APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 20 19 MAY 2003

Band bending independent of surface passivation in
ZnO/CdS/Cu(In,Ga)(S,Se), heterojunctions and Cr /Cu(In,Ga)(S,Se),
Schottky contacts

C. Deibel, V. Dyakonov, and J. Parisi®
Department of Energy and Semiconductor Research, Faculty of Physics, University of Oldenburg,
26111 Oldenburg, Germany

(Received 17 December 2002; accepted 24 March 2003

We have employed admittance spectroscopy and deep-level transient spectroscopy in order to
investigate the electronic properties of ZnO/CdS/Cu(In,Ga)($,Skgterojunctions and
Cr/Cu(In,Ga)(S,Se) Schottky contacts. Our work concentrates on the origin of an
energy-distributed defect state commonly found in these systems. The activation energy of the
defect state addressed continuously shifts upon air annealing or damp-heat treatment and is a
valuable measure of the degree of band bending in Cu(In,Ga)(=h@egd junctions. We
demonstrate that the band bending within the Cu(In,Ga)($,8ggr, reported in the literature to
become minimal after air exposure, returns after the formation of either a Schottky contact or a
heterojunction. The earlier phenomenon turns out to be independent of a surface passivation due to
the CdS bath deposition. @003 American Institute of Physic§DOI: 10.1063/1.1576500

Thin-film solar cells based on polycrystalline Semitrap 82E spectromejerTemperature-dependent mea-
Cu(In,Ga)(S,Se) chalcopyrite absorbers yield a relatively surements in the range of 20-350 K were carried out in a
high energy conversion efficienciy of 18.8% on laboratoryliquid helium closed-cycle cryostat.
scale devicesand up to 12.5% on large area modulés. Upon applying capacitance spectroscopy, we disclose
Still, some fundamental characteristics of the earlier materiageveral different bulk traps and a defect state, further on
system are not understood completely, one of them being thealled 8, in the ZnO/CdS/Cu(In,Ga)(S,Seyolar cells. The
diverse processes influencing the band bending of the hetertatter is commonly interpreted as an interface defect state
junction. A model proposed by Raat al* explains the com-  being located at the CdS/Cu(In,Ga) (S, Skgterojunctior:®
paratively strong band bending of heterojunction devices byVe were able to identify this defect state in our samples with
an absorber surface passivation due to the subsequent cagmittance spectroscopy as well as minority, majority, and
bath deposition. In this letter, we present admittance spedeverse DLTS, respectively. Preliminary results have been
troscopy and deep-level transient spectroso@iyT'S) mea- reported elsewhef®@’® The corresponding admittance spec-
surements on ZnO/CdS/Cu(In,Ga)(S,Sd)eterojunctions tra (measured at 0 V biasof as-grown and DH-treated
and Cr/Cu(In,Ga)(S,Se)Schottky contacts, showing that samples are shown in Fig. 1. The temperature-dependent
the strong band bending derives from the process of contact
formation at the Cu(In,Ga)(S,Sebased junction indepen- 5
dent of a CdS induced passivation. | ©=1.89x10

The samples investigated were nonencapsulated
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ZnO/CdS/Cu(In,Ga)(S,Sg)solar cells and Cr/Cu(In,Ga) E
X(S,Se) Schottky diodes. The fabrication of the chalcopy- ! e P Schotty as-grown
rite absorber layers is based on rapid thermal processing of © . e = — = Schottky 24h DH

----- Heterojunction as-grown]

stacked elemental layetsThe Schottky devices have been S < I Heterojunction 24h DH |
fabricated by thermal deposition of a 50-nm-thick Cr film on NN Ry AR R n e
top of the uncleaned Cu(In,Ga)(S,$eurface, followed by
a 200-nm-thick Au layer for mechanical protectidAccel-
erated lifetime tests under standardized damp-fi2td) con-
ditions at 85°C ambient temperature and 85% relative hu-
midity were performed for various time spans ranging from 6
to 438 h! A subset of the Schottky devices was subject to the L
DH test as well, depositing the metal front contacts only after 50 100 150 200 250 300
DH treatment of the absorber layer. The electrical character- Temperature [K]
ization of the teSt_ CF—JIIS Was_done with the help. of Currem_FIG. 1. Capacitance and differentiated capacitafwith respect to fre-
voltage characteristics, admittance spectros¢oping a SO-  guency spectra vs temperature of the as-grown and 24 h DH-treated
lartron 1260 impedance analyzeand DLTS (using a  Cr/Cu(In,Ga)(S,Se)Schottky diodes. The corresponding admittance spec-
tra of ZnO/CdS/Cu(In,Ga)(S,Sejolar cells are juxtaposed for comparison.

a can be attributed to the activation of the absorber layer. The deeg trap
dElectronic address: parisi@ehf.uni-oldenburg.de was discussed elsewhefsee Ref. &
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vation energies of 80, 150, 350, and 570 me¥sponsible
FIG. 2. Arrhenius plot of the emission rates of the defect seatdetected  for the different instances ¢8. They also report on an addi-

with admittance spectroscopfarger symbols as well as DLTS(smaller  tiona| influence of the junction electric field on the emission
symbolg on both as-grown and 24 h DH-treated Cr/Cu(In,Ga)(S,Se)

Schottky diodes and ZnO/CdS/Cu(In,Ga)(SSs)lar cells(as-grown and rates of those trgps. . o o
24 h/144 h DH treated respectively. In both sample configurations, We emphasize two experimental findings indicating an

shows almost identical emission rates in the as-grown state and clearly shif@nergy distribution of states rather than the existence of dis-
QUe to the DH treatment. The emission rates were extracted _from dif_feren(-:rete ones. First, the good agreement of our different mea-
tiated capacitance spectra and from DLTS spectra recorded with a quiescent . e .
bias of 0 V, applying filing pulses of 0.5 V/ height and 2@ width. surements with one distinct Meyer—Neldel rule points to a
common origin of the different instances of the defect state
B.” Second, the height of the capacitance step changes con-
emission rates of the charge carriers from the defect #ate tinuously and is proportional to the activation enefgyhich
are summarized in an Arrhenius representatsee Fig. 2  would not be expected for the case of several discrete defect
In DLTS, B is extracted from a minority-carrier signal which states.
can be measured regardless of applying injection pulses or With the help of DLTS, we clearly identify3 as a
not. The activation energy of the defect st@leincreases minority-carrier signaf, i.e., the width of the space charge
continuously with time elapsed under DH conditions fromregion diminishes directly after having applied the filling
about 80 meV in as-grown samples to about 340 meV aftepulse. If 8 were a bulk trap, it would probably be a donor-
438 h exposure to DH conditiofs\Ve have discovered the Jike defect state. A prerequisite to detect such a shallow bulk
defect states in the Cr/Cu(In,Ga)(S,Sg)Schottky junctions  minority-carrier trap—the activation energy @ for as-
as well, for both, as-grown and DH-treated absorbers. Thgrown samples amounts to about 80 meV—is a large band
corresponding admittance spectra are displayed in Fig. 1, thgending close to the interface between the front contact and
Arrhenius plots in Fig. 2. In the Schottky junctions, the typi- the absorber, confining the possible spatial location of the
cal shift of the defect stat@ with DH treatment to higher detection of the defect state to the Cu(In,Ga)(S,3e)face.
activation energies is clearly recognized again. The crucial question remains why the above minority-carrier

Note that the statg8 can be commonly observed in defect state can be detected using DLTS without the inten-
ZnO/CdS/Cu(In,Ga)(S,Sg) solar cells.  Herberholz tional injection of minority carriergeither by optical injec-
etal® reported B (referred to as N1 therein in  tion or, in case of the heterojunction, by injection pujses
ZnO/In§ /Cu(In,Ga) Se heterostructures, we previously de- For Schottky junctions based amSi, the observation of
tected it in ZnO/ZnSe/Cu(In,Ga)(S,Sd)eterojunctions and minority-carrier traps with DLTS has been reported in case
Cr/Cu(In,Ga)(S,Se) Schottky diode$.In the latter case, it of relatively large barrier heights. Comparable conditions
is remarkable that the emission rate®hearly coincides for are given in Cu(ln,Ga)(S,Sgpased heterojunctions, be-
as-grown heterostructure samples and as-grown Schottky diause the observation of a type inversion at (inevacug
odes(see Fig. 2 Our experimental results provide evidence Cu(In,Ga)Se surfacé? indicates a high band bending. Thus,
that the defect statg is not affected by the ZnO front con- bulk minority-carrier defect states can be detected in
tact (including the CdS or ZnSe buffer layeand, hence, Cu(In,Ga)(S,Se) heterojunctions and Schottky contacts
located in the absorber layer. even without minority-carrier injection.

The common interpretation g8 as energetical distribu- We consider the interpretation gfas energy-distributed
tion of interface defect state® implies that the activation defect state in the Cu(In,Ga)(S,$edurface region to be
energy equals the difference of conduction band minimummore likely than the proposition of Igalsat al1° However,
and electron quasi-Fermi level at the CdS/Cu(In,Ga)we can draw conclusions about the band bending of the junc-
X(S,Se) interface. The assumed origin of this activation tion using either model. With the common interpretatiorBof
energy is depicted in a blow-up of the corresponding bancs an interface defect state, the information on the band
diagram in Fig. 3. Igalsort all® propose another explana- bending is directly obtained by the activation energy mea-
tion for the origin of the defect stat@. They hold four dis- sured. In the Igalson model, the detection of a minority-

crete donor-like defect states in the absorber wiikh acti-  carrier defect state located in the absorber layer with activa-
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tion energies as low as 80 meV is only possible for thestates located at the Cu(In,Ga)(S,Selrface. The activa-
electron quasi-Fermi level being very close to the conductiortion energy of this energy distribution indicates the prevail-
band. We conclude that the detection Bfin as-grown ing degree of band bending, which is relatively small after
Cu(In,Ga)(S,Se)based heterojunctions and Schottky con-air exposure, but increases considerably after the formation
tacts signifies a strong band bending. of a Schottky contact or a heterojunction. The increase of the
Cu(In,Ga)(S,Se)films exposed to ambient air display a band bending after the contact formation does not depend on
relatively small band bending, as reported by Weinhardthe existence of the CdS buffer layer.
et al® who measured a Fermi-level positi¢relative to the i
conduction band minimujmof 0.5 eV via applying inverse The authors would like to thank J. Palm and F. Karg
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