
both samples show only a minor reduction in the surface Cu content, which hardly correlates with
the increasing surface band bending (Figure 3 and 4). While in principle this could still indicate a
slight electromigration of Cu ions into the bulk in case of the standard sample, the Na-free material
shows a similar band bending with an even lower reduction in surface Cu content. As discussed
above, in case of the standard sample the reduction in surface Cu content is attributed to a stronger
preferential oxidation of indium and gallium as catalyzed by the presence of sodium. After removal
of the oxides by the KCN etching the surface appears less Cu depleted as compared to the Na-free

sample, where subsequent elemental redistribution induced by the UHV annealing at 7 > 170°C
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adjusts the surface Cu content to similar values for the two samples. From these considerations it
appears that the electromigration of Cu™ ions is not a dominating effect in the mechanism leading
to the Cu depletion of chalcopyrite thin film surfaces.

In the last few years, several experimental studies on epitaxial and polycrystalline chalcopyrite
films revealed that instead of a surface layer extending significantly into the bulk of the material,
the Cu depletion is limited to only the top few atomic layers, which are extremely depleted of Cu
atoms. 23?4 These findings are in agreement with ab-initio calculations, taking the lattice sym-
metry breaking of the surface into account. This allowed to explain the unusual stability of polar
chalcopyrite surfaces as well as the surface Cu depletion by a defect-induced surface reconstruction
for Cu-poor integral compositions. According to this model, the surface dipoles are compensated
by copper vacancies or (In,Ga)-on-Cu antisite defects at the surface (depending on the individual
facet termination). Due to the extremely low formation energies for these defects, the polar facets
are favored over the non-polar ones. As the defect formation energies in this reconstruction depend
on the over-all Cu content of the material, under Cu-rich conditions different defects and, as a con-
sequence, different surface facets are favored.®?? The different surface defects are probably the
reason, why the surface is not able to stabilize positive charge, which could lead to a band bending
under Cu-rich conditions. In contrast, in case of the Cu-poor samples, Cu vacancies, (In,Ga)-on-Cu
antisite defects or related defect combinations are the most likely candidates to carry the positive
surface charge (similar to the above discussed grain boundary band bending), which induces the
strong surface band bending in this case. However, here it should be noted that in ab-initio cal-
culations usually a zero net charge within the corresponding slab models is assumed. Therefore,
this approach does not take into account the possibility of trapped charges, which could induce a
space charge. Nevertheless, the total amount of charge to induce a band bending in a semicon-
ductor is usually below 0.1% of the surface atoms, which probably has no significant effect on the
reconstruction mechanism itself.

One of the experimental studies that support the surface reconstruction model mentioned above,

involved an analysis by synchrotron-excited HAX-PES. With this experimental technique depth
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Figure 7: Relative corrected core level intensities for Cu 2p; /2> In 3p3 5, and Ga 2p3/, measured by HAX-PES
as a function of photon energy for the standard CIGSe material after KCN etching and subsequent UHV annealing
at 280°C for 30 min. The increasing photon energy results in an increasing escape depth and a related increasing
information depth. The data are fitted to a bi-layer model depicted as an inset. For the fitting the relative Cu content
CIG := [Cu]/([In] 4 [Ga]) in the bulk CIGpy, in the surface layer CIGsgy¢, and the thickness of the surface layer d
were varied. The blue solid line shows the optimum fit. To check the accuracy for the surface layer thickness, we find
an upper limit with about d = 1.5nm (gray dashed line). Details about this approach have been reported previously. >*
dependent compositional information can be obtained by varying the escape depth of the probed
photoelectrons by controlling the excitation energy by several keV. As previously reported, the re-
sults for standard Cu-poor grown CIGSe samples after removal of surface oxides by KCN etching
suggest that the Cu depletion is restricted to an extremely thin surface layer, which is completely
depleted of Cu atoms.?**6 However, the CIGSe surface after oxide removal by the KCN treatment
is not type-inverted and hence does not allow to directly correlate the Cu depletion with the type-
inversion at the surface. Furthermore, as discussed above, the surface Cu content depends slightly
on the degree of preferential In, and Ga oxidation. Therefore, we performed an additional HAX-
PES experiment to elucidate to what extent the UHV heat treatment affects the depth dependent Cu
concentration of a standard CIGSe material. Figure 7 shows the relative corrected photoelectron
intensity /€U /(f1"3P 4 JG22P) as a function of photon energy for the standard CIGSe sample after
KCN etching and subsequent UHV annealing. The UHV annealing leads to a slightly more pro-
nounced increase of the relative corrected intensity as compared to the previously reported data for

a similar sample directly after KCN etching.?* Nevertheless, as suggested by the fits in Figure 7 the

surface is still extremely Cu depleted in a very thin surface layer, which extends only a few atomic
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layers into the bulk. Therefore, we are able to experimentally correlate this Cu depletion with a
type inversion at the surface, providing strong evidence for a defect induced surface reconstruction
as origin. A thermally activated formation of an extended (bulk-like) Cu-depleted defect phase at
the surface can be excluded. Therefore, the valence band offset and related band gap widening at
the CIGSe/CdS interface due to the Cu depletion (see Figure 1b) is restricted to only a few atomic
layers. This, in turn, implies increased thermionic excitation of photo-excited holes by tunneling
and thus increase recombination losses at the CIGSe/CdS interface. The situation becomes more
complex when the presence of potassium is taken into account. The recently achieved efficiency
gains due to the KF post deposition treatment showed to go along with a pronounced extrusion of
Cu atoms from the chalcopyrite matrix at the surface/interface.! On top of this, this effect might
vary with the Ga content.*’ Therefore, based on the current state of research, the potassium driven
Cu depletion should be discussed independently from the intrinsic surface Cu depletion discussed
here.

Surface Passivation and Dipole Effects. As observed in our UHV annealing experiments for
the Cu poor grown samples, the surfaces not only invert electronically due to the heat treatment,
but also our STS data show that this type-inversion goes along with the passivation of surface de-
fect levels. As this heat induced passivation is also found for the Na-free sample, the presence
of sodium can also be excluded as a major factor to lead to this effect. Furthermore, taking our
previous work from CulnSe; into account, the Ga content of [Ga|/([In] + [Ga]) ~ 0.3 in our sam-
ples does also not have a significant effect on this passivation mechanism, either. As found by the
estimation of the surface dipole for the sample states directly after KCN etching and after UHV
annealing (Table 1), again the standard and Na-free samples (both Cu-poor grown) show a very
similar behavior. After KCN etching the standard and Na-free samples show a similar negative
surface dipole of 6 = —0.7eV and 6 = —0.9eV, respectively. Most interestingly, in both cases, the
heat treatment leads to a pronounced reduction of the dipoles close to zero. This suggests that the
removal of surface oxides (mainly In- and Ga oxides) by the KCN-etching leads to broken bonds,

which not only result in a high density of defect levels as observed in our STS data, but also in a
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negative surface dipole. The UHV annealing in turn reorganizes the distribution of the elements
saturating the broken bonds, which eliminates the defect levels and compensates the initial nega-
tive dipole at the surface. Please note that this is supported by an estimation of the (In,Ga)-oxide
coverage at the surface, revealing three monolayers for the standard, and about one monolayer for
the Na-free material.

The theoretical work by Hinuma et al. proposes a surface reconstruction model, which sta-
bilizes polar facets and at the same time does not lead to localized defect levels in CulnSe, or
CuGaSe, under Cu-poor conditions.® In line with our experiments, these results indicate the pos-
sibility of an intrinsic passivation of chalcopyrite surfaces without the necessity of the presence
of impurities like alkali metals, oxygen, or elements from the buffer layer. Moreover, this work
explains the absence of a significant surface dipole, which is in agreement with our data from the
Cu-poor grown samples after the heat treatment and the associated elemental redistribution at the
surface.

In contrast to the Cu-poor grown samples, the STS data of the Cu-rich sample show a passivated
state of the surface before and after the heat treatment with a reduced surface band gap (Figure 2).
The reduced surface band gap is also in agreement with the surface reconstruction model, which,
for Cu-rich compositions, predicts electronic states at the valence band edge lowering the surface
band gap by about 0.2eV as compared to the Cu-poor case.® Before the heat treatment, we observe
a positive surface dipole with 6 = 0.3eV, which, regarding the large error, indicates only a minor
dipole in this case. The absence of a significant defect density in the energy range of the band
gap before the heat treatment of the Cu-rich grown sample opposes our findings for the Cu-poor
samples, which show a high defect density prior to UHV annealing. This shows that under Cu-rich
conditions different defect chemical mechanisms at the surface are favored, which is in line with
our discussion about the absence of a significant heat induced band bending (see above). This is
further supported by the significant positive surface dipole (8 = +0.9¢V) after the UHV annealing.
The change of the surface dipole in this case is probably related to the severe heat induced increase

in the surface Cu content, which adjusts close to the integral Cu content (Figure 3, right). The
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positive sign of the dipole in the case of the Cu-rich sample suggests an anion termination and
thus a preferential (112) surface faceting without any dipole-compensating defects. This is in
accordance with additional XPS experiments after air annealing (200°C, 30 min), where we found
a distinct selenium oxidation only for the Cu-rich sample, whereas the Cu-poor samples do not
show any oxidation features for the chalcogen (see Figure S7). None of the samples showed
spectral signatures pointing to any copper oxidation after this heat treatment in air. The presence
of selenium oxide after air annealing exclusively on the Cu-rich sample indicates that indeed in
this case the surface could be dominated by polar facets with Se termination. Here it should be
emphasized that the different surface termination for Cu-poor and Cu-rich grown material is also

reflected in the different surface morphology pointing to predominantly non-polar facets.?*48

Conclusions

The surfaces of standard and Na-free CIGSe samples show very similar defect chemical charac-
teristics and electronic properties. Prior to the UHV heat treatment the materials with and without
sodium diffusion barrier both show a high defect level density on most of the grains, a reduced den-
sity of deep level defects, and similar lateral downward band bending at grain boundaries, exclud-
ing the presence of residual amounts of sodium as a decisive parameter for these grain boundary
effects. A UHV heat treatment induces the diffusion of sub-monolayer amounts of sodium accu-
mulating only at the surface of the standard sample. However, the defect levels at the surface of
both, standard CIGSe and Na-free CIGSe are completely passivated due to the heat treatment. Fur-
thermore, both materials exhibit the same heat induced (integral) surface downward band bending
of up to 600meV leading to surface type inversion. Taking the pronounced lateral grain boundary
band bending prior the heat treatment into account, allows to conclude that the heat induced change
in surface band bending ABB is strongest on the grain centers, gradually decreasing with the degree
of (lateral) band bending towards the grain boundaries, leading to a homogeneous lateral potential

distribution and a surface dipole compensation as depicted in Figure 6.
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In contrast to the presence of sodium, the integral copper content does significantly affect the
defect chemical properties of chalcopyrite surfaces. Terminating the co-evaporation process within
the Cu-rich phase leads to the well known copper selenide segregation at the surface. After the wet
chemical removal of these secondary phases, the surface appears widely passivated without any
significant grain boundary effects. Small regions covering about 5-10% of the surface area with
high conductance at positive bias voltages are observed implying high densities of unoccupied
(donor type) defects. After the heat treatment in UHV these areas are passivated as the rest of the
surface. However, unlike the Cu-poor material, Cu-rich grown samples show hardly any change
in surface band bending due to the heat treatment and the Fermi level stays around midgap. The
different defect chemistry and resulting different electronic surface properties of the Cu-rich CIGSe
material are attributed to the absence of copper vacancies or (In,Ga)-on-Cu antisite defects at the
surface of the Cu-rich material. The different surface defect chemistry with respect to standard
CIGSe is also reflected in the different oxidation behavior and surface morphology for the Cu-rich
material. This suggests that under Cu-rich growth conditions different surface facet orientations or
terminations are favored.

Our results provide evidence that the type inversion at the surface of standard (Cu-poor grown)
chalcopyrite materials is dominated by band bending accompanied by a widening of the surface
band gap, rather than due to a segregation of a bulk like defect compound with n-type conductivity
at the surface. As we also find no significant correlation of the surface Cu content and degree of
vertical surface band bending in the standard material, a surface Cu depletion driven by electromi-
gration of Cu ions in the surface field seems unlikely. In contrast, our experiments by synchrotron
excited HAX-PES confirm that the n-type conductivity goes along with an extreme surface Cu-
depletion, which is restricted to the top atomic layers. This supports a theoretical model, which
explains the surface Cu depletion of standard chalcopyrite materials by a defect induced surface
reconstruction, where only atoms in the first few layers are subject to compositional and electronic

reorganization with respect to the bulk.
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Methods

STM/STS: The STS investigations were conducted in a commercial scanning tunneling micro-
scope from Omicron Nanotechnology (VT-AFM/STM) at room temperature and a base pressure
in the 10~ mbar range. For the tips we used electrochemically etched tungsten wires. Locally
resolved I(U) spectra were recorded sweeping the bias voltage in a range between —2.3 and 2.0V
while the feedback loop was disabled. Spectra were recorded every 10 nm on large equally spaced
grids, which leads to extensive acquisition times of about 12 to 36 h (depending on the image size)
for complete data sets. After numerical differentiation of the I(U) spectra, the resulting 3D data set
(x,y,dI/dU(U)) was then converted to obtain (x,y) plots of the differential conductivity dI/dU as
a function of U, which are interpreted in terms of the lateral defect density distribution at energies
eU. For the recording of the I(U) spectra we set a current limit at SnA. In Figure 2, sites where
this current limit is exceeded are marked with blue color. All bias voltages are given with respect
to the sample, where negative/positive voltages correspond to probing occupied/unoccupied states,
respectively.

XPS/UPS: Photoelectron spectroscopy experiments with lab sources were performed in a com-
mercial UHV system from SPECS, which is equipped with a PHOIBOS 100 hemispherical ana-
lyzer and a delayline detector. For excitation we used a monochromated Al Ko X-ray source and
Hel/Hell UV radiation. The experiments to determine the work function by measuring the sec-
ondary electron cutoff, a bias voltage of 5.00 V was applied to the sample shifting the spectrum to
lower binding energies. All XPS/UPS data were recorded in normal emission at room temperature
and at a base pressure in the 10~'9 mbar range.

HAX-PES: Hard X-ray photoelectron spectroscopy was conducted with the HIKE end-station
at the KMC-1 beamline at the BESSY synchrotron facility in Berlin. The experiments were per-
formed under UHV conditions in the low 10~"mbar range with an R-4000 hemispherical electron
analyzer from Scienta optimized for high kinetic electron energies. Further experimental details
can be found elsewhere. ?*

Sample Growth: Details about the growth of the investigated chalcopyrite thin films are al-
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ready given at the beginning of Section . Integral compositions were determined by X-ray fluo-
rescence. Reference solar cells with a device structure Mo/CIGSe/CdS/i-ZnO/Zn0O:Al were fabri-
cated for the three sample materials. The resulting mean efficiencies are: Standard 15.5% (max:
16.3%), Na-free 9.1% (max: 12.1%), and Cu-rich (CdS deposition after KCN etching to remove
Cu,Se phases) 4.1% (max: 7.1%). After growth the CIGSe samples were stored under inert gas
atmosphere. The total exposure to ambient air was comparable for all samples and below 48 hours.
In non of the investigated sample states we observe a spectral signature indicating the presence of

Potassium.
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