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Abstract A general expression for the pressure depen-
dence of the energy gap of a series of group III-V and
group II-VI ternary semiconductors have been derived
based on Van Vechten’s dielectric theory. The results
obtained are in good accord with the available experi-
mental data. The trends in the variation of the pressure
dependence of the energy gap with the nearest neighbor
distance and Phillips ionicity are explored qualitatively.

Introduction

Semiconductor ternary compounds have been widely used
because of the ability to tailor their optoelectronic prop-
erties, in particular, the band gap, with composition. For
instance, Al,Ga;_,N has become a well-established mate-
rial for UV light emitters and UV detectors due to the fact
that its band gap covers a broad range [1] of wavelengths in
the ultraviolet. ZnS,Se;_, has been widely used for opto-
electronic applications in blue—green spectral region [2]
and CdS,Se;_, plays an important role in semiconductor
doped glasses [3]. Along with these applications, signifi-
cant interests and efforts have been directed towards their
fundamental material properties. One such example is the
interest in pressure dependence of the band gaps of these
ternary compound semiconductors. In general, there has
been very little data on the pressure dependence of the
energy gap of ternary compound semiconductors and even
within the limited available experimental data, there is a
significant variation. For example, the pressure coefficient
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of the band gap of Gag sIng sP, reported by Hakki et al. [4]
is 13 meV/kbar, in contrast with the 8.4 meV/kbar
obtained by Chen et al. [5]. Thus, a theoretical approach is
required to analyze the problem.

In condensed matter physics, ab initio methods have
been used to predict the pressure coefficients of the energy
gap of some ternary compounds. However, possibly due to
the approximations and assumptions made in these calcu-
lations, the results are not always reliable. In general,
ab initio calculations are complex and require significant
efforts. Therefore, empirical approaches have been devel-
oped to address some of these problems. The transition
from binary compound semiconductors to ternary com-
pound semiconductors requires the understanding of the
bowing parameter [6]. Fundamentally, the bowing param-
eter is the result of the deviation of the energy gap of the
ternary compound from that of the alloy system comprising
of the two binary compounds. Mathematically, the bowing
parameter of a ternary compound AB,C;_, is expressed by
the following equation:

E;(x) = ngAB +(1- x)Ef;C — capcx(1 —x) (1)

where, x is the composition in the compound AB,C;_,,
E}® and EZ€ are the energy gaps of binary compounds AB
and AC, respectively and capc is the bowing parameter.
Hill [6] has ascribed the physical meaning of the bowing
parameter to the nonlinear dependence of the crystal
potential on the properties of the component ions and
derived the following expression:

caBc = Zersc |1 _ 1 2ex - lsr (2)
ABC 476 P 557BC

I'p rc

in which Z = Zg = Z is the valence number of ions B
and C, rg and rc are the covalent radii of B and C,
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rgc =rg +7rc and s =0.25 is a screening constant.
Differentiating Eq. (2) with respect to pressure, Hill and
Pitt [7] obtained the following expression:
deapc 1 caBc e, B, 3)
dpP o 2\/§I’B —7rc |rB ABJAB rc ACLAC
where, aap, aac and y,p, xac are lattice constants and
compressibilities of compounds AB and AC, respectively.
Based on this model, Hill and Pitt [7] calculated the
pressure coefficients of the bowing parameters for a
number of ternary semiconductors. However, in order to
calculate the pressure dependent band gap of ternary
semiconductor AB,C;_, using this model, one has to use
the experimental data for band gap pressure coefficients of
binary compounds AB and AC, because, in general,:
AB
dEg(x) :xdEg + (1 _x)
dpP dpP

dEQC _ dease
dpP dpP

x(1 —x). 4)

Van Vechten [8, 9] proposed a dielectric theory for
tetrahedral compounds based on Phillips’ spectroscopic
theory of electronegativity difference [10]. The theory was
successfully applied and generalized to a variety of areas in
materials science including band structures, alloy bowing
parameters, elastic constants etc. Camphausen et al. [11]
used this model to calculate the pressure coefficients of
band gaps of nineteen binary semiconductors and appear to
yield good agreement between theoretical expectations and
experimental results.

In this study, we use Van Vechten’s model to calculate
a number of group III-V and II-VI zincblende ternary
semiconductors. Necessary modifications are made to the
theory. Predicted results are compared with all the
available recently measured experimental data and those
calculated by other methods and the results are generally
in good agreement. The trends in the variation in the
energy gap and its pressure coefficient with respect to the
nearest neighbor distance and Phillips’ ionicity [10] are
explained.

Generalized expressions for ternary compounds

In Van Vechten’s dielectric theory [8, 9], the energy gap
between the minimum conduction band and the maximum
valence band, if the effect of d-state core is involved, is
expressed as:

211/2
Ey = [Egn — (Day = DAE[1 + (C/Egn)’]”. (5)
In this expression, E,p is the homopolar gap for
transition corresponding to particular energy gap and is

assumed to be a power function of the nearest neighbor
distance r given by E.p o< 7', where, s; = —2.75. D,, is
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the factor that describes the lowering of s-like conduction
band states caused by the effect of d-states and the value is
the skewed average of D values of the crystals containing
the constituent atoms and the atom from the same row in
the periodic table. For the first three rows in the periodic
table, D,, is unity and Eq. (5) reduces to Phillips’ pseudo
potential theory [10]. AE, is the correction related factor
given by AE, ocr”, where s, =-5.07. C is the
heteropolar gap produced by the anti-symmetric potential
in the corresponding binary compounds. For binary
compound AB, C is given by [8]:
C = be? {Z—A - é} exp(—ksr) (6)
ra I

For a ternary compound AB,C;_,, it can be generalized
as follows:
C = be? {ZA—XZB— (1-x) ZC} exp(—kqr) (7)

TA B rc

where, the pre-factor b is a constant around 1.5, Zx, Zg, Z¢
are the valence numbers for ions A, B , and C respectively,
ra, T8, rc are the corresponding covalent radii[8] for ions
A, B, and C. k; is the radius-dependent Thomas—Fermi
screening wave number, r = ry +xrg + (1 — x)rc is the
nearest neighbor distance.

From Egs. (5)—(7), the pressure coefficients of the
energy gap are given by:

!

dEg 271/2
— = [1+ (C/Egn)]

dpP
dEgp d(Dy — 1) dAE,
= — AE — (Day — 1
{dP £ dp (Day = 1) dpP
E, [1dc 1 dEg,h} ®)
1+ (Egn/C)*| LCAP  Egp dP |

This expression (8) is the same as the one derived by
Camphausen et al. [11] and is applicable to both binary and
ternary compounds. Camphausen et al. [11] have proved
that, even in non-ionic materials, dC/dP is sufficiently
small and can be considered to be negligible while
compared with the other terms in the expression. They
further pointed out the expression for the correction term to
be Dy — 1 o< (1 —f), in which, f = C*/(E} + C?) is
the Phillips’ ionicity [10]. E} is the average homopolar
energy gap given as Ep o r®, where s3 = —2.48.
s1,82,and s3 are constants determined from experimental
values of two group IV elements [9]. Camphausen et al.
[11] found that y = 13 and z = 2.4 by fitting the pressure
coefficient of the energy gap of Ge.

In their later study, Van Vechten and Bergstresser [12]
pointed out that the bowing parameter capc of ternary
compound AB,C,_, comprises of two parts. This first part,
intrinsic bowing parameter, c;, originates from the variation
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of the average crystal potential under virtual crystal
approximation which assumes periodic potential in the
crystal. If one calculates the energy difference using Eq.
(5), the result, E;,ABC, will be different from the composi-
tionally weighted average energy of the corresponding two
binary compounds. This difference is the intrinsic bowing
parameter. Another part, c., the extrinsic bowing parame-
ter, arises from the real short range aperiodicity, and is the
small deviation of real potential from virtual periodic
potential. In terms of this theory, the real energy gap in Eq.
(5) becomes the following:

E,(x) = E;ABC —cex(1 —x) 9)

where, the intrinsic bowing parameter is included in the
first term; the extrinsic bowing parameter is proposed by
Van Vechten and Bergstresser as[12]:

Cic
. — =BC 10
=2 (10)
Z Z
Cpe = be? B C exp(—kyr) (11)
s rc

In the above Eq. (10), the bandwidth parameter A is a
constant for all compounds and found to be 0.98 eV by
fitting the extrinsic bowing parameter with Cgc for the
ZnS-Te system. Cpgc is the fluctuation of the actual
potential in the virtual crystal approximation which is
different from C in Eq. (7).

By summarizing the aforementioned equations, we
obtain the expression for the pressure dependent band gap
of ternary semiconductor AB,C;_, as:

dE,(x) 1 1/2

dP zﬁ{ |1+ (C/Ee)]

SlEg,h - (Dav - 1)AEg <y+

X

sk (x)
2
1+ (Eg,h/ C)
(12)
In the above expression, the first two terms on the right
hand side stem from the pressure dependence of the band gap
in virtual crystal approximation. The last term is the pressure

dependence of the extrinsic bowing parameter. B is the bulk
modulus of the ternary compound semiconductor.

Results and discussion
The bowing parameter, energy gap and their pressure

coefficients of III-V and II-VI ternary semiconductors,
calculated from the above theory, are listed in Table 1

together with other parameters that are relevant for the
present calculations. Comparisons show good accord
between the calculated results and experimental data.

Dependence of pre-factor b on pressure

In Van Vechten’s dielectric theory [8], the pre-factor, b, is
introduced to balance the overestimate of the Thomas—
Fermi effect on dielectric screening at short distances. The
dependence of this pre-factor on pressure, i.e., (r/b)db/dr,
was proved to be approximately 2.0-2.5 for materials with
ionicity larger than 0.93, while, for partial covalent mate-
rials (f; <0.9), this dependence is much weaker. Since for
all the ternary compounds considered in this study, ionicity
is <0.72, we assume (1/b)db/dr = 0 throughout the entire
calculations.

Bulk moduli of ternary compound semiconductors

Cohen et al. [13] proposed a simple power rule to calculate
the bulk moduli of compound semiconductors based on
Phillips’ theory of average homopolar energy gap [10].
This semi-empirical power rule is given by:

B = kr3% (13)

where, B is the bulk modulus, r is the nearest neighbor
distance and k is a constant of proportionality. In order to
obtain the bulk moduli of ternary compound semiconduc-
tors, we fit this model to all the available experimental data
of binary compounds in the same group as those of the
ternaries. For group III-V ternary semiconductors, we
found that the coefficient k = 1726 while, for group II-VI,
k = 1491, in units corresponding to Eq. (13). From the
above equation, it is seen that the bulk modulus is inversely
proportional to the nearest neighbor distance.

Trends in pressure coefficients of energy gap

For the common-cation system, for example, Ga-InP,
Ga-InAs, Ga-InSb (Ga:In::0.5:0.5), the pressure coefficient
of the band gap increases with increasing nearest neighbor
distance(Columns 13 and 2, respectively, in Table 1). In
Eq. (12), the pressure coefficient of the band gap is
inversely proportional to the bulk modulus which accord-
ing to Eq. (13), is inversely proportional to the nearest
neighbor distance. Thus, the pressure coefficient of the
band gap will increase with increasing nearest neighbor
distance due to the decrease in the bulk modulus. In gen-
eral, pressure will cause a dilation of the lattice and will
lead to changes in its potential energy resulting in the
overlap of the energy levels which will subsequently lead
to change in the energy gap. However, for the common-
anion system, this trend is not so significant. For instance,
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Table 1 continued

dE,/dP(Exp.)

(mev/kbar)

dE,/dP

Eyexp) V) deapc/dP deapc/dP [7]

E, (eV)

fi

casclexp) (eV)

capc (eV)

Dy [91  C (V) ce(eV)

8] (A)

Alloy

(meV/kbar)

(meV/kbar)

(meV/kbar)

6.579

2.1 [26] 0.584

2.775

0.687

0.3,0.35 [25]
0.387 [26]

2.546 1.223 5.801 0.136 0.36

Cd-ZnSe

8.356

—0.646

1.85 [42]
1.7 [26]

0.604 2.113

0.153-0.463 [25]

0.197

1.255 4.086  0.090

2.725

Cd-ZnTe

r is the nearest neighbor distance, D,, is the d-state effect parameter, C is the ternary’s heteropolar energy gap calculated using Eq. (7), C, is the extrinsic bowing parameter, f; is the

Phillips’ionicity, E, is the ternary energy gap and dE,/dP is the pressure coefficient of band gap for x = 0.5

the pressure coefficient increases in group III-V in the
following order of common group V elements: (GaP-As,
InP-As), (GaP-Sb, InP-Sb), (GaAs-Sb, InAs-Sb) while it
decreases in group II-VI in the following order of common
group VI elements: (ZnS-Se, CdS-Se), (ZnS-Te, CdS-Te),
(ZnSe-Te, CdSe-Te). As discussed earlier, the decrease in
bulk modulus will result in an increase in the pressure
coefficient of the energy gap. In their studies on the pre-
dicted pressure coefficient of the energy gap, Wei and
Zunger [14] have found that the s—s and p—p coupling will
enhance while p—d coupling will reduce the pressure
coefficients of the energy gap. Thus, we may conclude that
the trend in group III-V common-anion system is because
the effect of s—s, p—p coupling and bulk modulus is
stronger than the effect of p—d coupling, and vice versa for
group II-VI common-anion system.

Another trend is that the pressure coefficient of the band
gap decreases with increasing ionicity (Columns 13 and 8,
respectively, in Table 1). In order to verify this correlation,
we compare compounds with similar bulk moduli due to
similar nearest-neighbor distance (Column 2 in Table 1),
for example, GaP-As (2.404 A) with ZnS-Se (2.398 A).
For GaP-As and ZnS-Se, the corresponding ionicities are
0.319 and 0.586 and pressure coefficients are 9.005 and
6.18 meV/kbar, respectively. Similar trends are also found
in other comparisons. Combining these results with the
above analysis, this trend also indicates [14] that coupling
effects could be reflected from ionicity.

Exceptions to the trend in the variation in the pressure
coefficient of the energy gap with ionicity and nearest
neighbor distance appear in zinc and cadmium chalcogenide
common-anion systems. This is due to the large bowing
parameter (Column 6 in Table 1) and its pressure coefficient
(Column 11 in Table 1) of ZnS-Te and CdS-Te. The pressure
coefficient of the bowing parameter is 7.387 meV/kbar in
ZnS-Te compared with 3.118 and 4.658 meV/kbar in ZnS-
Se and ZnSe-Te systems, respectively. Similarly, the bowing
parameter pressure coefficient for CdS-Te is 6.212 meV/
kbar compared with —0.997 meV/kbar for CdS-Se and
2.453 meV/kbar for CdSe-Te. These exceptions reflect the
importance of bowing parameters in determining the elec-
tronic properties of ternary compounds and the invalidity of
the well accepted Vegard’s law [15] which can be used to
obtain the physical properties of ternary compounds from the
linear interpolation of two binary compounds.

Comparison with experiments and other calculations

The agreement between the calculated results and the
experimental data are generally good. All the calculations,
presented in this study, have been performed for compo-
sition x = 0.5. However, some experimental values are
only available for other compositions. We list these
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Table 2 Comparison between calculated pressure coefficients of
band gap for some ternary compounds for compositions # 0.5 and
Al-compounds

X dE/dP dE/dP(Exp) (meV/kbar)
(meV/kbar)
Cd,Zn,_,Se 0 7.564 7.2-7.5 18], 7.0 [19]
5.886 5.8 [18], 5.5 [14]
0.73 6.586 3.54 [16]
ZnS,Te;_, 0 8.606 10.5 [52], 11.5 [18]
6.355 5.8 [18], 6.4 [19], 6.7 [53]
0.3 5.732 6.2 [21]
GaAs,Sby_, 0 13.552 14.0 [18]
10.61 8.5-12.6 [18]
0.88 11.516 9.5 [22]
Al,Ga,_,N 0 5.224 3.6 [14], 4.0 [54]
1.423 4.7 [14]
0.5 3.607 3.24 [35], 4 [34]
Al,Ga,_,P 0 7.662 9.7 [18]
3.385 11.1 [14]
0.5 5.608
Al,Ga;_,As 0 10.61 8.5-12.6 [18]
7.49 10.2 [18]
0.5 8.887 9.15 [14], 10.85 [47]

experimental values and compare them with the calculated
results for the corresponding compositions in Table 2. For
example, Zhao et al. [16] found that the pressure coefficient
of band gap for Cdg73Zng»7Se is 3.54 meV/kbar and our
calculation at this composition is about 6.586 meV/kbar.
This difference may arise from the wurtzite structure of
their experimental sample while all our calculations
assume zincblende structures. The mechanisms for the
influence of structure on the pressure coefficients of the
band gap are not yet theoretically well understood. How-
ever, the available data show that the pressure coefficients
for materials with wurtzite structure are generally less than
those of zincblende structure. For example, the experi-
mental pressure coefficient for wurtzite ZnSe is around
4.5 meV/kbar [17] while, for zincblende ZnSe, the avail-
able data is 7.0-7.5 meV/kbar [18, 19] and our calculated
result is 7.564 meV/kbar. The pressure coefficient of the
band gap for wurtzite CdSe is around 4.3 meV/kbar [20]
and, for zincblende structure, it is around 5.8 meV/kbar
[14, 18] and our calculation yields a value of 5.886 meV/
kbar. The results of the experiment by Zhao et al. for the
band gap pressure coefficient of wurtzite CdSe is
2.84 £ 0.6 meV/kbar. This is much smaller than the gen-
erally accepted results in the literature. From the perspec-
tive of the above analyzed trends with respect to nearest
neighbor distance and ionicity in the order of CdZnS,
CdZnSe, CdZnTe, our result is also reasonable. For ternary
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compound ZnS 3Teq 7, Fang et al. [21] found that the band
gap pressure coefficient is about 6.2 meV/kbar. From their
graph, the pressure coefficient is almost constant with
respect to composition. We calculate for this material at
x = 0.3 and find the value to be 5.732 meV/kbar which is
very close to the value of Fang et al. [21] within experi-
mental uncertainty. Moreover, the band gap pressure
coefficient for GaAsgyggSbg 12 is reported by Prins et al.
[22] to be 9.5 meV/kbar and our calculations show value of
11.516 meV/kbar, close to that of GaAs.

In Table 2, our calculated Al-GaN pressure coefficient
of the band gap of 3.607 meV/kbar is very close to the
reported experiment values of 3.24 and 4 meV/kbar.
However, our calculated value for the pressure coefficient
of AIN of 1.423 meV/kbar, is smaller than Wei’s [14] first
principle calculation of 4.7 meV/kbar. Similarly, our value
for AIP is 3.385 meV/kbar compared with Wei’s [14] value
of 11.1 meV/kbar and, for AlAs, we get 7.49 meV/kbar
while the available experimental [18] value is 10.2 meV/
kbar. The reason for this discrepancy has not yet been
understood.

A closer investigation of our calculated energy gaps
(Column 10 in Table 1) will find that they are, in general,
larger than the experimental values and this discrepancy is
even larger for group II-VI than group III-V semicon-
ductors. One possible origin for this result is the expres-
sions for E,; and AE,in Eq. (5) are obtained by fitting to
the experimental data of non-ionic group IV materials [9].
The data shows that the energy gap, in general, increases
with decreasing nearest neighbor distance and increasing
ionicity. Since the ionicity increases from group IV to III-
V to II-VI, the calculated values of the band gap of these
III-V and II-VI ternary semiconductors will be enhanced
and larger than experimental values. The ionicity of group
III-V ternary compounds is in the range 0.23-0.45, and the
difference between our calculated results and the experi-
mental data is approximately in the range of 0-0.25 eV.
The ionicity of group II-VI ternary compounds is around
0.58-0.72 and, correspondingly, the energy gap discrep-
ancy is about 0.3-0.8 eV.

We have discussed the model proposed by Hill and Pitt
[6, 7] in the first section. Their calculated results for
pressure coefficients of the bowing parameter are listed in
Table 1 (Column 12) and comparisons show that their
results are generally much smaller than ours. This may be
because they take the screening wave number in Eq. (2) as
a constant, 0.25, which may not affect the accuracy of
calculation of the bowing parameters but will affect the
accuracy of pressure coefficients of the bowing parameters.
We also note that Hill and Pitt [6, 7] consider a set of
approximations in their calculations which may result in
this difference. The reason that they could fit their results to
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Ga-InP system is because the pressure coefficient of
bowing parameter in this system, as described in Eq. (4), is
much smaller than the band gap coefficients of the binaries
which the authors take from experiments.

Temperature coefficients of ternary compounds

Methods that are similar to this theory cannot be applied to
temperature coefficients of ternary compounds by relating
it to thermal expansion coefficients. This is because the
temperature coefficient can be expressed as two terms: the
effect of volume expansion which could be similarly
derived from this theory and explicit temperature coeffi-
cient at constant volume which has to be calculated by
other means. Yu and Cardona [23] have shown that the first
term only takes less than 20 % of the total temperature
coefficients.

Conclusions

The pressure dependence of the energy gap of a series of
group III-V and II-VI ternary semiconductor compounds
have been calculated in terms of a generalized expression
of Van Vechten’s dielectric theory. The agreement of our
calculations with the available experimental data and other
calculations are quite good. Our calculations show the
following: (I) The pressure coefficient of the energy gap
increases with increasing nearest neighbor distance in
common-cation system. (II) In general, the pressure coef-
ficient of the energy gap decreases with increasing ionicity.
(II) The energy gap increases with decreasing nearest
neighbor distance and increasing ionicity. (IV) The theory
shows certain discrepancy in calculating energy gap due to
its built-in assumptions.
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