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Electron effective-mass values obtained from room-temperature magneto-Seebeck and Hall measurements on
Cd,As, have been gathered from the literature. Using Kane’s model for an a-Sn-type inverted electronic
energy band structure, the dispersion relation for the conduction band has been obtained along with a I'y-I's
energy gap of 0.19 eV. Combining these results with the available room-temperature optical data, the relative
positions of other bands have been obtained. The heavy-hole valence band, whose maximum is displaced from
' by ~10% of the distance to the Brillouin-zone edge, has a possible small overlap with the conduction
band. These two I'y bands are split at I" by a residual gap of ~ 0.04 eV. There is a second conduction band
whose minimum at T is ~0.6 eV above the I'y valence band and perhaps a third one ~ 0.4 eV above the

latter.

I. INTRODUCTION

Cadmium arsenide (Cd;As,) has long been con-
sidered an unusual semiconductor because of its
high electronic mobility and the large number of
carriers always present. At room temperature,
mobilities of 10000 cm?/V sec have been report-
ed'!™® with 2 x10'® electrons/cm®. An impressive
amount of data on this compound has accumulated
in the literature over the years, but a convincing
model for the band structure which would satisfy
all these data and all workers involved has not
been forthcoming. The situation has been com-
plicated by the ever present degeneracy of this
material which excludes the conduction-band edge
from any transport or optical phenomena. A
number of authors®+*®+°+417 have reported magneto-
Seebeck and Hall measurements and have calcu-
lated a value for the electron effective mass. How-
ever, the value obtained is that at the Fermi
level and therefore a function of the carrier con-
centration of the sample, although in some cases
the bottom of the band value was obtained. Simi-
larly, the lowest optical-absorption edge®*'®'!° is
shifted by the Burstein-Moss effect.

In spite of these difficulties, two band models
have been proposed from experimental results®!®
and one from theoretical calculations.?® These
three models will be discussed below. In all of
them, the effect of alloying with zinc has been
considered (i.e., Cd,_,Zn,As, alloys) since solid
solutions throughout the composition range are
possible and Zn,As, does not present the prob-
lems of degenerate samples.?”% The same can
be said of Cd,P, and Cd,As,_,P, alloys which
have also been useful in the study of Cd,As,.!?'6"%
The use of alloys to facilitate the understanding
of semiconducting compounds is not new, having
been used extensively in III-V compounds by

following the variation of band gaps, etc., with
alloy composition. A striking example is the
fundamental gap variation in GaAs,_,P, alloys
which displays two straight-line segments as the
alloy composition is varied.?® This illustrates the
replacement of the (0, 0, 0) edge by the (1, 0, 0)
edge as the lowest conduction band as one goes
from GaAs to GaP.

The most important question concerning cad-
mium arsenide is whether or not the energy band
gap is “negative” as in gray tin or HgTe or posi-
tive as in InSb. These two possibilities are, re-
spectively, the bases of what will be referred to
as the Wagner and Rogers models. From their
magneto-optical measurements at 20 K, Wagner
et al.»® obtained the energy gaps of Cd,_,Zn,As,
and Cd,;As,_,P, alloys which vary linearly with x.
An extrapolation to x=0, i.e., to Cd,As,, suggests
a negative gap of 0.1 eV, i.e., an inversion of the
conduction and light-hole valence bands in these
alloys similar to that in Cd .Hg,_,Te alloys.
From their transport and optical measurements,
Rogers et al.® suggest either a zero indirect gap
or a small indirect overlap in Cd,As, between
the conduction and heavy-hole valence bands.
With the addition of zinc, any existing overlap
goes to zero and a positive gap appears. A theo-
retical band-structure determination of Cd,As,
(as well as that of Zn,As,, Cd,P,, and Zn,P, which
are crystallographically similar) was performed
by Lin-Chung?® who postulated a simplified cry-
stal structure to reduce the pseudopotential cal-
culations to reasonable proportions. The real
crystal structure has 160 atoms per unit cell.3?
This large number is due to the 16 different con-
figurations of the Cd vacancies in as many cubic
cells. By supposing that these vacancies were
occupied, Lin-Chung obtained a fluorite structure
which was used in the calculations and then sub-

3872



15 BAND STRUCTURE OF CADMIUM ARSENIDE AT ROOM... 3873

tracted the average effect of the fictitious Cd
atoms. Furthermore, all spin-orbit effects were
neglected. Estimates of the effect of these sim-
plifications were considered in an attempt to
compare the results with existing optical transi-
tion data. In particular, the hypothetical crystal
structure would have a direct energy gap at I'" of
~0.5eV, whereas in the real crystal this gap
would be ~0.2eVorless. Three conduction bands
are predicted in this model with the lowest mini-
mum at I' and the others at X, which is equivalent
to T in the real crystal structure. It is interesting
to note that for Zn,As, this order is reversed,
meaning that in Cd,_, Zn,As, alloysa crossover of the
T and X conduction bands should occur.

In this paper, data from magneto-Seebeck
and Hall,®*#®*°"*"'7 and from optical experi-
ments?#9:14:18:19:3133 haye been gathered. Refer-
ence will also be made to magnetoresistance,’
thermo-reflectance,****> Shubnikov—-de Haas,’
de Haas—van Alphen® and magneto-optical re-
sults.'**!® The reason for doing this was to pro-
pose and to describe precisely a band structure
consistent with all these data. A necessary first
step was to choose a type of band structure from
the three models described above. The most con-
vincing is the Wagner model, which arose from a
straight-line extrapolation of the energy gaps of
Cd,_xZn,As, and Cd,As,_,P, alloys to a negative
value for Cd,As,.'® Rogers et al.® resorted to
several assumptions in their analysis to obtain a
simplified dispersion relation for the conduction
band and in particular assumed that the energy
gap E; is much less than the spin-orbit splitting
A, an approximation which is not valid in Cd,As,
as will be seen below. Lin-Chung?®® had to use a
hypothetical fluorite crystal structure and ne-
glect spin-orbit effects. Although her calculated

FIG. 1. Schematic diagram of (a) the normal elec-
tronic energy band structure such as that found in InSb
and (b) the inverted or a-Sn band structure.

band structure resembles closely that of III-V
semiconducting compounds, she does accept the
possibility of a HgTe structure as proposed by
Wagner et al.'®* Furthermore, room-temperature
transport measurements in Cd,_,Zn,As, alloys®
show an anomaly at x ~0.6, which is also consis-
tent with a crossover of conduction and valence
bands.

Kane’s model*” has been successfully used for
many semiconducting compounds including
Cd,As,.%"1®'17 The present paper will also make
use of Kane’s model, but unlike previous publi-
cations, will take into account the negative ener-
gy gap of Cd,As,. Moreover, the often encoun-
tered assumption that A is much greater or much
less than E, will be avoided since it is not rea-
sonable for Cd,As,.

II. THEORETICAL CONSIDERATIONS

In contrast to the usual InSb-type semiconduc-
tors whose energy band structure is shown in
Fig. 1(a), the compounds HgTe, HgSe, p-HgS,
and some Cd,Hg,_,Te alloys are known to have
the a-Sn band ordering®®*® which is illustrated
in Fig. 1(b). It can be seen that the I’y level is
below the I'y level and is part of the light-hole
valence band. The Iy level, which is the light-
hole valence band in InSh, here is part of the
conduction band, whereas the heavy-carrier sub-
band of I'; remains the same. Thus, the conduc-
tion and heavy-hole bands are degenerate at 2=0
and the thermal gap is zero. On the other hand,
the interacting levels I'y and I’y are still separated
by a finite energy E,.

The three-band approximation of Kane’s mod-
€1*"** should provide a reasonable average of the
various band properties of Cd,As, over constant-
energy surfaces. Indeed, Shubnikov-de Haas? and
de Haas-van Alphen®® measurements have shown
that the Fermi surface of Cd;As, consists of one
ellipsoid centered at I" whose anisotropy-factor
is 1.18 for electron concentrations up to at least
8x10'® cm™. The dispersion relation at the Fermi
surface in this spherically symmetric band model
can be written in the form

E{I°k:/2my) =E p(Ef +E ) a, (1)
where
a=1++A/(Ef +24). (2)

Here, kp is the wave number at the Fermi level,
I is the Planck constant divided by 27, m, is the
free-electron mass, Ep =(2m,/h*)P? with P pro-
portional to the I';-Ty momentum matrix element,
and Ep =Ep —#%k%/2m is the Fermi energy mea-
sured from the bottom of the conduction band
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minus the corresponding free-electron kinetic
energy. In order to obtain a closed-form expres-
sion for Ep and also for the effective mass at the
Fermi level m *(Eg) as a function of the electron
concentration #n, it will be necessary to make use
of simplifying assumptions regarding « and a
forthcoming parameter A which is defined as

(Ep+% AP\ E,+2E})°

A=a

For E} =0, Eqs. (2) and (3) yield values of A=a =%,
whereas for E; ==, one obtains A=a=1. For
other values of E; it is easy to see that

a is always slightly greater than 2 and also
that A-and o are well behaved, slowly varying
functions of Ef (and therefore of 7). It would
therefore be a reasonable approximation to treat

A and « as constants in the range of #=0.7 to 3.5
x10'® ¢cm™ which includes most of the available
data on Cd,As,. The validity of this approximation
will become apparent in Sec. III. The solution of
the quadratic equation so obtained for E} is

, (E 4EPPI2(31r2n)2/3>1/2
Ep= (—29) [(1 +——_2man§ - 1] , (4)

the negative-root solution being rejected since
Cd,As, is always highly degenerate. The electron
effective mass m *(Ey) is then given by

( m*(Eg)/m, )2=)\2<£l)2+ 4r*N2(37%n)*/3
1-m*(Eg)/m, Ep 2m,aEp

’

(5)

o

m*(Eg)/mo
| - m¥Eg)/m,

103 [
N

Cd3A82
T=300K

which represents the equation of a straight line
if the left-hand side is plotted as a function of n2/3.

III. TRANSPORT AND OPTICAL ANALYSES

The available room-temperature data of m *(Eg)
obtained from magneto-Seebeck and Hall measure-
ments®*8914"17 for various electron concentrations
are plotted in Fig. 2. A straight line least-squares
fit using Eq. (5) was performed for the 16 samples
lying in the range #=(0.7 - 3.5) X10'® ¢m™3, The
resulting line illustrated in Fig. 2 has been extra-
polated to higher values of #. It is interesting to
note that the experimental points fall on the extra-
polated line for concentrations up to »~13 x10'®
cm™®, after which they suddenly break away. This
departure from the line, as will be discussed
further on, is attributed to the presence of an-
other conduction band and/or to an inaccuracy
of the Kane model at higher energies.

From the slope and intercept of the above fit,
we obtain

Ep/aE2=3.0x10% eV™!, . (6)
which allows us to express Eq. (4) as follows:
Ep=(3E)[(1 +4.4x10712p2/3)1/2 _ 7]
(mincm™). (1)
The straight line also yields
E,=0.21(x/a) eV. (8)

From the discussion of Sec. II concerning X and a,

FIG. 2. Variation of the
- effective mass with elec-
tron concentration taken
from Refs. 6 (x), 9 &),
14 (A), 15 and 16 (®), and
8 and 17 @). The straight
line was obtained from a
least-squares fit of the 16
points lying in the range
n =(0.7-3.5)x 1088 cm=3,
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FIG. 3. Variation of the Fermi energy as a function of
electron concentration according to Eq. (7).

it is apparent that E, will be equal to or slightly
less than 0.21 eV. A more quantitative result
can be easily obtained from Eq. (8) which, from
the definitions of A and o, is essentially a cubic
equation in E,. It contains the ratio E/E, which
is obtained directly from Eq. (7) and A which is
set at 0.30 eV.*® This equation was solved num-
erically for various values of z in the range of
interest. The result is virtually independent of

n and is given by E,=0.19 eV. Since E, is now
known, Eq. (7) can be used to illustrate the varia-
tion of the Fermi energy with n (Fig. 3). In addi-
tion, Eq. (6) readily yields Ep =14 eV. Finally,
the electron effective mass at the bottom of the
conduction band is equal to m *(0)/m,=0.016.

It is now possible to justify the validity of the
approximation which assumed that A and a are
essentially independent of # over the range of
interest. Using E,=0.19 eV, Eqgs. (2) and (3) show
that X lies between 1.15 and 1.24, whereas a lies
between 1.24 and 1.33. More important for the
calculation of E, is the ratio A/a which varies by
only 0.5%.

The optical results found in the literature will
also be important in the determination of the
energy-band structure. The lowest absorption
edge has been reported to be 0.13,% 0.14,8+!° and
0.16eV,°forn~2X10"®* cm™, Atn=3.5X%10® cm™
and 7=13 x10" cm™, the edge is observed to be
0.20 and 0.36 eV, respectively.® These values
are due to the ever present Burstein-Moss shift
in Cd;As, caused by the large free-carrier den-
sity. The next higher transition has been reported
to be 0.6 eV8+31:3% The strength of this transition
indicates that it is direct. Finally, a transition
was also observed at 0.8 eV ?

IV. BAND STRUCTURE OF CADMIUM ARSENIDE

From the above results, it is now possible to
describe the characteristics of the energy-band
structure of Cd,As, at room temperature.

Y P
oaf | [
>
© Cd AS
o2k S 3Asp
C
~ o+ i J\
N Totar? 8~k (08cri)
i 0.19ev
-02 -
\\
r \
L.\
r

FIG. 4. Proposed electronic energy band structure for
CdjAs, at room temperature. The full curve comes from
a fit of the Kane model to the transport data. The dashed
curves were deduced from this latter one using optical
data and are less accurate. The dotted lines indicate the
possible alternatives to explain the break in the electron-
effective-mass data.

(i) FromEq. (7), weknow the Fermi energyasa
function of z and therefore it is possible to draw
the dispersion relation E(k) for the conduction
band (Fig. 4). The shape of this band being re-
lated to m *(0)/m, and to Ejp, it is interesting to
note at this point that the calculated value for E,
agrees with the Shubnikov-~de Haas results of
Rosenman (Ep =15+2 eV)” and with the low-temp-
erature interband magneto-absorption results of
Wagner et al. (Ep =14+2 eV).?® This, in turn,
implies a weak temperature dependence of Ep as
for example in HgSe.%!

(ii) The I'{-T'; energy gapis 0.19 eV. This deter-
mines the maximum of the light-hole valence band,
which may be drawn as approximately the mirror
image of the conduction band (Fig. 4). Thisvalueof E,
agrees withthe straight-line extrapolation towards
Cd,As, of the optical edge of Cd,_,Zn,As, alloys found
at room temperature by Wagner et al .»* Moreover,
combining this value of E; with that of Zn,As,
(0.99 eV) (Ref. 34) and assuming a linear varia-
tion of the energy gap in these alloys, the cross-
over of the conduction and valence bands would
occur at x~0.5, which is consistent with the ob-
served anomaly of the electron effective mass®
at x~0.6.

(iii) The fundamental absorption edge at ~0.14 eV
must be attributedtoa transition from the heavy-hole
valence band tothelowest conductionband. It has
been suggested that this transition is indirect
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because it is much weaker than the 0.6-eV
transition.®*’®* However, the fact that it is still
observable®® at 8 K would exclude this possibility.
We prefer the suggestion of Wagner et al.'® to the
effect that this transition is direct but unallowed
at T

We will attempt to deduce the approximate
shape and position of the heavy-hole I'j band by
using the observed fundamental edge for samples
whose electron concentration was known. For ex-
ample, at #=3.5x10" ¢cm™, the absorption edge
is at 0.20 eV. From Fig. 3, this carrier concen-
tration corresponds to a Fermi energy of ~0.23
eV from which one must subtract 2257 =0.052 eV
due to the smearing of the Fermi surface.*> The
difference 0.18 eV corresponds to a wave vector
k~3.9%x10% em™'. The observed anisotropy of the
Fermi surface’**® would slightly modify this value
of k£ depending on the direction in the Brillouin
zone. There is thus a small (~10 %) uncertainty
on k. But this does not affect the qualitative
nature of our arguments. From this 2 value
on the conduction-band curve, one drops a
perpendicular of length 0.20 eV which gives a
point on the heavy-hole band. This procedure
was performed for the five points shown in Fig. 4.
A closer look, however, shows that three of these
points come from the same author® and seem to
fall on a parabola. Since a parabolic shape for
the heavy-hole valence band would not be unreal-
istic, we attempted to fit a parabola through these
three points. The curvature obtained corresponded
to an effective mass of ~0.12m , which is the re-
sult obtained by Haidemenakis et al‘l‘1 from mag-
netoabsorption data. To take into account the
presence of the other two points, the resulting
parabola was translated slightly towards higher
energies (Fig. 4). The maximum of this band is
not at I but displaced by ~10% of the distance to
the Brillouin zone edge. This is also in accord
with Lin-Chung’s prediction® of an absolute max-
imum of the heavy-hole valence band in the (1, 1, 0)
direction. The shape of the band isfinally smoothed
out towards I’ and reveals a residual gap E,
between the I'; bands. This gap is to be expected
from group theoretical arguments. Even though
the C;2 space group of Cd,As, does allow for two-
fold orbital degeneracy at I',?° the double group
does not.’* Thus, barring accidental degeneracy,
the I’y bands must be split at I. Our predicted
approximate value for E, is 0.04 eV (see Fig. 4).
Considering that those components of the residual
potential®® responsible for this splitting have their
largest matrix elements of the order of 0.1 eV,
our value for E, is not unreasonable.

(iv) The position of the split-off valence band was
drawnwith its maximum at 0.30 eV below the heavy-

hole band at the I point.*°

(v) The interpretation of the second and much
stronger absorption edge at 0.6-0.8 eV can now be un-
dertaken. From the conduction-and valence-band
dispersions in Fig. 4, one might be tempted to assign
ittoatransitionbetweenthe mirror I'y-I'g bands or
between the split-off I') and conduction I'g bands.
This interpretation can be discarded, however, by
the following analysis of the optical-transition
probability. This probability is proportional to
the joint density of states and to the square of the
momentum matrix element between initial and
final states.*® On the one hand, the joint density
of states is proportional to (m*)*/2, the reduced
effective mass being defined as

m¥=(1/m¢+1/mp)7 (9)

where m} and m# are the initial-state effective
hole mass and final-state effective electron mass,
respectively. Typical values, for the transitions
we are contemplating at 2z, are

m¥(ry-Tg) ~0.04m,,
mi(rg-T'd) ~0.02m,,
m¥(T,-Tg) ~0.03m,.

On the second hand, the momentum matrix ele-
ment strength can be compared for the various
valence-band initial states, since the wave func-
tions in the Kane model are known** [taking care
to correct for the typographical error in the
parameter c? in Eq. (2.6) which should read
¢*=(2/3D)(A +3E')*(E,+E")]. For instance, in
the case of the I'j-T"; direct transition, which
corresponds to the fundamental absorption edge,
one would have

I(r§ BITEP <a2p?,

where a is the coefficient of the s-symmetry part
of the I'j wave functions. It can thus be seen
that this I';-I';transition is forbidden at I' since
a =0 in this case. But at kg, for an electron oc-
cupancy of 2x 10'® ¢cm™, one has a?=0.34. This
transition is thus allowed with a strength propor-
tional to 0.3 P2, Repeating this same analysis

for the other states, one has at %,

(r¢fplry)P «0.2pP?,
(rgpIry)P«<o0.3p2.

It is thus obvious from the joint density of states
and the momentum matrix element strength that
all transitions between valence and conduction
bands have similar transition probabilities and
thus similar contributions to the optical-absorp-
tion coefficient. It is therefore probable that only
the lowest energy (I';-T'7) could be resolved.
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The change in absorption coefficient is found to be
of the order of 10 for this transition.®"'®* Addi-
tional factors of 2 would probably go unnoted. An
explicit calculation of the absorption coefficient*?
using the band parameters found in Sec. III, yields
10* cm™! for the fundamental absorption edge and
10° cm™! for the other possible higher-energy
transitions. This calculated value at the absorp-
tion edge is 10 times larger than the observed
value of 10° cm™!.°'® This can be explained by
the unusual dispersion of the heavy-hole band
which restricts the transitions to those parts of
the Brillouin zone around the (1, 1, 0) directions,
i.e., those of the I'j; maximum. The 0.6-0.8 eV
optical edge, for which the absorption coefficient
increases by a factor of 100,°*!® can only be from
a valence state to a higher-energy conduction
band at I'. Reduced effective mass arguments
would favor a transition from I'j to the s-type

X, band®® since the valence-band effective hole
mass is quite large and negative. The reduced
effective mass is estimated to be mg* (I'y-X,) ~0.2m .
The transition probability ratio between this and
the I'y-I'¢ transition, assuming the I'J-X, mo-
mentum matrix element to be of the same order
as P, would then be

[mX(Ty-X)P/2|(X, [BIT )P
[mX(T3-T%) 2[5 IpITy)P

We thus predict a I';-X, direct transition at T
which is about 40 times stronger than the I'y-T'g
one. This is quite close to the factor of 100 found
experimentally, and justifies our conclusion that
there is a second conduction band (X,) at 0.6-0.8
eV above the heavy-hole valence band. Conse-
quently, another transition from the split-off band
to this X, band should occur at 0.9-1.1 eV with

a slightly smaller intensity. But as this affects
the optical- absorption coefficient only by a fac-
tor less than 2 in a high absorption region, it
would go unnoted in transmission or reflection
measurements. Recently reported thermoreflec-
tance measurements®® indicate, however, a tran-
sition at around 0.9 eV which may well be this
one.

One last comment is warranted. The measure-
ments of Zdanowicz'® on thin films of Cd,As,
clearly indicate a reproducibility problem in
the location of the optical edges. The one at 0.2

~40.

eV is shifted to higher energies from the bulk

by about 0.1 eV while the one at 0.6 eV varies
from 0.6 to 0.8 eV depending on sample. We be-
lieve that this sample quality problem associated
with films explains the 0.8 eV value quoted by
Rogers et al.® That is why we have more confi-
dence in the value of 0.6 eV found by Zivitz and
Stevenson®® on bulk samples. They also attributed
this transition to the I' ;-X, bands.

(vi) We can now come to the matter of the dis-
continuity in the behavior of the electron effective
mass (Fig. 2) occurring at n~13 X 10'¥cm™. From
Fig. 3, this corresponds to a Fermi energy of
~0.41 eV above the bottom of the first conduction
band. One could then interpret, as Groves®®
attempted for a-Sn, this break as the manifes-
tation of another conduction band at this energy
(see Fig. 4). Magnetotransport measurements
had also given a value of 0.4 eV (Ref. 17) when
interpreting the data within a two-conduction band
model. In view of the results of (v) and of
Lin-Chung’s predictions® about the higher-energy
conduction bands, this would be the X, band. This
implies an X, ~ X, band ordering different from the
one calculated by Lin-Chung. The X, states would
go unnoticed optically since transitions coming
from I'{, T, and I'; bands are forbidden at T.
There might be one between the I'y and X, bands
but the transition probability is approximately
equal to that of the I';-I'g one. Thus, this trans-
ition would also be unobservable. Alternatively,
the deviation from the Kane-model predictions
could simply be a sign that this model starts to
lose its validity at energies 20.4 eV. Such a de-
viation is not unexpected judging from Lin-Chung’s
dispersion relation for the conduction band.?° The
dotted part of the conduction band illustrated in
Fig. 4 shows the curvature required to explain the
break in the electron-effective-mass data. The
situation is thus unclear at this time as to whether
or not there is a conduction band at ~0.4 eV
above the I'{ minimum.
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