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Band offsets at the ZnSe/CuGaSe ,(001) heterointerface

A. Bauknecht,® U. Blieske, T. Kampschulte, J. Albert, H. Sehnert,
and M. Ch. Lux-Steiner
Hahn-Meitner-Institut, Glienicker Stral3e 100, 14109 Berlin, Germany

A. Klein and W. Jaegermann
Technische UniversitaDarmstadt, 64287 Darmstadt, Germany

(Received 21 September 1998; accepted for publication 16 December 1998

The formation of the ZnSe/CuGaSeheterointerface was studied by x-ray photoelectron
spectroscopy (XPS). ZnSe was sequentially grown on CuGg®€1) epilayers.In situ
photoemission spectra of the Ga &nd Zn 31 core levels as well as XPS valence bands were
acquired after each deposition step. The valence-band offset is determined Adc\e0.6
+0.1eV. As a consequence, a nearly symmetric “type-I" band alignment for the ZnSe/CuGaSe
heterojunction with a conduction-band offset®E-=0.4+0.1 eV is found. Concerning the band
alignment ZnSe can, therefore, be expected to be a suitable buffer material for Giuiaa&e
thin-film solar cells. ©1999 American Institute of Physid$§0003-695(99)01008-6

Cu(ln, Ga)(S, Se,-based thin-film solar cells reaching pendence on its elemental composition. For Cu-rich layers
efficiencies of 17.7% on the laboratory scadee now ready Segregation of Cibg, has been observed, whereas slightly
to enter the stage of pilot production. The most efficient deGa-rich layers reveal smooth surfaces. Therefore, molar
vices obtained so far use absorbers with low Ga and S corflows of the different precursors were adjusted so as to
tents, thus showing band gapskf< 1.2 eV2 Another chal- a}chleve a negr—stmchlome'trlc'but slightly Ga-rich composi-
lenge is to realize high-voltage devices on the basis of th&on of the epilayers resulting in @ smooth surface morphol-

ternary wide-energy-gap absorbers Cul(&,=1.5eV) and ogy as determined by electron microscopy and atomic force
CuGaSg(E,=1.7eV) microscopy. X-ray diffraction and electron channeling mea-
g=1. .

ZnO/CdS/CuGasSesolar cells have reached efficiencies surements prove the-axis-oriented epitaxial growth of

of up to 9.3% limited by open circuit voltage¥ ) of 870 gugagg onf GaA$F001) resultirr:gt ml 1 (OOl)-orieinted
mV and fill factors of 63.7%.The loss iV observed for u>asg surtace. For x-ray pholoelectron Spectroscopy

Cu(ln, GaSe-based devices with Ga+In) ratios larger (XPS) measurements the CuGaSpilayers were transferred

0 ) . o the ultra-high-vacuum(UHV) surface analysis system
than 50% has been attributed to changes in the tranSporEVG-ESCAlab MKIl) in an atmosphere of dried nitrogen

mechanisms at the heterojunction to CdS. For the . . -
CdS/CuGaSginterface a “type-1I” band alignment, placing without any exposure to air. M « radiation(1253.6 eV

. . was used as the excitation source. The electron analyzer was
th? CdS conduction-band minimum belpw thgt of Qucéa.seoperated at 20 eV pass energy. No contamination of the sur-
(cliff), has been measuréd=rom numerical simulations it

) ) : face with oxygen and carbon was detected by XPS after heat-
can be concluded that “type-11” heterojunction devices

; T : ) ing the sample to 200 °C for 1 h. Unfortunately, due to the
show interface recombmaglon dominated behavior, Nencqacy of reference data and the possibility of photoelectron
suffering from a loss iVc.” In addition to the optimization

: : diffraction from single-crystalline surfac&sstoichiometry
of CuGaSeg wide-energy-gap absorbers for photovoltaic ap-¢qy|q not reliably be deduced from the measured spectra.
plications it seems, therefore, favorable to investigate alter- 756 was deposited from a homemade Knudsen cell at a
native materials to replace the standard CdS buffer layer ofieposition rate of less than 10 A/min. During evaporation the
ZnO/buffer/Culin, GaSe; thin-film solar cells. As a possible sample was kept at room temperature. The preparation cham-
candidate, ZnSe with its band gap of 2.7 eV has been studiegkr was directly connected to the surface analysis chamber
in this work. The lattice constants of ZnSe and CuGa8e  enabling anin situ characterization of the ZnSe/CuGaSe
closely matched, which should result in almost strain-fre€nterface formation without breaking the vacuum.
interface formation. Photoelectron spectroscopy is a widely used tool to de-
CuGaSeg was grown by metal organic vapor phase epi-termine valence-band offsetsAE,) of semiconductor
taxy (MOVPE) on GaA$001) substrates using CpCUTEP, heterojunctions.One experimental approach is the measure-
TEGa, and DTBS€Ref. 7) as precursors. Growth tempera- ment of(i) the core-level to valence-band maximum separa-
ture was 570°C. A reduced reactor pressure of 50 mbar agon BEZM in both, substrate (CuGageand film (ZnSe as
well as substrate rotation was used to ensure homogeneougll as (ii) the difference between the core-level binding
epitaxial growth with respect to layer thickness and elemenenergieSBES) (AE¢,) at the heterointerface. The band off-
tal composition. The surface morphology of setis then given by

CuGaSe/GaAs(001) epilayers shows a characteristical de-
8/GaAs(001) epilay AE,=BE/®™(CuGaSe—BE/®M(znSe—AEe . (1)

dElectronic mail: bauknecht@hmi.de X-ray photoelectron spectra, including Gd and zZn 3
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L FIG. 2. Ga 3 core level and valence-band maximum region of a
| CuGaSeg(001) surface measured with Mga radiation. Core-level fitting is

1.5 done using a Gauss-Lorentzian function. The energetic position of the
r valence-band maximum is determined from fitting an experimentally broad-
ened linear DOS. The results of the fits are shown as solid lines.

Intensity (arb. units)

— L gies at the synchrotrorh@¢=40eV) 200—-300 meV smaller
25 20 15 10 5 0 . . o
s values are found, which, however, agree with determinations
Binding Energy (eV) using He Il radiation k»=40.86 eV)>* Since effects of
FIG. 1. XP spectra of Gad Zn 3d core levels and valence bands of band dISperSIOQ'\,A Wh,ICh mlght account for the observed _dlf_
CuGaSein the course of ZnSe deposition. Excitation energy was 1253.6 e\/fer_ences of 'B ax With hy, are only Preslent a_t lower exci-
(Mg Ka). Spectra are shown after numerical subtraction of itg satel-  tation energies, the value obtained with higheris assumed
lites. Zero of energy is at the Fermi energy of the metallic sample holder. to be more reliable. Consequently, we usedg%: 19.35
+0.05eV for the determination of the band discontinuities.

BM _ H
core levels as well as the valence-band region, recorded after A \{alue of BE\Z/N 3¢~ 9.20:0.05eV was determined for )
each deposition step are shown in Fig. 1. The bottom-mo nSe films, thermally evaporated on different layered semi-
spectrum is taken from the uncoveréd .CuGzaSBrface conductors at various substrate temperatures and measured

With increasing coverage the CuGa®enissions are gradu- by means of various excitation energies. In all cases the cen-
ally replaced by the ZnSe features. No evidence for addifErOId pgsmon of the Znhﬁ Ie\é‘ﬁl Eaz ziggsused. The value is
tional chemical species is observed. All substrate emission§ 990 agreement W't published ¢ ' )
show a binding-energy shift &V, = — 200 meV to lower Figure 3 summarizes the experimental results. Using Eq.
values with increasing film thickness. The Zd &vel also (1) the value for the valence band offset amounts to
follows this shift, indicating a shift of the surface Fermi level AEy=19.35e\9.20eV-9.55eV=0.6-0.1eV. (2)
towards the valence-band maximuisandbending qu a.‘” Together with the band gaps of CuGa%ad ZnSe, the cal-
coverages, where both substrate and overlayer emissions are : .

? . - . culated conduction-band offset is
clearly identified, the binding-energy difference between the
Ga & and the Zn 8 level is given by AE; =9.55 AE-=2.7eV-1.7eV-0.6eVv=0.4eV. 3
+0.05eV. The unusual direction of the binding-energy shift
may be attributed to the formation of (3g-related defect
states at the interface as also observed for CdS/CuiffSe
However, in the previously published results,,§uas a
bulk phase is only observed at elevated temperatures. F
thermore, upward bandbending is also observed when Zn

is deposited onn-doped layered semiconductors at room

Both the valence-band maximum and the conduction-
band minimum are on the CuGaSsde giving a nearly sym-
metric “type-1" band alignment as observed earlier for a
number of interfaces between Cu—chalcopyrite semiconduc-
Lélr((;)rs and vacuum-evaporated 11-VI semiconductdré:*®

temperaturé?! In the latter case, a substrate decomposition is E(eV)  CuGaSe, ZnSe
very unlikely, so that the upward bandbending is rather at- \ ;—1— CBM
tributed to the defects of ZnSe films grown at low tempera- CBM =
tures. 1.76V 2.7eV

In Fig. 2 the determination of the position of the VBM —; GE,
valence-band maximum from an XP spectrum of the clean ' o VEM
CuGaSe surface is shown. The experimental data are fitted BEVBM _ 1935y Crzna=9:206V
to a linear density of statg®©0S) broadened by the experi- | Zn 3d
mental resolution (800 me\). BEygu(CuGaSe) AEy =9.558V
=0.57+0.05eV is found for the valence-band maximum of Gasd—Y— Y.

CuGaSe. With BEg, 3=19.91+0.03 eV (centroid posi-
tion), this results in B ?\gd: 19.34-0.05¢eV in close agree- FIG. 3. Schematic energy-level diagram of the ZnSe/CuGasterojunc-
ment with the value published by Turowsi al'?2 Further-  tion. The experimentally determined core-level energies with respect to

M valence-band maxima (E{E"") as well as the difference between core-level
more, values for ngw of 19.37 eV, and 19.33 eV for binding energies AE. ) are given. The resulting valence-band offset

d?ﬁe.rem samples measure_d Wilth/:. 80eV synch.rotrlon fa-  amounts toAE,=0.6=0.1eV. Using the band-gap energies of CuGaSe
diation have been determined. With lower excitation enerand znSe, a conduction-band offsetdE.=0.4=0.1 eV is deduced.
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The valence-band offset for ZnSe/CuGafgq. (2)] is ap- troscopy has been pr_esented. ZnSe films of increasing_ thi(_)k-
proximately 100 meV smaller than that observed for theness were stepwise evaporated on an epitaxial
ZnSe/CulnSginterface'* This agrees well with a theoretical CuGaSg001) surface. The valence-band offset AE,
calculation of the relative positions of the valence-band=0.6*0.1eV is in good agreement to an expectation from
maxima between CulnSeand CuGaSe by Wei and the transitivity rule using experimental values for
Zunger!’ placing the valence-band maximum of CuGaSe ZnSe/CuinSg¢ and a theoretical calculation for
40 meV below that of CulnSe The calculated relative po- CulnSe/CuGaSg heterostructures.
sition of the band maxima for Culng@nd Culn$[AE,,
=0.28 eV (Ref. 17)]also reproduces the different valence-
band offsets determined for CdS/CulpSaE,=0.9eV
(Ref. 10)]and CdS/Culng AE,,=0.6 eV (Ref. 16)].

Therefore, the transitivity rule for heterojunction band
discontinuitied seems to apply to the [1-VI/I-111-\4l het-
erointerfaces, using the relat!ve positions fgr the chalc_opyrltell R. Tuttle, J. S. Ward, A. Duda, T. A. Berens, M. A. Contreras, K. R.
band edges reported by Wei and Zunyeit is the possible Ramanathan, A. L. Tennant, J. Keane, K. Emery, and R. Noufi, Mater.
to predict the valence-band offsets for CdS/CuGased Res. Soc. Symp. Prod26, 143(1996). )

; i “V. Nadenau, D. Braunger, D. Hariskos, M. Kaiser, Chbko A. Ober-
ZnSe/ICuIn$t0 .be O'f8 ﬁnd 04 IeV, rers]pelctlvely. An experi it acker, M. Ruckh, U. Ruole, R. Scfitfler, D. Schmid, T. Walter, S.
menta V?'_" _|cat|on of these va u_es should be_ a good test i Zweigart, and H. W. Schock, Prog. Photovolta®;s363(1995).
the transitivity rule can be applied to these interfaces. The3v. Nadenau, D. Hariskos, and H. W. Schodkoceedings of the 14th
CdS/CuGaSgvalue is smaller than that reported by Nadenau guroﬁean PEOtOVOKQiC 50|a|f Enehfgy Cog;efznc&afc;él%ga(sz S.
5 ; ; tephens and Associates, Felmersham, Bedford, U.K.,)1997250.
et ?}IéMHowever’ as d|s§ussed above, a dlfferer.]t value for“R. Herberholz, V. Nadenau, U."Rie, Ch. Kdle, H. W. Schock, and B.
BEga has been used in Ref. 5 compared to this work and pimmier, Sol. Energy Mateu9, 227(1997).
the CdS film has been prepared by chemical bath depositiorv. Nadenau, D. Braunger, D. Hariskos, and H. W. Schock, Inst. Phys.
The different preparation technique of the film most likely 680”Bf- ?9f-152’s5§(1§9;)- 2, and 3. L. Grégroceed e 201
. . . b. lurner, R. J. SChwalrtz, an . L. Gragroceedings o e

leads to a16d|fferent band alignment as observed for IEEE Photovoltaic Specialists Conferentas VegadIEEE, New York,
CdS/Culng. 1988), p. 1457.

The increase in band gap with increasing Ga content in7Cyclopentaqienyl—copper—triethylphosphine, triethylgallium, ditertiary-
Cu(ln, Ga)Se mainly shifts the conduction-band maximum Sgumy'se'egd; Photoslectron Spectroscopgpringer, Beriin, 1695

. . . . ee, e.g., o. [uaer, otoelectron spectroscopgpringer, berlin,
closer to the VaCUljlm level Ieavmg the |o_n|zat|on_ energy ?‘I'gHeterojunction Band Discontinuitie®dited by F. Capasso and G. Mar-
most unchanged since the Ga and In orbitals mainly contrib- garitondo(North-Holland, Amsterdam, 1987
ute to the conduction bandb.For the same reason, the *°T. Loher, W. Jaegermann, and C. Pettenkofer, J. Appl. PAys.731
valence-band discontinuities of a 11-VI compound with , (1995 .
CulnSe and CuGaSgare similar. However. with increasin A. Klein, W. Jaegermann, R. Rudolph, E. Schaar-Gabriel, and C. Petten-
u e . e Y 9 kofer (unpublished).

band gap this leads to a cliff in the conduction band as dem. Turowski, G. Margaritondo, M. K. Kelly, and R. D. Tomlinson, Phys.
scribed for CdS/CuGagé In order to avoid this effect, eV B3, 1022(1985).
which might limit the performance of a solar cell device, a 2 gg)hm'd' M. Ruckh, and H. W. Schock, Appl. Surf. St3, 409
material vv_ith a smaller valence-band offset a_nd/or a largersp "3 Nelson, C. R. Schwerdtfeger, S.-H. Wei, A. Zunger, D. Rioux, R.
band gap is required. At least for the case of interfaces pre-patel, and H. Hehst, Appl. Phys. Lett62, 2557(1993).
pared by thermally evaporated I1-VI compounds, ZnSe willls(Gglggé)ﬂina T. Ozello, and A. Franciosi, J. Vac. Sci. Technoll4 2967

. . . 1 .
fulfill this requirement. . . . 16A. Klein, T. Loher, C. Pettenkofer, and W. Jaegermann, Appl. Phys. Lett.
In summary, the determination of the band alignment 7o 1299(1997).

between ZnSe and CuGaSesing x-ray photoelectron spec- S.-H. Wei and A. Zunger, J. Appl. Phy&8, 3846(1995).
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