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We propose a method to determine a natural valence-band offset (NVBO), i.e., the change in the
valence-band maximum energy which is intrinsic to the bulk band structures of semiconductors. We use
the HgTe-CdTe system as an example in which we find that the valence-band maximum of HgTe lies
0.35%0.06 eV above that of CdTe. The NVBO of 0.35 eV is in good agreement with the x-ray photo-
emission spectroscopy measurement of the heterojunction offset. The procedure to determine the NVBO
between semiconductors, and its implication on the heterojunction band lineup and the electronic struc-

tures of semiconductor alloys, are discussed.

PACS numbers: 73.40.Lq, 73.20.At, 73.30.+y

Band lineup at heterojunction interfaces, the critical
parameter for novel devices utilizing heterostructures,
has attracted considerable interest both theoretically and
experimentally. Many theories have attempted to put
the bulk band structures on a common reference energy
scale, thus establishing the so-called natural band lineups
automatically. In Harrison’s tight-binding (TB) theory, !
a common reference can be established since the bulk
bands are derived directly from the atomic term values.
Through a Mattheiss construction,? Van de Walle and
Martin use a model solid approach® where a common
reference scale is also derived from atomic information.
In Andersen’s linear muffin-tin-orbital (LMTO) meth-
od,* the zero of the energy reference is defined within the
atomic-sphere approximation (ASA). While the above
theories are spiritually in common, they yield fairly
different results. For example, for HgTe-CdTe
Harrison’s model gives < 0.1-eV valence-band offset
(VBO) where the other two models give fairly large
VBO’s: 0.28 eV by Van de Walle and Martin,? and 0.45
¢V by Christensen and Andersen.?

The purpose of this Letter is to propose a method of
experimentally establishing such intrinsic band lineups
and of giving the relative energies of the valence-band
maximum (VBM) as a function of alloy composition.
Besides providing comparison with the above theoretical
models of band lineups, it also has the following very ap-
pealing features. First, such quantities are associated
with the bulk properties only, thus avoiding any ambigui-
ty involved in determining the heterojunction valence-
band offset (HVBO) due to the orientation or imperfec-
tion of the prepared interfaces. Moreover, they also pro-
vide a crucial parameter allowing the proper positioning
of constituent bands in determining the electronic struc-
tures of pseudobinary semiconductor alloys. Such quan-
tities are not available in any of the present coherent-
potential approximation theories utilizing the TB method
(while the first-principles self-consistent Korringa-Kohn-
Rostoker coherent-potential approximation is available
for metal alloys, it is almost impossible to apply it to

semiconductor alloys because of the computational com-
plexity). In addition, determining the relative position of
the VBM as a function of alloy composition should be
helpful for device modeling.

We use the HgTe-CdTe system as an example to
demonstrate this method, in which we find a natural
VBO (NVBO) of 0.35 eV, in agreement with the HVBO
determined by Kowalczyk er al.® and Duc, Hsu, and
Faurie.’

The key to our approach lies in the measurement of
the core-level binding energies of semiconductor alloys,
for example, Hg;-,Cd,Te, relative to the VBM as a
function of the alloy composition. These quantities are
defined as

v = i VBM __ - core
Ei=F E o€,

If one considers that there is an absolute energy scale,
then the changes in these core-level binding energies
(relative to the VBM) come from two contributions: the
changes in the position of the VBM and the changes in
the core-level energy positions on the absolute energy
scale. To separate the two contributions, we calculate
the core-level binding energies of Hg;-,Cd,Te on an
absolute energy scale, using a Born-Haber cycle in the
context of the TB theory. The absolute energy scale here
is defined in the same way as that of Harrison.! As we
will show, on this absolute energy scale the compositional
dependence of the cation binding energies (Hg 54 and
Cd 4d) is nearly constant. Thus the measured changes
in E! of cations reflect the movement of the VBM with
alloy composition, and the NVBO can be deduced.

The inset in Fig. 1(a) shows the valence-band spectra
near the VBM, taken at normal-emission geometry with
photon energy of 21 eV, of cleaved crystals of HgTe,
Hgp7Cdo3Te, and CdTe, respectively. This choice of
normal-emission geometry with 21-eV photon energy
greatly enhances the emission of the electronic states
near the VBM. By alignment of the VBM’s of these
three materials, the relative changes in the core-level
binding energies referred to the VBM can be determined
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FIG. 1. (a) The Hg 5d and Cd 4d core levels of HgTe, HgCdTe, and CdTe with the valence-band maxima taken as zero binding
energy. Inset: Accuracy of the alignment of the VBM’s. (b) The schematic diagram showing the movement of the VBM as a func-
tion of composition. With the assumption that the core levels of cations stay constant on the absolute energy scale and that the
VBM of HgTe lies 0.35 eV above that of CdTe, the measured core-level shift upon alloying can be fully explained.

very precisely to within 0.03 eV (systematic errors in
determining the position of the VBM’s are canceled). In
Fig. 1(a), Hg 5d and Cd 4d of HgTe, Hgo7Cdo 3Te, and
CdTe are displayed together with the VBM’s taken as
the zero binding energy. Let us define

AE!(Hg 5d,x) =E!(Hg 5d,Hg| - ,Cd, Te)
—E/(Hg 5d,HgTe),
AE!(Cd 4d,x) =E!(Cd 4d,Hg, - ,Cd,Te)
— E£(Cd 4d,CdTe);
then the experimental result is expressed as
AE{(Hg 5d,x=0.3)=—0.1£0.03 eV,
AE!(Cd 4d,x=0.3) =0.25+0.03 eV.

Similar results have been reported® for a range of alloy
composition (from x=0.2 to x=0.39) with slightly
worse accuracy in determining AE?: The Hg 5d (relative
to the VBM) in the alloy shifts to lower binding energy
than that of HgTe, and the Cd 44 does the opposite.
Also noticeable is that the Hg 5ds/, and Cd 5d s, separa-

tion is a constant, 2.70 £ 0.1 eV (which is similar to that
of this work, 2.652%0.03 eV), over the compositional
range from x =0.2 to x =0.39.

As mentioned earlier, there are two contributions to
these shifts: the shift of the VBM, and the shift of the
core level, on the absolute scale. This relation is ex-
pressed as

AE{=AEVBM — AE ¢,

Our calculation which will be discussed below shows that
on an absolute energy scale the cation core levels stay
nearly constant. Thus the measured cation core-level
shifts AEY must result from the movement of the VBM.
Assuming AE " =0, we can deduce the NVBO as

E VBM,HgTe _ p VBM,CdTe
=AE!(Cd,x) —AE!(Hg,x) =0.35¢V.

Figure 1(b) shows pictorially how the natural valence-
band offset can account for the measured core-level
shifts relative to the VBM. The VBM of HgTe is chosen
to lie above that of CdTe by 0.35 eV. The Hg 54 and
Cd 4d are chosen to stay constant on an absolute energy
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scale. The VBM of the alloys lies somewhere between
those of HgTe and CdTe. Thus, for this alloy, the Hg 54
level relative to the VBM turns out to be shifted to lower
binding energy compared to that in HgTe. Similarly,
the Cd 4d level shifts to higher binding energy. The sum
of these two shifts gives the NVBO. The NVBO of 0.35
eV in this work is in good agreement with the HVBO of
0.35 and 0.36 eV measured by Kowalczyk er al.® and
Duc, Hsu, and Faurie’, respectively. This indicates that
the NVBO accounts for the HVBO in HgTe-CdTe; no
extra dipole (referenced to our absolute scale) is needed.

Our approach to the calculation of the core-level bind-
ing energies of semiconductor alloys on an absolute ener-
gy scale is an extension of the work of Enderlein and
Harrison.” The Born-Haber cycle is used because the
initial-state and the final-state effects in the photoemis-
sion process are treated simultaneously. However, be-
cause the TB evaluation of E YBM involves some degree
of uncertainty, here we refer the binding energy to the
zero of the absolute energy scale directly. Although the
z+1 approximation'® and the TB evaluation of the bond
energy will limit the absolute accuracy of the theory,
when we concentrate on the alloying effect, for example,
the difference between the binding energy of Hg 5d in
HgTe and that in HgCdTe, systematic errors introduced
by the z+1 approximation and TB theory are mostly
canceled.!' The input parameters for the calculation are
the bond lengths of the two binaries, and the atomic
term values of the constituents and their z+1 atoms
(e.g., Tl as the z +1 atom of Hg).

The accuracy of the calculation depends on how well
the atomic term values are chosen. We use that of Chen
and Sher!'? in which the relativistic effect causing the Hg
6s to be deeper than Cd Ss has been included. We ob-
tain the following result:

E*?(Hg,Hg, -,Cd, Te) =E2%(Hg,HgTe)
—(0.060.02)x eV,

EA"(Cd,Hg, - ,Cd, Te) = E4**(Cd,CdTe)
+(0.07£0.02)(1 —x) eV,

E3%(Te,Hg; —«Cd,Te) =E3°(Te,HgTe)
—(0.31 £0.06)x eV.

The superscript “abz” denotes the binding energies are
referenced to the zero of the absolute energy scale. The
accuracy of our calculation is estimated by our varying
the atomic term values over a wide range (> 3 eV) while
keeping the difference of the cation term values constant
(any alloying effect is caused by the difference in the cat-
ions). As one can see from the above expression, the cat-
ion binding energies on the absolute energy scale stay
nearly constant with alloy composition. This supports
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the validity of lining up the cation core levels in HgCdTe
to obtain the NVBO. Moreover, experimentally the Te
4d binding energy relative to the VBM in HgTe lies
0.6 £0.15 eV deeper than that in CdTe; in comparison
with the calculation of the binding-energy difference of
Te on the absolute energy scale, the result is certainly
consistent with the existence of the NVBO of 0.35 eV.

Our calculation on the AlGaAs system leads to a simi-
lar result as on the HgCdTe system: On the absolute en-
ergy scale, the Al and Ga core levels stay constant to
within 0.06 eV throughout the alloy compositional range.
Thus, measurement of cation core levels relative to the
VBM in AlGaAs alloys should give the NVBO of
GaAs-AlAs.

Up to this point, we have used the TB absolute energy
scale to define our NVBO. However, it may not be
necessary as discussed in the following. Consider a
common-anion alloy system, say 4;—-,B,C, where the
ionicities of the two binaries AC and BC are very
different. When the alloy is formed, the charge distribu-
tion associated with the anion site will be just the weight-
ed superposition of that of the two binaries; however, the
charge distributions associated with 4 and B sites could
be very different from those in the binaries. What is
gained (or lost) by cation A4 will come from (or go to)
cation B. If such charge redistribution causes cation A
to shift to lower (higher) binding energy on the absolute
energy scale going from AC to BC, cation B will shift to
higher (lower) binding energy going from BC to AC.
Thus the compositional dependence of the cation binding
energies will not be constant on the absolute energy
scale; instead it gives two inclined lines with the same
slope, i.e., the separation between the two cation core
levels in the alloy stays constant. It is conceivable that
such charge redistribution is similar to that at the ideal
heterojunction interface.!*> If this is true, then by
measuring the separation between the cation core levels,
and comparing to the binding energy (referred to the
VBM) difference of these two cation cores in the two
binaries, we can get the correct VBO without doing the
interface measurement. The VBO determined this way
should also give the proper positioning of the constituent
bands in the alloy. Similar arguments will also apply to
common-cation systems. Thus the idea of the NVBO
can exist without the need of referring to an absolute en-
ergy scale. Note that at a perfect heterojunction inter-
face, there would be no necessity to add an additional di-
pole contribution with this approach. A direct test of
this generalization is to examine whether the cation
core-level separation in the common-anion alloys pre-
dicts that at the heterojunction interface of the two
binaries. '

There appears to be an inconsistency between our re-
sults of NVBO of 0.35 eV for HgTe-CdTe and Harri-
son’s result of <0.1 eV, although the same convention
of common reference scale is applied. Actually, there is
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not! A recent TB calculation with the inclusion of the
cation d orbitals gives a NVBO of 0.3 eV, !> whereas in-
cluding cation d states into the calculation of the bond
energy does not change our result of alloying effect.

It is especially illuminating to compare our result with
the NVBO of 0.45 eV obtained by LMTO within ASA
since LMTO can be transformed to a first-principles TB
formalism.'® In fact, the application of LMTO within
ASA to calculate the electronic structures of many metal
alloy systems has been found in excellent agreement with
the self-consistent Korringa-Kohn-Rostoker method, !”
since the proper positioning of the constituent bands is
built in within ASA. It is our opinion that our method
of using the pseudobinary alloy as the reference system
for the determination of the natural band lineup is an
ideal choice, since it appears that both the heterojunction
and alloy problems are treated simultaneously.

We hope that this work will stimulate more research
activities testing our method of deducing natural band
lineups in other systems. These quantities are not only
important for the heterojunction problem but also have
very important implications for the electronic properties
of semiconductor alloys. For example, the existence of
the NVBO of 0.35 eV in HgTe-CdTe indicates that in
HgCdTe alloys the electronic states near the VBM are
subjected to strong alloy scattering. The anomalously
low hole mobilities observed in HgCdTe alloys at low
temperature'® seem to support this prediction. We
therefore also urge similar measurements to be done on
AlGaAs alloys since the NVBO of AlAs-GaAs is prob-
ably large on the basis of the large HVBO reported.
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