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The oxidation of CuGaSecrystals and polycrystalline thin films was investigated with electron paramag-
netic resonancéEPR) and photoelectron spectroscoES. An EPR signal assigned to €uevolves 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 g0gand Se@ was observed in PES during
the initial stage of oxidation. Only after long term oxidation for several months an additional copper hydroxide
phase, C(OH),, was detected. When the @H), phase was reduced by annealing in vacuum at 200 °C or
removed by etching in KCN also the €UEPR signal disappeared. It is shown that thé'CEPR signal
originates from the CH), phase and the activation energy for the thermal reduction éf @unonpara-
magnetic Cliis E;=0.29 eV. A model for the native oxidation of CuGa%eill be presented and implications
for solar cell device performance discussed.

DOI: 10.1103/PhysRevB.70.205321 PACS nuni®er8l1.65.Mq, 76.30-v, 79.60.Dp, 84.60.Jt

[. INTRODUCTION AND MOTIVATION constants were similar to paramagneticCdefects known
in other material$®>-2%In addition theg tensor of the signal
CuGaSeg belongs to the class of I-1ll-\ilsemiconducting  in CuGaSe had no axial symmetry(g,,# gyy),11,12 Both
chalcopyrites. With its high band gap Bf=1.68 eV atroom  facts led to the speculation that the aging effect originates
temperature and optical absorption coefficient larger thamrom oxidation of nonparamagnetic Cuo paramagnetic
10* cm* for photon energiesiv>1.7 eV, it is a promising C?* at the surface of the powder sampté4? Since the
candidate for absorber applications in thin-film solar cells.development of C#f signal in powder samples occurred on
Up to now energy conversion efficiencies of 9.7% and 9.5%he same time scale as the degradation of solar cells,
have already been achieved for single-crysgald thin-film  Bjrkholz et al. (Ref. 12 implied, that both processes are
cells? respectively. Despite these promising results, these efssociated. However, this proposed oxidation mechanism
ficiencies are still too low compared to the theoretically preswas neither experimentally verified nor observed for device-
dicted value of 26%8.Major performance limiting factors are grade thin-film material as incorporated in solar cells.
intrinsic and extrinsic defects in the absorber. In particular, it |n this paper we study in detail the native oxide formation
was shown that interface related recombination is enhancegk CuGaSe with EPR and x-ray photoelectron spectroscopy
when thep-CuGaSe thin-film absorber layer is exposed to (XPS) on lumps, powder, and thin-film samples of CuGaSe
ambient conditions prior to the deposition of tmeCdS e observe the formation of a GDH), phase at the surface
emitter? If Cu(In, GaSe; films are exposed to humid air this of thin films with increasing oxidation time that is well cor-
degradation process is even strongly accelerated. related with the previously reported EPR signal. Details of
Electron paramagnetic resona&®R) is a powerful tool  the oxidation process as a function of the deposition param-
to identify intrinsic and extrinsic defects of solar cell absorb-eters and the influence of chemical and heat treatments on
ers. So far defects in CulngS¢Refs. 6-10 and CuGaSge  oxidized samples are presented. The results will be discussed

(Refs. 11-14have been studied by EPR. In “bulky” powder in the framework of a simplified model for oxidation.
samples and crystals of CuGaSwo extrinsic EPR signals

caused by transition metal contamination due to &fid Fé*

were foundt!*?A narrow feature ag~ 2.003 was attributed Il EXPERIMENT

to an intrinsic defect, namely the positively charged selenium Polycrystalline thin films of CuGaSevere grown on Mo
vacancy \4," (Refs. 13 and 1% A some 100 G broad line at coated glass substrates by halogen supported chemical vapor
g=2.034 observed in powder samples remaineddeposition(CVD) in an open tube system. Polycrystalline
unidentified!12 Another EPR signal was only observed, binary source materials GBe and GgSe,—synthesized
when CuGaSgpowder was exposed to afr.lts formation  from the elements—were subjected to continuous flows of
was strongly enhanced when the relative humidity of the aiH,/lI, and H,/HCI, respectively, and volatilized due to
was hight? The measuredy tensor and hyperfine splitting chemical reactions at a source temperature of 600 °C and at
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TABLE |. CuGaSeg samples used for EPR and XPS measurement$GhE[Cu] 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 &t means no C&" signal was detected with EPR or no satellite band was found
in the Cu g, spectrum with XPS. Sample fO and f6 stem from the same depositon run.

EPR XPS

Sample ox. time ox. time

name Morphology  [Gal/[Cu] (monthg (monthg Treatment Lab name
pl Powde? 56 Annealing, Cd%  we06p2
cl Crystal 0.88+£0.14 65 KCN CGS16
fo Film 1.079+£0.026 Qno C#) CC891
fl 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 cds AB251
f5 Film 1.032+0.025 Qno CvY) AB439
f6 Film 1.079+0.026 2no C#*) 4 (no Cu#) Annealing CC889
f6 Film 10
7 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 KCKN 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.

a reactor pressure of 100 mbar. The resulting gases wemdr oxidation of the films was allowed by storing the films for
injected into the substrate zone where they were mixed and certain time under ambient conditions before sealing them
cooled down to 500 °C leading to chemical reactions intoin an EPR quartz sample tube. In the following, this natural
the solid phasé? By adjusting the flow rates thgGa]/[Cu]  oxidation procedure is simply called oxidation.

ratio of the resulting CiGa,Se, films can be controlled? CuGaSe powder was prepared from mortared, melt-
During the growth of the film a MoSeinterfacial layer grown crystals and passed through an:80 testing sieve
forms between the CuGagiim and the Mo layer. The char- (see Ref. 1L After oxidizing the powder for 56 months it
acteristic bent structure of the MoSkyer* allows us to  was filled into an EPR quartz tube. A quartz rod was addi-
peel off the CuGaSefiim from the substrate by adhesive tionally attached inside the quartz tube to compress and fix
tape (Tesa. By x-ray fluorescence spectrometfRF)>* it  the powder volume. Finally, the tube was sealed, as de-
was shown, that there are no remnants of Mo on the backsidgeribed earlier.

of the peeled-off CuGaSédilm and no traces of Ga or Cu on In addition, CuGaSelumps consisting of large single
the substrate side. Since the adhesive tape is EPR silent, ERRystals were grown by chemical vapor transport in a closed
measurements on CuGa3in films are possible without system with iodine as transport agent. For EPR measure-
any disturbing background signals from the substrate. To inments the crystals were fixed inside the EPR quartz tube with
crease the signal-to-noise ratio the measurable Cu@Bafse  spin free glue. Annealing was performed by placing the
ume was enlarged by rolling up the film on the adhesive tapguartz tube with the sample enclosed in a cylindrical oven,
and placing it in an EPR quartz tube. The quartz tube wasvhich already had reached the defined temperature. The
evacuated to a pressure p& 5x 10> mbar and then filled samples were annealed for 20 min and thereafter immedi-
with He gas and sealed, to obtain good thermal contact witlately removed from the oven to avoid long lasting cooling
the cooling gas. For annealing experiments the temperatur@mps.

stability and chemical inertness of the adhesive Tesa tape is The surface of selected samples was chemically treated in
not sufficient. For such experiments, the films were peeledCN solution (10%) for 3 min. The chemical bath deposi-
off with adhesive kapton tapg@olyimid foil). Unfortunately, tion of CdS was performed in a standard CdS bath at 60 °C
plain kapton tape reveals an EPR signagja2.0023 with a  for 6 min. After KCN and CdS treatment the samples were
linewidth of AH,,=7.4 G. To obtain the EPR and XPS spec-rinsed in de-ionized water. Details of the samples studied
tra of as prepared material, these films were transported in Arere and the various treatments are listed in Table I.
atmosphere from the preparation chamber to the EPR and EPR experiments were performed in a Bruker Elexys 580
XPS setup to avoid air oxidation. During peeling off and spectrometer operating in continuous waveXdtand micro-
rolling up, the film was exposed to air for about 5 min beforewave frequencie$9.5 GH2 modulating the magnetic field
evacuating the EPR sample tube. For the XPS measuremewith 100 kHz and using lock-in detection. The modulation
the total exposure time to air was about 20 min. DeliberatemplitudeB,,,,qwas chosen such that no line distortion of the
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relevant signals occurred. The microwave power could be L e T T T
varied betweerPy,=0.2 uW 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 (Ipp 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 I B, (mT)
beamline U49/2 PGM1 with a hemispherical electron ana-
lyzer as well as with a commercial XPS setup with Kgas FIG. 1. EPR spectra of oxidized CuGasSe) powder spectrum
excitation source. At the BESSY Il beamline the excitation(PD, (b) simulated spectrum obtained with the EPR parameters
photon energy was chosen such that the kinetic energy of tHiiven in Table I, and(c) spectrum of a Ga-rich film(fl,
photoelectrons was about 300 eV to ensure similar informalSa/[Cul=1.064; all spectra were measured &=6 K with
tion depths for all spectra. The photon energy was calibratef§mw=20 MW andBrmog=10 G atv=9.44 GHz.
by measuring the Fermi energy of the sample holder and - _ ) )
with help of the known spectrometer work function. FurtherOf Pww, 1Py, whereas a signal that is already driven
the C Is signal from adventitious carbon with a binding en- into saturation clearly dewates_ from this pehawor. By com-
ergy Eg=285.0 eV was used for energy referencing. The enparing the EPR spectrum with both signals unsaturated
ergy resolution of the monochromator wAE~0.2 eV. The  (Pmw=0.02 mW, Fig. 2 with the corresponding spectrum
bulk chemical composition of films was determined by XRFWhere only the D signal is in saturatidRyy=2 mW), we
with a Philips MagicsPRO spectrometer and that of crystaldind that the relative intensity of the D signal has been
by energy dispersive x-ray analysiEDX) using a Leica/ strongly quenched. By appropriately normalizing the spec-

Zeiss LEO430 system with a Réntec M2 detector. trum measured aPyy=0.02 mW with a factor of 10, the
difference spectrum reveals the pure D signal aroggd

=2.0583 withAH,,=90 G. The D signal is the smaller the
higher the Ga content of the film [§igs. 2a) and 2b)]. If
A. EPR results this procedure is carried out on the powder sanfiplg. 2(c)]

In contrast to bulky samples, a virgin Ga-rich CuGaSe "© difference signal is found. The D signal reveals a pro-
film (sample 0 only revealed a small lorentzian-shaped "ounced hyperfine structure. We can simulate the D signal
EPR signal atg=2.00281) with a peak-to-peak width of with similar line parameters ang tensor as for the C?u
AH,,=1.7 G. The signal is comparable to that observed ipignal(see Table I, but with axial symmetryg,.=g,,). This
unoxidized CuGaSepowder':12 Assuming that the spins mportant observation implies that the D center has the same

are located either at the surface or in the bulk, a surface an@icroscopic origin as the Cticenter and only the crystal-
bulk spin concentration of 2:21Cfcm? and 3.3 lites where these centers are located have a preferential ori-

X 102 cmi? is estimated, respectively. It should be noted€ntation. This explanation is supported by texture measure-
that small traces of carbon located at the surface of the filnfne€nts with x-ray diffraction. CVD grown thin films show a
are sufficient to produce a comparable EPR sighélow- preferential orientation of crystallites towards the
ever, after oxidation of films for more than 3 months, a broaq(22]>—d|rect|on?6 This (112-texture increases with decreas-
isotropic EPR signal develops that is identical to the well-N9 Ga content, reaching its maximum at stoichiometric film
known C¢#* signal found in oxidized powder samplgsee o

Figs. Xa) and Xc)]. In contrast to the film, the powder TABLE IlI. Values for theg andA tensor and linewidths used
sample reveals an additional signal git2.338, which is (0 simulate the C& signal of the powdefFig. 1(b)] and the D
attributed to Nf coming from contamination of the source Signal of films [Fig. 2a)]; both spectra were simulated with
materialsi! Figure Xb) shows the simulated EPR powder = 1/2:1=3/2 andlorentzian line shape.

spectrum with a nonaxial tensor(the complete set of pa-
rameters is listed in Table)ll The retrieved parameters are
nearly identical to those reported by Birkhalzal. (Refs. 11 O 2.07+0.01 2 06+0.005
and 13. With decreasing Ga content of the film the line

Intensity (arb. units)

Ill. RESULTS

CW?* signal D signal

shape of the EPR signal starts to deviate from the powder Oy 2:20£0.01 2.0620.005
spectrum. As shown in Fig. (8 a sharp feature aBg Yzz 2:34x0.02 2.34£0.05
=322.5 mT evolves. This change in line shape is attributed Al G 155 15+5

to a second signal, in the following called the D signal. This ~ Ay/G 1545 1545

D signal starts to saturate when the microwave poRgf, AdG 150+10 150+10
exceeds 0.1 mW. Since the microwave saturation behavior  I,/G 3515 16+2

of the D signal is different from that of the €usignal, it is l,/G 100+10 1642
possible to extract the line shape. For an unsaturated signal 1/G 110410 110+10

the integrated EPR intensityincreases with the square root
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FIG. 2. EPR spectra measured at two different microwave intensitigg)far stoichiometric film(f3, [Ga]/[Cu]=1.015, (b) a Ga-rich
film (f2, [Ga]/[Cu]=1.045, and(c) powder(pl). The spectra measured at 20V 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 @&,=302.5 mT. All spectra were measuredTat6 K with By,,q=10 G atv=9.45 GHz.

composition, the same dependence as observed for the &lls and is known to etch the oxide phases at the surface of
signal. It seems that this change in symmetry induced by th€u(In,Ga)Se, absorber layers as wéfl.For this, half of the
variation in Ga content leads to the observed difference ihin-film (sample f4 was peeled off from the substrate and
saturation behavior. sealed in an EPR tube to serve as a reference for the un-
Since it became obvious from the results in Fig. 1 that théreated surface. The second, equally large part of the sample
CW?* signal observed in both, powder samples and films, igvas treated in the chemical bath and then also peeled off and
coupled with oxidation of CuGaSethe microscopic origin  Sealed in the quartz tube. Figuréatshows that the Cti
of the signal is expected to be located at the near-surfac@ignal completely vanishes after the CdS treatment. For com-
region of the CuGaSecrystallites. To verify this experimen- Parison, we also treated a powder sanmpif) in the chemi-
tally, we have etched an oxidized CuGaSeystal (sample cal b'ath. The ppwder was strewn on adhesive kapton tape
c1) in KCN solution (10%) for 3 min. From literature it is and immersed in the CdS bath. A pure powder spectrum
known, that KCN etching removes copper selenide pﬁéseswnho_ut kapt_on foil was used as untreated reference, since it
as well as oxide phas®sfrom the surface of chalcopyrite Was impossible to measure EPR at the same specimen on
films. Figure 3 compares the EPR spectra before and aftdgapton foil bgfore and after the CdS"treatment. _Both spectra
KCN etching. The KCN treatment has decreased the peak t§€re normalized to the same bulk"Niignal intensity, which
peak intensity of the G signal of the crystal by 86%. Note Was s_hovyn not to change with surface treatment. As can be
that the small Ni signal which stems from the bulk of the S€en in Fig. /) also for the powder samples the CdS bath
crystal, remains unchanged after etching. This result give§tongly quenfhgs the €usignal.
strong proof, that the G signal stems from a surface-near _ AS the Cd* signal was shown to be a surface related
layer. signal, we can determ_lne the surface spin derjEslg,yrf by .
Unfortunately, KCN etching of the thin films was hard to comparing the EPR signal intensity with a calibrated spin
realize, since in most cases they peeled off from the mMotandard. For the poxvdefzpl we estmate a concentrapon of
coated glass substrates during etching. Films which remainddsut= (1.1£0.4 X 10%cm?, for the film f1 we obtain
on the substrate during KCN etching could no longer beNsur=(4.1£1.3 X 10 cm™ assuming a flat film surface or
peeled off with the procedure described above. Therefor®sur=(1.4£0.4 X 10" cm™ assuming tetrahedral crystal-
surface treatment of thin films was done in a CdS bath. Thidtes increasing the surface by a factor of 3. These values are
chemical process is used for the emitter deposition of solaglightly lower than the nominal surface concentration of Cu
atoms of 7.3 10 cm 2 at {112} planes.

Since it is well known that an additional heat treatment

.fg after the CdS deposition helps to further improve solar cell
2 efficiency2’ the question remains to what extent theé?Cean

8 be reduced by annealing. After annealing thin films in He
-’g atmosphere or air at 200 °C for 30 min, the ?Cisignal
£ completely vanishe@ot shown herg This means that Cii
- has been reduced into non paramagneti¢. Jine determi-

050 360 B 3,_'50 ' nation of the activation energy of this reduction process was

B, (mT) only possible with the CuGag$eowder sample pl due to
sensitivity factors. With stepwise annealing the?Caignal
FIG. 3. EPR spectrum of an oxidized CuGa®gystal(cl) be-  strongly reduces until it completely vanishes at an annealing
fore and after KCN etching; measured @t=6 K with Py temperaturel ,=280 ° C(Fig. 5. Note that the signal inten-
=20 mW andB,,,,¢=10 G atr=9.45 GHz. sity of the Ni* stemming from the bulk of the crystallites
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FIG. 4. EPR spectra of oxidized CuGa3efore and after chemical bath deposition of CdS(&ra film (f4) and(b) powder(pl). For
CdS treatment the powder was strewn on kapton foil. All spectra were measure® & with B,,,q=10 G atv=9.44 GHz. Spectra if\a)
and(b) were measured witRy,y =20 and 2 mW, respectively.

remains unchanged. The reduction process of tHé €lgnal  small contaminants of hydrocarbons appear in EPR spectra
in the powder is temperature activated as is shown in Figat the samey value when annealed above 100 2%\t this
5(b). For simplicity, the peak-to-peak intensityp is plotted  stage, no direct spectroscopic evidence is available that, in-
since the linewidth of the Cii signal did not change with deed, the line aj=~2.003 is related to a selenium vacancy.
annealing. The CU signal intensity strongly decreases
aboveT,=80 °C.

In both, films and powder samples, fd=140 °C a B. Photoelectron spectroscopy
narrow EPR signal ag=2.0035+0.0002 evolvefFig. 5a), The KCN and CdS treatments on oxidized crystals and
Bo=337 mT]. The linewidth of this signal depends @ and films (Figs. 3 and #proved that the Cif signal is related to
is found to decrease fromH,,=7.0 G atT,=280 °C to  paramagnetic copper in a near-surface region. To obtain in-
AHp,=5.7 G andAH,=4.9 G atT,=360 and 500 °C, re- formation on(i) the chemical bonding state of €uand ii)
spectively, which is accompanied by a further increase irthe reduction reaction pathway to nonparamagnetit, Ge
signal intensity. After annealing at 500 °C the spin concenhave studied the oxidation process by using surface sensitive
tration of this signal was estimated tNg,=(9.5+3.0  photoelectron spectroscog?ES. The Cu s, spectra of
X 102 cm2 for a surface andNp,=(7.1£2.3 10 cm™  thin films oxidized for different times are plotted in Fig. 6.
for a bulk related signal. Nishgt al. (Ref. 13 found a similar ~ The as prepared film reveals the typical Cps2 peak of
signal in CuGaSgwhen they annealed their samples andCuGaSe with a binding energyEg=932.2 eV(Ref. 32. Af-
assigned the EPR line to a positively charged Se vacancer oxidation for 4 months a shift of the line t&g
Vo (Ref. 13. In binary compounds, the anion vacancy has=932.6 eV is observed. A shift of the Cpg, peak to higher
similar line parameters, for instance in ZnSe epilayers théinding energies was also found after thermal oxidation of
Vs signal is found atg=2.0027 withAH,,=5.8 G (Ref.  CulnSg and was attributed to the formation of a Li5e
31). Also in ternary compounds like Culnga signal atg  phase®® With further oxidation time a second structure ap-
=2.0030 withAH,,=5 G evolves upon annealifdlthough  pears atEg=934.8 eV connected with a satellite band that
there is a strong similarity with respect to the EPR signal atonsists of two lines dEg=941 and 944 eV. These satellite
g=2.003 upon annealing, it should be emphasized that alspeaks are a characteristic feature for paramagneté Ref.

T(°C)
300 200 100
T T T T I T T T T I T T T T I _I LI B B I T T T T I T T T T i
. o SIEEE
2 @
= T + .
g S %%%+
s g0 E
> g F f ]
@ = r
< B ‘, E B }f
PR TR T S [N S ‘4; P I S T R | 103 PR S  YNE T YN TN AN N N TN T Y T SO B B |
250 300 350 400 2.0 25 3.0 35
B, (mT) 1000/ T (1/K)

FIG. 5. (a) EPR spectra of oxidized CuGaSgowder after stepwise annealing at different temperatures in He atmosphere, measured at
T=6 K with Py, =20 mW andB,,s=10 G atr=9.44 GHz,(b) Arrhenius plot of the peak to peak intensity of the?Caignal from(a).
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FIG. 6. Cu s, spectra of CuGaSdilms after oxidation(solid FIG. 7. Ga 38 spectra of CuGaSdilms after oxidation(solid

curves, after vacuum annealing at 200 {8otted curvepand after curves, aft.er vacuum annealing at 200 {@otted curvepand after
KCN etching (dash dotted curye (a) f5 as preparedib) 16 after ~ <CN etching(dash dotted curve (@) f5 as prepared(b) f6 after

4 months(c) f8 after 16 months, ang) f9 after 16 months oxida- 4 months (c) f_8 after 16 months, an(ﬂ)_ fo aftt_ar 16 months °X'C_’a'
tion. Spectra in(@ and (b) were acquired with monochromatized tion. Spectra in(a) and (b) were acquired with monochromatized

synchrotron radiatiothy=1234 eV}, spectra inc) and(d) with Mg Synchrotron radiatioith»=318 e\), spectra in(c) and(d) with Mg
K, radiation(hy=1253.6 eV. K, radiation(h»=1253.6 eV.

34) and give strong support to the interpretation of the EPRobservation we propose, that oxidation of copper at the sur-
data. Since XPS is extremely sensitive to small changes iface of CuGaSgfilms results in a C(OH), phase. The oxy-
the local binding configuration, it is possible to distinguish hydride involved can explain the aging process observed in
between the various Cu oxidation products that might exisEPR}? which is accelerated when oxidizing under humid
after oxidation(see Table Il). For instance, the Cu,,  condition.

peak of CYOH), is shifted in comparison to CuO by about  Annealing the film in vacuum &t,=200 ° C[Fig. &(c)] or

0.6 eV to higher binding energy,which can be reliably de- etching in KCN solutior[Fig. 6(d)] completely removes the
tected in the XPS spectra. From the analysis of the spectra &u(OH), features and restores the Cpy2 line of CuGaSeg
plotted in Table I, we find that the experimentally deter- at Eg=932.2 eV as was observed on the virgin sample. This
mined values for the binding energy of the Cps2 line are  proves that annealing reduces®Cto Cu* and KCN removes

in better agreement with what has been reported fothe C#*.

Cu(OH), rather than for CuO, in particular with regard to the ~ To gain further insight into the oxidation and reduction
distance of the satellite peaks to the Gug2 peak. From this  mechanism of Cu at the surface of CuGaSee have also

TABLE lll. XPS binding energy for the Cu &, peak, its satellite band, difference of both and kinetic
energy of the CWLVV Auger peak given in electron-voltsvith uncertainty +0.2 eyY measured at oxidized
CuGaSg samples compared to literature data forfGH),, CuO, CyO, ClP, and CuGaSg

Sample Cu B3 Satellite band Difference QuVvv)
f7 934.3 940.9 943.6 6.6 9.3 916.8
f8 934.8 940.9 943.9 6.1 9.1 91%.2
f9 934.8 941.1 944.0 6.3 9.2 91%.1
Cu(OH), 934.4 940.¢ 943.4 6.2 9.0
CuO 933.8 941.¢ 944.( 7.8 10.2 918.7
933.4 917.9
Cu,0 932.% 916.F
932.2 917.4
c 932.% 919.0¢
932.4 918.6
CuGaSe 932.% 917.0

@After vacuum annealing at 200 °C.
bReference 35.
‘Reference 36.
dReference 37.
®Reference 32.
fReference 38.
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Toxidized o~ oxidized for 4 monthgFig. 8b)] the SeQ related peak at
— annealed A Ez=58.8 eV vanishes, while for the film oxidized for
(a) as prepared Cy So 2UCESE, 16 months[Fig. 8c)] it only decreases. Simultaneously, the
i CEIN intensity of the doublet wittEg(3d5,=53.9 eV} related to
O A monte CuGaSe increases, whereas the doublet wiHy(3ds/,)

=54.8 eV related to Cu,Se disappears. KCN etching of a
film oxidized for 16 monthgFig. 8d)] shows similar effects
like annealing but completely removes the Sgibase.
P oo | To summarize this section, we have shown that during a
[ d) 76 months KCN'etched - 4 month air oxidation process binary oxides, predominantly
fran elo . sla . 5'6 . 5'4 oo Ga0; and some amount of SeOQand Cy_Se form,
o whereas we did not find formation of a copper oxide phase.
Binding Energy (eV) Only after oxidation for longer than four months we were
FIG. 8. Se @ spectra of CuGaSeilms after oxidation(solid able to detect _GLOH)Z in the near—osurface region. After ther-
curveg, after vacuum annealing at 200 {@otted curvepand after mal treatment in Vacuum_at 200 °C the (@), qu, a”?'
KCN etching(dash dotted curve (a) f5 as prepared(b) 76 after ~ ClU—Se related features in the XPS spectra vanish, while the
4 monthsc) f8 after 16 months, anct) f9 after 16 months oxida- Characteristics of G&®; remain. Etching of the oxidized film
tion. The dashed curves show the components used to fit the oxurface in KCN solution removes all oxide phases.
dized spectra. Spectra {a) and(b) were acquired with monochro-
matized synchrotron radiatiofihr=354 eV}, spectra in(c) and(d) IV. DISCUSSION
with Mg K, radiation(hy=1253.6 eV.

- (c) 16 months N -

Intensity (arb. units)

The combination of complementary techniques such as
studied the Ga @ spectra of the films f5, f6, and fg-ig. 7). EPR and PES reveals that the storage of pristine CugGaSe
Whereas the virgin film exhibits only the typical Gd Beak ternary compound semiconductor under ambient conditions
of CuGaSe with a binding energ\eg=19.4 eV(Ref. 32, a  leads to the growth of a native oxide layer. The EPR results
shift of the line toEg=20.1 eV is observed after oxidation. show that in all thin-film samples irrespective of their Ga
This is indicative of GgO5 in the near-surface regiofEg  content paramagnetic €uis identified only after an oxida-
=20.4 e\}.*° The Gal3M,sM,s Auger spectranot shown tion time longer than 4 monthgTable ). Both annealing
here also support the formation of Gas. After annealing [Fig. @] and chemical treatments like KCN etchixgig.
the films in vacuum at 200 °C the Gal 3pectra could not 3) or chemical deposition of Cdfrig. 4b)] leave the Ni
be restored to the virgin case. Instead, we observe an irsignal from the bulk of the samples unchanged, whereas the
crease in intensity of all line&otted curves in Fig.)7 The ~ Cu?* signal vanishes. Hence, the £EPR signal is assigned
difference spectrurpdashed curve in Fig.(B)] reveals, that to CU** ions located in the surface/near-surface region. Pho-
here only the CuGaSeelated peak increased in intensity. toemission results reveal formation of a (QUH), phase
KCN etching [Fig. 7(d)] removes the G#; related showing a satellite feature in the Cps2 spectrum charac-
featurest® teristic for paramagnetic Gtionly after long term oxidation.

The oxidation process also involves Se as can be seefhe COH), related features in the Cupg, spectrum also
from the Se 8 spectra of the filmgsolid curves in Fig. 8  vanish after vacuum annealingrig. 6(c)] and after KCN
The PE spectrum of the virgin sample consists of the welktching[Fig. 6(d)]. This strong correlation between EPR and
known Se 8 doublet structurgFig. 8a)] that exists due to photoemission results suggests thaf{ @), formed in the
the spin-orbit splitting of the @ electrons into a &, (Eg  course of long term oxidation process is the origin for the
=53.9 eV} and a &, level (Eg=54.8 e\J. After an oxida- Cuw** EPR signal.
tion time of 4 months a peak &z=58.8 eV arises that in- Generally, the driving force for the growth of native oxide
creases with increasing oxidation time and can be assigned tayers on metal and semiconductor solid state surfaces is the
SeG (Ref. 4)). Simultaneously, the Sed3peak has broad- minimization of the surface free-energy of the system, since
ened and can be fitted by two sets of doublets, namely ththe surface free-energies of oxides are much lower than for
two Se 3 lines from the CuGaSephase as well as by a the metals or semiconductors. Thus, metals and semiconduc-
second doublet withEg(3ds/,/3d5,)=54.8/55.7 eV. This tors are always covered by a substance which lowers the
second doublet structure is interpreted to originate from theurface free-energy of the system. Usually, they are covered
formation of a Cy_Se phase. For Culn$é is well known, by ultrathin layers of hydrocarbons, oxides often also by wa-
that a Cy_,Se phase forms at the interface between a binaryer (OH groups.**

In,O5 oxide phase and the ternary chalcopyrite bulk pfadse.  According to the photoemission results we propose a
Kazmerskiet al. (Ref. 33 found, that the Cug;,and Se 8  simple model for the oxidation of CuGagsas illustrated in
binding energy for the Gu,Se phase were shifted by 0.6 and Fig. 9. The surface of the as prepared thin film shows a
0.7 eV to higher values compared to CulpSespectively. copper-depleted surface composition of about GS8a
Similar shifts for copper selenide compared to CunBere  [Fig. A& and Ref. 32 The native oxidation starts with the
also found by other groug$:3 growth of the thermodynamically most stable ,Ga (see

Annealing in vacuum results in a strong change of the Sdable 1V). The remaining Cu and Se readjust at the interface
3d spectradotted curves in Fig.)8 For the thin film that was to form an interfacial CsLSe layer. Additionally, Se©is
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CuGagSe; Gay0,, Se0, Cu(OH),, & %uzcs)’eo photoemission experiments. The corresponding thermal re-
Cu,Se Ga,0,, Se0, 3203 S€0, duction procedure performed on thin films removes the sat-
Cu,Se ellite peaks in the Cu,, spectrum, which are characteristic
CuGaSe, CuGase, for Cw*. Thus, the parr_:tmagnetic surface—/n_e+ar surface Cu
ions are transformed into nonparamagnetic’ Gans. We
therefore propose the thermal reduction of paramagnetic
M popared L, 24moniis  ta-Imomhs  anrsaled CU(OH), into non paramagnetic GO at the film surface
(a) (b) () (d) according to the reaction
FIG. 9. Model for the native oxidation of CuGasSe air under 2 CUOH), — C,,LO+2 H,0+1/2 O,. (1)

ambient conditionga) as preparedcb) after short term oxidation ) ) )
(t,x<4 months, (c) after long term oxidatiort,, >4 monthg, and A direct proof for the formation of G40 cannot be given by
(d) after annealing ofc) at 200 °C. the XPS spectra, as @D is hard to distinguish from
CuGaSeby XPS(see Table Il). The CuLVV Auger peak of
formed consuming the excess Se. During a “long term” oxi-iN€ annealed samples can be attributed to Cafwell as to
dation process of more than 4 months the amount of thi$uGasSe Further, after vacuum annealing at 200 °C the in-
SeQ, phase increasd#ig. 9c)] and CE*(OH"), is formed terfacial Cy_,Se layer yanlshes and the amount 0.f Sad
as third oxide phase. The small Cions of the bulk diffuse the §urfa}ce decreasgBig. Ad)]. _Th|s can be explained by
from the CySe/oxide or CuGaSeéoxide interface towards sublimation of Sf@f“’”_‘ the solid state phase as the_vapor
the surface of the native oxide layer consisting ofGgand ~ Pressure ar200 °C is _hlgher than 1 mﬁ)%lﬂence, the thick-
SeQ. This copper transport through the oxide layer is medi-"€SS of the native oxide layer decreageg. 9(d)] and all

ated via cationic vacancies either inside the bulk of the naQUGf"ISQ related features in the ?(PS speptrq Increase.
It is assumed, that the reduction reactidn is of second

tive oxide layer or in the grain boundari&sAt the surface of d h : HOM), i fold in E
the native oxide the Cuions react with the hydroxyl groups order typg, as the con-centra}tlon of @H), is two old In £q.
of the adsorbed water to form an outwardly growing(l)' In this case the intensity of the €UEPR signall(t),

CW?*(OH"), layer. This explains why humid air accelerates Which is proportional to the of amount of GDH),, remain-
the growth of the C&# EPR signal? Further, it is in accor- N9 after an annealing timeat the temperaturé&, is given
dance with the results of Cam al. (Ref. 48 who found that by

the C{OH), content' in the nativg oxide layer covering pure () =1(t=0)+K -t. )
Cu metal surfaces increases with an enhanced relative hu-
midity. Here I(t=0) is the EPR signal intensity when starting the

According to the order of standard molar enthalpgaj  annealing atT, and K is the thermally activated reaction
of formations (see Table I\ one would expect that the constantK given by
growth of C{OH), already occurs after short term oxidation _ _
before SeQ@is formed, which was not observed here for the K=Ko- expi-Bd/keTa), 3)
thin films. The Cu depletion of as grown film surfaces ac-with the activation energ¥, and the Boltzmann factokg.
companied by a Se rich surface composition favors théhe reaction constarK for each annealing temperatufg
growth of SeQ@ instead of C(OH),. Powder samples show can be calculated with E@2), as we have measured the EPR
the formation of C&" already after 16 day®, whereas in  signal intensityl(t=0 min) andI(t=20 min before and after
thin films it was only detected after more than 4 months. Theannealing fort=20 min. By an Arrhenius plot oK an acti-
different oxide growth rates can be explained by a lowervation energy ofE,=0.29+£0.09 eV was determined for the
concentration of surface Cu atoms for films in contrast toreduction reactioril). This value is in the range of the acti-
powder samples. The concentration of surface Cu atoms faration energy for oxidation of copper in dry and wet oxygen
the crystallites of the powder sample is expected to be equ&l5% H,0 in O,) of 0.68 and 0.43 eV, respectively.The
to the stoichiometric bulk value of CuGaSéstead of corresponding value for the reduction reaction is expected to
CuGaSe, for thin films 32 Additionally, the permeability of be lower in the presence of adsorbed carbon, as carbon de-
the reactive gas species like oxygen and water molecules igeases the reduction temperature of copper oxtes.
higher in the powder accelerating an oxide growth process According to our model the thermal reduction only affects
for the polycrystalline powders. the C#* EPR signal in the surface/near-surface region,
Thermal reduction of the long term oxidized films and whereas the Ni EPR signal from the bulk remains un-
powder samples in He atmosphere or in air was found t@hangedFig. 5. The same is found after the KCN etching
decrease the CtEPR signal which is strongly supported by (Fig. 3) or the CdS batHFig. 4b)], where the complete

TABLE IV. Standard molar enthalpyheaj of formation A;H® at 298.15 K in kJ/mol of different

compoundg>46
Compound GgO3 Cu(OH), SeG Cu,0 CuO CySe CuSe
A¢HO -1089.1 -449.8 -225.4 -168.6 -157.3 -65.26 -39.5
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Cu(OH), layer is removed. The upper limit for the thickness term native oxidation for more than 4 months a?Csignal
of the CUOH), layer containing the paramagneticCions ~ was found in the thin-film samples. A similar Eusignal
is the thickness of the entire native oxide layer, as it is comwas found in crystal and powder samples. By chemical treat-
pletely removed by KCN etching. From the increase in in-ments it was proved, that the €wsignal is due to Ctf ions
tensity of the CuGaSerelated peaKEg=932.2 eV in the located in the surface/near-surface region. With help of pho-
Cu 2ps, spectrum due to KCN etchingFig. 6d)] we esti-  toemission spectra the €UEPR signal was attributed to a
mate the thickness of the native oxide lay@rcluding all Cu(OH), phase, which forms only after @a; and Se@
oxide phasesto be 20 A using an inelastic mean free path ofhave already built up an oxide layer. Thermal reduction in
8 A for photoelectrons withE,;,=320 eV (Ref. 52. vacuum reduces the QDH), phase likely to nonparamag-
Our results show that the EUEPR signal found in thin netic CyO. The activation energy for this reaction was de-
films could only be detected after storage in air under ambitermined to beE,=0.29 eV. From the different time scales
ent conditions for several months. On the other hand théor the growth of CGOH), on thin films and the degradation
degradation of solar cell devices occurs within few héars  of solar cells we exclude the EUEPR signal assigned to
days® Even after oxidation under humid conditions for Cu(OH), to be responsible for the degradation of solar cells.
20 days no coppetll) oxide was detected on solar cell
absorbers. Further, the C# EPR signal vanishes after the ACKNOWLEDGMENTS
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