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In this work annealing and growth of Culp$hin films is investigated with quasireal-tinie situ

Raman spectroscopy. During the annealing a shift of the Rafmamode towards lower wave
numbers with increasing temperature is observed. A linear temperature dependence of the phonon
branch of—2 cm %100 K is evaluated. The investigation of the growth prodsstfurization of
metallic precursopswith high surface sensitivity reveals the occurrence of phases which are not
detected with bulk sensitive methods. This allows a detailed insight in the formation of the,CulnS
phases. Independent from stoichiometry and doping of the starting precursors the CuAu ordering of
CulnS initially forms as the dominating ordering. The transformation of the CuAu ordering into the
chalcopyrite one is, in contrast, strongly dependent on the precursor composition and requires high
temperatures. €2004 American Institute of Physic§DOI: 10.1063/1.1667009

I. INTRODUCTION it is important to investigate the growth of CIS in detalil.

Chalcopyrite semiconductor materials have been well es-”msIt :é w;;lvgstrtﬁé d':{gg:éecg]f Igora}ﬂose'lgrgzzlgoﬁ;c;e an
tablished as absorber layers in high efficient solar celf P ping

devices: Among these, CuInS(CIS) is promising because influence on thg s_tructural and eIectronic_prop_eFti%sA .
of its bandgap being well suited to the solar spectrum. As tthpam of primarily importance for chalcopyrite thin films in

understanding of this material is far from being complete,?heene:ilv\f'hthfoileesrzeg iﬂgﬁtlrofoﬁrl:lge’rlgtopséucu'ar for
structural characterization is needed. Real-time x-ray diffrac- growth p T Y o .
In this study, we first performed annealing experiments

tion (XRD) experiments have already been performed durin%f completed Culnglayers with different compositions and

the growth of the Culngfilms? which gave an insight into . .
processes in the bulk. But an additional method clarifyingdetermIneOI the temperature depender)ce .Of the main phonon
mode of CIS. In a second step, sulfurization experiments of

the reactions taking place near the surface is as well desirc-:u In precursors have been investigated by quasireal-time
able. Therefore, studies of the vibrational propertiesimia —-np 9 y a

situ Raman Spectroscopy appear promising. Raman measurements. We show that the CIS formation starts

One advantage of Raman spectroscopy is that the diffe|¥Vith the CuAu ordering bein.g. the dominant one independent
ent orderings of CIS, such as the chalcopy({@) and the rom the precursor composition. We are a[so able to fOHPW
CuAu (CA) ordering are observabfeFurthermore, Raman the tr'ansforrnatllon of the CuAu ordering into chalc;opynte
spectroscopy is a contactless method which can be used ¢Qrdering which is dependent on the precursor starting com-

quality assessmefitPreviously it has been found that the position.
presence of CuAu ordering in the Culnfiims gives rise to
a deterioration of the solar cell performaric&he presence
of this ordering in the completed Culp$&yers, however, is For the presenteth situ Raman experiments a portable
dependent on the starting precursor composttidherefore,  vacuum chamber has been constructed. A base pressure of
about 1X 10 ®mbar is provided. Heating of the substrates
Author to whom correspondence should be addressed; electronic mailP t0 500—550 °C results from thermal radiation of a graph-
rudigier@hmi.de ite heater, while cooling down takes place without any tem-
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perature regulation. For the temperature measurement a ther-
mocouple is situated between the backside of the substrate
and the heater. A Knudsen source provides sulfur vapor from
elemental sulfur. The working temperature for the sulfur
source is at 190°C providing a sulfur partial pressure of
around 1X 10 4*mbar. The chamber is equipped with an es- 7
pecially designed optical window for excitation and detec- S CH
tion of the Raman signal. A T64000 Jobin Yvon Raman setup —-(f) l
has been used with an excitation line of 514.5 nm from an
Ar" laser. For this wavelength we calculated a penetration
length of 150 nm in Culng'® The Raman spectra were
taken with a time resolution of 30 or 60 s. Fitting of the

CuS

CuSl

:
Raman lines was performed using single or multiple Lorent- @ :
|
¥

e _WMAM
In situ Raman experiments were performed during sul- 1o S

Intensity [a.u.]
]
e

furization of metal precursorgrowth experimenisand dur- -MM
ing annealinglannealing experiment®f presulfurized Cu— _'M

In—-S layers. For the latter the Cu-rich presulfurized Cu- 1) !
In—S layers had been previously etched in KCN to result in 1) '
the stoichiometric composition. No additional sulfur was 1
supplied during the annealing experiments. The formation of I —
the precursors was accomplished by sequential dc magneton 100 200 300 400 500 600

sputtering of Mo/Cu/ln on soda—lime glass as described Raman Shift [cm™]

elsewherd! A NaF layer was introduced between Mo and S _
Cu for some samples by evaporation. Difierent copper-tof . 1 Faman scallrg hiensife v= wate rumbers fr e snecing
indium molar ratios(Cu-poor: 0.8, Cu-rich: 1)8have been  sampie with sodium, antt) Cu-poor(Cu/n=0.8) sample without sodium.
used, resulting in a final CulpSilm thickness of 2um. For ~ Raman spectra for growth experimerti Cu-poor sample without sodium
the annealing experiments the following temperature profiléh the heating up periodg) Cu-poor sample without sodium in the cooling
has been realized: heating up period of 30 min from roomdown period, andf) Cu-rich sample in the cooling down period.
temperature up to 500 °C, followed by a holding period at

this temperature of 10 min. For the growth experiments a ZCI)\I 43 Culin=0.8) with Na. The d
min ramp up to 550 °C was used, followed as well by a a, and(3) Cu poor(Cu/In=0.8) without Na. The data are

holding period of 10 min at top temperature. shown fo_r the co_mplete ar_me.aling process where the heating
and cooling periods are indicated by arrows. All samples
show a shift towards smaller wave numbers with increasing

IIl. RESULTS temperature. A linear correlation is most obvious for the Cu-

) rich sample, while the data of the Cu-poor samples appear
In Fig. 1, a survey of Raman spectra from samples dur-

ing different processing steps is presented. In the spectral
range of 300 cm! we find two distinct peaks at around 290
and 305 cm* which can be assigned to tihg modes of the
chalcopyrite and CuAu ordering, respectivily? If this
spectral range is fitted by a single line, different peak posi-
tions would be obtained depending on the prevailing order-=.
ing. Accordingly, an intermediate peak position indicates the o
two orderings occurring in one sample. Certainly, the shape%
of the peak is also affected by the presence of these twcE
contributions. In some cases it is even possible to detect botl ¢
peaks well separated, as shown in spectthjrof Fig. 1. In
addition, peaks at 260, 340, and 470 ¢ntan be discerned
for different growth experiments which we assign to the
phases, CuS, CulBg, and CuS, respectively. Some spectra . . .
also show a very weak contribution around 140 ¢rfisee 0 100 200 300 400 500
Fig. 1(e)], which can be attributed to vibrational modes from Temperature [*C]
the B-In,S; phase. FIG. 2. The spectral peak shift of the CIS main mode is presented as a
Figure 2 presents the Raman peak positions of theunction of the temperature for the annealing experiments of samples with a:

CulnS, A; modes for the annealing experiments as a func{l Cu-rich (Cu/In=1.8), (2) Cu-poor (Cu/In=0.8) with sodium, and(3)
tion of the substrate temperature. The peak positions are ofg¥-Poor(Cw/In=0.8 without sodium composition. The Cu-rich sample has

. . . . . . rior been etched. The markers show the experimentally determined data,
tained from a single Lorentzian fit. The investigated samplegyhile the dashed line gives the fit results of this temperature effect. The
are: (1) Cu rich (Cu/In=1.8), (2) Cu poor(Cu/In=0.8) with process sequence is indicated by arrows.

1

]

A -Mode [em’

Raman §|
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ance of theA; mode. The course of the growth process is

3 - "

i . L — ,,._-\(r) indicated by the arrows. Hereby, the peak positions have
300 Cf'i_ﬁ'\'xyi';" h /k.é-?"\‘i l f been corrected by the linear temperature dependence of the
295 Y W \%* u N n . . . . .

200 ] . w — - ° ] corresponding annealing experiments from Fig. 2. Having

. . — substracted the temperature dependence, constant peak posi-
310 0/\_ /\'\_/'\_\ @ tions are to be expected. For the Cu-rich experiment CIS
300 N /'\ St formation starts with high wave numbeg@round 305 cm?)
o e '\gi\.\_/'\i \ at approximately 165 °C. Increase of the temperature above
~380 °C induces a decrease of tAe mode position[down

to around 292 cmb). During the holding and cooling down

Corrected Raman Shift [cm™|
w
&
1

o_.,._./l»l—l/.\././l>l/l’./.\.‘.,l‘. .

300 - TTea, () period no further significant change has been observed. For
s H_Mﬂl"‘ b‘g-'\_,f'\,-,..-.v-r-‘.,...\_ﬂ._._.,.\\/_';‘ | sample 2(Cu poor with N3, a similar behavior is found:
0 o0 0o w0 B o starting from 220 °C up to 400 °_C almost constant values
Temperature [°C] around 310 cm™ for the CIS main Raman mode are ob-

served, while for temperatures400 °C a decline down to
FIG. 3. The Growth experiments for samplé€¥) Cu rich (Cu/ln=1.8), (2)

around 295 cm?! occurs; during the remaining holding pe-
Cu poor(Cu/In=0.8) with Na, and(3) Cu poor(Cu/In=0.8) without Na are 9 9 9p

presented as the peak shift of the CIS main mode vs the temperature. TﬁéPd _‘rfmd COOllng down pe”Od thé‘l_ mode .does not shift
CIS main mode obtained from a single Lorentzian fit is given as a functionsignificantly. For the Cu-poor experiment without Na the po-

gf the gubstratfe themperatul_re. The pgak shift_lii corrected_ bé,' the tehmperatug?tion of the A; mode starting from its first appearance of
dependerce of e areaing experment. Th arows rcte he Pecegfound 180 °C remains at 308 Gifor both the heating and

the cooling periods. The initial formation of CIS is detected
at higher temperatures for the two Cu-poor samples, espe-
cially the sample containing Na.

Figures 4a) and 4b) give the areal intensity of several
Raman lines as a function of the process time for a Cu-rich
and a Cu-poor sulfurization, respectively. Here, the CIS sig-
nals are on the one hand fitted using a single Lorentzian and
on the other hand split up into CH and CA ordering using
two Lorentzians. For reference purposes, the substrate tem-
I(AD) 1.7 cm? perature profile is plotted in the header of these figures. In

oT 100 K ° the heating up period of the Cu-rich experiméhig. 4(a)]

. . the 470 cm* line of CusS is detected at around 150 °C. At a
We compared the peak position at room temperature with the

peak position at top temperature and calculated a relativ%IIghtIy higher ter.npe.rature5165 O signals belonging FO

) L IS are found, while simultaneously the CuS phase vanishes.
thermal change in the vibrational frequency of6.3 Up to 500 °C the CA ordering is highly dominating the CIS
X 105K 1. For the Cu-poor sample with sodium the rela- —" 9 gnly g

tive temperature gradient is slightly highes1.9 cni %100 signal. Further increase of the temperature is accompanied

K), while the Cu-poor sample without any doping shows aby a decreasing CA signal until it vanishes as soon as the top

significant higher value of approximately 2.3 ThL00 K. temperature is reached. The peak belonging to the CH order-

The variance of the peak positions as well as of the temperdd €an be observed for the \Lvhole remaining process, with a
ture gradients indicate the presence of a second phase HE&Ximum in intensity at 550 °C. In the cooling down period
sides the CH ordering for the Cu-poor prepared samples. F@9@in peaks of the CuS phase apfeaaround 180 °C The

the Cu-rich experiment at top temperature a small shift todata in Fig. 4b) are given for a growth experiment of a
wards higher wave numbers has been observed, which r&u-poor precursor with no additional sodium. Here, the first
mains present in the cooling-down period. This may be du@bPserved phase in the heating up period is arSund 165—

to a small temperature difference between the substrate arfd-0 “O- Initial CIS formation takes place at 180 °C. Between
the thermocouple. A different explanation could be a reaR70 and 350 °C a weak peak at 140 chis found, which we
change in the lattice parameter. The temperature gradien@$sign toB-1n,S; [cf. sample(d) in Fig. 1]. Signals of both
and peak positions from the annealing experiments in théhe CH and CA ordering can be found down to 200 °C in the
following are useful to correct the data obtained from thecooling period. The CA ordering appears to be dominant.
growth experiments. Not considered here is the increase iMVith the vanishing CIS signals the appearance of the In-rich
intensity of the Raman modes with increasing temperaturephase CulpS; is indicated by the broad signal at around 340
This increase is to be expected according to the Bose€m ' [cf. Fig. 1(e)]. This phase remains as the only detect-
Einstein statistic of phonons. able one until the end of the process.

Figure 3 shows the CIS peak positions versus the pro- In principal the growth process of the Cu-poor sample
cess temperature for the sulfurization of the precurgGrs  with sodium is similar to the one of the Cu-poor sample
rich (Cu/In=1.8) (1), Cu poor(Cu/In=0.8) with Na (2), Cu  without sodium. The main difference is that at the end of the
poor (Cu/In=0.8) without Na (3)]. The temperature of the processB-In,S; instead of the Culgss phase occurs near
initial formation of CIS can be judged from the first appear-the surface.

with more noise. Remarkably, the CIS peak positions differ:
starting from sample (Cu rich) with the lowest Raman shift
(289 cm'1), continuing with the Cu-poor sample 2 with so-
dium (297 cm'%), up to sample 3Cu poor without Na at
around 308 cm. Afit of the data as depicted in Fig. 2 yields
for the Cu-rich sample a temperature gradient of

Downloaded 14 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



5156 J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Rudigier et al.

600 600
—_ L LTI | Cu-rich 4 — L [ ' Cu-P
. s Growth Experiment e K u-Foor
9 00~ L . samie ] Q a00f K "\ Growth Experiment—
= b e S N = R4 . sample 3
& 2004+ P - 3 200 . Tl -
= S T ~ S T
(FCETTEEED ‘ [ TILLETLEEE i’
[ (CuS) C (CuS) .
- | (470 cmi') - | (470 cm’") -
o c (1n,8;) =
~ (CUS')1 - ‘ (140 cm') .
s L (260 cm ) =] = =
o S = (CA-Order) -
2 L (305cm") g2 F =
) - 2 | (CH-Order) .
c 1 =) o -
- - - C (290 cm’) -1
C (CH-Order) | _—M——
- (2000 = (CulnS,) -
| = (single line fit) 1
C (CulnS,) £ ]
I (single line fit) E (CulngSg) —
C C 1 1 : (320 cmi')
0 20 40 60 80 100 120 0 20 40 60 80 100 120
(a) Process time [ min ] (b) Process time [ min ]

FIG. 4. (a) Temperature profile and areal intensity of characteristic Raman modes for the sulfurization process of(Cuthichl.8) prepared samples vs
process time(b) Temperature profile and areal intensity of characteristic Raman modes for the sulfurization process of @uthoe0.8) prepared samples
without sodium vs process time.

=—3yav.

IV. DISCUSSION with k the compressibilityC,, the specific heat capacity, and
o , V the volume. With the definitions fok and C,, and the

The annealed samples differ in their absolute peak posizpoye expression fo, the temperature dependence of the

tion of theA,; mode if this mode is fitted by a single line. The phonon frequency is approximately characterized by

value for the Cu-rich samplé289 cni'?) fits with the theo- _ ~ B

retical value for thed; mode of the CH orderin(294 cm %), d(Av) [d(Av)|[aV)| [d(Av) (5V ap

and even better agreement is found with experimentally de- aT |\ oV at) | av ap/\aT

termined valueg290 cni't) from other groups®* For the

Cu-poor Culn$ layer without Na the experimental value of

308 cntis in good agreement with the position of the  Thus, a decrease of frequency with temperature will occur.

mode for the CA ordering of 305 cm. This difference be-  For most solids such behavior has been experimentally ob-

tween Cu-rich and Cu-poor films has already been reportegerved. The above equation yields a temperature dependence

for coevaporated film¥ The determined peak position for of the frequency shift for thé\; mode of CIS of

the Cu-poor sample with Na lies between the values of CH ~ o

and CA. Obviously, in this case the two orderings of CIS J(Av) - 113 cm

coexist with a slightly higher share of the chalcopyrite order- aT 100 K

ing. Therefore, we conclude that doping of Cunéith So-  pare the thermal linear expansion coefficient for G

dium increases the amount of the CH ordering in Cu'poorordering in the temperature rang&=200—600°C ofa

films. _ _ _ =1.0x10 °K"%,%® and the Groeisen parameter for
The annealing experiments show that an increase of tenbuInSQ (y=1.3'7 have been used. The latter has been cho-

perature is combined with a shift of the peak position t0-gen hecause of a lack of data for CIS in the literature. As the

wards smaller wave numbers. In general the amplitudes gherma expansion coefficients for Culngnd CulnSg are

the lattice vibrations increase with temperature and the '”ﬂuhearly identical, the Gmeisen parameter supposedly has a

ence of the potential modified by the anharmonicity of thegjmijar value. The so determined frequency shift is an ap-

lattice on the atoms is becoming stronger. In ther@isen 56y imation, because for the calculation no differences be-

approach the relative change in the phonon frequencyyeen the phonon branches have been considered. Further-

6(Avqj)/vq,, is assumed to be proportional to the relative yqre only the first term of the Taylor expansion for the peak

change of the volume §(Avq;)/vq;=—y(6VIV)). This  gphit \with temperature has been taken into account. Terms

expression, wherey describes the Gneisen parameter, is yith a higher order of the Taylor series describe phonon

independent from the absolute phonon frequency and thgecay and four-phonon processes. Despite all these simplifi-

type of the mode. It follows that the thermal expansion co-catigns; a fair agreement between the theoretical and experi-

efficient« can be expressed as mental temperature coefficient has been found for the CH
ordering of the Cu-rich sample. Higher valuesa¢f\v)/dT
o= y«Cy for the Cu-poor experimentsvith and without Na are due
3V’ to the coexisting CA ordering. It is likely that the phonon
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frequencies of this phase show a different temperature de- For the Cu-rich experiment the transformation - G&H
pendence. Therefore, for the Cu-poor samples containing Nstarts at around 380 °C and is completed with reaching the
the experimentab(A7)/JT can be interpreted as a mixture top temperature. The Cu-poor experiment with Na also
of the two orderings. Supposedly, for the Cu-poor sampleshows the CA-CH transformation. But as can be seen at the
without Na the behavior is dominated by the CA ordering.peak positior{297 cm %) here the transformation takes place
Because of the relatively small expansion coefficient in theonly partially. For the remaining process CH and CA order-
investigated temperature range it is valid to assume the frang coexist. No such transformati¢@A—CH) has been ob-
quency shift to be proportional to the temperature. This isserved for the Cu-poor experiment without any sodium.
indeed observed in the experiments. Here, the CIS signals are clearly dominated by the CA order-

In situ XRD measurements have previously been pering over the whole process.
formed on the sulfurization of Cu-rich and Cu-poor precur-  Two questions arise: First, why is the CA ordering pre-
sor films?® For both types of precursors the starting metallicferred to form at first as the dominating CIS ordering inde-
phases are Cujnand Cu*® At around 140°C Culpntrans- pendent from the precursor composition. Second, which
forms into Cy,lng under the release of liquid In. From the mechanism induces the transformation into CH.
intermetallic Cy,Ing phase and from elemental sulfur CIS  The first point might be related to the temperature. The
forms at approximately 200 °C in the heating period. In thedifference in formation energy between CH and CA ordering
Cu-rich experiment the In can react completely with thefor CulnS, has been calculated to be smet7.8 meV/four
abundant elemental Cu. But due to the excess of Cu in thigtom.* The results presented here show, however, that the
experiment a CuS phase appears in the cooling down periohetastable CA ordering is energetically favored to form at

For the Cu-poor experiment an additional In—-S com-low temperatures, while the CH formation requires higher
pound was found as an intermediate phase. This phase m&yergies. This has been found as well for coevaporated
have formed from the liquid In released by the Guln samples? For 1ll-V semiconductor alloys it has been theo-
—Cuylng transformation. The further reaction to CupnS retically shown that CuPt ordering occurs due to surface
consumes all elemental Cu now leaving no abundant Cu fofeconstruction$® The formation of the CA ordering may be
the In to react. Thus In is sulfurized and is accommodated bypromoted by similar effects.
the spinel phase CujBs. The latter is only observed in In order to clarify the second question, we compare the
Cu_poor films. Apparen“y, this Spine| phase segregates duﬁjiﬁerent StOiChiometrie$CU rich: Cu/In=1.8 and Cu poor:
ing the cooling down period completely covering the two CU/In=0.8). As soon as the temperature is high enough, the
CIS orderings. From the XRD studies we know that c1sCH formation takes place as well as a recrystallization of the
exists until the end, i.e., no complete transformation into thi<CA ordering. But for the recrystallization the presence of a
In-rich compound took place, and the assumption of ¢gjn CU—S binary seems to be promotive: while the Cu-rich film
as a surface coverage seems to be ligly. undergoes the CA-CH transformation, no transformation

In contrast to the Raman data presented here no cukere is observed for the undoped Cu-poor film. The preferred
phase has been observed with XRD during the heating ufyH ordering in the presence of a Cu—S binary has also been
period. Therefore, it is likely that CuS forms near the surfacesnown for samples prepared via coevaporation. Therefore, a
with a relatively small volume percentage and can only benodel has been developed, explaining the transformation by
detected by Raman. From XRD sulfurization experiments off€ solubility of the CA ordering in G4 at a certain tem-
pure Cu layers it is known that the hexagonal CuS transP€rature promoting the formation of the stable CH

faN2T
forms into the cubic C48.1* However this phase appears to Ordering: _ .
have a too low Raman scattering cross section as it is ngt 1 ne influence of sodium on the growth of chalcopyrites

observed in our experiments. Based on the phase didgrams Stll dispusse@:zs'zg But, as Na has a similar electronic
the transformation CuS Cw,S should appear at approxi- configuration to copper, it appears possible thgt Na. pgrtlally
mately 507 °C. But as indicated by the vanishing of the Cugakes on the function of Cu. For instance, Na might imitate a
phase, it is likely that here the transformation occurs at 4-U-fich environment by filling Cu vacancies or might form
lower temperaturé~200 °Q. For thin films such a reaction Na,S initiating the CA-CH transformation. However, with

has already been observed to take place at lowelne top temperature chosen the transformation is not com-
temperature€ and to be dependent on the sulfur partial plete. So far conceivable possibilities for the completion of
pressuré’ the transformation might be on the one hand higher tempera-

All growth experiments have in common that the Cls tures or on th_e other hand an ingrea_sed gmount of sodium.
formation starts with the CA ordering being highly dominant, Furthe.r experlments have to d_etayl this point. Anther effect
which partially transforms into CH. As the CIS formation ©f sodium is that both the beginning of the formation of the
proceeds at the very surface, i.e., the growth front is in thé&UAU phase and of the transformation into the chalcopyrite
direction of the surface norm&l,it may be argued that ini- €quire higher temperatures. This is in accordance with re-
tially formed CA ordering at the end of the growth is coveredSults obgalned from calorimetric experiments on the selenide
by newly grown CH ordering, i.e., no transformation took systent’
place. But from Raman depth dependent experiments of fin-
ished layers it is known that for the Cu-rich case no CAV' CONCLUSIONS
ordering is left at all® Therefore, we interpret the data in the We introduced Raman spectroscopy as a method for
sense of a phase transformation. quasireal-time experiments on the chalcogenization of Cu—In

Downloaded 14 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



5158 J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Rudigier et al.

layers. Annealing experiments show a shift towards lower Jager-Waldau, W. Woletz, and M. C. Lux-Steiner, Proceedings 2nd World
wave numbers of the CIS main mode with increasing tem- Conference on Photovoltaic Solar Energy Conversion 1, edited by J.
perature. The temperature dependence of the peak shift ha@ﬁ?"f'd,; Hl'l'fléosse”b””k’ P. Helm, H. Ehmann, and E. D. Dunlop, 1998,
been lcaICUIated and an approximative agreement W!th thﬁJ. Klaer, J. Bruns, R. Henniger, M. Weber, R. Klenk, K. Ellmer, R. Scheer,
experimental value has been found. The growth experimentsand D. Branig, Proceedings of the 14th European Photovoltaic Solar
showed that the start of growth of CIS is dominated by the Energy Conference and Exhibition, Barcelona, Spain, edited by H. A.
CA ordering. The CH formation takes place at elevated tem-, Ossenbrink, O. Helm, and H. Ehmann, 1997, Vol. 1, p. 1307.

erature and is promoted by the presence of Cu excess 12\\/. H. Koschel and M. Bettini, Phys. Status Solidi78, 729 (1975.
P p y p & Alvarez-Garcia, PhD thesis, University of Barcelona, Barcelona, Spain,

additionally supplied sodium. 2002.
14T. Riedle, PhD thesis, Hahn-Meitner Institut Berlin, Germany, 2002.
ACKNOWLEDGMENTS 15J. Alvarez-Garcia, J. Marcos-Ruzafa, A‘reeRodiguez, A. Romano-
. Rodrguez, J. R. Morante, and R. Scheer, Thin Solid FiB84-362, 208
The authors wish to thank J. Klaer and E. IMu for (2003).

their he|p in Samp'e preparation_ For Raman measuremen §C. Pietzker, PhD thesis, Hahn-Meitner Institut Berlin, Germany, 2003.

: : H. Tanino, T. Maeda, H. Fujikake, H. Nakanishi, S. Endo, and T. Irie,
the assistance of J. Alvarez is gratefully acknowledged. Partphys. Rev. B45, 13323(1992.

of this work has been funded by the BMBEontract No. 18C. Pietzker, E. Rudigier, J. Klaer, I. Luck, and R. Scheer, HasylLab Annual
01SF0022 Report, 2001, Vol. 1.
%W, Keppner, T. Klas, W. Kmer, R. Wesch, and G. Schatz, Phys. Rev.

. . - Lett. 54, 2371(1985.
M. Ch. Lux-Steineret al, Thin Solid Films533, 361 (2000. 20 '
; o ¢ . E. Rudigieret al, Thin Solid Films431-432 110(2003.

2C. Pietzker, E. Rudlg!er, D. Bumnig, and R. Scheer, Proqeedlngs of 17th 215 3 ucﬁéiz’zb:rti anlt? Dolli L;Lnshlin BuIIZAIIo (Phaase Diagrain&sa
European Photovoltaic Solar Energy Conference, Munich, Germany, ed- =" *° T ghim, ' y 9
ited by B. McNelis, W. Palz, H. A. Ossenbrink, and P. Helm, 2001, Vol. 2, 2259?'3 Nair, L. Guerrero, and P. K. Nair, Semicond. Sci. Techaa)
p. 1031. LRSS » L. ) . K. ) . Sci. .
3J. Alvarez-Garcia, A. Rez-Rodrguez, B. Barcones, A. Romano- 1164(1998.

. 23
Rodrguez, J. R. Morante, A. Janotti, S.-H. Wei, and R. Scheer, App|,24p- B. Barton, Jr., Econ. Gedbs, 455(1973. o ]
Phys. Lett.80, 562 (2002. K. Siemer, J. Klaer, I. Luck, J. Alvarez-Garcia, A.ree-Rodrguez, A.

4E. Rudigier, I. Luck, and R. Scheer, Appl. Phys. L&2, 4370(2003. Romano-Rodguez, and D. Branig, Proceedings of the 16th European

5J. Alvarez-Gara, E. Rudigier, N. Rega, B. Barcones, R. Scheer, AeRe Photovoltaic Solar Energy Conference, Glasgow, UK., edited by H.
Rodfguez, A. Romano-Rodyuez, and J. R. Morante, Thin Solid Films ~ Scheer, B. McNelis, W. Palz, H. A. Ossenbrink, and P. Helm, 2000, Vol. 1,

431-432 122(2003. 25p. 895. .
6J. Alvarez-Garcia, A. Perez-Rodriguez, A. Romano-Ryukr, and J. R. 265-'H- Wei, S. B. Zhang, and A. Zunger, Phys. Re\6® R2478(1999.
Morante, J. Vac. Sci. Technol. 29, 232 (2007). S. Froyen and A. Zunger, Phys. Rev.58, 4570(1996.
7J. Klaer, J. Bruns, R. Henniger, K. Siemer, R. Klenk, K. Ellmer, and D. >’A. Neisser, PhD thesis, Hahn-Meitner Institut Berlin, Berlin, Germany,
Braunig, Semicond. Sci. Techndl3, 1456(1998. 2001.
8]. Luck, J. Kneisel, K. Siemer, J. Bruns, R. Scheer, R. Klenk, N. Janke 2K. Fukuzaki, S. Kohiki, H. Yoshikawa, S. Fukushima, T. Watanabe, and |.
and D. Brainig, Sol. Energy Mater. Sol. CelB7, 151 (2001). Kojima, Appl. Phys. Lett73, 1385(1998.

9T. Tanaka, T. Yamaguchi, and A. Yoshida, Proceedings of the 11th Inter?*B. J. Stanberry, S. Kincal, S. Kim, T. J. Anderson, O. D. Crisalle, and S. P.
national Conference on Ternary and Multinary Compounds, Salford, UK, Ahrenkiel, Proceedings of the 28th IEEE Photovoltaic Specialists Confer-
edited by R. D. Tomlinson, A. E. Hill, and R. D. Pilkington, 1998, p. 329. ence, Anchorage, AK, 2000, p. 440.

10M. saad, S. Bleyhl, T. Ohashi, Y. Hashimoto, K. Ito, B. Mertesacker, A. *°D. Wolf and G. Miller, Jpn. J. Appl. Phys., Part39, 173(2000.

Downloaded 14 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



