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The formation of the ZnSe/CuGaSe2 heterointerface was studied by x-ray photoelectron
spectroscopy ~XPS!. ZnSe was sequentially grown on CuGaSe2(001) epilayers. In situ
photoemission spectra of the Ga 3d and Zn 3d core levels as well as XPS valence bands were
acquired after each deposition step. The valence-band offset is determined to beDEV50.6
60.1 eV. As a consequence, a nearly symmetric ‘‘type-I’’ band alignment for the ZnSe/CuGaSe2

heterojunction with a conduction-band offset ofDEC50.460.1 eV is found. Concerning the band
alignment ZnSe can, therefore, be expected to be a suitable buffer material for CuGaSe2-based
thin-film solar cells. ©1999 American Institute of Physics.@S0003-6951~99!01008-6#

Cu~In, Ga!~S, Se!2-based thin-film solar cells reaching
efficiencies of 17.7% on the laboratory scale1 are now ready
to enter the stage of pilot production. The most efficient de-
vices obtained so far use absorbers with low Ga and S con-
tents, thus showing band gaps ofEg<1.2 eV.2 Another chal-
lenge is to realize high-voltage devices on the basis of the
ternary wide-energy-gap absorbers CuInS2 (Eg51.5 eV) and
CuGaSe2 (Eg51.7 eV).

ZnO/CdS/CuGaSe2 solar cells have reached efficiencies
of up to 9.3% limited by open circuit voltages (VOC) of 870
mV and fill factors of 63.7%.3 The loss inVOC observed for
Cu~In, Ga!Se2-based devices with Ga/~Ga1In! ratios larger
than 50%4 has been attributed to changes in the transport
mechanisms at the heterojunction to CdS. For the
CdS/CuGaSe2 interface a ‘‘type-II’’ band alignment, placing
the CdS conduction-band minimum below that of CuGaSe2

~cliff !, has been measured.5 From numerical simulations it
can be concluded that ‘‘type-II’’ heterojunction devices
show interface recombination dominated behavior, hence,
suffering from a loss inVOC.6 In addition to the optimization
of CuGaSe2 wide-energy-gap absorbers for photovoltaic ap-
plications it seems, therefore, favorable to investigate alter-
native materials to replace the standard CdS buffer layer of
ZnO/buffer/Cu~In, Ga!Se2 thin-film solar cells. As a possible
candidate, ZnSe with its band gap of 2.7 eV has been studied
in this work. The lattice constants of ZnSe and CuGaSe2 are
closely matched, which should result in almost strain-free
interface formation.

CuGaSe2 was grown by metal organic vapor phase epi-
taxy ~MOVPE! on GaAs~001! substrates using CpCuTEP,
TEGa, and DTBSe~Ref. 7! as precursors. Growth tempera-
ture was 570 °C. A reduced reactor pressure of 50 mbar as
well as substrate rotation was used to ensure homogeneous
epitaxial growth with respect to layer thickness and elemen-
tal composition. The surface morphology of
CuGaSe2/GaAs(001) epilayers shows a characteristical de-

pendence on its elemental composition. For Cu-rich layers
segregation of CuxSey has been observed, whereas slightly
Ga-rich layers reveal smooth surfaces. Therefore, molar
flows of the different precursors were adjusted so as to
achieve a near-stoichiometric but slightly Ga-rich composi-
tion of the epilayers resulting in a smooth surface morphol-
ogy as determined by electron microscopy and atomic force
microscopy. X-ray diffraction and electron channeling mea-
surements prove thec-axis-oriented epitaxial growth of
CuGaSe2 on GaAs~001! resulting in a ~001!-oriented
CuGaSe2 surface. For x-ray photoelectron spectroscopy
~XPS! measurements the CuGaSe2 epilayers were transferred
to the ultra-high-vacuum~UHV! surface analysis system
~VG-ESCAlab MKII! in an atmosphere of dried nitrogen
without any exposure to air. MgKa radiation ~1253.6 eV!
was used as the excitation source. The electron analyzer was
operated at 20 eV pass energy. No contamination of the sur-
face with oxygen and carbon was detected by XPS after heat-
ing the sample to 200 °C for 1 h. Unfortunately, due to the
lack of reference data and the possibility of photoelectron
diffraction from single-crystalline surfaces8 stoichiometry
could not reliably be deduced from the measured spectra.

ZnSe was deposited from a homemade Knudsen cell at a
deposition rate of less than 10 Å/min. During evaporation the
sample was kept at room temperature. The preparation cham-
ber was directly connected to the surface analysis chamber
enabling anin situ characterization of the ZnSe/CuGaSe2

interface formation without breaking the vacuum.
Photoelectron spectroscopy is a widely used tool to de-

termine valence-band offsets (DEV) of semiconductor
heterojunctions.9 One experimental approach is the measure-
ment of~i! the core-level to valence-band maximum separa-
tion BECL

VBM in both, substrate (CuGaSe2) and film ~ZnSe! as
well as ~ii ! the difference between the core-level binding
energies~BEs! (DECL) at the heterointerface. The band off-
set is then given by

DEV5BECL
VBM~CuGaSe2!2BECL

VBM~ZnSe!2DECL . ~1!

X-ray photoelectron spectra, including Ga 3d and Zn 3da!Electronic mail: bauknecht@hmi.de
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core levels as well as the valence-band region, recorded after
each deposition step are shown in Fig. 1. The bottom-most
spectrum is taken from the uncovered CuGaSe2 surface.
With increasing coverage the CuGaSe2 emissions are gradu-
ally replaced by the ZnSe features. No evidence for addi-
tional chemical species is observed. All substrate emissions
show a binding-energy shift ofeVbb52200 meV to lower
values with increasing film thickness. The Zn 3d level also
follows this shift, indicating a shift of the surface Fermi level
towards the valence-band maximum~bandbending!. For all
coverages, where both substrate and overlayer emissions are
clearly identified, the binding-energy difference between the
Ga 3d and the Zn 3d level is given by DECL59.55
60.05 eV. The unusual direction of the binding-energy shift
may be attributed to the formation of CuxSey-related defect
states at the interface as also observed for CdS/CuInSe2.

10

However, in the previously published results, CuxSy as a
bulk phase is only observed at elevated temperatures. Fur-
thermore, upward bandbending is also observed when ZnSe
is deposited onn-doped layered semiconductors at room
temperature.11 In the latter case, a substrate decomposition is
very unlikely, so that the upward bandbending is rather at-
tributed to the defects of ZnSe films grown at low tempera-
tures.

In Fig. 2 the determination of the position of the
valence-band maximum from an XP spectrum of the clean
CuGaSe2 surface is shown. The experimental data are fitted
to a linear density of states~DOS! broadened by the experi-
mental resolution ~800 meV!. BEVBM~CuGaSe2!
50.5760.05 eV is found for the valence-band maximum of
CuGaSe2. With BEGa 3d519.9160.03 eV ~centroid posi-
tion!, this results in BEGa 3d

VBM 519.3460.05 eV in close agree-
ment with the value published by Turowskiet al.12 Further-
more, values for BEGa 3d

VBM of 19.37 eV, and 19.33 eV for
different samples measured withhn580 eV synchrotron ra-
diation have been determined. With lower excitation ener-

gies at the synchrotron (hn540 eV) 200–300 meV smaller
values are found, which, however, agree with determinations
using He II radiation (hn540.86 eV).5,13 Since effects of
band dispersion, which might account for the observed dif-
ferences of BEGa 3d

VBM with hn, are only present at lower exci-
tation energies, the value obtained with higherhn is assumed
to be more reliable. Consequently, we used BEGa 3d

VBM 519.35
60.05 eV for the determination of the band discontinuities.

A value of BEZn 3d
VBM 59.2060.05 eV was determined for

ZnSe films, thermally evaporated on different layered semi-
conductors at various substrate temperatures and measured
by means of various excitation energies. In all cases the cen-
troid position of the Zn 3d level has been used. The value is
in good agreement with published data.14,15

Figure 3 summarizes the experimental results. Using Eq.
~1! the value for the valence band offset amounts to

DEV519.35 eV29.20 eV29.55 eV50.660.1 eV. ~2!

Together with the band gaps of CuGaSe2 and ZnSe, the cal-
culated conduction-band offset is

DEC52.7 eV21.7 eV20.6 eV>0.4 eV. ~3!

Both the valence-band maximum and the conduction-
band minimum are on the CuGaSe2 side giving a nearly sym-
metric ‘‘type-I’’ band alignment as observed earlier for a
number of interfaces between Cu–chalcopyrite semiconduc-
tors and vacuum-evaporated II–VI semiconductors.10,14,16

FIG. 1. XP spectra of Ga 3d, Zn 3d core levels and valence bands of
CuGaSe2 in the course of ZnSe deposition. Excitation energy was 1253.6 eV
~Mg Ka). Spectra are shown after numerical subtraction of MgKa satel-
lites. Zero of energy is at the Fermi energy of the metallic sample holder.

FIG. 2. Ga 3d core level and valence-band maximum region of a
CuGaSe2(001) surface measured with MgKa radiation. Core-level fitting is
done using a Gauss–Lorentzian function. The energetic position of the
valence-band maximum is determined from fitting an experimentally broad-
ened linear DOS. The results of the fits are shown as solid lines.

FIG. 3. Schematic energy-level diagram of the ZnSe/CuGaSe2 heterojunc-
tion. The experimentally determined core-level energies with respect to
valence-band maxima (BECL

VBM) as well as the difference between core-level
binding energies (DECL) are given. The resulting valence-band offset
amounts toDEV50.660.1 eV. Using the band-gap energies of CuGaSe2

and ZnSe, a conduction-band offset ofDEC50.460.1 eV is deduced.
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The valence-band offset for ZnSe/CuGaSe2 @Eq. ~2!# is ap-
proximately 100 meV smaller than that observed for the
ZnSe/CuInSe2 interface.14 This agrees well with a theoretical
calculation of the relative positions of the valence-band
maxima between CuInSe2 and CuGaSe2 by Wei and
Zunger,17 placing the valence-band maximum of CuGaSe2

40 meV below that of CuInSe2. The calculated relative po-
sition of the band maxima for CuInSe2 and CuInS2 @DEV

50.28 eV ~Ref. 17!# also reproduces the different valence-
band offsets determined for CdS/CuInSe2 @DEV50.9 eV
~Ref. 10!#and CdS/CuInS2 @DEV50.6 eV ~Ref. 16!#.

Therefore, the transitivity rule for heterojunction band
discontinuities9 seems to apply to the II–VI/I–III–VI2 het-
erointerfaces, using the relative positions for the chalcopyrite
band edges reported by Wei and Zunger.17 It is the possible
to predict the valence-band offsets for CdS/CuGaSe2 and
ZnSe/CuInS2 to be 0.8 and 0.4 eV, respectively. An experi-
mental verification of these values should be a good test if
the transitivity rule can be applied to these interfaces. The
CdS/CuGaSe2 value is smaller than that reported by Nadenau
et al.5 However, as discussed above, a different value for
BEGa 3d

VBM has been used in Ref. 5 compared to this work and
the CdS film has been prepared by chemical bath deposition.
The different preparation technique of the film most likely
leads to a different band alignment as observed for
CdS/CuInS2.

16

The increase in band gap with increasing Ga content in
Cu~In, Ga!Se2 mainly shifts the conduction-band maximum
closer to the vacuum level leaving the ionization energy al-
most unchanged since the Ga and In orbitals mainly contrib-
ute to the conduction bands.17 For the same reason, the
valence-band discontinuities of a II–VI compound with
CuInSe2 and CuGaSe2 are similar. However, with increasing
band gap this leads to a cliff in the conduction band as de-
scribed for CdS/CuGaSe2.

4 In order to avoid this effect,
which might limit the performance of a solar cell device, a
material with a smaller valence-band offset and/or a larger
band gap is required. At least for the case of interfaces pre-
pared by thermally evaporated II–VI compounds, ZnSe will
fulfill this requirement.

In summary, the determination of the band alignment
between ZnSe and CuGaSe2 using x-ray photoelectron spec-

troscopy has been presented. ZnSe films of increasing thick-
ness were stepwise evaporated on an epitaxial
CuGaSe2(001) surface. The valence-band offset ofDEV

50.660.1 eV is in good agreement to an expectation from
the transitivity rule using experimental values for
ZnSe/CuInSe2 and a theoretical calculation for
CuInSe2/CuGaSe2 heterostructures.
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