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The calculation of electron-transport properties of Hg, _,Cd,Te has been generalized by using an accurate
energy dispersion relation for the conduction electrons and by including the effects of electron-wave-function
admixture, screening of lattice vibrations, and the degeneracy of the electron distribution. The drift and the
Hall mobilities in the material are calculated for various values of x at 300 as well as at 77°K. It is found
that there remains a large discrepancy between the theory and the experimental data on mobility if one
considers polar scattering by the longitudinal-optical vibrations of CdTe and HgTe in addition to scattering by
acoustic modes (both deformation potential and piezoelectric types), ionized impurities, and heavy holes.
Incorporation of alloy scattering improves agreement between theory and experiment at moderately large (but
not small) values of x. The experimental results for all values of x at 300 and also at 77°K can, on the other
hand, be fitted with theory if in addition to the above scattering mechanisms, interaction with the transverse-

optical phonons of HgTe is assumed to take place.

I. INTRODUCTION

Electron transport in Hg, _,Cd,Te is receiving
increasing attention in recent years in view of the
variation of band parameters with composition and
the technological interest in this material. Calcu-
lations of electron-drift mobility in this material
at room temperature have been performed,’ con-
sidering polar scattering by the longitudinal-opti~
cal phonons characteristic of CdTe and HgTe and
also scattering by deformation-potential acoustic
phonons, ionized impurities, and heavy holes. A
comparison of the calculated results with experi-
ments® shows that the lattice scattering in
Hg,_,Cd,Te occurs mainly through polar coupling
to the longitudinal-optical vibrations of the end
members CdTe and HgTe. This conclusion is,
however, subject to criticism since these earlier
calculations® have the following limitations: (i) The
assumed conduction-band energy dispersion rela-
tion is not of general validity when the band-gap
energy E, is comparable to the spin-orbit splitting
energy A. The relation may not, therefore, yield
accurate results for all values of the composition
x. (ii) The effect of electron wave-function admix-
ture was not included. This effect would be sig-
nificant particularly in the region x~ 0.2, where
band nonparabolicity is remarkable. (iii) Screen-
ing of lattice vibrations and degeneracy of the
electron distribution which is important for x <0.2
were not considered. (iv) The calculated values
give the drift mobility while the experimental re-
sults refer to the Hall mobility.

In the present paper we have reconsidered the
problem by removing the above limitations. The
electron-drift and Hall mobilities in semiconduc-
ting Hg, _,Cd,Te are computed for all values of x
at room temperature as well as at 77 °K, incor-
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porating the complexities of the band structure
and of the scattering probabilities. Important in-
formation on the prevailing scattering mechanisms
is obtained by comparing our theoretically calcu-
lated results with experiments.

II. GENERAL FORMULATION

A general form of the conduction-band energy
dispersion relation that holds without restriction
on the relative magnitudes of E, and A has been
given by Kane.?® It has been shown that this rela-
tionship may be simplified as®

i*k?/2m* =y(E) =E(1+aE), &)

where

1 2m* E,A

= — _——— _ _____.L____z~ ,
a=z-(1 e >(1 3(Eg+A)<E,,+m>> @
7 is the Dirac constant, m* is the band-edge effec-
tive mass, m, is the free-electron mass, and E is
the carrier energy for wave vector k. The simpli-
fied E-k relation as given by Eq. (1) agrees within
3% with the exact relation® for energies up to 0.1
eV. This simplified relation thus causes very
little error, and has been conveniently used in the
present calculations for all values of the mole
fraction x.

Let us assume that a magnetic induction Bis
applied in the z direction. If the total electric
field & (resulting from the applied and Hall fields)
is taken to be in the x direction, the carrier dis-
tribution function may be expressed as®

50 =15 - L 01+ Lo 0,00) 2, (3)

where e is the electron charge, ¢,, ¢, are the
perturbation terms, and f,(E) is the equilibrium
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Fermi-Dirac distribution function given by

FE) ={exp[(E - Eg)/kpT ] +1} 7, (4)

where kjp is the Boltzmann’s constant, T, is the

lattice temperature, and E is the Fermi energy.
For given values of the free-electron concentra-

tion n, E; can be obtained by numerically solving
the relation®

VEm*o/2
n=t2 (v dE, 5
2R3 _[ Yv'fo (5)

where

dy
(25 Sad 4
Y TUE -

Substituting (3) in the Boltzmann transport equa-
tion, retaining only the first-order terms in § and
B, and equating the coefficients of &, and k,, one
obtains

Lo, =1/y’ (6)
and
L(xby: _d)x/yl’ (7)

where L is the collision operator. The drift mo-
bility is given by

2e

ud=W<¢x , (8)
where

ow =( [ v reena-maz) /[ vy as

a=xy and n=1,2. 9)

The Hall mobility is expressed as
by =—(e/m*Xo,)/(e,) - (10)

Using the self-adjoint property of the collision
operator L, Eq. (10) may be reduced to”*?

g =(e/m*X ¢, /¢y - (11)

It is obvious from Egs. (8) and (11) that both p,
and u, may be determined if only Eq. (6) is solved
for ¢,. Considering polar interaction with the two
types of longitudinal-optical vibrations, charac-
teristic of CdTe and HgTe, and also scattering by
ionized centers® and acoustic modes through both
deformation potential and piezoelectric coupling,
Eq. (6) can be written

[(1 = Mo+ Mgpo+ X ge + Ape + Nion] D(E)
=1/y'+(1= %Sy, ,(E + £ 56,) + 25,0, (E + & 5O;)
+(1= )R, @ (E ~ k 50,) + xRy, 0, (E ~ k56,) .
(12)

The subscripts 1 and 2 refer to the two types of
longitudinal-optical vibrations characteristic of
HgTe and CdTe, respectively; ©, and 6, are the
corresponding phonon Debye temperatures, and
po, ac, pz, and ion, respectively, stand for polar
optical, deformation potential acoustic, piezoelec-
tric, and ionized center scattering.

The expressions for A’s, S’s, and R’s including
the effects of electron screening and wave-function
admixture in cases when A>E, and the electron
distribution is nondegenerate, may be found in
Ref. 10. In our case, however, A may be com-
parable to E,, and also the electron distribution
may be degenerate. The expressions in our case
incorporating the effects of degeneracy in addition
to those of electron screening and wave-function
admixture without restriction on relative magni-
tudes of E, and A are given in the Appendix.

¢,(E) is determined from Eq. (12) by the numer-
ical iteration technique. The method has originally
been developed by Rode'! in cases when only one
type of optical phonons are present. The method
of calculations when more than one type of optical
phonons are operative (as it is in the present sit-
uation) is described in great detail by Nag.® The
results presented here, are obtained using the
method described in Ref. 8.

III. CALCULATIONS AT 300°K

The values of the spin-orbit-splitting energy A
for various values of x were taken from Chadi and
Cohen.” c, and ¢,, were assigned the values of
1.55% 10 N/m? and 0.0336 C/m?, respectively,
which are the same as in CdTe.!® Possible vari-
ations of ¢, and e, with x were not considered.
Such variations in any case would affect our re-
sults insignificantly since piezoelectric scattering
contributes very little to the total scattering. The
other material constants were taken from the
sources mentioned in Ref. 1.

The effect of ionized impurity scattering was
estimated by taking the samples to be uncompen-
sated.? At room temperature, the samples® have
an ionized impurity concentration (np) of 2x10%
cm™, For x> 0.4, at this temperature, the intrin-
sic carrier concentration'® (n,) is less than 3x10™
cm™® so that electron-hole scattering is much
weaker than ionized impurity scattering for such
compositions and is neglected. At x=0.15 and 0.2,
however, n,=6x10'" cm™ and 2.8 x10'® cm™,
respectively, at room temperature.* These are
much larger than 7n,; the contribution of ionized
impurity scattering is thus much less than that of
electron-hole scattering at these x values and is
ignored.

The calculated values of drift and Hall mobilities
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TABLE I. Room-temperature mobility (x?V!sec™!) in n-Hg;_,Cd,Te. ?

Hobs
x Ka1 Fat Ky (Ref. 2) Kaz ) Ko
0.15 4.4 4.74 4.03 1.9 2.17 2.395 2.07
0.2 2.68 2.71 2.35 1.03 1.22 1.27 1.15
0.4 0.678 0.694 0.48 0.274 0.333 0.342 0.275
0.6 0.305 0.313 0.19 0.155 0.181 0.185 0.133
0.8 0.17 0.175 0.113 0.116 0.125 0.1286 0.091

 lg1» By represent, respectively, the drift and Hall mobilities considering polar interac-
tion with the longitudinal-optical vibrations characteristic of CdTe and HgTe, and also scat-
tering by ionized centers and acoustic modes through both deformation potential and piezo-
electric coupling. ;4 is the over-all mobility due to the combination of the alloy scattering-
limited mobility pu, and pgq. Hgy and py, are, respectively, the drift and Hall mobilities due
to scattering by the transverse-optical phonons of HgTe together with the scattering mecha-
nisms used in calculating pgy and pgy. pgy is the over-all mobility obtained by combining w4,
and p,. My, is the experimental value of mobility.

(14, and py,) at room temperature for different
values of x are given in Table I. It is found that
Hall-to-drift mobility ratio is not much larger
than unity, and hence no serious error is incurred
by replacing the Hall mobilities by drift mobilities.
The calculated values, however, are found to dif-
fer markedly from the experimental values of mo-
bility (u,.) given by Scott.> Thus we find that when
the shortcomings of the previous calculations’ are
removed, the experimental results cannot be ex-
plained with the help of the scattering processes
considered. It is concluded that scattering mech-
anisms other than those considered, do play a
significant role.

IV. ALLOY SCATTERING

It has been recently found®® that disorder or
alloy scattering is of importance in determining
the transport properties of mixed semiconducting
crystals. An expression for mobility due to this
type of scattering for a simple parabolic band has
been given by Brooks.!® It is found that the mo-
bility depends on the factor x(1 - x). Consequently,
the alloy scattering is expected to have effect for
intermediate values of x and would be relatively
ineffective for very small or very large values of
x. Furthermore, the alloy scattering limited mo-
bility depends on #*5/2. Since m* diminishes
steadily as x is reduced, alloy scattering would
be still more ineffective in the low-x samples.
The discrepancy between theory and experiment
for low values of x cannot thus be expected to be
much reduced by alloy scattering. But we may
hope for some effect of the alloy scattering at
relatively larger (but not very large) values of x.

Incorporating the effect of nonparabolicity, the
relaxation rate for alloy scattering can be written

N :w/—Zm*s/zx(l - x)|AE[?
a N,

xﬁy'f_“o(z)(l-z)dz, (13)

where AFE is the scattering potential and N, is the
number of atoms per unit volume. The corre-
sponding ¢ (E) can be expressed from the
Boltzmann equation as

P =1/¥'2,, (14)

whence the alloy scattering-limited mobility p, is
determined by the same equation (8).

The value of AE is not precisely known, but may
approximately be taken'® as the difference in the
energy gaps of the two pure materials CdTe and
HgTe. Because of the approximate nature of cal-
culations it is sufficient to determine the over-all
mobility (u,,) due to alloy scattering and other
scattering mechanisms by the formula

gy = Harba/ (Kar+ o) - (15)

Values of u,, at room temperature are included
in Table I. It is found by comparing u,, and u,,
that alloy scattering affects the mobility mostly
at x=0.6 and also significantly at x=0.4 and 0.8.
The effects at x=0.15 and 0.2 are, however, much
less, as expected. A comparison of p,, and u
shows that inclusion of alloy scattering improves
agreement with experiment at moderately high
values of x. The agreement at low values of x is,
however, poor. In fact, at x=0.15 and 0.2, values
of u,, are more than two times the values of p .

V. SCATTERING BY TRANSVERSE-OPTICAL PHONONS
OF HgTe

It is found from the above results that the dis-
crepancy between theory and experiment becomes
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remarkable when x is reduced, i.e., when the
fractional content of HgTe is increased. It would
thus appear that some scattering mechanism asso-
ciated with HgTe must be operative, the neglect
of which gives rise to the above disparities. Re-
cent experiments'” on oscillatory photoelectric
effects in Hg,_,¢Cd,, ,,Te indeed indicate that elec-
trons may be coupled to the transverse-optical
vibrations of HgTe. Such a coupling is not sur-
prising, since these vibrations have a polar char-
acter in the mixed crystal'” due to the asymmetry
in the arrangement of atoms. In this section we
have incorporated the polar interaction with the
transverse-optical phonons of HgTe in addition to
the scattering mechanisms considered before.
However, the coupling constant for interaction
with the transverse-optical phonons of HgTe is
not known. We have, therefore, thought it judi-
cious to first find the value of the coupling con-
stant by fitting the calculated results with experi-
ment for a particular value of x at room tempera-
ture. The same coupling constant is then used to
calculate the mobilities for different values of x
at room temperature and also at 77 °K to find if
agreement with experiments is obtained in all the
cases. A positive answer would definitely estab-
lish the role played by the transverse-optical
phonons of HgTe.

Let ©, denote the Debye temperature of the
transverse optical phonons in HgTe. Incorporation
of interaction with these phonons will introduce an
additional term (1 - x),¢,(E) in the left-hand side,
and two additional terms (1 - x)S,¢,(E + & 50,) and
(1 - %)R;¢,(E — K 0,) in the right-hand side'® of
Eq. (12). The resulting equation may again be
solved for ¢, (E) by the numerical iteration tech-
nique as described by Nag,® and the correspond-
ing drift and the Hall mobilities (i, and py,) can
be computed. It should be noticed that u, and
Ige include the effects of scattering by acoustic
modes, ionized centers, longitudinal-optical
phonons of CdTe and HgTe as well as by the trans-
verse-optical phonons of HgTe.

Values of u,, and u,, calculated with a ratio of
5:8 between the coupling constants for the longi-
tudinal and transverse phonons of HgTe are shown
in Table I. The over-all mobility u,, is obtained
by combining u,, with the alloy scattering limited
mobility p,; the formula for the combination being
Eq. (15) with the subscript 1 replaced by the sub-
script 2. Values of u,, are also presented in
Table I. It is noted that u,, agrees well with u
for all values of x, the maximum discrepancy be-
tween the two values being about 20% at x=0.8.
This amount of disagreement is tolerable consid-
ering the uncertainties in the parameter values,
the approximate way in which the effect of alloy

TABLE II. Mobility ¢n?V™!sec™) in n-Hg;_,Cd,Te at
77°K. ?

x Haa 703 HKia Hobs
0.195 20.6 25.8 23.1 17.5
(Ref. 19)
0.41 2.95 3.70 1.92 1.85
(Ref. 2)
0.59 1.69 2.1 0.73 0.79
(Ref. 2)

? jigo and gy, have the same significance as in Table L
Wiy is the over-all mobility obtained by combining py,
with the alloy scattering-limited mobility pg. Hops is the
experimental value of Hall mobility.

scattering is estimated, and the possible errors
in reading the values of p,, from the published
curve.

We thus find that the disagreement between
theory and experiment that existed at low values
of x prior to the inclusion of scattering by trans-
verse phonons of HgTe is removed by its incorpo-
ration. The general good agreement with experi-
ments for all values of x leads us to conclude that
electron transport in Hg, _,Cd,Te at room temper-
ature is determined by alloy scattering and inter-
action with the transverse-optical phonons of HgTe
combined with scattering by the longitudinal-opti-
cal phonons of HgTe and CdTe, by acoustic modes
and by ionized centers.

VI. CALCULATIONS AT 77°K

In order to examine whether all the above scat-
tering mechanisms can satisfactorily account for
the experimentally observed mobilities at other
temperatures, calculations have also been carried
out at 77 °K. A value of 5:8 for the ratio between
the coupling constants for the longitudinal- and
transverse-optical phonons of HgTe is assumed,
this value being identical to that at room tempera-
ture. Calculations have been performed for x
=0.195, 0.41, and 0.59, the experimentally mea-
sured Hall mobilities (u,,) for these x values
being taken from Refs. 2 and 19 given in Table II.
The carrier concentrations in the experimental
samples are, respectively, 4.6, 6, and 3x10™
cm™®. The intrinsic carrier concentrations™ at
7'7 °K for the considered x values are much lower.
Consequently, electron-hole scattering is insig-
nificant with respect to ionized impurity scattering
and is neglected. The ionized impurity scattering
is included by assuming that the samples are un-
compensated.?

In Table II we give the calculated values of p,,
and p,, at 77 °K, these symbols having the same
meanings as at room temperature. It is noticed



5680 D. CHATTOPADHYAY AND B. R. NAG 12

that in this case the Hall-to-drift mobility ratio
(u,,zzpdz) is larger than 1.2. This is contrary to
the case at room temperature where this ratio is
not larger than 1.1. The comparison between
theory and experiment at 77 °K should therefore
be made with some caution. In fact, we should
pay attention to u,,, the experimental values re-
ferring to the Hall mobilities.

In Table II are also shown the values of the
over-all mobility y,, These are obtained by com-
bining ug, with the alloy-scattering-limited mo-
bility p, by the formula (15), remembering that
Ksp and W, in (15) are to be replaced by y,, and
Wye, Trespectively. It is observed that u,, agrees
with pu ., very well at x=0.41 and 0.59. The agree-
ment at x=0.195 is, however, not so good, the
two values differing by about 30%. This discrep-
ancy may arise from excess impurity scattering
and also from the uncertainties of the parameters,
particularly of m* which is extremely small in
this region (m* ~ 0.007mz,,).

VII. CONCLUSIONS

There remain discrepancies between the theo-
retically calculated and the experimentally mea-
sured mobilities in Hg, _,Cd,Te when one considers
polar scattering by the longitudinal-optical vibra-
tions of CdTe and HgTe combined with scattering
by acoustic modes (deformation potential and
piezoelectric types), ionized impurities, and
heavy holes. Agreement between theory and ex-
periment at moderately large x values (but not
small ones) is improved by the inclusion of alloy
scattering. The experimental results for all
values of x both at 300 and at 77 °K can, however,
be brought into agreement with theory by assuming,
in addition to the above scattering mechanisms,
electron interaction with the transverse optical
phonons of HgTe, and by properly choosing a
coupling constant for such interaction.
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APPENDIX

Incorporating the effects of degeneracy, electron
screening, and wave-function admixture, we have

Aac =%Cac‘/‘_y—y'f+l (1 - Z)O(Z)Sc(z) dz 4

+1
Xps =%szy'y"/2f 0(2)S,(2) dz ,

-1

+1
A'iofl = iOﬂy-s/z)’I (1 - Z)-IO(Z)SC(Z) dz ’
1

)\ipo=cipo[F{+ +exp(ei/TL)Fi_] ) (1 = 1, 2) 9

= l‘fo(E I \VY(EL)
ru=(FTA ) L 2

+1
Xf $,4:0,:(2)S,;:(2) dz ,
-1

1-
Stpo = Cipo < %%ﬁ)'y(lfu)?’—wzm)

+1
x(1 +2aE,+)f 2 1,0,,(2)S,,.(2) dz
-1
(l = 1; 2) ’

Ry = oo 58858 Yexp (24) 05,y 200)

x(1 +2aE,-_)j:jlzI/) :1-0,_(2)S,,(2) dz
(i=1,2),
where
Cac =VZE2m**/2k 3T, /1 C,

=J‘Ze2ei4m**/2k57,,<g+i>
35m7%e? ¢y ¢ )’

Cion =€°N,/16V2mm*/2€2
- e?m*/2k g0.(€, - €,,)
4/ 2% e e [exp(0,/ Ty - 1)]’

¢[1%T)_2<%‘)_)>/]

Coz

c ipo

E;.=Exkg0;.

E| is the acoustic deformation potential constant,
¢;, ¢, are the spherically averaged elastic con-
stants for longitudinal- and transverse-acoustic
modes, e, is the single independent element of the
piezoelectric tensor, N; is the concentration of
ionized centers, and ¢,, €, are the static and optic
permittivities. The functions O(z) and 0,,(z) are
the overlap factors representing the mixing of
wave functions.®*»?° S (z) and S,,H(z) represent the
effects of screening.?’ These functions are given
by

O(2)=az®+bz+c, 0,.(2)=a;.2°+b;.2+c;s,

S[2)=(1-2)* /(1 -2 +2¢&),

Sante) ()

z is the cosine of the angle between kand k A
the electron wave vectors before and after scat-
tering. The function £ is expressed by

£ =13 /8m*y ,
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B is the inverse of the screening length, and is
given for degenerate statistics and a nonparabolic
band by®

VZ P2

2 =
B mh3ek 5Ty,

‘/77'.7‘0(1 -f)dE.

Let E and E’ be the energies corresponding to
the wave vectors k and k’. The functions a, b, and
c are, respectively, given by the expressions of
the functions A(E,E"), B(E,E’), and C(E,E’),
-quoted below,?® by putting E’=E. The functions
a;., b;., and c¢;, are also given, respectively, by
the same expressions; but in the case of “+” sign
E' has to be replaced by E + % z6,, and in the case
of “~” sign it has to be replaced by E - % z0,:

A(E,E") =302 020+ G v — 5(bycyr — becy, P
+(1/V2)b, b (bycyr +bpecy) ,
B(E,E’) =2a,a,(bybyr + CpCrr)
C(E,E')=didr + 55051 + 5(by cpr + bprcyF
~ (1/V2)bybyr(bycpr + byecy)
where
2 =(E+E)NE,+3A)E, +A)/D,
2
k

a
b2 =2A%E/D, c2=E(E,+3A?/D,

II

and

D=(2E+E,)E2+4AE, + 30%) + 3E,A(E +E,) .
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