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ABSTRACT

The paper presents an attempt to explain the regularities observed in the semiconducting
properties of the isoelectronic series of compounds with the zinc-blende structure, on the basis of
a model developed by Engelmann and the present author. The increase of energy gap and the
monotonic decrease of hole mobility with inereasing charge difference between constituent
nuclei are successfully explained. There is also somse indication that the exceptionally large
electronic mobility in III-V compounds may find an explanation,

1. INTRODUCTION

In recent years there has been comnsiderable interest in intermetallic semicon-
ducting compounds. It has been found that starting from any Gr. IV element, if
one considers compounds of elements from the particular row, situated symmetri-
cally on opposite sides of Gr. IV, one gets a series of semiconducting compounds
which have been called isoelectronic, Thus starting from Sn, we have the series,
InSb, CdTe, Agl or say for Ge, we have GaAs, ZnSe, CuBr and so on. The experi-
mental observations have revealed that, in any series, the energy gap increases and
the mobility of holes decreases monotonically as the charge difference of constituent
nuclei increases. However, the mobility of electrons in ITI-V compounds seems to
be exceptionally high. We quote below the results for the Sn series.

a-Sn InSb CdTe Agl
AE inev. 0-08 0-27 1-8 2-8
K, in cm.fvolt sec. 1,560 80,000 300 30

Attempts have been made to understand this on the basis of an electronic
‘theory. Thus Seraphin (1954) considered a one dimensional model of 8-function
potentials with alternating strengths. This was meant to correspond to the fact
that in the crystalline lattices of these compounds with the zinc-blende structure
alternate (111) planes are populated solely by distinet types of atoms. Seraphin
found that with such a model the energy gap between the top of the valence band
and the bottom of the conduction band increases as the difference between the
strengths of the alternate 8-function potentials increases. This apparently corres-
ponds to the increase in energy gap with increasing charge difference as observed
experimentally. Seraphin further found that the effective mass of electrons shows
a minimum and tried to correlate this with the high mobility in InSh. However,
Adawi (1957) later pointed out that Seraphin’s calculations were erroneous—that the
model leads to a monotonic increase of carrier effective masses of either sign with
increasing difference between the strengths of the alternate 8-function potentials.

Tt is hardly necessary to point out that conclusions drawn from such an over-
simplified one dimensional model are open to serious doubts. We have therefore
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thought it fit to examine the problem on the basis of the three dimensional
model discussed by Engelmann (1956) and the present author (1957). The model
assumes that the potential has a constant non-vanishing value in a spherical
region round each nucleus and vanishes in the interspace. For different nuclei
the values of the potential differ. This model is also open, to serious criticism in so
far as we assume the wave functions to be spherically symmetric within the non-
vanishing potential spheres while in these crystals the binding is of a tetrahedral
type suggesting directed wave functions. However, the mathematical difficulties
of a rigorous discussion are apparent and in any case our model is a distinct
improvement over the linear model of Seraphin.

2., THE RELATION BETWEEN ENERGY £ AND THE WAVE VEcCcTOR K

We follow the procedure outlined in our previous paper. Here, the whole lattice
may be considered to be built up from the two points (000) and (}, 4, }) by successive
translations with the vectors (3, 3, 0), (3, 0, 1), (0, , ).

We obtain
[Aagll=0-- - o (D)
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witha=1,2; B=1,2
where the symbols have the same significance as in our previous paper (Raychaudhuri,
1957).
Limiting our consideration to terms involving nearest neighbours, we get
Jo- fﬁ = 4(14-cos k,a cos k,a+cos k,a cos ka+-cos ka cos k) RO )]
where
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V4 and Vg being the potentials in the spheres about the nuclei « and 8 respectively.
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The right hand side of equation (3) is bounded, its upper bound being 16 and
the lower bound zero. The band edge energies may be determined from equation
(3) by the condition that f, or fg vanishes. This occurs when

X' +Xy c0t X =0 }

3. TaHE VARiaTION oF THE WIDTH OF THE FORBIDDEN ZONE

To see how the band edge energies and hence the width of the forbidden zone
vary as the potential changes, we consider the equation

== - X, 00t X, b R 4}
with
8n2m
X == (E+7V )

Now we note that ‘ the total differential coefficient at the band edge’ of any func-
tion F of £ and V,; with respect to V, is given by

aF oF oF\ (dE
&) -(Z) (@) (@) . . e

where the first term corresponds to the change with respect to V;, E remaining
constant while the second term arises due to the fact that the band edge energy

itself is a function of V.
We now get from (7)

1 (dE 1 dE
—_—— — = —— bH—=X. 2 V. —
¥ (dV‘)b.e, % (cot x;p—X;b cosec? x;b) [(st)b,e, +e] o {9)
From (9) we get using (7)
dE _ _(X'b—HV)
(d——r]‘)b.e‘ == "13xs ¢ .- .. .. (10)

which is always negative as E is negative. Hence as ¥V, increases, the band edge
energy decreases. Thus X' = —Xa cot Xzb corresponds to the top of the valence
band if Vg > VB . We write

Va=V,+V

Vg=Vy~V

where V, is an invariant and ¥ increases as the charge difference between the two

nuclei of species a and B increases.

We note that E is a monotonic function of the potential V;, hence the energy
gap will increase as V increases, i.e. as the charge difference increases. This is in
agreement with the observed data.

4. ErrecTIVE Mass oF CARRIERS

Let us now consider the carrier effective masses. In general the effective
mass is a tensor given by

fixd
gradka gradkﬁ E = —

maﬁ
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However, for cubic symmetry the tensor has only one independent component.
Also we have, from the K, K relation,

a
J ﬁ grad, grad; , B = const. at the valence band edge
B o8 kg kﬁ g

0
Ja (—af—IS) gra,dk“ gradkﬁ E = const. at the conduction band edge

where we have utilized the fact that grad, B vamshes at a band edge. We thus

have
afa)
m exfﬁ (aE o for holes.

2
o fo ( afE)f _ for elec@rons.

Now,

TN
B\oE Ju=0 h2 (X cosh X b+xB sinh x b)Xa

where we have written
X;g = —Xg cot xﬁb.

Differentiating this expression with respect to V and rearranging terms, we get:
(the differentiation is here the band edge differentiation)

fa ¢ | dx X

1 2 dx, b dx
+(ﬁ“£ﬁ)+fmﬁ}
o

where ‘
4 1 cosh x'b+4x’b sinh x’b+x;,b cosh X'b
T X — X; (x’ cosh x’b+x; sinh x'b)
B= 1 sinh x'b

=+ : .
X'—XB X' cosh x’b+xﬁ sinh x'b

A little consideration now shows that (dx'/dV), A and B are all positive. Also

dxﬁ) ) 8n2me [ X'b—E[Vqe
(W fy=0 = cosec? xﬁb(sm 2xﬁb—2xﬁb) [1 ] R

2h%xg 14+X'b

and is negatlve since sin 8 < 8 for all @ > 0. We thus find that each term in the
braces is individually positive and hence fg(df,/0E) and consequently the effective
mass of holes would increase monotonically as ¥V increases or according to our
model as the charge difference between the constituent nuclei increases.
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In case of electrons, however, the situation is more complicated. We have,
as in the other case,

d 3f,e) x| X0
7 [log A (@ o) = (2a—3b) gy +4’ 75 —B' o

_(L+£i"_ﬁ) b_
Vg XgdV/] T 14x% dV"

Now dx'/dV, A’, B' are all negative while dx/dV is positive. The term
—[l/Vﬂ+(2/xﬁ)(dxﬂ/d.V)] is negative. It is thus seen that the terms being of

either sign, one cannot have a simple decision about the nature of change of the
effective mass as V changes, The possibility of extrema in the value of the carrier
mass thus exists. However, whether there is actually a minimum which can be
correlated with the high mobility of electrons in the ITI-V group of semiconductors
is a question which requires further investigation.
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