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Measurements of the x-ray-absorption edges for ternary II-VI group semiconducting compounds
Cd,Hg,_,Te and Cd,Zn,_,Te have been made for the Cd and Te L edges and the K edge of Zn.
These data are compared with calculations based on electron densities of states for the conduction-
band states in Cd,Hg,_,Te and Cd,Zn,_,Te for x =0.0,0.5,1.0. The calculations, based on
linear-muffin-tin-orbital results, cover energies up to about 17 eV above the conduction-band edge.
Both the experimental data and calculated density of states are used to analyze results for the ter-
nary compounds in terms of a virtual-crystal model based on CdTe, HgTe, and ZnTe. Using a
virtual-crystal model based on the Te L, and L; x-ray edges for CdTe, HgTe, and ZnTe, predicted
edges for the ternary compounds Cd-Hg-Te and Cd-Zn-Te are compared with the direct experimen-
tal data and theoretical calculations. Results obtained in these two ways are found to be in good

agreement with each other.

I. INTRODUCTION

It is the aim of this paper to demonstrate that x-ray-
absorption near-edge (XANES) spectra of typical zinc-
blende II-VI semiconductors and also their ternary com-
pounds can be satisfactorily described within the frame-
work of a one-electron approximation. We leave to the
future a discussion of the question of the validity of a
one-electron approximation to describe the x-ray-
absorption spectroscopy (XAS) of transition metals
which also form ternary alloy compounds within this se-
quence. We have calculated conduction-band (CB) densi-
ties of states (DOS) in the energy range 0—1.3 Ry above
the bottom of the CB and measured and analyzed the fine
structure of the XANES energy range for the three most
common binary semiconductors of the II-VI group:
ZnTe, CdTe, and HgTe, which are characterized, respec-
tively, by a wide, medium, and narrow forbidden-energy
gap (2.27, 1.53, and —0.31 eV, respectively, at room tem-
perature) and their corresponding ternary alloys Cd-Zn-
Te and Cd-Hg-Te. The structure of the paper is as fol-
lows. Section II describes experimental details and the
methods used in analyzing the experimental data, Sec. ITI
presents an outline of the theoretical calculations, Sec. IV
contains a discussion of the results, and Sec. V contains
the conclusions.
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II. EXPERIMENT AND RESULTS
A. XAS measurements

X-ray-absorption measurements have been carried out
with the use of synchrotron radiation at the Adone
Wiggler facility in Frascati' utilizing a Si(111) channel-
cut crystal monochromator. The original samples were
high-purity monocrystalline ZnTe, CdTe, HgTe,
Cd, sZn, sTe, and Cd, sHg, sTe ingots grown by the
Bridgman method. To obtain thin specimens of a con-
trolled thickness and homogeneity as required for x-ray-
absorption measurements, the samples were finely
powdered and deposited on polyacetate films.

XAS measurements have been made on the Te L, and
L, edges for Cd-Hg-Te, Cd-Zn-Te, CdTe, HgTe, and
ZnTe, Zn K edges for Cd-Zn-Te and ZnTe, and for the
Cd, L,, L,, and L; edges for Cd-Hg-Te, Cd-Zn-Te, and
CdTe. The energy resolution of an experimental setup of
the type used in the present work is limited by the finite
vertical divergence of the photon beam and a finite width
of the rocking curve of the monochromating crystal. The
resulting instrumental Gaussian broadening of the natu-
ral width of all measured edges has been estimated to be
~0.7 eV for the Te and Cd L edges and ~1.7 eV for the
Zn K edge.

The contribution of each edge to the absorption
coefficient has been isolated by extrapolating the preedge
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region to a higher energy by a Victoreen-type fit and by
subtracting the fitted curve from the remaining experi-
mental spectrum.? Figure 1 presents the results of mea-
surements (after subtraction of the preedge contribution)
and their first derivatives for the Te, L, and L, edges in
HgTe, Cd-Hg-Te, CdTe, Cd-Zn-Te, and ZnTe. Figures 2
and 3 show spectra and their derivatives for the Cd, L,
L,, and L; edges in Cd-Hg-Te, CdTe, and Cd-Zn-Te and
for the Zn K edge in Cd-Zn-Te in ZnTe. Data for HgTe,
CdTe, and ZnTe were taken from Ref. 3 and included for
completeness.

B. Experimental data reduction

As has been shown, XANES for metals* ~° and also for
semiconductors™'? is described satisfactorily by the one-
electron approximation; however, it is possible that in the
case of transition-metal oxides such an interpretation
does not work.!! The discrepancies between theory and
experiment for higher energies above the Fermi level also
raise the question of the accuracy of the theoretical ap-
proaches in this energy range. According to Bloch’s
theorem, for an ideal infinite crystal, the electronic band
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FIG. 1. Te L, and L, x-ray-absorption edges and their first
derivatives for HgTe, Cd-Hg-Te, CdTe, Zn-Cd-Te, and ZnTe.
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structure extends throughout the energy range. In prac-
tice the calculation of the excited states above the Fermi
level is limited by various factors, the immediate one be-
ing the size of the basis set used in the band-structure cal-
culation.

In general, for the reasons discussed in Sec. III one is
rather reluctant to attach any physical meaning to the
higher bands. Miiller, Jepsen, and Wilkes* and Miiller
and Wilkes’ carried out calculations for Pd up to 200 eV,
but in most other calculations®®7~!! the upper limit lies
between 5 and 30 eV. Hence, because of the limited ap-
plicability of the one-electron approximation mentioned
above and also because of the lack of a well-verified
many-body theory, the explicit comparison of the theory
with experiment in a whole XANES energy range is pos-
sible now only in very few cases [for instance, for Pd
(Refs. 4 and 5)].

Considering the above difficulties we compared the ex-
perimental and theoretical data using the procedure of
experimental data reduction proposed first by Parratt!?
for gaseous Ar and recently modified and applied to semi-
conductors.’ Parratt suggested a cutoff in the upper part
of the experimental spectrum and a replacement at
higher energies by an arctangent curve that, according to
Richtmeyer, Barnas, and Ramberg,'* corresponds to the
shape of the x-ray-absorption edge due to free electrons.
It has been shown!? that this arctangent dependence de-
scribes very well the shape of the experimental absorption
L edges in Au. Thereafter we express the total absorp-
tion coefficient p,, as

tiol E 5 €)=pps(E;e) +upp(Eje) tpos , (D

where pgg is the contribution to the total absorption from
all transitions from the initial core state (assumed to pos-
sess a Lorentzian shape) to the empty CB DOS up to the
energy limit € that is arbitrarily defined by the theoreti-
cally calculated DOS; pugg is the contribution due to the
transitions from the same core state to the (hypothetical)
continuum of the unoccupied free-electron-like states
that extend above the limit €, and png is due to transi-
tions from other core states. The last contribution may
be neglected if every edge is analyzed independently elim-
inating contributions from other edges by the Victoreen
procedure.? The choice of the energy € will be discussed
later. The formula (1) means that the absorption
coefficient pgg, related to the CB DOS calculated up to
the energy limit €, is augmented by the absorption
coefficient correlated with free-electron DOS above this
limit. The term pgg in (1) is described by the integral'*'*

o B(E')dE’
(E;e)= , 2
HFE € fe 1_4[(E_E:)/r]2 ( )

where I' is a natural Lorentzian half-width of the core
state. Watanabe'® has shown that B(E) is a slowly de-
creasing monotonic function of energy. Hence, if after
Richtmeyer, Barnas, and Ramberg,'3 we put
B(E)=const, the integral (2) assumes a simple
arctangent form
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FIG.2. Cd L;, L,, and L, edges and their first derivatives for Cd-Hg-Te, CdTe, and Cd-Zn-Te.
11 L 2aE=g) This expression allows for a direct comparison of the re-
HrE=Ho | 5 + ;tan ~r (3)  duced experimental data with theoretical CB DOS evalu-
ated from band-structure or other calculations and con-

Therefore, the contribution to the absorption coefficient
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ten as
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FIG. 3. Zn K edge and its first derivative for Cd-Zn-Te and
ZnTe.

voluted with the Lorentz function describing the initial
state and the Gaussian resulting from the experimental
broadening. In the formula (4) three parameter are
necessary: the energy cutoff € defined earlier, the dis-
tance pu, of the two asymptotes defined by the arctangent
curve, the I' parameter which is the sum of the half-
widths of the Lorentzian initial state I'y, and the experi-
mental broadening I'; and the broadening 86I", caused by
the decrease of the lifetime of the excited states in the
conduction band with increasing electron energy. The
last broadening estimated by Miiller, Jepsen, and Wilkis*
and Miiller and Wilkis® can be used to evaluate the total
half-width at the cutoff energy €. The correction estimat-
ed by Refs. 4 and 5 for low energies is not very large and
might be neglected.’ We have used it, however, in all the
theoretical convolution calculations; consistently it is in-
cluded in our experimental data reduction procedure.

In the procedure of the experimental data reduction we
have used for HgTe, CdTe, Cd-Hg-Te, and Cd-Zn-Te
€=17 eV and for ZnTe ¢=15 €V (i.e., about 15 or 17 eV
above the conduction-band minimum). This choice of
the cutoff energy was motivated by the decreasing accu-
racy of the band-structure calculations as discussed in
Sec. III. The value of I', used in the reduction of the ex-
perimental data has been estimated using the approxi-
mate formula

[,~Ty+il;+8r, , (5)

in which I'y+1I; is a compromise between the two
components contributing to the line shape: the Lorentzi-
an (natural width) and the Gaussian (instrumental width)
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TABLE L. ValuesineV of ['y, I';;, and I', used in the reduction of the experimental data.

Edge | I ¢ ', (E=10¢eV) ', (E=15¢eV)
Zn K 1.40 1.7+0.2 1.15 2.45
CD L, 3.00 0.60.1 1.15 2.45
Cd L, 2.15 0.6+0.1 1.15 2.45
Cd L, 2.10 0.6+0.1 1.15 2.45
Te L, 2.50 0.6x0.1 2.10 3.50
Te L, 2.30 0.6+0.1 2.10 3.50
Te L; 2.30 0.6+0.1 2.10 3.50

ones.'"* The values of ', used in the data reduction pro-
cedure are collected in Table I. They were taken from
the book by Sevier'* and also from Refs. 3,16, and 17.
These values are significantly lower than those reported
by Krause and Oliver.!® They agree, however, much
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better with values of I'; obtained from fitting experimen-
tal results with Eq. (3) for e=0.°

The procedure for experimental data reduction
presented above has two important practical features: it
provides a direct comparison of the experimental data
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FIG. 4. Te s (solid line), p (dashed line), and d (dotted line) projected DOS for conduction-band states for HgTe (a), Hg-Cd-Te, (b),
CdTe (c), Cd-Zn-Te (d), and ZnTe (e).



11118

A. KISIEL et al.

PR
Nehlo e 2 0

8
7 .
13
6
‘y;g
; i |
4 ; «
3 3
2
1
[0}
4] 5

15 20

Energy (eV)

FIG. 5. Cd s (solid line), p (dashed line), and d (dotted line) projected for conduction-band states for Hg-Cd-Te (a), CdTe (b), and

Cd-Zn-Te (c).

with available theoretical results whatever the range of
energy might be, and it allows for a better identification
of any fine structure at or near the absorption edge by
scanning the experimental curve with different values of
the parameter €. It was, however, not necessary to use
this facility in the present paper since there is overall
good agreement between the experimental and theoretical
results.

III. THEORETICAL RESULTS

Band structures and densities of states have been calcu-
lated using the linear-muffin-tin-orbital (LMTO)
method'® for the parent II-VI compounds CdTe, HgTe,
and ZnTe, and for the ternary compounds Cd, sHg, sTe
and Cd;sZn,sTe. The structures of the parent com-
pounds are the usual zinc-blende type, with the two

(o)

Energy (eV)

111

atoms in the cell at positions (0,0,0) and (4, 5, +) and, be-
cause of the open nature of this structure, empty spheres
at (§,4,%) and (3,4, 3). For the 50% ternary materials a
tetragonal structure is used with four atoms plus four
empty spheres in the unit cell, with units such as those
above based on sites at (0,0,0) and (0,1,1) in the cubic
cell. Lattice parameters used were based on estimates
calculated from the parent compounds.?®?! These are ex-
pected to be reasonably accurate and errors arising from
these estimates are likely to be small in comparison with
the spread of data for peaks in the absorption coefficients.
Exchange and correlation terms were included in the
Hamiltonian using the von Barth—Hedin formulation.??
This approach is known to give results for states in the
conduction band which produce an energy gap that is too
small by about 50%. It is interesting to note that in gen-
eral the agreement between calculated and experimental
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FIG. 6. Zn s (solid line), p (dashed line), and d (dotted line) projected DOS for Cd-Zn-Te (a) and ZnTe (b).
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x-ray-absorption coefficients indicates that this reduction
can be considered as a shift in conduction-band levels
which seems to be maintained at a constant value up to
about 17 eV above the conduction-band minimum.

The band-structure density of states for these materials
has been used to calculate a value for the x-ray-
absorption coefficient for a number of transitions. The
absorption coefficient for an x-ray photon of energy
E=%w absorbed in a transition from a core state
¥,,;(j =1%+1) and energy E. =E,,; is given by’

4’ N 2j+1 5
= E—E
e Q 2(21+1)( )

o
20—1

. (E)=

Sfei—(E+E.)

[+1

mfcyl-}](E +E.) |, (6)

where N is the number of atoms in the unit cell of volume
Q. The terms f,,; contain the projected density-of-states
contributions N,(E) for angular momentum / and the di-
pole matrix element r, ;(E):

fe\EY=r2(E)N/(E) . (7)

In the present analysis the dipole matrix element is taken
to be independent of energy. This calculated coefficient
. (E) is then corrected for lifetime effects by convoluting
with a function I'(E) due to the core hole width I';, the
conduction-band excited-state lifetimes I', (E), and final-
ly, the results are convoluted with a factor I'; to take ac-
count of the finite resolution of the experimental equip-
ment,

p(E)= [ G(E")T(E")dE )

s (E—E'V+TXE")/4

The band-structure density of states N,(E) is taken from
the angle-resolved values in the atomic spheres around
the appropriate atoms associated with the initial and final
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states in the transition. The calculated values of N,(E)
were used for a range of energy up to 17 eV above the
conduction-band minimum. In this energy range argu-
ments based on the omission of higher-order terms in
(E —E,), where E, are the pivotal energy values calculat-
ed self-consistently which are implicit in the application
of the LMTO method, suggest that enough accuracy is
available in the values of the density of states although
the errors will increase at the higher energies in the
range. The more general problem of the accuracy of the
local form of the exchange and correlation potential used
in describing excited states in the system is considered
only in the sense that qualitative features in our compar-
ison with the experimental data are well represented by
the calculated results as was found in previous work.?

Calculated values of projected s, p, and d DOS for Te,
Cd, and Zn are shown in Figs. 4, 5, and 6, respectively.
Calculated values and reduced experimental data for the
absorption coefficients are compared in Fig. 7 for Te L,
and L, edges, in Fig. 8 for Cd L, L,, and L; edges and
in Fig. 9 for Zn K edges. We have used derivatives of the
data shown in these graphs (Figs. 7-9) to determine an
energy value to match the data. In the case of the mea-
sured values, data for the derivatives were smoothed to
remove experimental scatter, and for both experiment
and theory the first maximum in the derivatives is
identified. The leading peaks in the derivative curves
were then matched up on the energy scale and at this
point of energy the calculated and measured curves for
the absorption were made equal as a measure of normali-
zation to compare the results. As near as possible this
then ensures that the required coincidence at the edge is
obtained.

IV. DISCUSSION

Looking at Figs. 7-9 it is seen that the agreement be-
tween the experimental and theoretical x-ray-absorption
edges for ternary Cd-Hg-Te and Cd-Zn-Te is in general
quite good. The agreement also confirms that for ternary
semiconducting II-VI group compounds a one-particle
interpretation can be applied. However, a more detailed
comparison of the results with a previous analysis® for
binary compounds ZnTe, CdTe, and HgTe shows up
some discrepancies. In particular, when we look at the
results for transitions from s-like core states to p-like pro-
jected components (edges K and L) such discrepancies
reflect the fact that the p-like conduction-band states are
modified nonlinearly during alloying with either Zn or
Hg, whereas the s and d states behave much more linear-
ly. Also the L edges of Cd are better reproduced by the
theory than the L edges of Te, and this fact may also be
related to the reasons previously given.

A virtual-crystal model has also been used to interpret
the results. A rigorous justification of such a model is
difficult and it is known®>?* that such an approach fails
to explain features in the ultraviolet photoemission spec-
troscopy (UPS) and x-ray photoemission spectroscopy
(XPS) spectra relating to states that have a tendency to be
more localized around a given atomic site. Thus states
that are low lying in energy in the valence band (s, p, and,
in particular, d bands) in these materials would probably
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FIG. 8. Comparison of the experimental (solid line) and theoretical (dashed line) Cd L,, L,, and L; edges for Hg-Cd-Te and Cd-

Zn-Te.

be better dealt with by single-site theories such as the
coherent-potential approximation. In fact, the band cal-
culations for the ternary compounds show a complex
structure of valence d bands with the distinct features of
the two cations present. The results indicate that such
band states are quite localized around the atomic sites of
Cd, Zn, or Hg and that little hybridization occurs be-
tween them and the valence s and p bands. However,
states in the conduction band do not show such localiza-
tion and we believe we are justified in using a virtual-
crystal model in these circumstances.

To this end Te L edges for the compounds Cd-Hg-Te
and Cd-Zn-Te are compared with predictions obtained by
applying the virtual-crystal model using the experimental
Te L x-ray edges for the basic compounds. For example,
values for Cd, sHg, sTe have been obtained from

0.5CdTe+0.5HgTe=Cd, sHg, sTe .

Results from this model are compared with direct mea-
surements in Figs. 10 and 11. The analysis using the
model is limited to energies up to about 20 eV in the case
of s—p transitions when agreement becomes less good
[see Fig. 10(b)]. However, for p—sd transitions agree-
ment is obtained to much higher energies [see Fig. 10(e)].
This agreement is also seen in a direct comparison of the
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FIG. 9. Comparison of the experimental (solid line) and
theoretical (dashed line) Zn K edges for ZnTe (a) and Cd-Zn-Te
(b).

experimental and theoretical data for the Te L, and L,
edges, because also in that case there is a problem of the
nonlinear contribution of both the cation wave functions
and their corresponding potentials. The same features
exist for Cd-Zn-Te (Fig. 11). An interesting feature, par-
ticularly in the case of Cd-Zn-Te (Fig. 11), is the different
extended x-ray-absorption fine-structure (EXAFS) oscil-
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FIG. 10. Comparison of Te L, and L; edges for Cd, sHg, sTe
with predictions obtained from applying the virtual-crystal
model formula 0.5CdTe+0.5HgTe=Cd, sHg, sTe. (a) and (d)
experimental edges for HgTe (solid line) and CdTe (dashed line)
normalized to the inflection point of the data. (b) and (e) Experi-
mental edges Cd-Hg-Te (solid line) and Cd-Hg-Te (dashed line)
predicted from basic components. (c) and (f) The same as in (b)
and (e) on an enlarged energy scale (— 10, 20 eV).
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FIG. 11. Comparison of Te L, and L edges for Cd, sZn, sTe
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model formula 0.5CdTe+0.5HgTe=Cd, sHg, sTe. (a) and (d)
Experimental edge for ZnTe (solid line) and CdTe (dashed line)
normalized to the inflection point of the data. (b) and (e) Exper-
imental edges Cd-Zn-Te (solid line) and Cd-Zn-Te* (dashed line)
predicted from basic components. (c) and (f) The same as in (b)
and (e) on an enlarged energy scale ( — 10, 20 eV).

lations (for energies higher than 15 eV) for pure CdTe
and ZnTe, which still leaves good agreement with the
virtual-crystal calculations, and a similar structure for
the mixed compounds is produced from distinctly
different components [see Figs. 11(b) and 11(e)]. The
above results of the experimental data analysis obtain
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FIG. 12. Comparison of the reduced experimental absorption
coefficients, as defined by Eq. (4), of Cd-Hg-Te [(a) and (b)] and
Cd-Zn-Te [(c) and (d)] with virtual-crystal predictions for Te L,
and L, edges. Dashed lines represent the virtual-crystal predic-
tions.
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FIG. 13. Comparison of the virtual-crystal theoretical results
for Te L, and L; edges in Cd-Hg-Te and Cd-Zn-Te. The solid
line represents results calculated directly and the dashed line
those using the virtual-crystal model and results for the binary
compounds CdTe, HgTe, and ZnTe. Coefficients are construct-
ed from CdTe and ZnTe components.

support from an application of the virtual-crystal approx-
imation (VCA) to the theoretical absorption coefficients.
Figures 12 and 13 show, in the frame of the VCA, a con-
sistency and good agreement for both experimental and
theoretical analysis, apart from the fact that the Te-
projected DOS differ significantly for binaries as well as
for ternary compounds (see Fig. 4). This success is main-
ly the result of the projected DOS averaging which
occurs due to the relatively large Lorentzian half-width
of the initial state and the experimental broadening.
Looking at the construction of the absorption
coefficients of ternary compounds from binary com-

Tel, Tel,

px-arctan (arb. units)

E-E, leV) E-E, (eV)

FIG. 14. Contributions of the binary materials CdTe [(a) and
(b)] and ZnTe [(c) and (d)] extracted from Cd-Zn-Te (experimen-
tal data) reduced according to Eq. (4) using the virtual-crystal
model formulas Cd, sZny sTe—0.5ZnTe=0.5CdTe [(a) and (b)]
and Cd, sZn, sTe—0.5CdTe=0.5ZnTe [(c) and (d)].
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ponents, obviously the same VCA procedure can be ap-
plied also for extracting binary components from ternary
edges using the simple formula

A, B.C—(1—x)AC =x(BC) .

An application of this formula for Hg, Cd,;Te and
Cd, sZn, sTe is presented in Fig. 14.

V. CONCLUSIONS

Measurements of XAS over an energy range 0-60 eV
above the x-ray edge have been made and yield detailed
data for the transitions concerned in CdTe, HgTe, ZnTe,
Cd-Hg-Te, and Cd-Zn-Te. These experimental results
have been found to be in good agreement with
conduction-band densities of states calculated by the
LMTO method in the energy range 0-17 eV above the
conduction-band minimum. It also confirms that the x-
ray edges for ternary semiconducting II-VI compounds
are described satisfactorily by a one-electron approxima-
tion. In addition a virtual-crystal model for the ternary
compounds using experimental data from CdTe, HgTe,
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and ZnTe has predicted results for Cd-Hg-Te and Cd-
Zn-Te whose agreement with the experimental and the
theoretical calculations is satisfactory. For the future, it
will be interesting to see if the same features and predic-
tions are observed in the ternary alloys Cd-Mn-Te and
Zn-Mn-Te.
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