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The oxidation of CuGaSe2 crystals and polycrystalline thin films was investigated with electron paramag-
netic resonance(EPR) and photoelectron spectroscopy(PES). An EPR signal assigned to Cu2+ evolves when
the samples were stored under ambient conditions for a few months, independent of the morphology of the
specimens. The formation of a native oxide layer consisting of Ga2O3 and SeO2 was observed in PES during
the initial stage of oxidation. Only after long term oxidation for several months an additional copper hydroxide
phase, CusOHd2, was detected. When the CusOHd2 phase was reduced by annealing in vacuum at 200 °C or
removed by etching in KCN also the Cu2+ EPR signal disappeared. It is shown that the Cu2+ EPR signal
originates from the CusOHd2 phase and the activation energy for the thermal reduction of Cu2+ to nonpara-
magnetic Cu+ is Ea=0.29 eV. A model for the native oxidation of CuGaSe2 will be presented and implications
for solar cell device performance discussed.
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I. INTRODUCTION AND MOTIVATION

CuGaSe2 belongs to the class of I-III-VI2 semiconducting
chalcopyrites. With its high band gap ofEg=1.68 eV at room
temperature and optical absorption coefficient larger than
104 cm−1 for photon energieshn.1.7 eV, it is a promising
candidate for absorber applications in thin-film solar cells.
Up to now energy conversion efficiencies of 9.7% and 9.5%
have already been achieved for single-crystal1 and thin-film
cells,2 respectively. Despite these promising results, these ef-
ficiencies are still too low compared to the theoretically pre-
dicted value of 26%.3 Major performance limiting factors are
intrinsic and extrinsic defects in the absorber. In particular, it
was shown that interface related recombination is enhanced
when thep-CuGaSe2 thin-film absorber layer is exposed to
ambient conditions prior to the deposition of then-CdS
emitter.4 If CusIn,GadSe2 films are exposed to humid air this
degradation process is even strongly accelerated.5

Electron paramagnetic resonance(EPR) is a powerful tool
to identify intrinsic and extrinsic defects of solar cell absorb-
ers. So far defects in CuInSe2 (Refs. 6–10) and CuGaSe2
(Refs. 11–14) have been studied by EPR. In “bulky” powder
samples and crystals of CuGaSe2 two extrinsic EPR signals
caused by transition metal contamination due to Ni+ and Fe2+

were found.11,12A narrow feature atg<2.003 was attributed
to an intrinsic defect, namely the positively charged selenium
vacancy VSe

+ (Refs. 13 and 14). A some 100 G broad line at
g=2.034 observed in powder samples remained
unidentified.11,12 Another EPR signal was only observed,
when CuGaSe2 powder was exposed to air.11 Its formation
was strongly enhanced when the relative humidity of the air
was high.12 The measuredg tensor and hyperfine splitting

constants were similar to paramagnetic Cu2+ defects known
in other materials.15–21 In addition theg tensor of the signal
in CuGaSe2 had no axial symmetrysgxxÞgyyd.11,12 Both
facts led to the speculation that the aging effect originates
from oxidation of nonparamagnetic Cu+ to paramagnetic
Cu2+ at the surface of the powder samples.11,12 Since the
development of Cu2+ signal in powder samples occurred on
the same time scale as the degradation of solar cells,
Birkholz et al. (Ref. 12) implied, that both processes are
associated. However, this proposed oxidation mechanism
was neither experimentally verified nor observed for device-
grade thin-film material as incorporated in solar cells.

In this paper we study in detail the native oxide formation
of CuGaSe2 with EPR and x-ray photoelectron spectroscopy
(XPS) on lumps, powder, and thin-film samples of CuGaSe2.
We observe the formation of a CusOHd2 phase at the surface
of thin films with increasing oxidation time that is well cor-
related with the previously reported EPR signal. Details of
the oxidation process as a function of the deposition param-
eters and the influence of chemical and heat treatments on
oxidized samples are presented. The results will be discussed
in the framework of a simplified model for oxidation.

II. EXPERIMENT

Polycrystalline thin films of CuGaSe2 were grown on Mo
coated glass substrates by halogen supported chemical vapor
deposition(CVD) in an open tube system. Polycrystalline
binary source materials Cu2Se and Ga2Se3—synthesized
from the elements—were subjected to continuous flows of
H2/ I2 and H2/HCl, respectively, and volatilized due to
chemical reactions at a source temperature of 600 °C and at
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a reactor pressure of 100 mbar. The resulting gases were
injected into the substrate zone where they were mixed and
cooled down to 500 °C leading to chemical reactions into
the solid phase.22 By adjusting the flow rates thefGag / fCug
ratio of the resulting CuxGaySe2 films can be controlled.23

During the growth of the film a MoSe2 interfacial layer
forms between the CuGaSe2 film and the Mo layer. The char-
acteristic bent structure of the MoSe2 layer24 allows us to
peel off the CuGaSe2 film from the substrate by adhesive
tape (Tesa). By x-ray fluorescence spectrometry(XRF)24 it
was shown, that there are no remnants of Mo on the backside
of the peeled-off CuGaSe2 film and no traces of Ga or Cu on
the substrate side. Since the adhesive tape is EPR silent, EPR
measurements on CuGaSe2 thin films are possible without
any disturbing background signals from the substrate. To in-
crease the signal-to-noise ratio the measurable CuGaSe2 vol-
ume was enlarged by rolling up the film on the adhesive tape
and placing it in an EPR quartz tube. The quartz tube was
evacuated to a pressure ofp,5310−5 mbar and then filled
with He gas and sealed, to obtain good thermal contact with
the cooling gas. For annealing experiments the temperature
stability and chemical inertness of the adhesive Tesa tape is
not sufficient. For such experiments, the films were peeled
off with adhesive kapton tape(polyimid foil). Unfortunately,
plain kapton tape reveals an EPR signal atg=2.0023 with a
linewidth of DHpp=7.4 G. To obtain the EPR and XPS spec-
tra of as prepared material, these films were transported in Ar
atmosphere from the preparation chamber to the EPR and
XPS setup to avoid air oxidation. During peeling off and
rolling up, the film was exposed to air for about 5 min before
evacuating the EPR sample tube. For the XPS measurement
the total exposure time to air was about 20 min. Deliberate

air oxidation of the films was allowed by storing the films for
a certain time under ambient conditions before sealing them
in an EPR quartz sample tube. In the following, this natural
oxidation procedure is simply called oxidation.

CuGaSe2 powder was prepared from mortared, melt-
grown crystals and passed through an 80mm testing sieve
(see Ref. 11). After oxidizing the powder for 56 months it
was filled into an EPR quartz tube. A quartz rod was addi-
tionally attached inside the quartz tube to compress and fix
the powder volume. Finally, the tube was sealed, as de-
scribed earlier.

In addition, CuGaSe2 lumps consisting of large single
crystals were grown by chemical vapor transport in a closed
system with iodine as transport agent. For EPR measure-
ments the crystals were fixed inside the EPR quartz tube with
spin free glue. Annealing was performed by placing the
quartz tube with the sample enclosed in a cylindrical oven,
which already had reached the defined temperature. The
samples were annealed for 20 min and thereafter immedi-
ately removed from the oven to avoid long lasting cooling
ramps.

The surface of selected samples was chemically treated in
KCN solution (10%) for 3 min. The chemical bath deposi-
tion of CdS was performed in a standard CdS bath at 60 °C
for 6 min. After KCN and CdS treatment the samples were
rinsed in de-ionized water. Details of the samples studied
here and the various treatments are listed in Table I.

EPR experiments were performed in a Bruker Elexys 580
spectrometer operating in continuous wave atX band micro-
wave frequenciess9.5 GHzd modulating the magnetic field
with 100 kHz and using lock-in detection. The modulation
amplitudeBmod was chosen such that no line distortion of the

TABLE I. CuGaSe2 samples used for EPR and XPS measurements, thefGag / fCug ratio of the films was
measured by XRF, that of the crystal by EDX; ox. time means exposure to air under ambient conditions
before measurement; “no Cu2+” means no Cu2+ signal was detected with EPR or no satellite band was found
in the Cu 2p3/2 spectrum with XPS. Sample f0 and f6 stem from the same depositon run.

Sample
name Morphology fGag / fCug

EPR
ox. time
(months)

XPS
ox. time
(months) Treatment Lab name

p1 Powdera 56 Annealing, CdSb we06p2

c1 Crystal 0.88±0.14 65 KCNc CGS16

f0 Film 1.079±0.026 0(no Cu2+) CC891

f1 Film 1.064±0.026 8 02060701

f2 Film 1.045±0.025 17 01090601

f3 Film 1.015±0.024 8 02042401t

f4 Film 1.037±0.025 9 CdSb AB251

f5 Film 1.032±0.025 0(no Cu2+) AB439

f6 Film 1.079±0.026 2(no Cu2+) 4 (no Cu2+) Annealing CC889

f6 Film 10

f7 Film 1.010±0.024 7 7 Annealing AB94

f8 Film 1.033±0.025 5 16 Annealing 02040801

f9 Film 1.025±0.025 16 KCNc 02031303

aThe powder was prepared by mortaring melt grown crystals.
bStandard CdS bath at 60 °C for 6 min.
cEtching in KCN solution(10%) for 3 min.
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relevant signals occurred. The microwave power could be
varied betweenPMW =0.2 mW and 200 mW. The samples
were cooled in a helium-flow cryostat in the temperature
rangeT=5–300 K. Since the peak-to-peak EPR signal inten-
sity sIPPd obtained on thin films was rather low, background
signals originating from the cryostat and the cavity had to be
taken into account. A background spectrum taken under iden-
tical experimental conditions was always subtracted from the
sample spectrum.

XPS measurements were carried out at the BESSY II
beamline U49/2 PGM1 with a hemispherical electron ana-
lyzer as well as with a commercial XPS setup with MgKa as
excitation source. At the BESSY II beamline the excitation
photon energy was chosen such that the kinetic energy of the
photoelectrons was about 300 eV to ensure similar informa-
tion depths for all spectra. The photon energy was calibrated
by measuring the Fermi energy of the sample holder and
with help of the known spectrometer work function. Further
the C 1s signal from adventitious carbon with a binding en-
ergyEB=285.0 eV was used for energy referencing. The en-
ergy resolution of the monochromator wasDE<0.2 eV. The
bulk chemical composition of films was determined by XRF
with a Philips MagicsPRO spectrometer and that of crystals
by energy dispersive x-ray analysis(EDX) using a Leica/
Zeiss LEO430 system with a Röntec M2 detector.

III. RESULTS

A. EPR results

In contrast to bulky samples, a virgin Ga-rich CuGaSe2
film (sample f0) only revealed a small lorentzian-shaped
EPR signal atg=2.0028s1d with a peak-to-peak width of
DHpp=1.7 G. The signal is comparable to that observed in
unoxidized CuGaSe2 powder.11,12 Assuming that the spins
are located either at the surface or in the bulk, a surface and
bulk spin concentration of 2.23108 cm−2 and 3.3
31012 cm−3 is estimated, respectively. It should be noted
that small traces of carbon located at the surface of the film
are sufficient to produce a comparable EPR signal.25 How-
ever, after oxidation of films for more than 3 months, a broad
isotropic EPR signal develops that is identical to the well-
known Cu2+ signal found in oxidized powder samples[see
Figs. 1(a) and 1(c)]. In contrast to the film, the powder
sample reveals an additional signal atg=2.338, which is
attributed to Ni+ coming from contamination of the source
materials.11 Figure 1(b) shows the simulated EPR powder
spectrum with a nonaxialg tensor(the complete set of pa-
rameters is listed in Table II). The retrieved parameters are
nearly identical to those reported by Birkholzet al. (Refs. 11
and 12). With decreasing Ga content of the film the line
shape of the EPR signal starts to deviate from the powder
spectrum. As shown in Fig. 2(a) a sharp feature atB0
=322.5 mT evolves. This change in line shape is attributed
to a second signal, in the following called the D signal. This
D signal starts to saturate when the microwave powerPMW
exceeds 0.1 mW. Since the microwave saturation behavior
of the D signal is different from that of the Cu2+ signal, it is
possible to extract the line shape. For an unsaturated signal
the integrated EPR intensityI increases with the square root

of PMW, I ~ PMW
1/2 whereas a signal that is already driven

into saturation clearly deviates from this behavior. By com-
paring the EPR spectrum with both signals unsaturated
(PMW =0.02 mW, Fig. 2) with the corresponding spectrum
where only the D signal is in saturationsPMW =2 mWd, we
find that the relative intensity of the D signal has been
strongly quenched. By appropriately normalizing the spec-
trum measured atPMW =0.02 mW with a factor of 10, the
difference spectrum reveals the pure D signal aroundgeff
=2.0583 withDHpp=90 G. The D signal is the smaller the
higher the Ga content of the film is[Figs. 2(a) and 2(b)]. If
this procedure is carried out on the powder sample[Fig. 2(c)]
no difference signal is found. The D signal reveals a pro-
nounced hyperfine structure. We can simulate the D signal
with similar line parameters andg tensor as for the Cu2+

signal(see Table II), but with axial symmetrysgxx=gyyd. This
important observation implies that the D center has the same
microscopic origin as the Cu2+ center and only the crystal-
lites where these centers are located have a preferential ori-
entation. This explanation is supported by texture measure-
ments with x-ray diffraction. CVD grown thin films show a
preferential orientation of crystallites towards the
k221l-direction.26 This (112)-texture increases with decreas-
ing Ga content, reaching its maximum at stoichiometric film

TABLE II. Values for theg andA tensor and linewidthsl used
to simulate the Cu2+ signal of the powder[Fig. 1(b)] and the D
signal of films [Fig. 2(a)]; both spectra were simulated withS
=1/2, I =3/2 andlorentzian line shape.

Cu2+ signal D signal

gxx 2.07±0.01 2.06±0.005

gyy 2.20±0.01 2.06±0.005

gzz 2.34±0.02 2.34±0.05

Axx/G 15±5 15±5

Ayy/G 15±5 15±5

Azz/G 150±10 150±10

lx/G 35±5 16±2

ly/G 100±10 16±2

lz/G 110±10 110±10

FIG. 1. EPR spectra of oxidized CuGaSe2; (a) powder spectrum
(p1), (b) simulated spectrum obtained with the EPR parameters
given in Table II, and (c) spectrum of a Ga-rich film(f1,
fGag / fCug=1.064); all spectra were measured atT=6 K with
PMW =20 mW andBmod=10 G atn=9.44 GHz.
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composition, the same dependence as observed for the D
signal. It seems that this change in symmetry induced by the
variation in Ga content leads to the observed difference in
saturation behavior.

Since it became obvious from the results in Fig. 1 that the
Cu2+ signal observed in both, powder samples and films, is
coupled with oxidation of CuGaSe2, the microscopic origin
of the signal is expected to be located at the near-surface
region of the CuGaSe2 crystallites. To verify this experimen-
tally, we have etched an oxidized CuGaSe2 crystal (sample
c1) in KCN solution (10%) for 3 min. From literature it is
known, that KCN etching removes copper selenide phases27

as well as oxide phases28 from the surface of chalcopyrite
films. Figure 3 compares the EPR spectra before and after
KCN etching. The KCN treatment has decreased the peak to
peak intensity of the Cu2+ signal of the crystal by 86%. Note
that the small Ni+ signal which stems from the bulk of the
crystal, remains unchanged after etching. This result gives
strong proof, that the Cu2+ signal stems from a surface-near
layer.

Unfortunately, KCN etching of the thin films was hard to
realize, since in most cases they peeled off from the Mo
coated glass substrates during etching. Films which remained
on the substrate during KCN etching could no longer be
peeled off with the procedure described above. Therefore
surface treatment of thin films was done in a CdS bath. This
chemical process is used for the emitter deposition of solar

cells and is known to etch the oxide phases at the surface of
CusIn,GadSe2 absorber layers as well.29 For this, half of the
thin-film (sample f4) was peeled off from the substrate and
sealed in an EPR tube to serve as a reference for the un-
treated surface. The second, equally large part of the sample
was treated in the chemical bath and then also peeled off and
sealed in the quartz tube. Figure 4(a) shows that the Cu2+

signal completely vanishes after the CdS treatment. For com-
parison, we also treated a powder sample(p1) in the chemi-
cal bath. The powder was strewn on adhesive kapton tape
and immersed in the CdS bath. A pure powder spectrum
without kapton foil was used as untreated reference, since it
was impossible to measure EPR at the same specimen on
kapton foil before and after the CdS treatment. Both spectra
were normalized to the same bulk Ni+ signal intensity, which
was shown not to change with surface treatment. As can be
seen in Fig. 4(b) also for the powder samples the CdS bath
strongly quenches the Cu2+ signal.

As the Cu2+ signal was shown to be a surface related
signal, we can determine the surface spin densityNsurf by
comparing the EPR signal intensity with a calibrated spin
standard. For the powder p1 we estimate a concentration of
Nsurf<s1.1±0.4d31014 cm−2, for the film f1 we obtain
Nsurf<s4.1±1.3d31014 cm−2 assuming a flat film surface or
Nsurf<s1.4±0.4d31014 cm−2 assuming tetrahedral crystal-
lites increasing the surface by a factor of 3. These values are
slightly lower than the nominal surface concentration of Cu
atoms of 7.331014 cm−2 at {112} planes.

Since it is well known that an additional heat treatment
after the CdS deposition helps to further improve solar cell
efficiency,30 the question remains to what extent the Cu2+ can
be reduced by annealing. After annealing thin films in He
atmosphere or air at 200 °C for 30 min, the Cu2+ signal
completely vanishes(not shown here). This means that Cu2+

has been reduced into non paramagnetic Cu+. The determi-
nation of the activation energy of this reduction process was
only possible with the CuGaSe2 powder sample p1 due to
sensitivity factors. With stepwise annealing the Cu2+ signal
strongly reduces until it completely vanishes at an annealing
temperatureTA=280 °C (Fig. 5). Note that the signal inten-
sity of the Ni+ stemming from the bulk of the crystallites

FIG. 2. EPR spectra measured at two different microwave intensities for(a) a stoichiometric film(f3, fGag / fCug=1.015), (b) a Ga-rich
film (f2, fGag / fCug=1.045), and(c) powder(p1). The spectra measured at 20mW are scaled by a factor of 10 to compensate for the smaller
signal response. In addition the difference spectra are plotted. The spectra were normalized so that the spectra measured at 2 mW all have
the same intensity atB0=302.5 mT. All spectra were measured atT=6 K with Bmod=10 G atn=9.45 GHz.

FIG. 3. EPR spectrum of an oxidized CuGaSe2 crystal (c1) be-
fore and after KCN etching; measured atT=6 K with PMW

=20 mW andBmod=10 G atn=9.45 GHz.
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remains unchanged. The reduction process of the Cu2+ signal
in the powder is temperature activated as is shown in Fig.
5(b). For simplicity, the peak-to-peak intensityIPP is plotted
since the linewidth of the Cu2+ signal did not change with
annealing. The Cu2+ signal intensity strongly decreases
aboveTA=80 °C.

In both, films and powder samples, forTAù140 °C a
narrow EPR signal atg=2.0035±0.0002 evolved[Fig. 5(a),
B0=337 mT]. The linewidth of this signal depends onTA and
is found to decrease fromDHpp=7.0 G at TA=280 °C to
DHpp=5.7 G andDHpp=4.9 G atTA=360 and 500 °C, re-
spectively, which is accompanied by a further increase in
signal intensity. After annealing at 500 °C the spin concen-
tration of this signal was estimated toNsurf=s9.5±3.0d
31012 cm−2 for a surface andNbulk=s7.1±2.3d31015 cm−2

for a bulk related signal. Nishiet al. (Ref. 13) found a similar
signal in CuGaSe2 when they annealed their samples and
assigned the EPR line to a positively charged Se vacancy
VSe

+ (Ref. 13). In binary compounds, the anion vacancy has
similar line parameters, for instance in ZnSe epilayers the
VSe

+ signal is found atg=2.0027 withDHpp=5.8 G (Ref.
31). Also in ternary compounds like CuInSe2 a signal atg
=2.0030 withDHpp=5 G evolves upon annealing.9 Although
there is a strong similarity with respect to the EPR signal at
g.2.003 upon annealing, it should be emphasized that also

small contaminants of hydrocarbons appear in EPR spectra
at the sameg value when annealed above 100 °C.25 At this
stage, no direct spectroscopic evidence is available that, in-
deed, the line atg<2.003 is related to a selenium vacancy.

B. Photoelectron spectroscopy

The KCN and CdS treatments on oxidized crystals and
films (Figs. 3 and 4) proved that the Cu2+ signal is related to
paramagnetic copper in a near-surface region. To obtain in-
formation on(i) the chemical bonding state of Cu2+ and (ii )
the reduction reaction pathway to nonparamagnetic Cu+, we
have studied the oxidation process by using surface sensitive
photoelectron spectroscopy(PES). The Cu 2p3/2 spectra of
thin films oxidized for different times are plotted in Fig. 6.
The as prepared film reveals the typical Cu 2p3/2 peak of
CuGaSe2 with a binding energyEB=932.2 eV(Ref. 32). Af-
ter oxidation for 4 months a shift of the line toEB
=932.6 eV is observed. A shift of the Cu 2p3/2 peak to higher
binding energies was also found after thermal oxidation of
CuInSe2 and was attributed to the formation of a Cu2−xSe
phase.33 With further oxidation time a second structure ap-
pears atEB=934.8 eV connected with a satellite band that
consists of two lines atEB.941 and 944 eV. These satellite
peaks are a characteristic feature for paramagnetic Cu2+ (Ref.

FIG. 4. EPR spectra of oxidized CuGaSe2 before and after chemical bath deposition of CdS for(a) a film (f4) and(b) powder(p1). For
CdS treatment the powder was strewn on kapton foil. All spectra were measured atT=6 K with Bmod=10 G atn=9.44 GHz. Spectra in(a)
and (b) were measured withPMW =20 and 2 mW, respectively.

FIG. 5. (a) EPR spectra of oxidized CuGaSe2 powder after stepwise annealing at different temperatures in He atmosphere, measured at
T=6 K with PMW =20 mW andBmod=10 G atn=9.44 GHz,(b) Arrhenius plot of the peak to peak intensity of the Cu2+ signal from(a).
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34) and give strong support to the interpretation of the EPR
data. Since XPS is extremely sensitive to small changes in
the local binding configuration, it is possible to distinguish
between the various Cu oxidation products that might exist
after oxidation(see Table III). For instance, the Cu 2p3/2
peak of CusOHd2 is shifted in comparison to CuO by about
0.6 eV to higher binding energy,35 which can be reliably de-
tected in the XPS spectra. From the analysis of the spectra as
plotted in Table III, we find that the experimentally deter-
mined values for the binding energy of the Cu 2p3/2 line are
in better agreement with what has been reported for
CusOHd2 rather than for CuO, in particular with regard to the
distance of the satellite peaks to the Cu 2p3/2 peak. From this

observation we propose, that oxidation of copper at the sur-
face of CuGaSe2 films results in a CusOHd2 phase. The oxy-
hydride involved can explain the aging process observed in
EPR,12 which is accelerated when oxidizing under humid
condition.

Annealing the film in vacuum atTA=200 °C[Fig. 6(c)] or
etching in KCN solution[Fig. 6(d)] completely removes the
CusOHd2 features and restores the Cu 2p3/2 line of CuGaSe2
at EB=932.2 eV as was observed on the virgin sample. This
proves that annealing reduces Cu2+ to Cu+ and KCN removes
the Cu2+.

To gain further insight into the oxidation and reduction
mechanism of Cu at the surface of CuGaSe2, we have also

TABLE III. XPS binding energy for the Cu 2p3/2 peak, its satellite band, difference of both and kinetic
energy of the CuLVV Auger peak given in electron-volts(with uncertainty ±0.2 eV) measured at oxidized
CuGaSe2 samples compared to literature data for CusOHd2, CuO, Cu2O, Cu0, and CuGaSe2

Sample Cu 2p3/2 Satellite band Difference CusLVVd

f7 934.3 940.9 943.6 6.6 9.3 916.8a

f8 934.8 940.9 943.9 6.1 9.1 917.2a

f9 934.8 941.1 944.0 6.3 9.2 917.1a

CusOHd2 934.4b 940.6b 943.4b 6.2b 9.0b

CuO 933.8b 941.6b 944.0b 7.8b 10.2b 918.2c

933.5d 917.9d

Cu2O 932.5b 916.7c

932.2d 917.4d

Cu0 932.5b 919.0c

932.4d 918.6d

CuGaSe2 932.2e 917.0f

aAfter vacuum annealing at 200 °C.
bReference 35.
cReference 36.
dReference 37.
eReference 32.
fReference 38.

FIG. 6. Cu 2p3/2 spectra of CuGaSe2 films after oxidation(solid
curves), after vacuum annealing at 200 °C(dotted curves) and after
KCN etching (dash dotted curve), (a) f5 as prepared,(b) f6 after
4 months,(c) f8 after 16 months, and(d) f9 after 16 months oxida-
tion. Spectra in(a) and (b) were acquired with monochromatized
synchrotron radiationshn=1234 eVd, spectra in(c) and(d) with Mg
Ka radiationshn=1253.6 eVd.

FIG. 7. Ga 3d spectra of CuGaSe2 films after oxidation(solid
curves), after vacuum annealing at 200 °C(dotted curves) and after
KCN etching (dash dotted curve), (a) f5 as prepared,(b) f6 after
4 months,(c) f8 after 16 months, and(d) f9 after 16 months oxida-
tion. Spectra in(a) and (b) were acquired with monochromatized
synchrotron radiationshn=318 eVd, spectra in(c) and(d) with Mg
Ka radiationshn=1253.6 eVd.
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studied the Ga 3d spectra of the films f5, f6, and f8(Fig. 7).
Whereas the virgin film exhibits only the typical Ga 3d peak
of CuGaSe2 with a binding energyEB=19.4 eV(Ref. 32), a
shift of the line toEB=20.1 eV is observed after oxidation.
This is indicative of Ga2O3 in the near-surface regionsEB

=20.4 eVd.39 The GaL3M45M45 Auger spectra(not shown
here) also support the formation of Ga2O3. After annealing
the films in vacuum at 200 °C the Ga 3d spectra could not
be restored to the virgin case. Instead, we observe an in-
crease in intensity of all lines(dotted curves in Fig. 7). The
difference spectrum[dashed curve in Fig. 7(b)] reveals, that
here only the CuGaSe2 related peak increased in intensity.
KCN etching [Fig. 7(d)] removes the Ga2O3 related
features.40

The oxidation process also involves Se as can be seen
from the Se 3d spectra of the films(solid curves in Fig. 8).
The PE spectrum of the virgin sample consists of the well
known Se 3d doublet structure[Fig. 8(a)] that exists due to
the spin-orbit splitting of the 3d electrons into a 3d5/2 sEB

=53.9 eVd and a 3d3/2 level sEB=54.8 eVd. After an oxida-
tion time of 4 months a peak atEB=58.8 eV arises that in-
creases with increasing oxidation time and can be assigned to
SeO2 (Ref. 41). Simultaneously, the Se 3d peak has broad-
ened and can be fitted by two sets of doublets, namely the
two Se 3d lines from the CuGaSe2 phase as well as by a
second doublet withEBs3d5/2/3d3/2d=54.8/55.7 eV. This
second doublet structure is interpreted to originate from the
formation of a Cu2−xSe phase. For CuInSe2 it is well known,
that a Cu2−xSe phase forms at the interface between a binary
In2O3 oxide phase and the ternary chalcopyrite bulk phase.33

Kazmerskiet al. (Ref. 33) found, that the Cu 2p3/2 and Se 3d
binding energy for the Cu2−xSe phase were shifted by 0.6 and
0.7 eV to higher values compared to CuInSe2, respectively.
Similar shifts for copper selenide compared to CuInSe2 were
also found by other groups.42,43

Annealing in vacuum results in a strong change of the Se
3d spectra(dotted curves in Fig. 8). For the thin film that was

oxidized for 4 months[Fig. 8(b)] the SeO2 related peak at
EB=58.8 eV vanishes, while for the film oxidized for
16 months[Fig. 8(c)] it only decreases. Simultaneously, the
intensity of the doublet withEBs3d5/2=53.9 eVd related to
CuGaSe2 increases, whereas the doublet withEBs3d5/2d
=54.8 eV related to Cu2−xSe disappears. KCN etching of a
film oxidized for 16 months[Fig. 8(d)] shows similar effects
like annealing but completely removes the SeO2 phase.

To summarize this section, we have shown that during a
4 month air oxidation process binary oxides, predominantly
Ga2O3 and some amount of SeO2, and Cu2−xSe form,
whereas we did not find formation of a copper oxide phase.
Only after oxidation for longer than four months we were
able to detect CusOHd2 in the near-surface region. After ther-
mal treatment in vacuum at 200 °C the CusOHd2, SeO2, and
Cu2−xSe related features in the XPS spectra vanish, while the
characteristics of Ga2O3 remain. Etching of the oxidized film
surface in KCN solution removes all oxide phases.

IV. DISCUSSION

The combination of complementary techniques such as
EPR and PES reveals that the storage of pristine CuGaSe2
ternary compound semiconductor under ambient conditions
leads to the growth of a native oxide layer. The EPR results
show that in all thin-film samples irrespective of their Ga
content paramagnetic Cu2+ is identified only after an oxida-
tion time longer than 4 months(Table I). Both annealing
[Fig. 5(a)] and chemical treatments like KCN etching(Fig.
3) or chemical deposition of CdS[Fig. 4(b)] leave the Ni+

signal from the bulk of the samples unchanged, whereas the
Cu2+ signal vanishes. Hence, the Cu2+ EPR signal is assigned
to Cu2+ ions located in the surface/near-surface region. Pho-
toemission results reveal formation of a CusOHd2 phase
showing a satellite feature in the Cu 2p3/2 spectrum charac-
teristic for paramagnetic Cu2+ only after long term oxidation.
The CusOHd2 related features in the Cu 2p3/2 spectrum also
vanish after vacuum annealing[Fig. 6(c)] and after KCN
etching[Fig. 6(d)]. This strong correlation between EPR and
photoemission results suggests that CusOHd2 formed in the
course of long term oxidation process is the origin for the
Cu2+ EPR signal.

Generally, the driving force for the growth of native oxide
layers on metal and semiconductor solid state surfaces is the
minimization of the surface free-energy of the system, since
the surface free-energies of oxides are much lower than for
the metals or semiconductors. Thus, metals and semiconduc-
tors are always covered by a substance which lowers the
surface free-energy of the system. Usually, they are covered
by ultrathin layers of hydrocarbons, oxides often also by wa-
ter (OH groups).44

According to the photoemission results we propose a
simple model for the oxidation of CuGaSe2 as illustrated in
Fig. 9. The surface of the as prepared thin film shows a
copper-depleted surface composition of about CuGa3Se5
[Fig. 9(a) and Ref. 32]. The native oxidation starts with the
growth of the thermodynamically most stable Ga2O3 (see
Table IV). The remaining Cu and Se readjust at the interface
to form an interfacial Cu2−xSe layer. Additionally, SeO2 is

FIG. 8. Se 3d spectra of CuGaSe2 films after oxidation(solid
curves), after vacuum annealing at 200 °C(dotted curves) and after
KCN etching (dash dotted curve), (a) f5 as prepared,(b) f6 after
4 months,(c) f8 after 16 months, and(d) f9 after 16 months oxida-
tion. The dashed curves show the components used to fit the oxi-
dized spectra. Spectra in(a) and(b) were acquired with monochro-
matized synchrotron radiationshn=354 eVd, spectra in(c) and (d)
with Mg Ka radiationshn=1253.6 eVd.
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formed consuming the excess Se. During a “long term” oxi-
dation process of more than 4 months the amount of this
SeO2 phase increases[Fig. 9(c)] and Cu2+sOH−d2 is formed
as third oxide phase. The small Cu+ ions of the bulk diffuse
from the CuxSe/oxide or CuGaSe2/oxide interface towards
the surface of the native oxide layer consisting of Ga2O3 and
SeO2. This copper transport through the oxide layer is medi-
ated via cationic vacancies either inside the bulk of the na-
tive oxide layer or in the grain boundaries.47At the surface of
the native oxide the Cu+ ions react with the hydroxyl groups
of the adsorbed water to form an outwardly growing
Cu2+sOH−d2 layer. This explains why humid air accelerates
the growth of the Cu2+ EPR signal.12 Further, it is in accor-
dance with the results of Canoet al. (Ref. 48) who found that
the CusOHd2 content in the native oxide layer covering pure
Cu metal surfaces increases with an enhanced relative hu-
midity.

According to the order of standard molar enthalpy(heat)
of formations (see Table IV) one would expect that the
growth of CusOHd2 already occurs after short term oxidation
before SeO2 is formed, which was not observed here for the
thin films. The Cu depletion of as grown film surfaces ac-
companied by a Se rich surface composition favors the
growth of SeO2 instead of CusOHd2. Powder samples show
the formation of Cu2+ already after 16 days,12 whereas in
thin films it was only detected after more than 4 months. The
different oxide growth rates can be explained by a lower
concentration of surface Cu atoms for films in contrast to
powder samples. The concentration of surface Cu atoms for
the crystallites of the powder sample is expected to be equal
to the stoichiometric bulk value of CuGaSe2 instead of
CuGa3Se5 for thin films.32 Additionally, the permeability of
the reactive gas species like oxygen and water molecules is
higher in the powder accelerating an oxide growth process
for the polycrystalline powders.

Thermal reduction of the long term oxidized films and
powder samples in He atmosphere or in air was found to
decrease the Cu2+ EPR signal which is strongly supported by

photoemission experiments. The corresponding thermal re-
duction procedure performed on thin films removes the sat-
ellite peaks in the Cu 2p3/2 spectrum, which are characteristic
for Cu2+. Thus, the paramagnetic surface-/near surface Cu2+

ions are transformed into nonparamagnetic Cu+ ions. We
therefore propose the thermal reduction of paramagnetic
CusOHd2 into non paramagnetic Cu2O at the film surface
according to the reaction

2 CusOHd2 → Cu2O + 2 H2O + 1/2 O2. s1d

A direct proof for the formation of Cu2O cannot be given by
the XPS spectra, as Cu2O is hard to distinguish from
CuGaSe2 by XPS(see Table III). The CuLVVAuger peak of
the annealed samples can be attributed to CuO2 as well as to
CuGaSe2. Further, after vacuum annealing at 200 °C the in-
terfacial Cu2−xSe layer vanishes and the amount of SeO2 at
the surface decreases[Fig. 9(d)]. This can be explained by
sublimation of SeO2 from the solid state phase as the vapor
pressure at 200 °C is higher than 1 mbar.45 Hence, the thick-
ness of the native oxide layer decreases[Fig. 9(d)] and all
CuGaSe2 related features in the XPS spectra increase.

It is assumed, that the reduction reaction(1) is of second
order type, as the concentration of CusOHd2 is twofold in Eq.
(1). In this case the intensity of the Cu2+ EPR signalIstd,
which is proportional to the of amount of CusOHd2, remain-
ing after an annealing timet at the temperatureTA is given
by

1/Istd = 1/Ist = 0d + K · t. s2d

Here Ist=0d is the EPR signal intensity when starting the
annealing atTA and K is the thermally activated reaction
constantK given by

K = K0 · exps− Ea/kBTAd, s3d

with the activation energyEa and the Boltzmann factorkB.
The reaction constantK for each annealing temperatureTA
can be calculated with Eq.(2), as we have measured the EPR
signal intensityIst=0 mind andIst=20 mind before and after
annealing fort=20 min. By an Arrhenius plot ofK an acti-
vation energy ofEa=0.29±0.09 eV was determined for the
reduction reaction(1). This value is in the range of the acti-
vation energy for oxidation of copper in dry and wet oxygen
(15% H2O in O2) of 0.68 and 0.43 eV, respectively.49 The
corresponding value for the reduction reaction is expected to
be lower in the presence of adsorbed carbon, as carbon de-
creases the reduction temperature of copper oxides.50,51

According to our model the thermal reduction only affects
the Cu2+ EPR signal in the surface/near-surface region,
whereas the Ni+ EPR signal from the bulk remains un-
changed(Fig. 5). The same is found after the KCN etching
(Fig. 3) or the CdS bath[Fig. 4(b)], where the complete

TABLE IV. Standard molar enthalpy(heat) of formation D fH
0 at 298.15 K in kJ/mol of different

compounds.45,46

Compound Ga2O3 CusOHd2 SeO2 Cu2O CuO Cu2Se CuSe

D fH
0 −1089.1 −449.8 −225.4 −168.6 −157.3 −65.26 −39.5

FIG. 9. Model for the native oxidation of CuGaSe2 in air under
ambient conditions(a) as prepared,(b) after short term oxidation
stox,4 monthsd, (c) after long term oxidationstox.4 monthsd, and
(d) after annealing of(c) at 200 °C.
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CusOHd2 layer is removed. The upper limit for the thickness
of the CusOHd2 layer containing the paramagnetic Cu2+ ions
is the thickness of the entire native oxide layer, as it is com-
pletely removed by KCN etching. From the increase in in-
tensity of the CuGaSe2 related peaksEB=932.2 eVd in the
Cu 2p3/2 spectrum due to KCN etching[Fig. 6(d)] we esti-
mate the thickness of the native oxide layer(including all
oxide phases) to be 20 Å using an inelastic mean free path of
8 Å for photoelectrons withEkin=320 eV(Ref. 52).

Our results show that the Cu2+ EPR signal found in thin
films could only be detected after storage in air under ambi-
ent conditions for several months. On the other hand the
degradation of solar cell devices occurs within few hours4 or
days.5 Even after oxidation under humid conditions for
20 days no copper(II ) oxide was detected on solar cell
absorbers.5 Further, the Cu2+ EPR signal vanishes after the
CdS deposition(Fig. 4), as the ammonia in the chemical bath
solution dissolves the CusOHd2.

53 Hence, we conclude that
the formation of CusOHd2 associated with the observed Cu2+

EPR signal is not responsible for the degradation of solar cell
devices consisting ofp-type conducting CuGaSe2 thin films.
The degradation already takes place during the short term
oxidation process before formation of CusOHd2.

V. CONCLUSIONS

The native oxidation of CuGaSe2 in air under ambient
conditions was studied by EPR combined with PES. The
EPR spectra of thin films presented here were made possible
by means of a special peeling-off technique. Only after long

term native oxidation for more than 4 months a Cu2+ signal
was found in the thin-film samples. A similar Cu2+ signal
was found in crystal and powder samples. By chemical treat-
ments it was proved, that the Cu2+ signal is due to Cu2+ ions
located in the surface/near-surface region. With help of pho-
toemission spectra the Cu2+ EPR signal was attributed to a
CusOHd2 phase, which forms only after Ga2O3 and SeO2
have already built up an oxide layer. Thermal reduction in
vacuum reduces the CusOHd2 phase likely to nonparamag-
netic Cu2O. The activation energy for this reaction was de-
termined to beEa=0.29 eV. From the different time scales
for the growth of CusOHd2 on thin films and the degradation
of solar cells we exclude the Cu2+ EPR signal assigned to
CusOHd2 to be responsible for the degradation of solar cells.
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