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Direct characterization of band alignment at chemical bath deposition (CBD)-CdS/Cug,; (In;«
Gas)Se; has been carried out by photoemission spectroscopy (PES) and inverse
photoemission spectroscopy (IPES). Ar ion beam etching at the condition of the low ion
kinetic energy of 400 eV yields a removal of surface contamination as well as successful
development of intrinsic feature of each layer and the interfaces. Especially interior regions of
the wide gap CIGS layers with a band gap of 1.4 ~ 1.6 eV were successfully exposed. IPES
spectra revealed that conduction band offset (CBO) at the interface region over the wide gap
CIGS of x = 0.60 and 0.75 was negative, where the conduction band minimum of CdS was
lower than that of CIGS. It was also observed that an energy spacing between conduction
band minimum (CBM) of CdS layer and valance band maximum (VBM) of
Cuy93(Ing 25Gag 75)Se, layer at interface region was no wider than that of the interface over the
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Cup 93(Ing 60Gag.40)Se; layer.
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1. INTRODUCTION

Cu(In;«Ga,)Se, (CIGS) thin films have greatly
attracted as absorber layer in solar cell with CdS buffer
layer owing to tunable band gap by varying the ratio of
Ga substitution[1-4]. Several model-calculations have
indicated a potential of a high conversion efficiency as
high as 25 % in the solar cells based on CIGS with a
wide band gap of around 1.4 eV corresponding to
Ga/(In+Ga)=0.7 ~ 0.8. In previous reports, the efficiency
of the CIGS based cells takes a maximum of 19.2 % at a
condition of the band gap around 1.2 eV. A serious
degradation of the efficiency has been also observed in
the wide gap CIGS based cells. One of the origins of this
discrepancy between the expectation and the experiments
is a saturation of open circuit voltage (V,) in the wide-
gap region, which is correlated with band alignment at p-
n junction in the cell structure[5,6]. Determination of the
band alignments has been attempted by various
techniques[7-9]. In our previous study about the
interfaces over the CIGS with a Ga substitution ratio x

up to 40 % fabricated by three stage co-evaporation, a
decrease of CBO at the interface as a function of x has
been observed. For the samples with a low x of 20 %,
conduction band minimum (CBM) of CBD-CdS was
higher than that of CIGS by 0.3 eV (positive conduction
band offsct (CBO)), whereas the CBO fell below 0.1 eV
in the sample with x of 40 %[10]. For further improve-
ment of the cell performance, characterization of the
band alignment in the wide band gap CIGS based solar
cell is desired. In the present study, we have carried out a
development of etching technique with low kinetic
energy Ar ion beam to develop an intrinsic surface
nature and a direct characterization of electronic
structure over interfaces between CdS and the wide gap
CIGS with the Ga substitution ratio up to 75 % by using
combination system of photoemission (PES) and inverse
photoemission spectroscopy (IPES).

2. EXPERIMENT

Cug93(Ing25Gag.75)Se; absorber layers were prepared
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on Mo back contact layer over soda lime glass by means
of so-called three step co-evaporation using molecular
beam epitaxy system. CdS buffer layers were deposited
on the CIGS layers by chemical bath deposition method.
X-ray photoemission (XPS) with monochromatized Al
K, radiation was used for investigating chemical state of
surface[11]. VBM and CBM alignment were evaluated
by using ultraviolet photoemission spectroscopy (UPS)
and inverse photoemission spectroscopy (IPES),
respectively. He 1 radiation was used for excitation
in UPS. IPES measurement was performed in Bre-
msstrahlung Isochromat mode using an Erdman-Zipf
type electron source and a photon detector with SrF,
window, which has energy resolution of 047 eV.
Electron energy of obtained IPES spectra was calibrated

using the Fermi edge of in-situ deposited silver thin films.

CBM and VBM were determined by a linear
extrapolation of the leading edges in IPES and UPS
spectra, respectively. The band gap obtained from IPES
and UPS spectra had error tolerance of £0.15 eV in the
present experiment. For removing surface contamination
caused by transfer in ambient atmosphere and for
exposing buried interfaces and interior regions, ion beam
etching at room temperature using a low kinetic energy
Ar ions generated by electron cyclotron resonance type
ion source was adopted.

3. RESULTS

As the first step of characterization of the interior
regions and the wide-gap CIGS and the interfaces over it,
an optimization of the kinetic energy (E,) of the Ar ion
beam for etching was carried out. Figure 1 shows UPS
and IPES spectra of surfaces of CuGaSe, (CGS) single
layers etched at the condition of E of (a) 800 eV for 50
sec and (b) 400 eV for 150 sec. The high energy etching
caused an apparent reduction of band gap, even if its
duration was short. Though a lowering of E, was
effective to reduce the irradiation damages, the
narrowing of the band gap of the etched surface still
remained in the surfaces etched at the condition of Ej
above 550 eV. Present experiments show that, in our
system, the Ey below 400 eV should be low enough to
develop an intrinsic surface nature of the CGS films. As
shown in Fig. 1(b), the intrinsic band gap of CGS around
1.6 ~ 1.7 eV was obtained by setting E; at 400 eV. XPS
measurements revealed that this optimaized etching was
also effective in removal of oxygen- and carbon-related
surface contaminations. Consequently, in all of the
experiment mentioned below, the etching was performed
at the condition of E, of 400 eV.
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Fig. 1. UPS and IPES spectra for (a) CuGaSe, thin film
after etching by Ar ion beam with kinetic energy of 800
eV for 50 sec and (b) Cu(Ing»sGag-5)Se; thin film after
etching by Ar ion beam with kinetic energy of 400 eV
for 150 sec.
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Fig. 2. Change of (a) UPS spectra and (b) IPES for
CdS/Cuyg¢3(Ing25Gag 75)Se, specimen as a function of the
etching time.

Figure 2 shows a change of UPS (a) and IPES (b)
spectra of the CBD-CdS/Cuyg g3(Ing 25 Gag 75)Se; specimen
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Fig. 3. Change of VBM and CBM for CdS/Cujg:

(Ing 40Gag 60)Se; specimen with Ar ion beam etching time.

Open circles represent VBMs of the region containing
oxygen and carbon.

as a function of etching time. XPS measurements of this
sample indicate that the interface should lie around a
range of the etching time from 950 to 1400 sec. For the
UPS spectra, an elongation of the etching beyond 950
sec resulted in a gradual increase of spectral weight in a
region of electron energy between — 0.2 ~— 1.5 eV. It led
a significant rise of VBM in this region. For the IPES
spectra, a rise of electron energy of the intersections of
baseline and the extrapolation line of the leading edge by
about 0.3 eV was detected in the interface region, though
the edge structure was broadened in comparison with
that of the interior regions of CdS and CIGS. Moreover,
CBM of the 2000 sec etched surface was still higher than
that of the CdS located apart from the interface. These
results indicate that the CBMcygs of this specimen should
be higher than CBMcgs. After this rise, VBM and CBM
gradually decreased with etching time. It means that the
heavily p-type nature should be locally created around
the interface. A similar change of electronic structure

was also observed for the CBD-CdS/Cuygg3(Ing.49Gag.g0)Ses.

Figure 3 shows changes of VBM and CBM of the
CBD-CdS/Cug g3(Ing 40Gag 60)Se» specimen with etching
time. Positive shifts of VBM and CBM were observed.
For this interface, CBO = CBMc¢gs — CBMcigs was
negative. Our previous study about the conduction band
alignment at the CdS/CIGS interfaces showed a lowering
of CBM(gs with an increase of the Ga substitution ratio,
where CBO of CdS/CUO,93(IﬂoigoGao.zo)Sez and CdS/
Cuyp93(Ing 60Gag 40)Se> were about +0.3 and 0~0.1 eV,
respectively. Taking these results into account, the sign
Change of CBO at the CdS/Cu0_93(In0A25Ga0_75)Sez
interface indicates that the rise of CBM and VBM of
CIGS with a increase of Ga substitution ratio should
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Fig. 4. Change of XPS spectra for (a) O 1 sand (b)C 15
signal in CdS/Cugg3(IngzsGags5)Se, specimen as a
function of the etching time.

systematically continue up to the high Ga concentration
region. In spite of the higher Ga substitution ratio, the
minimum of energy spacing between CBMcys and
VBMcigs in the interface-region of the Ga = 75 %
specimen was similar to that of the Ga = 40 % sample.
This band alignment at the interface was accompanied
with the lowering of the edge-like structure in UPS
spectra as mentioned before. In the interior region of
CIGS, gradual decreases of VBM and CBM were
observed. These results suggest a presence of a local
structure at the interface. Figure 4 shows a change of O 1
s (a) and C 1 s (b) core signals with etching time. In the
early stage of the etching, these contamination-related
signals were remarkably suppressed. They, however,
appeared again in the interface region. This phenomenon
was also observed for the CdS/Cugos(Ings0Gageo)Ses
interface. Taking it into consideration that all of the
measurements were performed under identical conditions
including base pressure of the analysis chambers and
durations of each measurement, this result means that
oxygen and carbon should be locally incorporated at the
interface over the wide gap CIGS. This depth profile of
the contamination should cause the broadening of the
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band edge structures. It is reported that oxidization of
CIGS surfaces may suppress formations of donors such
as anti-site In in Cu sites and Se vacancies[12-14].
Taking it into consideration, this depth profile of the
contaminations seems to be consistent with the
enhancement of p-type electronic structure around the
interface region as shown in Fig. 4. The experimental
results obtained in the present study are consistent with
the saturation of open circuit voltage and degradation of
conversion efficiency of our cells using a wide gap CIGS.
It is also suggested that band engineering of the buffer
layer and precise control of impurity in the formation
process of the interface should be useful for improving
performances of a wide gap CIGS based cells.

4. CONCLUSION

A low energy Ar ion beam etching technique has been
developed to expose intrinsic features of buried
interfaces and interior region for CdS/CIGS structure.
Direct characterization of their electronic structure using
PES and IPES was carried out by PES/IPES. The Ar ion
beam etching with a low kinetic energy of 400 eV was
effective in removing surface contamination as well as
yielding successful exposure of interior region for
Cuygg3(Ing 25Gag 75)Se, with intrinsic band gap about ~ 1.5
eV. The etching time dependence of the IPES spectra
revealed that CBM(gs of this specimen should be higher
than CBMcys. Systematic rises of CBM and VBM of
CIGS with respect to those of CdS as a function of Ga
substitution ratio up to 75 % have been confirmed.
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