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Synchrotron-radiation photoemission study of CdS/CulnSe, heterojunction formation
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Synchrotron-radiation soft-x-ray photoemission spectroscopy was used to investigate the develop-
ment of the electronic structure at the CdS/CulnSe, heterojunction interface. CdS overlayers were
deposited in steps on single-crystal p- and n-type CulnSe, at 250°C. Results indicate that the CdS
grows in registry with the substrate, initially in a two-dimensional growth mode followed by three-
dimensional island growth as is corroborated by reflection high-energy electron-diffraction analysis.
Photoemission measurements were acquired after each growth in order to observe changes in the
valence-band electronic structure as well as changes in the In 4d, Se 3d, Cd 4d, and S 2p core lines.
The results were used to correlate the interface chemistry with the electronic structure at these in-
terfaces and to directly determine the CdS/CulnSe, heterojunction valence-band discontinuity and
the consequent heterojunction band diagram. These results show that the Katnani-Margaritondo
method is unreliable in determining offsets for heterojunctions where significant Fermi-level pinning
may occur and where the local structure and chemistry of the interface depends strongly on the
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specific heterojunction.

I. INTRODUCTION

The ternary A'BM™XY! chalcopyrite semiconductor
CulnSe, exhibits superior performance as an absorber in
heterojunction solar cells'~® and has potential applica-
tions for light-emitting diodes* and various nonlinear de-
vices.> Polycrystalline thin-film® and single-crystal’ pho-
tovoltaic devices with efficiencies exceeding 12% have
been reported. The theoretical electronic structure of
CulnSe, has been determined® but experimental data is
still somewhat limited.>! In addition, theoretical,'!:!?
and experimental'>~ !> data on the formation of the
CdS/CulnSe, heterojunction is limited and inconclusive.
Thus, important gaps exist in our knowledge of the elec-
tronic properties of this technologically important
heterojunction.

This paper presents and discusses the results of a
synchrotron-radiation soft-x-ray photoemission investiga-
tion of CdS/CulnSe, heterojunction formation. CdS
overlayers were deposited in steps on single-crystal p- and
n-type CulnSe, at 250 °C. Photoemission spectra were ob-
tained before and after each growth in order to observe
the development of the electronic structure at the hetero-
junction interface.

II. EXPERIMENT

The CulnSe, crystals (p and n type) were sliced from a
boule which was prepared by the gradient freezing
method.'® Carrier concentrations were 5.3X10'® cm~*
for the n-type crystal and 3 X 10" cm™? for the p-type
crystal. The samples were mechanically polished and
then etched in a solution formulated from 10 g KBr in
100 ml H,O (+0.2 ml Br,) for 30 s prior to insertion into
the analysis chamber. Quantitative compositional
analysis was performed with electron-microprobe
analysis (EMPA) using x-ray wavelength-dispersive spec-
troscopy which determined that the samples were
stoichiometric CulnSe,.

A single liquid-nitrogen-shrouded boron nitride
effusion cell was the source of the deposited CdS films.
Deposition rates were monitored with a calibrated
water-cooled quartz crystal thickness monitor and
showed the typical Arrhenius behavior (the deposition
rate is linear versus the reciprocal of the absolute source
temperature). The observed linear growth rate indicates
that the effusion cell releases stoichiometric amounts of
CdS in a certain temperature range (650-750°C) and can
be used as a molecular-beam source for growth.
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Photoemission experiments were performed using a
“Grasshopper” monochromator on the 1-GeV storage
ring (Aladdin) at the University of Wisconsin Synchrot-
ron Radiation Center. The photoemitted electrons were
analyzed using a hemispherical sector analyzer with 1.5°
angular acceptance mounted on a two-axis goniometer.
Photoemission spectra were taken in an energy range
hv=70-130 eV. The combined energy resolution of the
monochromater and the analyzer was AE =0.1 eV. All
spectra were measured at normal emission with a photon
angle of incidence of 6.=45°. Prior to analysis, each
crystal surface was cleaned in situ by sputtering with 1-
keV Ar ions in order to obtain a clean valence-band spec-
tra. Sputter-induced damage was removed by annealing
for ~2 min at 500 °C.

III. RESULTS AND DISCUSSION

The reflection  high-energy electron-diffraction
(RHEED) patterns of the polished and etched p- and n-
type CulnSe, crystals showed bright three-dimensional
diffraction plots along a ring characteristic of oriented
single-crystal CulnSe,. After the crystal surfaces were
cleaned in situ by sputter etching with 1 keV Ar ions, the
RHEED patterns consisted of rings indicating a random
amorphous surface as one might expect after sputtering.
Only when the sputter etched crystals were annealed at
500°C did the rings disappear and the original spots reap-
pear. This is consistent with previous work!” which con-
cluded that CulnSe, crystals could be sputtered with up
to 1.5 keV Ar ions and annealed at 500 °C without chang-
ing the surface composition. However, EMPA indicated
that both CulnSe, crystals lost 0.5 at. % Se from the bulk
due to the 500°C anneal in vacuum. Surface sensitive
in situ core-level spectroscopy confirmed that the
CulnSe, surfaces were atomically clean. Following this
surface preparation, CdS was deposited at 250 °C on both
p- and n-type CulnSe,. The RHEED patterns of the CdS
overlayers were similar to the virgin substrates indicating
that the CdS grows in registry with the substrate.

In order to fully characterize the CulnSe, substrate
prior to CdS growth, the valence-band (VB) spectra of the
p- and n-type CulnSe, were acquired with several photon
energies with the typical n-type VB spectra series
presented in Fig. 1 for discussion. Comparison of the ex-
perimental VB structure with the theoretically predicted
band structure? as determined by a self-consistent
potential-variation mixed-basis approach shows the fol-
lowing.

(i) The upper valence band (T,,-I'y,-N,,, where T
and N are high-symmetry points in a body-centered
tetragonal Brillouin zone) has a calculated width of 4.8
eV and consists of a mixture of Se 4p and Cu 3d orbitals
which, due to the relative proximity of the Se 4p and Cu
3d orbital energies, interact. The observed upper valence
band appears as a two-peak structure corresponding to
the two branches of the Cu d bands. The calculated peak
density of states is near E, —3.3 eV which is higher than
the observed value of E,—2.4 eV by 0.9 eV [E, is the
valence-band maximum (VBM) and is determined from
the linear extrapolation of the leading edge as outlined
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FIG. 1. Normal emission valence-band spectra of n-type

CulnSe, following etch and in situ sputter cleaning acquired in
the energy range hv=70-130¢eV.

below]. The observed upper valence-band structures for
both single-crystal n- and p-type CulnSe, are thus in
reasonably good agreement with theory. The observed
emission above E, originates from the convolution of the
lifetime-broadened emission with the finite energy resolu-
tion of the electron analyzer and monochromator.'®1°

(i1) The In—Se band (T's, -I",, —N,,) has its peak densi-
ty of states near E, —6.0 eV and a calculated maximum
width of 0.7 eV. This band is only observed at the lower
photon energies due to variations in the corresponding
photoionization cross sections and is observed at E, —6.3
eV for both p- and n-type CulnSe,.

(iii) At yet higher binding energies, theory predicts a Se
4s band (T5,-I';,-N,,) between E,—12.8 eV to
E,—13.2 eV. This band was not observed due to its low
photoionization cross section in the photon energy range
used for this study.

(iv) The calculated binding energy of the In 4d core-
level peak relative to the VBM is at 16.9 eV. Figure 2
displays the In 4d peak as a function of CdS coverage.
At zero coverage, this peak is observed at E,—17.4 eV
for both p- and n-type CulnSe,, which is in agreement
with literature values.® '°
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FIG. 2. Characteristic In 4d core-level emission for CulnSe,
as a function of the effective CdS coverage.

Figure 3 shows a plot of the normalized intensity of the
In 4d core-level emission as a function of the nominal
thickness of the CdS overlayer film (from Fig. 2)
representative of growth on both the p- and n-type
CulnSe,. The nominal thickness necessary for one mono-
layer of CdS would be equal to 3.36 A (5.82 A/V3). The
kinetic energy of the photoemitted electrons is =74 eV
which is at the minimum of the universal escape depth
curve. For homogeneous coverage of the substrate
without diffusion, one expects the substrate core-level in-
tensity to decrease exponentially (linear on a semi-In plot)
for a two-dimensional layer-by-layer growth mode. Ad-
ditionally, a small amount of In outdiffusion would ac-
count for the observed In signal intensity and would not
lead to a significant deviation from exponential attenua-
tion. The lines fit to the experimental data points show
two regions of growth as evidenced by the two different
slopes. This knee in the substrate attenutation curve at a
film thickness of 10—15 A indicates a change from the in-
itial two-dimensional growth mode to a mixed three-
dimensional island growth mode (Stranski-Krastanov
growth) which is corroborated by the corresponding
RHEED images. The initial layer-by-layer growth can be
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FIG. 3. Normalized substrate In 4d core-level emission in-
tensity as a function of nominal CdS overlayer thickness.

understood by noting that the lattice constants for the
two materials are similar (5.82 A for cubic CdS and 5.78
A for CulnSe,) thus allowing two-dimensional growth.
The transition to three-dimensional growth may indicate
that the CdS becomes strained thus making three-
dimensional growth more energetically favorable.

Figure 4 shows the normal emission valence-band spec-
tra of the CdS/CulnSe, interface as a function of the
effective CdS coverage for the n-type crystal. The evolu-
tion of the VBM shown in these figures is a direct indica-
tion of the evolution of the electronic structure leading to
the CdS/CulnSe, heterojunction formation. The position
of the VBM (E,) for each coverage is determined from
the linear extrapolation of the leading edge. Linear ex-
trapolation of the leading edge of VB emission is some-
what arbitrary and can account for errors in the deter-
mination of the VBM. However, the band-mapping
analysis'®!® necessary for the precise determination of E,
was impractical for this investigation and would not
significantly affect the value of the valence-band discon-
tinuity. Therefore, in the case of the n-type CulnSe,, E
shifts by 0.3+0.1 eV on going from clear n-type CulnSe,
to the 70 A CdS overlayer spectrum. Similarly, E, shifts
by 0.31+0.1 eV on going from clean p-type CulnSe, to the
300 A CdS overlayer spectrum. These shifts do not
directly correspond to the valence-band discontinuity
AE, between CulnSe, and CdS since the position of the
substrate valence-band edge at the interface is modified
by adatom-induced changes in the band bending.?’
Therefore, in order to determine AE,, one needs an in-
dependent estimate of the band-bending potential for
both p- and n-type substrates. Specifically, three quanti-
ties are necessary to determine AE, for this heterojunc-
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FIG. 4. Normal emission valence-band spectra of the
CdS/CulnSe, interface as a function of the effective CdS cover-
age for the n-type crystals.

tion, two of which are the core-level to valence-band
maximum energy separation for each constituent of the
heterojunction. The third quantity is the core-level bind-
ing energy difference AE, for a core level on each side of
the heterojunction referenced to E.?!

Band bending potentials can be determined by moni-
toring the corresponding shifts of the substrate core-level
photoemission peaks as long as contributions due to
chemical shifts can be separated. It has been determined
that for most binary semiconductors, the anion core lev-
els are severely affected by adatom-induced changes in
the chemical shift and therefore cannot be used to esti-
mate band bending variations.” However, it has been
determined that the cation core levels are not affected by
changes in the chemical shift and thus their adatom in-
duced shifts can be used directly to determine band bend-
ing variations.

The In 4d core-level emission for n- and p-type
CulnSe, as a function of the effective CdS coverage (Fig.
2) depicts the evolution of the In 4d peak during the for-
mation of the CdS/CulnSe, interface. The peak position
at zero coverage is E, —17.4 eV and shifts to £, —17.5 eV
at the lower coverages (1, 3, and 7 A). This shift reflects
the adatom-induced changes in the substrate band bend-
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ing. At total coverage, the peak position is £, —17.1 eV.
Thus, the first quantity needed to determine the valence-
band discontinuity, specifically E;, ;;,—E, in the
CulnSe,, is 17.4 eV.

The representative Cd 4d core-level emission for n- and
p-type CulnSe, as a function of the effective CdS cover-
age is presented in Fig. 5. For the lower CdS coverages,
the peak position is E, —10.5 eV and shifts to £, —10.1
eV at the higher coverages. Thus, the last two quantities
necessary for the determination of the valence-band
discontinuity are extracted, specifically, Ecq 4, —E, in
CdS is 10.1 eV and E,, 44 — E 4 44 across the heterojunc-
tion is 7.0 eV (referenced to Ep).

Using the results of these three measurements it is
clear that the valence-band discontinuity AE, is 0.3 eV
for the CdS/(n-type CulnSe,) heterojunction. Similarly,
the valence-band discontinuity for the CdS/(p-type
CulnSe,) heterojunction is 0.3 eV. Combining these re-
sults with E,(CulnSe,)=1.04 eV and E, (CdS)=2.42 eV,
one may determine the conduction-band discontinuity
AE, to be 1.08 eV for an abrupt CdS/(n-type CulnSe,) or
CdS/(p-type CulnSe,) heterojunction. These results are
summarized schematically in Fig. 6 for the n-type
CulnSe, heterojunction. The experimental data show no
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FIG. 5. Characteristic Cd 4d core-level emission for CulnSe,
as a function of the effective CdS coverage.
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FIG. 6. Schematic of the experimentally determined band
lineup across the CdS/CulnSe, heterojunction.

band bending for either case due to (i) 3—5A probe depth
and (ii) the low carrier concentration since the width of
the space-charge region is inversely proportional to the
square root of the carrier concentration.

These CdS/CulnSe, heterojunctions are most com-
monly used for solar-cell applications. It is clear that no
solar cell could operate with weakly doped CdS, not only
because of the series resistance which would result in the
CdS, but also because of the presence of a substantial bar-
rier to conduction of either carrier type from the CulnSe,
to the CdS (Fig. 6). Normally, solar cells are fabricated
with heavily In-doped CdS which is strongly n type.
Furthermore, there is a possibility that In will diffuse
across the heterojunction further enhancing the conduc-
tivity of the CdS. In this case, the Fermi level in the CdS
would rise to near the conduction-band edge and the
CulnSe, band edges would equalize to match the Fermi
levels across the junction. This would lead to strong
band bending near the heterojunction. If the CdS is
much more heavily doped than the CulnSe,, most of the
band bending will occur in the CulnSe,. The amount of
band bending will exceed the energy gap of the CulnSe,
and thus a thin two-dimensional electron gas will develop
near the heterojunction due to diffusion of electrons out
of the n "-type CdS as shown schematically in Fig. 7(a).
This electron gas will act as a metal and will be present
for any type or level of doping in the CulnSe, but would
be smallest in heavily n-type material.

This model only applies to single-crystal CulnSe,/CdS
heterojunctions but may aid in explaining several previ-
ously unexplained observations concerning CdS/CulnSe,
heterojunctions and solar cells, in general. Specifically,
the apparent lack of interface-dominated recombination
of minority carriers,?? the presence of buried homojunc-
tions in the CulnSe, as observed by electron-beam-
induced conductivity (EBIC) (Ref. 23), and the broad
range of CulnSe, compositions around stoichiometry for
which good solar cells can be fabricated.?* All of these
observations are consistent with the presence of an in-
duced homojunction. The presence of a two-dimensional
electron gas in the CulnSe, near the heterojunction will
produce an essentially metallic contact which will be rela-
tively insensitive to the type of epitaxy or quality of the
CdS/CulnSe, interface. When the CulnSe, is sub-
stoichiometric it tends to be weakly p type. Thus, the
formation of an electron gas near the heterojunction will
invert the local carrier population in the CulnSe,, form-
ing an induced homojunction. The depth of this homo-

ART J. NELSON et al. 42

1-CuinSe , electron collection n+ CdS

region

2D electron gas oc

’

'<——————>|
hole collection
region

(a)

i-Cuinse, n-CdS

‘DCulnSez

Degs—
(b)

FIG. 7. CdS/CulnSe, heterojunction models for (a) band
bending in the CulnSe, and (b) with band bending in the CdS.

Jjunction will depend on the doping level of the CulnSe,
and will increase with the resistivity of the material. In
fact, such an induced homojunction would appear even
for n ~-type CulnSe,, as observed.

In the case of thin films, as the compositions of the
CulnSe, becomes In-rich, the films are observed to be
weakly n type with carrier concentrations in the 10"
cm™ 3 range up to =2% excess In. Near stoichiometry,
the carrier concentration changes to p type and rises rap-
idly. It is reasonable to assume that the Fermi level lies
near the center of the band gap for both In-rich and
stoichiometric material, falling toward E, as the material
becomes Cu-rich. As long as band bending occurs pri-
marily in the CulnSe,, the open circuit voltage (V) of
the solar cell will be determined by (E,—Ef) in the
CulnSe, [Fig. 7(a)]. The open circuit voltage will drop
significantly if band bending occurs in the CdS as shown
schematically in Fig. 7(b).

It has been previously suggested®® that the band-edge
discontinuity should occur primarily in the valence band.
This conclusion is based on the temperature dependence
of the solar-cell behavior and on photoemission data for
CdS/Si (Ref. 26) and CulnSe,/Si (Ref. 10) heterojunc-
tions and applying a generalized empirical method.?®
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However, this method is unreliable in heterojunctions
where significant Fermi-level pinning may occur in one of
the materials at the interface and where the local struc-
ture and chemistry of the interface depends strongly on
the heterojunction in question. On the basis of the above
arguments showing that the observed band-edge discon-
tinuities are consistent with observed heterojunction be-
havior, we conclude that the majority of the band-edge
discontinuity actually occurs in the conduction-band
edge for single-crystal CulnSe,/CdS heterostructures.

IV. CONCLUSIONS

We have presented the results of a synchrotron-
radiation soft-x-ray photoemission investigation of the
CdS/CulnSe, heterojunction interface. The valence-band
discontinuity for this heterojunction has been experimen-
tally determined and a heterojunction band diagram for
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CdS on single-crystal n- and p-type CulnSe, has been
constructed thus explaining numerous factors affecting
the ultimate performance of these single-crystal devices.
The results also show that the Katnani-Margaritondo
method is unreliable in determining offsets for hetero-
junctions where significant Fermi-level pinning may
occur and where the local structure and chemistry of the
interface depends strongly on the specific heterojunction.
Future experiments will include performing a similar
growth procedure using CulnSe, thin films.
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