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Photoemission studies of CulnSe, and CuGaSe, and of their interfaces with Si and Ge
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We studied the electronic structure of two fundamental components of the A4'B™MX}" family of
semiconductors by synchrotron-radiation photoemission. The experiments investigated the clean-
surface density of occupied states, the Cu d-band satellites with photoemission resonant behavior at
the Cu 3p optical absorption threshold, and the absolute energy position of the valence-band edges,
E,. In particular, we estimated the E, terms (relative to the top of the valence band of Ge), which
can be used to determine the band discontinuities of heterojunctions involving these materials. As
an example, the E, term obtained for CulnSe, was used to predict the conduction-band discontinui-

ty of the CulnSe,/CdS heterojunction solar cell.

I. INTRODUCTION

We present and discuss the result of a synchrotron-
radiation- photoemission study of CulnSe, and CuGaSe,.
These materials and in general the 4'B".X}" chalcopyrite
semiconductors have attracted much attention in the past
several years.!~® They have potentially interesting appli-
cations in photovoltaic solar cells,”? light-emitting
diodes,> and various nonlinear devices.* Their physical
properties were the subject of many experimental and
theoretical investigations.*~%%® In particular, their
theoretical electronic structure was extensively studied by
Jaffe and Zunger.® The experimental data on the electron-
ic structure, on the other hand, is still limited.>'® This is
particularly true for the “absolute” position of the band
edges which can be used to estimate the band discontinui-
ties of heterojunction devices.'!

The present paper eliminates important gaps in our
knowledge of the electronic properties of CulnSe, and
CuGaSe,, completing the preliminary work described in
Ref. 12. Photoemission spectra were taken on clean sur-
faces obtained by fracturing under ultrahigh vacuum con-
ditions, and used as a reference for the subsequent experi-
ments. In particular, we observed for the clean surfaces
resonant photoemission phenomena characteristic of Cu
and of its compounds.'>!* Then we studied the formation
of the CulnSe,/Ge, CulnSe,/Si, and CuGaSe,/Ge inter-
faces. Photoemission spectra taken at different stages of
the interface-formation process were used to estimate the
valence-band discontinuity following the approach
described, for example, in Ref. 15. From these results we
deduced the absolute valence-band-edge—position terms
for the two compounds.'"!* Combined with other terms
in the Katnani-Margaritondo table,!! these parameters can
be used for a first-order estimate of the valence-band
discontinuities of technologically important heterojunc-
tion devices. We were able, for example, to estimate the
CulnSe,/CdS valence-band discontinuity, obtaining a
value in excellent agreement with transport results and in
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general with the solar-cell performances of the device."’

Section II of this paper gives a brief description of the
experimental procedure and describes the clean-surface re-
sults. Section III discusses the results of the interface-
formation processes, and Sec. IV summarizes our con-
clusions.

II. EXPERIMENTAL PROCEDURE
AND CLEAN-SURFACE RESULTS

The experiments were performed at the “Grasshopper
Mark II” beam line of the University of Wisconsin Syn-
chrotron Radiation Center, using the instrumentation and
the procedure described in Refs. 11 and 15. The essential
parameters of the experiments were photon energy range
60—120 eV corresponding to an overall resolution (mono-
chromator plus cylindrical mirror electron energy
analyzer) of 0.3—0.6 eV and working pressure in the low
10~ 1° Torr range including the overlayer-deposition pro-
cedures. The single-crystal samples were grown at the
University of Salford using the vertical Bridgman method
for n-type CulnSe, and the horizontal-zone-growth pro-
cess for CuGaSe,.!® They were cut, etched with 1 vol. %
Br-methanol, and mounted on Cu samples holders with
vacuum-compatible epoxy and conducting glue. Clean
surfaces were obtained under ultrahigh vacuum by
fracturing the samples in situ with a tungsten blade.
Clean-surface photoemission spectra of the valence band
and of the In 4d, Ga 3d, Cu 3p, and Se 3d were taken at
photon energies selected to enhance the surface sensitivity
of the photoemission probe by minimizing the photoelect-
ron escape depth.

Thin overlayers of Ge were obtained by evaporation
from a tungsten basket monitored with a quartz-crystal
oscillator. Silicon was deposited instead by bombardment
with 4.5-keV electrons. Photoemission spectra were taken
at each stage of coverage for the above features and for
the Ge 3d and Si 2p core levels. Spectra taken before and
after overlayer deposition revealed no contamination. We
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FIG. 1. Photoelectron energy distribution curves (EDC’s)
taken on clean-CulnSe, and CuGaSe, surfaces at hv=77 eV.
The zero of the energy scale is the top of the valence band, E,.
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estimate, in particular, the contamination by oxygen, car-
bon, and their compounds to be less than 1—&,— monolayer.

Figure 1 shows valence-band photoemission spectra
taken on clean CulnSe, and CuGaSe,. These results were
used to test the quality of our substrates by comparing
them with previous data by Rife et al.’ for CulnSe, and
by Braun and Lannin'® for CuGaSe,, and with the
theoretical predictions of Jaffe and Zunger.® Table I sum-
‘marizes the results of this comparison and demonstrates
that there is a reasonable qualitative and quantitative
correspondence between the different sets of values. The
quantitative discrepancies between our binding energies
and those of Ref. 9 are due in part to a different estimate
of the valence-band-edge position—the band-edge signal is
stronger in our spectra than in the x-ray photoemission
spectra of Ref. 9. The largest discrepancies affecting the
Cu 3d features are probably due to transition probability
modulation, which also explains the differences in line
shape between our valence-band spectra and those of Ref.
9.

The clean-surface spectra of Fig. 1 are dominated by
the Cu 3d features and by their satellites. The satellite
structure is particularly prominent in the CuGaSe, spectra
and it consists of two peaks ~11 and 13.5 eV below the
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estimated center of the d band. Similar satellite structure
have been observed for metallic Cu (Ref. 13) and for
quasi-matrix-isolated Cu in Cu-phtalocyamine.!* The
mechanism proposed to explain it is a shake-up process
that leaves two holes in the Cu d band:

3p®3d'%s + hv—3p®3d®asi e~ ,

and the two-peak structure is characteristic of the 3d?
configuration. The energy separation between the satellite
peaks and the center of the d band is 2.5—3 eV larger for
our samples than for metallic Cu.!®> Likewise, the separa-
tion increases'* on going from quasi-matrix-isolated or
atomic Cu to metallic Cu. Iwan et al.'* attributed that
effect primarily to the larger screening of the 3d° one-
hole state. The same explanation cannot be extended to
our materials, for which the screening brings the 3d° ini-
tial energy to a value intermediate between quasi-matrix-
isolated and metallic Cu. Therefore, the different separa-
tion between satellites and d band must be attributed to
differences in the configuration (and possibly screening)
shifts of the 3d® two-hole state between metal Cu and our
samples. ’

One interesting property of the Cu satellite is their
resonant photoemission behavior at photon energies corre-
sponding to the Cu 3p optical-absorption threshold.!>!4
Similar resonances were observed for the well-known Ni
satellite,!” but the explanations typically proposed for that
phenomenon cannot be extended to Cu which has filled d
bands. The proposed explanation for Cu (Ref. 13) is the
Fano interference between the above shake-up process and
the following excitation-Auger process leading to the
same final state:

3p%3d s + hv—3p33d %452 3p°3d34s?+e— .

The effects of the resonant enhancement were clearly visi-
ble for our materials. Figure 2, for example, shows the
resonant behavior of the d-band satellite in CuGaSe, at
the threshold energy Av=77 eV. At resonance the inten-
sity of the satellite peaks increases by about a factor of 3. -
The resonant behavior removes the doubts about the na-
ture of the shallowest satellite peak, which might have
been caused by the coincidence of its position with the
calculated X! band.® In principle, additional informa-
tion on the nature of the satellites could be obtained from

TABLE 1. Calculated and experimental binding energies of the clean-surface photoemission features of CulnSe, and CuGaSe,.

Binding energies in eV, relative to the top of the valence band, E,.

The theoretical values are from Ref. 8.

CulnSe, CuGaSe,
Feature Theory Ref. 9 This work Theory Ref. 10 This work
0.5 1.0 1.0 1.0
Cu 3d 3.3 2.1 2.7 3.2 2.4 2.7
Cu 3d 4.2 3.3 3.7 4.1 3.5 3.6
BM_XV1 band 6.0 6.3 6.5 6.6 7.0 7.35
XV! band and 13.0 13.0 13.2 13.2 13.5,16.0
Cu satellites®
B™ g core level 16.9 17.5 17.65 17.5 19.35

*The resonant behavior of these peaks indicates that they are Cu d-band satellites rather than the XV! band features theoretically.

predicted (Ref. 8) at the same energy (see text).
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FIG. 2. CuGaSe, EDC’s taken at different photon energies
reveal the resonant photoemission cross section of the Cu d-
band satellites 13.5 and 16.0 eV below E, at photon energies
close to the Cu 3p optical-absorption threshold.

the detailed Fano line shape of their intensity versus Av
plots. These plots, however, are affected by the underly-
ing nonresonant Auger emission in the same kinetic-
energy range.!® A reliable correction method was recently
proposed by Riedel et al.,!® but it could not be applied to
our spectra due to the proximity of the intense B™ d
core-level emission.

III. RESULTS ON Si AND Ge CHEMISORPTION

A detailed knowledge of the electronic structure is an
essential prerequisite for the understanding of the physical
properties of semiconducting materials and ultimately for
their practical use in solid-state devices. Spectra such as
those of Figs. 1 and 2 are an important source of informa-
tion about the electronic states. The importance of other
pieces of information has been emphasized in recent years
by extensive research on semiconductor interfaces. Some
of the most interesting applications of the materials dis-
cussed here are in the area of heterojunction devices.!’
Photoemission measurements of the absolute position in
energy of the band edges are of immediate interest in the
physics of heterojunctions. In fact, Katnani and Margari-
tondo!® empirically demonstrated that those positions are
the most important factor in determining the heterojunc-
tion band discontinuities. In turn, the band discontinui-
ties play the most important-role in the transport proper-
ties of heterojunction devices.

The existence of a valence-band discontinuity AE, and
of a conduction-band discontinuity AE, at the interface
between two semiconductor is due to the difference be-
tween the two forbidden gaps. In principle, AE, and AE,
can be influenced by several microscopic factors which
determine the local charge distribution and in particular
the interface dipoles. These factors, however, do not con-
tribute by more than 0.1—0.2 eV to the discontinuities.!?

Nonlocal factors, i.e., the absolute energy positions of the
electronic states of the two semiconductors, are the most
important factors contributing to AE, and AE,.!> The
experimental evidence for this elementary fact explains
why very simple, nonlocal theories are able to predict the
discontinuities with remarkably good accuracy.!l>!%19-23
In the best case'"!>?° nonlocal theories reach the
0.1—0.2-eV accuracy limit due to the local contributions
to AE, and AE, they neglect. This is still insufficient for
practical applications, but quite good if one considers the
approximate character of these approaches. No current
theory, in practice, is able to overcome the 0.1—0.2-eV ac-
curacy limit.!> -

An optimized empirical version of the nonlocal ap-
proaches to estimate the discontinuities was proposed in
Ref. 11. It consists of determining for each semiconduct-
or the absolute position of the valence-band edge, E,, and
then of estimating AE, for each pair of semiconductors
by taking the difference of the corresponding E, terms.
E, terms were empirically deduced!"!> for each material
from photoemission spectra taken during the formation of
interfaces between that material and a reference semicon-
ductor, Ge or Si. Reference 15 deduced the E, terms for
the most important elemental and binary semiconductors.
We extend here the same approach to materials in the
A'BUX Y family.

Following Ref. 15, we referred the E,’s to the top of
the valence band of Ge. Therefore, the E, terms were
determined by measuring the discontinuity AE, for the in-
terface between each material and Ge—or Si, after
correcting for the known discontinuity between Si and
Ge.!® Figure 3 shows the evolution of the leading edge of
the photoemission spectra during progressive coverage of
CulnSe, by Ge. The position of E, for each coverage is
estimated from the linear extrapolation of the leading
edge. E, shifts by 0.32 eV on going from clean CulnSe,
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FIG. 3. Evolution of the leading EDC edge for Ge-covered
CulnSe; as a function of the Ge coverage, ©. The zero of the
energy scale is the top of the clean-surface CulnSe, valence
band.




E(ev)

Se3d

£

0 G
.02 e3d
-0.4

0
-0.2 Cu3d
-04

5 15 20 25 30
Ge LAYER THICKNESS (R

FIG. 4. Energy shifts of the CulnSe,/Ge photoemission spec-

tral features as a function of the Ge overlayer thickness. Scale

is relative to the clean-surface CulnSe, valence-band edge. The

shift of each feature was relative to the clean-surface position

except for the Ge 3d peak which was relative to the large-
coverage position.

to the 30-A spectrum which is already representative of
bulk Ge. This shift does not directly correspond to the
valence-band discontinuity AE, between CulnSe, and Ge,
since the position of the substrate valence-band edge at
the interface is modified by adatom-induced changes in
the band bending. To obtain AE,, therefore, we need an
independent estimate of the band-bending changes.

In principle, the estimate can be obtained by monitoring
the corresponding shifts of the substrate core-level photo-
emission peaks. These shifts, however, can be also influ-
enced by changes in the chemical shift. A deconvolution
of the two contributions is not an easy task, and it re-
quires a careful analysis of several core-level and valence-
band spectral features.!> Figure 4 shows the positions in
energy of E,, of the peak of the Cu d band and of the In
4d, Cu 3p, and Se 3d peaks for CulnSe, as a function of
Ge coverage. The first three features were deduced from
hv=77-€V spectra and the last two features from
hv=90-eV spectra. For most binary semiconductors we
found!® that the anion core levels are heavily affected by
adatom-induced changes in the chemical shift, and there-
fore they cannot be used to estimate band-bending
changes. In fact, we see in Fig. 4 that for coverages up to
2 A the Se 3d shift is much larger than the shift of E,—
which for low coverages is primarily due to band-bending
changes. We also found' that for most binary semicon-
ductors the cation peaks are not affected by changes in the
chemical shift, and therefore their adatom-induced shifts
can be directly used to estimate the changes in band bend-
ing. This rule cannot be immediately applied to our ma-
terials due to the presence of two different cation species.
The line shape changes of the Cu d band and the shift of
the Cu 3p peak indicate that Cu atoms are involved in the
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FIG. 5. Evolution of the In 4d peak during the formation of
the CulnSe,/Ge interface. The energy scale is relative to the po-
sition of the In 4ds,, component for clean CulnSe,. Notice the
line shape of the large-coverage spectra which is due to the pres-
ence of two different In 4d doublets. The shift in energy of the
left-hand-side doublet reflects the adatom-induced changes in
the substrate band bending (see text).

formation of interface chemical bonds—and therefore
that the Cu features are affected by adatom-induced
changes in their chemical shift and cannot be directly
used -to estimate the band-bending changes. Figure 5
shows that the line shape of the In 3d peak also changes
during the formation of the interface. At large coverages
there is evidence for two components, shifted by ~0.7 eV
with respect to each other. The highest in energy of the
two components can be attributed to presence of free In
released from the substrate during the interface-formation
process. The deepest component is the substrate In 4d
peak, whose position is determined by the substrate band
bending. The In 4d shift shown in Fig. 4 is that of this
substrate component. The correspondence between its
shift and the band-bending changes is confirmed by the
low-coverage similarity with the shift of E,.

The total band-bending change estimated from the shift
of the substrate In 4d peak is —0.16 eV. Combined with
the total shift of E,, this value gives
AE,=0.32—(—0.16)=0.48 eV for the CulnSe,/Ge in-
terface. Similar experiments were performed for the
CulnSe,/Si interface, and a preliminary description was
given in Ref. 12. The analysis was simplified by the ab-
sence of the free-In component in the In 4d peak, whose
position directly reflected the substrate band bending.
The total band-bending change for CulnSe,/Si was 0.38
eV and the E, shift was also 0.38 eV, giving AE,=0.00
eV.

The difference between the values of AE, for
CulnSe,/Ge and CulnSe,/Si is in qualitative agreement
with the fact that the E, term for Si (relative to the top of
the valence band of Ge) is negative.”> Quantitatively,
however, there is a substantial discrepancy between the
difference, —0.48 eV, and the Si E, term, —0.17 eV.
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This discrepancy is larger than the experimental uncer-
tainty, which can be estimated!® not to exceed +0.1 eV,
and larger than the typical discrepancies found for other
substrates, 0.1—0.2 eV. This indicates that the interface
dipoles contributing to AE, are markedly different for Si
and Ge overlayers. This conclusion is consistent with the
different microscopic structure of the interface, suggested,
for example, by the presence of a free-In 4d component
for CulnSe,/Ge which is not observed for CulnSe,/Si.!?
The E, term for CulnSe,, relative to the top of the
valence band of Ge, was estimated by taking the average
of the AE, for CulnSe, and of the AE, for CulnSe,/Si
corrected . for the Si E, term.’> The result is
[—0.48+(0.00—0.17)]/2=—0.32 eV, where the minus
sign means that the top of the valence band of CulnSe, is
below that of Ge. Due to the above discrepancy between
the AE,’s for Si and Ge overlayers, the estimated accura-
cy of this term is £0.15 €V, i.e., slightly worse than that
of the other terms of the Katnani-Margaritondo table.!!
An immediate application of the deduced AE, terms is
the explanation of the good efficiency of (p-type
CulnSe,)/(n-type CdS) heterojunction solar cells."” It
was proposed that the most crucial factor in determining
the performances of those devices is the absence of an in-
terface “spike” in the conduction band."” This hy-
pothesis can be directly tested with our results. The E,
term for CdS is —1.73 eV. Combined with the E, term
for CulnSe,, this gives an estimated valence-band discon-
tinuity AE,=1.41 eV for CulnSe,/CdS (i.e., with the
CulnSe, E, above that of CdS). The gap difference be-
tween CdS and CulnSe, is 2.42—1.04=1.38 eV. There-
fore, the estimated conduction-band discontinuity for

c 168
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FIG. 6. Top: summary of the band lineup results for the
semiconductors here investigated and for CdS (energies in eV).
Bottom: Qualitative band diagrams of a (p-type CulnSe;,)/( n-
type CdS) heterojunction solar cell for positive and negative
AE.’s. A positive AE, would introduce a spike in the
conduction-band edge, which would prevent the separation of
the photogenerated electrons from the photogenerated holes.
This would decrease the efficiency of the cell. The experimental
results, however, indicate that AE, <0 and that the spike does
not exist.
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CulnSe,/CdS is AE,=1.38—1.41=—0.03 eV. This is
consistent with the absence of an interface spike in the
conduction band.

Transport measurements’ give AE, values of —0.07
and —0.08 €V for CulnSe,/CdS,!? in excellent agreement
with our estimate. Neither our accuracy nor that of trans-
port measurements is sufficient to distinguish the above
values from a perfectly flat conduction-band edge at the
interface. However, the combination of all the estimates
with their accuracies indicates that AE, is in fact nega-
tive, i.e., that the conduction-band edge of CulnSe, is
slightly above that of CdS. This is an interesting fact,
since a negative AE, helps separate the photoexcited
electron-hole pairs in the (p-type CulnSe,)/(n-type CdS)
solar cell preventing recombination and increasing the ef-
ficiency, as schematically shown in Fig. 6. Also shown in
Fig. 6 is a summary of the band lineup results for the ma-
terials here investigated and for CdS.

We extended our interface-formation studies to the
CuGaSe,/Ge system. Figure 7 shows the shifts of the
photoemission features of this system as a function of Ge
coverage. The Ga 3d peak did not provide evidence for
two different chemical environments of the Ga atoms at
large Ge coverages, in contrast to the results for the In 4d
peaks in CulnSe,/Ge. Once again we see in Fig. 7 that
neither the anion core-level peak nor the Cu features ex-
hibit shifts similar to that of E, at low Ge coverages—i.e.,
those shifts do not directly reflect the changes in band
bending. The initial shift of the Ga 3d peak, instead, is
similar to that of E,. We conclude that, similar to the In
4d peak in CulnSe,/Ge and CulnSe,/Si, the Ga 3d peak
can be used to monitor the changes in substrate band
bending. In fact, its behavior indicates that after some in-
itial changes the final band bending is equal to.that of the
clean CuGaSe, surface. Therefore, the total shift of E,
coincides with the valence-band discontinuity, AE, =0.62
eV. This value is larger than the value for CulnSe,/Ge
(and its E, term relative to the top of the valence band of
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FIG. 7. Energy shifts of the CuGaSe,/Ge spectral features
during the interface-formation process.
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Ge). A similar trend was observed!® for binary In and Ga
compounds with the same anion.

IV. CONCLUSIONS

We studied the electronic structure of two fundamental
materials in the 4'BMXY! family, CulnSe, and CuGaSe,,
by synchrotron-radiation photoemission. ‘We found that
the Cu d-band satellite peaks already observed for metal
Cu and for matrix-isolated Cu aré also visible in these
compounds. They exhibit a resonant photoemission cross
section at the Cu 3p absorption threshold, similar to that
observed for Cu in other chemical environments. Experi-
ments on the formation of interfaces between the two
compounds and elemental semiconductors determined the

absolute energy positions of their valence-band edges.
Relative to the top of the valence band of the Ge edge, we
estimate E, to be at —0.3210.15 eV for CulnSe,, and at
—0.62+0.15 eV for CuGaSe,. The E, term for CulnSe,
provides a direct explanation for the good efficiency of
CulnSe,/CdS solar cells, in agreement with transport
measurements. )
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