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D. A. Nelson, ~ J. G. Broerman, C. J. Summers, and C. R. Whitsett
McDonnell Douglas Research Laboratories, McDonnell Douglas Corporation, Saint Louis, Missouri 63166

(Received 21 February 1978)

An experimental and theoretical study of the electron mobility in the semimetal-semiconductor alloy system

Hg& „Cd„Se is reported. for the range of compositions 0.12 & x & 0.68 and at temperatures from 4.2 to 300
K. The samples used in the study are single-crystal specimens grown by the traveling-molten-zone and the
Bridgman methods. The mobility data are analyzed in terms of a microscopic theory of electrical conduction
appropriate to the alloy system, and the dominant intrinsic and defect-scattering mechanisms are determined.
The analysis includes scattering of electrons by longitudinal-optical phopons, longitudinal- and transverse-
acoustical phonons, charged and neutral defects, heavy holes, and the compositional disorder potential of the
alloy. It is found that longitudinal-optical-phonon scattering is the dominant mechanism at room temperature
for all alloys in the composition range studied. Acoustical-phonon scattering is unimportant at all
temperatures and compositions. Scattering associated with the compositional disorder of the alloy increases
from 5% of the total scattering at x = 0.12 to 21 k at x = 0.68. Evidence is presented for the presence of
four defect species: a donor associated with the HgSe lattice, a donor associated with the CdSe lattice, an
acceptor associated with the CdSe lattice, and a stable neutral defect associated with the HgSe lattice.
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FIG. 1. Band structures of HgSe, CdSe, and the
Hgt „Cd„se alloys. The mole fraction of C18e, x, in-
creases toward the right. The characteristics of the
alloy change from semimetallic (HgSe) to semiconduc-
ting (CdSe) with increasing x, as the virtual crystal I'6

level rises with respect to the I'8 level and a gap in the
density of states begins to open at the crossover compo-
sition.

Mercury selenide (HgSe) is a perfect semimet-
al, ' having a symmetry-induced degeneracy of the
valence-band maximum and conduction-band mini-
mum which produces an identically-zero funda-
mental direct energy gap. Cadmium selenide
(CdSe) is a semiconductor with a fundamental di-
rect gap of 1.8 eV. ' These compounds combine in
a pseudobinary alloy system, Hg, „Cd„Se, and the
alloy energy gap ranges from 0 to 1.8 eV depending
on composition. The energy-band structures of the
compounds and the alloys are shown in Fig. 1. In
HgSe the I", level, which in a normal semiconduc-
tor is the extremum of a conduction band, lies be-
low the fourfold-degenerate I', level, which is nor-
mally the edge of the light- and heavy-hole valence
bands. The light-hole part of I"» being k p cou-

pled to I'„ inverts to form a small-mass conduc-
tion band, and the I', level becomes a valence band
lying between the split-off band (I',) and the heavy-
hole band. Since the I; conduction band is tied to
the I', valence band by symmetry, the gap is iden-
tically zero. As CdSe is added, the virtual crystal
I', level rises with respect to the I', level and
crosses it at about x=0.1. Above this critical val-
ue of x, the alloy is a normal InSb-type semicon-
ductor with a direct energy gap, which depends on
the composition. In this discussion and in Fig. 1,
we ignore the existence of a structural phase
transformation from zinc blende (HgSe) to wurtzite
(Cdse) and use throughout the zinc-blende sym-
metry nomenclature.

In the original crystallographic investigation of
Hg, „Cd„Se, Kalb and Leute' reported that the al-
loys with x &O.VV have the zinc-blende structure,
alloys with x & 0.81 have the wurtzite structure,
and the two phases are immiscible for O.VV& x&

.0.81. Their data were for sintered samples, equi-
librated at temperatures substantially less than the
melting point of the alloy. More recently, an in-.
vestigation' of the phase diagram for this alloy
system showed that a peritectic reaction occurs at
945'C @nd that upon solidification from the melt,
alloys with x&0.5V have the zinc-blende crystal
structure while alloys with x&0.57 have the wurt-
zite structure.

A number of investigations of the galvanomagnet-
ic and optical properties of the alloy system have
been performed. Stankiewicz, Giriat, and Dob-
rowski' studied the Shubnikov-de Haas effect for
alloys with x&0.2 and determined the conduction-
band effective mass as a function of alloy compo-
sition. Optical studies have been performed by
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Borisov, Kiriev, Mikhailin, and Bezborodova, by
Kiri.ev and VoRov '0 and by Slodowy and Giriat
The investigation by Borisov et al. concerned pri-
marily the higher-energy optical transitions, and

their analysis gave a composition independent band

gap because of an incorrect identification of reflec-
tivity structure. More recently, detailed invest-
igations of the optical absorption" and relectance"
have determined the band gap as a function of tem-
perature for a wide range of compositions (0.1&x
&O.V) and the lattice-dynamic and electronic polar-
izability properties of the alloys. These results
provide the basis for a detailed mjcroscopic anal-
ysis of the electrical transport properties of the
system.

The electrical transport properties of the

Hg, „Cd„Se alloys have been little studied. A qual-
itative description was given by Cruceanu and Ion-
escu-Bujor, '4 Iwanowski and Dietl" investigated
the 4.2-K electron mobility of allgys with 0& x
&0.2, and they noted discrepancies between the
measured values and those calculated assuming
ionized defect scattering only. In both of the cited
investigations, the alloys were reported to have n-
type conductivity, as do HgSe and CdSe. An ade-
quate understanding of the electrical transport
properties of this system requires data and anal-
ysis over larger ranges of composition and tem-
perature than have been studied.

In this paper, we report an experimental and
theoretical investigation of the electron mobility
in Hg, „Cd„Se alloys with 0.12 ~ x «0.68 for tem-
peratures between 4.2 and 300 K. The preparation
of samples and the methods of measuring the Hall
coefficient and electrical conductivity are de-
scribed in Sec. II. In Sec. III the experimental
electron mobilities are analyzed in terms of a
microscopic theory of electrical conduction, and
the dominant intrinsic and extrinsic (defect) elec-
tron-scattering mechanisms are determined. The
analysis assumes a virtual crystal band structure,
with parameters given by the optical measurements
of Ref. 12. The conduction-electron wave functions
and dispersion relation are then described by the
exact Kane three-band model. " Using this band
model and the lattice dynamic and electronic po-
larizability parameters determined in Ref. 13, the
Boltzmann equation for the electron distribution
function is formulated. The scattering mechanisms
included in the analysis are longitudinal-optical
and acoustical-phonon scattering, charged and neu-
tral defect scattering, electron-hole scattering,
and scattering by the random compositional disor-
der potential of the alloy. The mobility is then
calculated from a variational solution of the Boltz-
mann equation and compared with the experimental
values. The results of the study are discussed in

Sec. IV.
In this study, we are not concerned with the

range of x for which the alloy has the perfect semi-
metal band structure. A discussion of the unusual
electronic transport and dielectric properties of
the inverted band-structure is given in Ref. 4 and
17.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples used in this study were prepared
from large single-crystal grains obtained from in-
gots grown by the Bridgman method" or the hori-
zontal traveling molten zone method. " Sample
composition and homogeneity were determined by
mass density and scanning-infrared transmission
measurements; the precision of the x determin-
ation was estimated to be +0.003, and the variation
in x within each sample did not exceed +0.002.
Most samples were circular wafers approximately
0.7 mm thick and 7 mm in diameter. Other sam-
ples were 1.5 && 1.5 & 10 mm rectangular paral-
lelipipeds.

The Hall coefficient and electrical conductivity
of the samples were measured using low-frequency
ac techniques with phase-sensitive detection; the
Van der Pauw method" was used for the circular
wafers and the conventional method was used for
the rectangular parallelipiped samples. Identical
results were obtained on samples in which both
methods were used. Electrical leads were 0.05-
mm-diam platinum wires, which were either
welded to the samples or attached with silver paint
to achieve ohmic electrical contacts. Before elec-
trical leads were attached, the samples were
ground, polished, and etched in a solution of 1-
vol% Br, in methanol and repeatedly rinsed in a

,50%%uq ethonal, 50% benzene solution.
The electron concentration and mobility were cal-

culated from the Hall. coefficient and conductivity
assuming a Hall scattering factor of unity. In many
cases Shubnikov-de Haas oscillations were ob-
served at low temperatures, and the electron con-
centrations deduced from the periods of these os-
ci11ations agreed with the Hall coefficient data to
within 5'.

The Hg, „Cd„Se alloys were n-type with as-grown
electron concentrations decreasing from 3 ~ 10"
electrons/cm' for HgSe (x= 0) to as low as 1.3
x 10" electrons/cm' for alloys with x&0.4. An-
nealing the alloys in Hg vapor increased the elec-
tron concentration, with the magnitude of the in-
crease being smaller for alloys with larger x val-
ues. Although the electron concentrations were
reduced by annealing the alloy in Se vapor, the
lowest electron concentrations were achieved by
annealing the alloys in dynamic vacuum. The op-
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timum annealing temperature for achieving the
smallest electron concentrations in dynamic vac-
uum annealed alloys increases from 200'C for al-
loys with x=0.1 to approximately 300'C for alloys
with x&0.4.

The conduction-electron concentration and elec-
tron mobility at 4.2, 78, and 300 K for samples in-
vestigated in this study are listed in Table I. Also
listed in Table I are the specimen annealing his-
tories and the mole fraction CdSe as determined

TABLE I. Electrical characteristics and annealing history of Hg~ „Cd„Se samples.

Mole Conduction-electron
Hg& „Cd„Se fraction of concentration, n (10 cm )
Sample No. CdSe, x 4.2 K 78 K 3QO K

Electron mobility, p
(cm /V sec)

.2K 78K 300 K Anneal history

14AE-1
14AE-2
14AE-3
16EC8
16EC12
16DA1t
18MB
16EB12S
16EB7
16DCD
24AC15
18IB-1
18IB-2
18IB-3
16EB4-2
16EA6
23DB9
23DA17
18LF
24A 814
18LG
26BB-1
26BB-2
26BB-3
40EF3A
24AC13
28AT253
40EF3A
40EC2
24AA1-1
24AA1-2
28A T10
23DA3
24AA3-5
28ATE8
28ATE7
28ATE5A-5

28A TE5A- 1
28ATE5B-1
28ATE5B-4

28ATE4

28ATEO

40EB2
33AT1
40EA2

0.122
0.122
0.122
0.153

' 0.153
Q.162
0.185
0.194
0.207
0.209
0.2M
0.220
0.220
0.220
0.225
0.228
0.236
0.245
0.248
0.251
0.253
0.268
0.268
0.268
0.272
0.297
Q.300
0.332
0.347
0.352
0.352
0.354
0.361
0.366
0.407
0.412
0.430

0.430
0.430
0.430

0.447

0.499

0.547
0.600
0.684

15.3
7.03

197.0
2.94
5.65

16.2
6.62
4.29
2.45

52.4
2.43

14.7
2.68

74.9

3.75
19.3
24.8
2.30

11.2
3.04

11.9
5.89

28,4
23.0
1.27
9.57

13.6

1.02
0.843
8.62

23.5
31.0
4.77
5.19
0.676

(1.6 1)

3.74

2.28

5.16
3.29
2.33

15.3
7.17

197.0
2.94
5.71

17.2
6.69
4.35
2.45

52.4
2.44

14.7
2.73

74.9
2.98
3.75

19.6
25.3
2.30

12-.2
3.20

11.9
5.89

28.4
23.0
1.27
9.57

13.6
15.8
1.02
0.843
8.62

23.3
31.0
4.77
5.19
0.720

~ ~ ~

0.23'1

3.74

2.24

5.16
3.44
2.33

15.3
10.8

197.0
5.37
7.55

19.4
7.47
4.70
2.70

52.4
2.71

14.7
3.12

74.9
3.30
4.18

20.9
26.6
2.30

13.8
3.91

11.9
5.89

28.4
23.0
1.27
9.57

13.6
15.2
1.02
0.843
8.62

23.8
31.0
4.77
5.19
0.960

5.73
7.62
0.117

3.74

2.46

5.16
4.58
2.76

130000
277000

24 200
271 000
157 000
141000
112000
123 000

76 200
18 100
97 900
50 300
77 500
17 100

~ ~ ~

50 400
35 100
30 300
65800
39 100
46 600
23 200
36 600
15200
23600
27 300
19600
12 000

~ ~ ~

15 700
12 700
11600

7 230
5 050
7 510
8470
1 050

85600
177 000

20 000
114000
86 700
84 100
60 500
60 500
40400
13200
42 000
30 000
38 400
13 100
31600
28 000
21600
19200
31900
19800
25 700
15600
18 500
10 900
15600
17 900
12 700

8 410
10 700
12 700
12 200

8 350
5 740
4 210
6 350
6 880
2 380

86 90
9720
5530
6280
7070
8480
6440
6750
4550
3690
4250
4320
3760
3620
3750
4070
3610
3550
3500
2590
3290
3200
3250
2940
3210
2820
2640
2050
2320
2400
2390
2160
1940
1780
1800
1890
989

1640
1420

709

2 350 3 610 1230

2 590
703

3 100
2 775
2 130

1120
1035

763

4 700 4 700 1470

h at 240'C

h at 302'C

h at 302'C

hat303 C

h at 303'C

As grown
VA—24 h at 200'C
Hg—45 h at 225'C
VA—48 h at 239'C
VA—288 h at 203'C
As grown
UA —168 h at 200'C
'VA- -'L8 h at 239'C
VA—48 h at 239'C
As grown
VA 142 h at 232'C
As grown
VA—24 h at 200 C
Hg—45 h at 225'C'
VA 48 h at 239'C
VA 48-h at 239'C
As grown
As growg
VA—64 h at 240'C
VA—93 h at 240'C
VA—93 h at 240'C
As grown
VA—24 h a4 200'C
Hg—45 h at 225'C
VA—48 h at 220'C
As grown
Se—70 h at 250 C
VA—48 h at 220'C
VA—64 h at 267'C
VA—67 h at 260'C
VA—6 7 h at 260 'C + 93
As grown
As grown
As grown
VA —25 h at 313'C
VA—25 h at 313'C
VA—184 h at 313'C+52

+168 h at RT in air
VA—141 h at 313 C
VA—141 h at 313 C
VA—184 h at 313 C +52

+24 h at RT in air
VA —194 h at 313 C +52

+200 h at 214'C
VA—68 h at 313'C + 52

+200 h at 214 C
VA—64 h at 267 C
As grown
VA —64 h at 267 C

'VA —vacuum anneal Hg—Hg anneal.
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from mass density measurements. Complete tem-
perature dependences from 4.2 to 300 K of the elec-
tron mobility were determined for most of the sam-
ples listed in Table I, and such data are shown and
discussed later in this paper.

Some of the small x samples have a temperature-
dependent conduction-electron con'centr ation. The
temperature Qependences observed are in substan-
tial agreement with those calculated assuming the
Kane energy-band model with the energy-band
parameters determined in Ref. 12.

Some samples with higher x values were unstable
in air after they were annealed in a dynamic vac-
uum. The conduction-electron concentration de-
creased with time while simultaneously the elec-
tron mobility decreased. Qne sample, 28ATE58-4
in Table I, had an electron concentration at 300 K
of 1.17 x 10"per cm' after exposure to air and was
P-type at 4.2 K. Another sample, 28ATE5A, also
had a significantly lower electron concentration
after exposure to air but remained n-type at 4.2
K. Some of these had Hall coefficients which were
nonmonotonic functions of temperature. This elec-
trical behavior strongly suggests an increasing
level of compensation resulting from exposure to
air, with the acceptor-type defects inhomogen-
eously distributed in the sample. We speculate
that oxygen is introduced as an acceptor, as has
beenfound" to occur inCdSe. Because of the sus-
pected inhomogeneity in the acceptor concentra-
tions, the low-temperature mobilities of these air
exposed samples are not included in the analysis
of the electron scattering mechanisms.

III. ANALYSIS OF THE MOBILITY DATA

In this section, the observed mobilities are an-
alyzed in terms of a microscopic theory of elec-
trical conduction to define the fundamental scatter-
ing mechanisms limiting the electron mobility and
to obtain information about the defect structure of
the alloy system. A virtual crystal model is as-
sumed whose "average" periodic potential yields a
definable band structure, which is described by
k p theory with the aid of the experimental energy
gaps presented in Ref. 12. In this model, the only
remaining effect of the random short-range poten-
tial associated with the compositional disorder in

the alloy is the scattering of the electrons among
eigenstates of the virtual crystal Hamiltonian.

The use of adjustable parameters has been avoid-
ed wherever possible. Aside from the inevitable
uncertainties about the kinds and densities of de-
fects in a given sample, the most important un-
known parameter is one associated with the random
short-range alloy potential. This is defined with
the aid of an a priori estimate and by requiring in-
ternal consistency over the ranges of compositions
and temperatures investigated.

A. Band structure

The Kane three-band model" is used to desribe
the band structure in the energy range of interest,
the highest-lying valence bands and lowest-lying
conduction band. This approximation calculates en-
ergies and wave functions via the k ~ p interaction
of 1"„ I'„and I',. The results are specialized to
the case of the normal band ordering (Er & E„,),
the transport properties of the inverted structure
having been treated in Refs. 3, 4, and 17. The
higher-band correction4 to the conduction-band en-
ergy is ignored because for HgSe the matrix ele-
ment involved in this correction for the s-like part
of the wave function is (experimentally) found to be
vanishingly small. " Thus, the correction should
be negligible at the bottom of the conduction band
for the normally ordered band structure of the al-
loy. The free-electron correction is also ignored.
The secular equation describing the conduction
band, light-hole band, and split-off valence band
is given by

E +(& —E )E —(E &+P 0 )E--;DP2k2=0, (l)

where & is the l"» spin-orbit splitting, F., is the
I', -I", band gap and P is the momentum matrix ele-
ment between the I'» valence-band and the I', con-
duction-band wave functions defined by Kane. " The
energy is referred to the top of the valence bands.
The heavy-hole band is represented as a simple
parabolic band of effective-mass ratio p. „. The
conduction-band density of states is given by

p,
' = M'E, /4m, P',

(4)

and

(6)
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Similarly, the crystal momentum as a function of
energy is given by

k= (2ij.'m, E,/ff')'~'s(g), (7)

s(&) = [h(k 1—)(65+ 1)/(-.'&g+ 1)]"'. (8)

The conduction-band wave functions are given by

)k, c, +)=e'" "[a'liSn, )+5 l(X+iY)n, )+c lrn, &],

(9)

m k T»~2

X„($)=3[25 $' —6(3 —6)$'+ ~ (1 —6)$+ s)

x[&(&+1)(«- 1)]'"/2(-.'«- 1)"',
z=E,/k, T,
P= ks T/E,

f,(y, z) = (e" '+ 1) ',

(18)

(19)

(20)

(21)

(22)

where X, Y, and Z are the basis set of 1» re-
ferred to a coordinate system with the z axis along
k, S is the l, wave function, n, are Pauli spin
functions for spin parallel (+) and anti-parallel (—)
to k, and a, b, and c are functions defined by

and

a = [((6t'+ 1)(6t+ ', )]'~'/N—,

b=v2 ($ —1) i /3N,

c = (5 —1)' '(6k+ -.)/N,

(10)

(11)

(12)

+ (9.684 —17.72x) x 10~T . (14)

For the spin-orbit splitting 4 we use a linear in-
terpolation between the HgSe value" (0.45) and the
CdSe value' (0.43). The momentum matrix-ele-
ment P is approximately the same in both HgSe
(Ref. 21) and CdSe (Ref. 22), and we use the value
7.2 X 10 ' eV cm throughout. The HgSe value' of
0.78mo is used for the heavy-hole mass p,„.

The Fermi energy E~, electron concentration n„
heavy-hole concentration n», and light-hole con-
concentration n», are calculated from the numer. —

ical solution of the charge neutrality equation

where

N= [~(«+ 1)(«+-:)+-'.(t —1)+ (&- 1)(«+-:)']'".
(13)

The numerical values of the band parameters
used in the calculations are as follows. The tem-
perature and composition dependences of the band

gap determined in Ref. 12 are well approximated
(in electron volts) by the expression

E (x, T) = 0.505x'"+ 1.54x 0.22

and E,&,(z) is the Fermi function of order —,. Be-
cause no carrier freeze out is observed, the donor
and acceptor concentrations, ND and N„, are as-
sumed to be independent of temperature.

f(k) =f, kc'(E)f,' cos8, — (24)

where c'(E) is a function only of the energy and is
determined by the solution of the Boltzmann equa-
tion.

1. Longitudinal-optical-phonon sc'attering

B. Scattering mechanisms

and solution of the Boltzmann equation

The six scattering mechanisms which should be
of importance in this alloy system are longitudinal-
optical- (LO) phonon scattering, acoustical-pho-
non scattering, electron-hole scattering, scatter-
ing from electrically charged and neutral defects,
and compos itional disorder scattering. The non-
polar optical-phonon coupling discussed by Ehren-
reich" is unimportant for this study because it
vanishes at the bottom of the I", band. In this sec-
tion, we formulate the Boltzmann equation for the
electron distribution function and outline the calcu-
lation of the mobility.

The field term of the Boltzmann equation for a
system driven by a static electric field 8 is given
by

sf(k) l he, dE
j ~ 8 dk

= —f,' —cos 8, (23)

where 8 is the angle between k and 8, f(k) is the
perturbed distribution function, and f,' = df, /dE. We
assume that the form of the perturbed distribution
function is given by

(15)n, —n,„-n„„=ND- N„,
In Ref. 13 the infrared spectrum of the alloy sys-

tem in the region of the Restrahl band was found to
consist of an extremely broadened, intense oscil-
lator at about the HgSe transverse-optical (TO)
phonon frequency which shifted strongly with alloy
composition, and a weak, somemhat narrower os-
cillator at about the CdSe TO-phonon frequency.
The data mere analyzed in terms of a dielectric
function of the form

where

1 2p'mok~ T ' 1
~2

'
pii2 dyfo(y~z)~c(Py) ~h p

(16)

1 2 p'mok~ T 3~' 1
dyf. (y, z)&.(Py), -

0

(17)
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E(fd)=~+/, . ~ +f !,
4g~( —(d + g(dI )

(25)
0.6—

I I I I I

where

4m')e ~)
M,

(26)

and

v ~ = 55.54x' —3.39x+ 134.43

x ~= 33.59x'- 39.45x+ 189.76.

(27)

Here co~, is the TO-phononfrequency of the ith os-
cillator, N, is the number of unit cells of the ith
type per unit volume, e~, is the total transverse
effective charge of the ith type of unit cell, M, is
the reduced mass of the ith unit cell, &„ is the in-
terband electronic dielectric function (high-fre-
quency dielectric constant), l, is a broadening
parameter, and &„ is the free-carrier plasma di-
electric function. The composition dependence of
the oscillator frequencies (in cm ') determined in
Ref. 13 can be accurately represented by the em-
pir ical expr essions
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FIG. 3. Oscillator strength of the CdSe-like TO mode
in the Hg& Cd„Se alloy system as a function of alloy
composition. P2 is defined by Eq. (26) and experimental
values of ~z 2 are given by Eq. (28). The data are from
Bef. 13, and the curve represents the fitted values used
in the calculations of this paper.

The experimentally determined oscillator strengths
S,= F,/aP~, as functions of alloy composition are
shown in Figs. 2 and 3. The F, are not propor-
tional to N„which implies that the effective
charges change with alloy composition. The curves
in Figs. 2 and 3 are the fits to the data, which are
used in the following calculations. In Fig. 4 are
shown the experimentally determined values of the
high-frequency dielectric constant. The two curves
represent roughly a high fit (l) and a low fit (2) to
the data. For well separated and unbroadened os-

cillators, there would exist two coupled longi-
tudine, l.modes at frequencies

1
Q7& = (t ((d rj + (d ra) + S&(d ~ + Sa(d &a2c~

+(I& ((d ~ —QP~)+ S QJ ~ —S (ora]

) 1/2
+4@Br,arz, S,Saj ) i (29)

I I I I I I
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FIG. 2. Oscillator strength of the HgSe-like TO mode
in the Hg& „Cd Se alloy system as a function of alloy
composition. I"~ is defined by Eq. (26) and experimental
values of cur~ are given by Eq. (27). The data are from
Bef. 13, and the curve represents the fitted values used
in the calculations of this paper.
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FIG. 4. High-frequency dielectric constant e of the
Hg& „Cd„Sealloy system as a function of alloy composi-
tion. The data are from Bef. 13, and the curves repre-
sent high (1) and low (2) fits to the data.
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However, because of the extreme broaden. ing and
small separation of these modes, we regard them
as a single mode of frequency

verse charge e~ by

e+ = [(h„+2)/3e„]e*, = e~r/h„. (37)

1
(d~ = h ((d ~ + C0g ) . (30)

In terms of the experimentally determined I,, the
Boltzmann equation has the form,

(ke )2+ (klh )2
~(~ q) ~ + FT FT (31)

The dielectric function that screens the electron-
LO-phonon interaction is given by (Bf

I
p, mokeTF ~ (,),

(Bt) Lo I &dIX~SEg6
(38)

where the electron and light-hole Fermi- Thomas
momenta are given by

(k;,)'=, I ~. ', I I, $ )
2e' f2 p. 'm & "'t'k T )

ob e''
x dye, (y). ..(e' + 1 (32)

(k',",)'= „ I,
2e' &2p, 'm, & '&k T't ' '

00 eP+ g

x dye„(y)
(

„., ), , (33)

respectively. Equation (31) ignores the mod
ification to the Fermi- Thomas screening discussed
by Broerman, Liu, and Pathak' because for all
samples considered here, the electron gas is non-
degenerate at temperatures for which the LO-pho-
non scattering is important, and under this con-
dition, the expression of Eq. (31) is exact within
the random-phase approximation. The small an-
tiscreening by the heavy holes, discussed by Le-
hoczky et al. , is neglected.

Following Ehrenreich, "the collision term of the
Boltzmann equation for the ith type LO-phonon in-
teraction is given by

where I' =I",+I",. Thus, within this approximation,
the LO-phonon contribution to the scattering de-
pends only on experimentally determined quan-
tities.

2. Acoustical-phonon scuttering

The acoustical-phonon interaction is described
by tQe treatment of Zawadzki and Szymanska, "
which includes the interaction with both longitud-
inal and transverse phonons. The interaction is
characterized by three deformation potentials: E,
for the longitudinal mode and E, and E, for the
transverse modes. The acoustical-phonon contri-
bution to the Boltzmann equation is given by

(sf(k) 2ke TE',

F~+ —~
I
F f,' cosg c'(E), (39)

where d is the mass density of the material, and
v~ and v~ are the longitudinal and transverse vel-
ocities of sound, respectively. The functions I ~
and I'

~ are defined in Ref. 4. We use the following
expressions for the parameters' "":

4[112.4x+ (1 —x)200.59+ V8.96]
[(6.0855 —0.004x) x 10 ']'

af l 4n(e+e)'p. 'm,
Lg( ~ ) @ M4)1 X SE

(34)

x 1.6605655 x 10 "cm',

v~ = (2.9+ 0.9x) x 10' cm/sec,

vr= (1.V —0.2x) x 10' cm/sec.

(40)

&„(c')= P '[(fJf,)(n, +1)(c',ft, c'S)—
+(f /f, )n, (c'R -c'S )]. (35)

Here the subscripts (+) refer to the evaluation of
the function at y+ 8, where y= E/ka T and 0 = Ru~/
k~ T. The function n~ is the phonon occupation
number,

n, =(e' —1) '. (36)

The functions R, and S, are defined in the Appendix.
The effective charge ef, which appears in Eq. (34),
is the Callen effective charge, and it is related to
the Szigetti effective charge e*, and the total trans-

For the deformation potentials, ""we use Ep 11
e7, E,=5 eV, and E, =1.75 eV. The value for E,
is an estimate based on the values for" CdSe and"
HgTe, which is similar in most respects to HgSe.
The values for E, and E, correspond to the hydro-
genic approximation discussed by Zawadzki and
Szymanska. " For the normally ordered band
structure of the alloy, the acoustical-phonon con-
tribution to the scattering is almost entirely de-
termined by E„and for the E, value used, acous-
tical scattering is a negligible contribution to the
total scattering. An error of 20% in E, changes the
total calculated mobility by about l%%u&&.
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3. Ionized impurity and electron-hole scattering

The electron-ionized-defect interaction is
screened by the dielectric function,

e (q) = e, + —,[(kpT)'+ (klrhT)'+ (khrhT)'],
1

(43)

process is given by

s ~
x

~

~ ~ xE x1 xE2Bf(k)' E&
(

( )2
x(1 x) E«8

et mS' ' ' N Qia 0
djs 8

&, is the low-frequency dielectric constant, and
I",&, is the Fermi function of order --,'. The de-
pendence of low-frequency dielectric constant on
alloy composition was measured in Ref. 13, and
we approximate it by the empirical expression,

qo = 23.8 —16.Vx. (45)

The contribution to the Boltzmann equation from
ionized-impurity scattering is

(46)

where ND and N„are the donor and acceptor con-
centrations, respectively, and ZD and Z„are their
charges in electron-charge units. The function
4 „is given in Ref. 4 with the replacement

It is assumed that the electron heavy-hole inter-
action is screened by the high-frequency dielec-
tric function of Eq. (31), and that the effects of
electron light-hole scattering are negligible. The
contribution to the Boltzmann equation from elec-
tron-hole scattering is then given by Eq. (46) with

c, replaced by e„, (Zav Nv+ Z'„N„) replaced by n»,
and g, replaced by g„.

4. Compositional-disorder and neutral-defect scattering

Although it is implicitly assumed that the band
structure of the alloy is given by a virtual crystal
or average periodic potential and is described by
the Kane theory, there remains a random short-
range potential resulting from compositional dis-
order which will produce electron scattering. This
scattering is treated using a modification of a the-
ory attributed to Brooks (quoted in Ref. 30). The
theory treats the compositional disorder as a ran-
dom distribution of square-well scattering centers,
which have unit-cell dimensions and depths ap-
proximately equal to the difference in band gaps of
thje end-point compounds. In our formalism, the
contribution to the Boltzmann equation from this

where k~ is the heavy-hole Fermi-Thomas mo-
mentum, given by

e' 2p, m(k"")'=— " '- (k T)"'F (- ) (44)FT

where N, is the number of unit cells per unit vol-
ume, E«, is the disorder potential, approximately
equal to the difference in end-point band gaps (in
this case, the difference between the E~ -E~ vaI-
ues for HgSe and CdSe, or 2 eV), and 4 „„is a
wave-function-overlap integral given by

C «, = 2a4+b4+ —', c~ —& M2bac+ 4b'c' —& a'(b'+ c') .
(49)

If there is also present a dilute distribution of
short-range neutral-scattering centers, describ-
able by square-well potentials of dimensions sm~ll
with respect to 1/q (the maximum momentum
transfer), then the contribution of these centers to
the scattering is also given by Eq. (48) with x(1
-x)E2«,/N, replaced by N„v'„E'„, where N„ is the
density of square-well scatterers, v„ is the volume
of the potential well, and E„ is the strength.

5. Solution of the Boltzmann equation

where

2

(l(c')=z, (c') —Ie,.x', s' E, + ~ E,

~ii 2 ii e 0 2. ehs s

+ (a-+a„)l",s'e, i,jc'(E) (sl)

a~, = 2Eop, 'moE u~('„/lit'dv~ze'F,

a„=(like'(u~e'„/p'k mTFee, o)(ZDND+Z'„N„),

(53)

aq h
= (1I'ke COl/p moke TF)Bhh ) (54)

a«, = (E',P,
' m&o~c'„«E2, /hIl'e'ke TI',V,)x(1 —x),

a„=(E'y. 'm, ()l~e2/lib'e'ke TF)N„v2E2. (56)

The complete scattering contribution to the Boltz-
mann equation from all the scattering mechanisms
is
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c'(E) =Q c„g„(E), (58)

Under steady-state conditions, when (sf/st) «„d
+ (sf/st)„„=0, the Boltzmann equation reduces to
the linear finite-difference equation,

21/2 /@2 ~2 S2
Z(e ) = '-

"
(u T )"' ——

e(g'I )'~'E s 6"' '

We calculate the conductivity from the Boltzmann
equation by using the variational method of Koh-
ler,"as generalized to nonparabolic band shapes
by Ehrenreich. " The perturbation function c'(E)
is expanded in a complete set of trial functions

Vt

C4
E

z
0

0
E

T

3 x104

103—

t i i

and the c„are determined by the requirement that
c'(E) be a station~ry point" of a certain conserved
integral. The set,

102 '-

0
I I I I I I

0.1 0.2 0.3 0.4 0.5 0.6 0.7
is used for the trial functions, and the expansion is
carried to third order (n=2).

The c„completely determine f(k), from which the
current density j and conductivity j/8 are calcu-
lated. The result for the conductivity is

«'~, l&, T)'(&"" l(&, &),L' l(&, &).J'

)
(60)

where

00 01
''' &0.

(61)

&00 0, n-1 L (0)

(62)

Fn-1, 0 n«1, n-1

0 4 ~ ~ L (n)

4 A(4.)f!dx,
g"1

(68)

oo 3

~mfo psg2 d3' ~

g-1
(64)

The drift mobility is within a few percent of the
Hall mobility p, ~ for these scattering mechanisms,
and thus

Mole fraction Cdse, x

FIG. 5. 300-K Hall mobilities of Hg& „Cd„se samples
as a function of alloy composition. The theoretical
curves are calculated with the high fit for e (curve 1
of Pig. 4) for various values of the disorder potential
&d;, assuming 10 cm donors, no acceptors and no neu-
tral defects.

C. Comparison of theory and experiment

We first consider the room-temperature data,
where intrinsic scattering processes (Lo-phonon,
acoustical-phonon, electron-hole, and compo-
sitional-disorder scattering) are expected to dom-
inate the extrinsic processes (defect scattering).
Aside from the experimental uncertainties in the
lattice oscillator strengths and the dielectric con-
stants, the only adjustable parameter is the disor-
der potential, E«,. In Fig. 5 are shown the 300-K
experimental mobilities a.s a function of compo-
sition along with the theoretical values calculated
or vario"s valu s of Edi . We have used the high

.fit for e„(curve 1 of Fig. 4) in the calculation be-
cause it gives the best fit for Ed„=2 eV. The the-
oretical mobilities at 300 K are nearly independent
of electron concentration„and the calculations as-
sume a donor density ND af 10" cm ' and no ac-
ceptors or neutral defects. The mobility values
calculated with E«, ——2 eV are in good agreement
with the data, the highest mobility samples in every
composition range lying within 10%-15%%of the the-
oretical curve.

This interpretation of the electron-transport
properties encounters a serious problem when the
low-temperature mobibty in the mid-x range is
examined. In Fig. 6 are shown experimental and
theoretical mobilities between 4.2 and 300 K for a
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FIG. 6. Hall mobility as a function of temperature of
sample 24AA1 with x = 0.353 and n~ (4.2 K) = 1.02 x 10
cm . The theoretical curve for pz was calculated with
the high fit for e„(curve 1 of Fig. 4) and the value of
2.0 eV for the disorder potential Ed;, . The sample was
assumed to have no neutral defects and to be compen-
sated to a level necessary to match the observed 4.2-g
mobility. Also shown are the contributions to the mobi-
lity of the individual scattering mechanisms.

sample with @=0.353. The mobility at 4.2 K for
this sample is lower than that predicted for singly-
ionized donors only, and thus acceptors were also
included in the calculations subject to the condition
ND -N„=n, (4.2 K). Also shown in Fig. 6 are the
individual contributions of the various scattering
mechanisms to the mobility (i.e., the mobility
which would be found if only the indicated mech-
anism were present). The low-temperature peak-
ing behavior of the observed mobility is charac-
teristic of compensated samples in this range of
effective mass, low-frequency dielectric constant,
and carrier concentration. As the temperature in-
creases and higher-energy states in the conduction
band are populated, the higher momentum elec-
trons are less efficiently scattered by the ionized-
defects screened-Coulomb potential (which is re-
duced by increased free-electron screening), and

1667H g g
C d S '8 A L L 0 Y S Y S T E M
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10
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FIG. 7. 300-K Hall mobilities of Hg& „Cd„Se samples
as a function of alloy composition. The theoretical
curves are calculated with the low fit for e (curve 2 of
Fig. 4) for various values of the disorder potential &d;,
assuming 10 cm donors, no acceptors and no neutral
defects.

the mobility increases until it is limited by the on-
set of other scattering mechanisms. This feature
is not present in the calculated mobility. What is
disturbing about this comparison is not so much
the magnitude of the disagreement, which on the
whole is rather small, but the fact that the shape
of the calculated curve is qualitatively incorrect.
The increase in the ionized-impurity-limited mo-
bility is theoretically predicted, but the peak does
not appear in the total mobility because the disor-
der scattering is sufficiently intense and increases
rapidly enough with temperature to damp out the
increase in total mobility.

The problem can be remedied by using a lower
value for E«,. In order to preserve the agreement
at 300 K, we use a low fit for the high-frequency
dielectric constant (curve 2 of Fig. 4). In Fig. 7
are shown experimental mobilities and calculated
values (for three values of E«,) as a function of
composition at 300 K. The agreement for E„,=1.5
eV is quite good, the highest observed mobilities
lying within about 12% of the calculated values.
Similar agreement is obtained at 200 K, as is
shown in Fig. 8. The results at 100 K are shown
in Fig. 9, where the theoretical curves are for ND
=10" cm ' and 10" cm ', and all the data displayed
is for samples with electron concentrations between
these limits. Larger disagreement is to be expec-
ted at 100 K where extrinsic scattering mechanisms
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FIG. 8. 200-K Hall mobilities of Hg& «Cd„Se samples
as a function of alloy composition. The experimental points
areforsampleswith n (4.2 K) between 10~ and 10~ cm
The theoretical curve is calculated with the low fit for
e„, a value of 1.5 eV for the disorder potential E,„10.
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FIG. 10. Hall mobility as a function of temperature of

sample 24AA1 withx= 0.353 andn, (4.2 K) = 1.02X10-6
cm . The theoretical curve for pH was calculated with
the low fit for c„(curve 2 of Fig. &) and the value of 1.5
eV for the disorder potential Ed,, The sample was as-
sumed to nave no neutral defects and to be compensated
to a level necessary to match the observed 4.2 K mo-
bility. Also shown are the contributions to the mobility
of the individual scattering mechanisms.r
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FIG. 9. 100-K Hall mobilities of Hg& «Cd Se samples
as a function of alloy composition. The experimental
points are for samples with 10 6 cm ~l~ (4.2 Kj
—10~~em 3. The theoretical curves are calculated with
the low fit for e (curve 2 of Fig. 4), a value of 1.5 eV
for the disorder potential Ez,-„10~ cm and 10~~ cm
donors, no acceptors and no neutral defects.

become important.
Returning now to the x= 0.35.3 sample, we show

in Fig. 10 the. results for E«, = 1.5 eV and the low
fit for z„. The calculation now reproduces quite
accurately the low-temperature peaking behavior
seen in the data at about 40 K, and is in extraor-
dinary agreement over the whole temperature
range. In Fig. 11 are shown the results for a low-x
sample (x=0.194). This sample was regarded as
uncompensated and having no neutral defects. The
.data lie a nearly constant 12%%uo below the theory
over the entire temperature range. In Fig. 12 are
shown results for a high-x sample (x=0.547). The
theoretical curve is in excellent agreement at 300
K and shows qualitatively the peaking of the low-
temperature mobility, with a maximum disagree-
ment of about 15/g (at 100 K). For this sample,
better agreement would have been obtained with a
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FIG. 11. Hall mobility as a function of temperature of
sample 16EB12Swith x = 0.194 and. n~ (4.2 K) = 4.29 && 10~6

cm 3. The theoretical curve for pz was calculated with
the low fit for ~ (curve 2 of Fig. 4) and the value of 1.5
eV for the disorder potential Ed,, The sample was as-
sumed to have no neutral defects and to be uncompen-
sated. Also shown are the contributions to the mobility
of the individual scattering mechanisms.
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slightly lower value of E«, (1.0-1.25 eV).
Thus, the mobilities of the "best" samples over

the entire range of composition and temperature
are accurately predicted by scattering primarily
by LO-phonons, compositionaldisorder, and
charged defects. Acoustical-phonon scattering is
relatively unimportant in all cases. Higher-x sam-
ples appear to have some compensating acceptors.

However, an inspection of Fig. 7 reveals a large
number of samples below x=0.3 whose mobilities
cluster at about 40% below the theoretical curve,
and these results cannot be explained by compen-
sation. The densities of acceptors necessary to ex-
plain the 4.2-K mobilities of these samples pro-
duce relatively small contributions to the total
scattering at 300 K because of the decrease in ef-
ficiency of scattering from charged centers with

, increasing temperature and the extremely strong
electron-LO-phonon coupling. Thus, some other
extrinsic scattering mechanism must be involved.

Sample 26BB (x =0.268) is an example of the low
mobility specimens. For this sample, we have a
detailed annealing history. The as-grown 4.2-K
electron concentration was 1.19 x 10" cm '. The
sample was then annealed in vacuum to an electron
concentration of 5.89 && 10' cm and finally in Hg
vapor to a concentration of 2.84&& 10'7 cm . The
mobilities following the annealing steps are shown
in Fig. 13 as functions of temperature from 4.2 to

FIG. 12. Hall mobility as a function of temperature of
samp1e 40EB2 with x = 0.547 and n~ (4.2 E) = 5.16 x 10~'
cm . The theoretical curve for pz was calculated with
the low fit for &„(curve 2 of Fig. 4) and the value of 1.5
eV for the disorder potential &d,.„. The sample was as-
sumed to have no neutral defects and to be compensated
to a level necessary to fit the observed 4.2-K mobility.
Also shown are the contributions to the mobility of the
individual scattering mechanisms.

300 K. The theoretical curves shown in Fig. 13
were obtained by adjusting the strength of the neu-
tral scattering mechanism to match the 4.2-K mo-
bility of the as-grown (n, =1.19&& 10" cm ~) sample.
The scattering introduced corresponded, for ex-
ample, to that from 10" cm ' neutral centers with
2.5-eV potential wells extending over a sphere
with radius equal to one lattice constant. These
numbers are not to be taken too seriously for there
are an infinite number of combinations which yield
the same scattering strength. %e emphasize that
the neutral scattering strength was chosen to fit
the 4.2-K mobility of the as-grown sample, and no
further adjustments were made to fit the mobilities
of the annealed samples. Only the donor concen-
trations were changed, being set equal to the 4.2-K
electron concentrations. The agreement between
the observed and calculated mobilities is better
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havior of the low mobility samples which cannot be
completelp ruled out. For these samples, the
mean-free path associated with the scattering from
the neutral centers is of the order of 0.5 pm, and
it varies by only about 20% with energy in the range
important in conduction processes (from the band
edge to E~ at low temperatures and to Sk~ T above
the edge at high temperatures). Thus, it is con-
ceivable that some macroscopic crystalline imper-
fection on the scale of 0.1-1 p. m could produce be-
havior similar to that calculated for neutral defect
scattering. A microscopic examination of the sam-
ple surfaces produces no evidence for imperfec-
tions on this scale, but they cannot be completely
ruled out.

We would have obtained nearly the same results
had we ignored the data of Figs. 2 and 3 on the op-
tical-phonon oscillator strengths and instead cal-
culated the I'; with the assumptions that HgSe and
CdSe unit cells retain their endpoint e~~ values over
the whole composition range arid that the N& are
given by

103 I

50
I I

100 150
I I

200 250 300 cu. = xw

Temperature (K j

FIG. 13 Hall mobilities as functions of temperature of
sample 26BB with x = 0.268 in the as-grown condition
[ne (4.2 K) = 1.19 && 10 ~cm ], after vacuum anneal
[n~ (4.2 K) = 5.89X 10 cm ], and after Hg anneal
[n~ (4.2 K) = 2.84 x 10 ~ cm 3] . The theoretical curves
for pH were calculated with the low fit for e (curve 2
of Fig. 4) and the value of 1.5 eV for the disorder po-
tential Ez,, The sample was assumed to be uncompen-
sated with N& = n~ (4.2 K) and with 10 cm 3 neutral
2.5-eV defects which were unaffected by the annealing.

than 6% at low temperatures. At 300 K the ob-
served mobilities of the two low-concentration
samples are 11% less than the calculated values,
while the high-concentration sample's observed
mobility lies 16% below the theory.

Obviously no firm conclusions about the scatter-
ing mechanisms operative in the low mobility sam-
ples can be made on the basis of such limited data.
However, the preceding analysis is highly sugges-
tive of the existence of a very stable electrically
neutral native defect in the alloy system, particu-
larly in the low-x region. Such a defect has been
suggested for HgSe on the basisofbothelectrical
mobility arid thermal conductivitys' studies, and
it is reasonable to assume that if it is present in
HgSe, it would also be present in the low-x region
of the Hg, „Cd„Se alloy system.

There is another possible explanation for the be-
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FIG. 14. 300-K Hall mobilities of Hg& „Cd Se samples
as functions of alloy composition. The theoretical curve
was calculated with the high fit fear e„(curve 1 of Fig. 4),
a value of 1.5 eV for the disorder potential E~... and with
the electron-LO-phonon coupling calculated from Kqs.
(26), (66), and (67) under the assumption that HgSe and
CdSe unit cells retain their endpoint ez* values indepen-
dent of alloy composition.
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This calculation is shown for T=300 K in Fig. 14,
using' "e~r(HgSe) = 3.958 and e~r(CdSe) = 2.25e. Al-
though the oscillator strengths do not obey such a,

simple linear dependence on x, the total scattering
is nearly the same as if they did.

IV. SUMMARY AND CONCLUSIONS

The picture of the intrinsic scattering processes
in the Hg, „Cd„Se alloys which emerges from this
study is very simple: the dominant scattering
mechanism at room temperature, throughout the
entire composition range studied, is LQ-phonon
scattering. This is to be expected because both
HgSe and CdSe have rather high effective charges.
Compositional-disorder scattering accounts for
about 5% of the total scattering at x=0.12 and about
21% at x=0.68. The increase in relative impor-
tance of disorder scattering with increasing x is
due not only to the factor x(l —x) in the scattering
strength, but also to the increase of the electron
effective mass and the decrease in strength of the
electron-LQ-phonon coupling. Acoustical-phonon
scattering is relatively unimportant for all compo-
sitions and temperatures, and the hole concen-
trations, even at the highest temperature of this
investigation, were too small for electron-hole
scattering to be of significance.

The picture of the defect scattering processes,
on the other hand, is very complex. There is ev-
idence for four kinds of defects. Both HgSe and
CdSe are characteristically n-type at all temper-
atures, and thus there are donors associated with
native defects of both compounds in the alloy sys-
tem. In addition, CdSe is typically highly compen-
sated, and the low-temperature data above x = 0.35
are well accounted for by assuming partial com-
pensation. Below x= 0.3 there are many samples
with mobilities far below the theoretical values
even at room temperature, and both the temper-
ature dependence and low-temperature electron-
concentration dependence of the mobilities of these
samples are well explained by the addition of scat-
tering by a stable neutral defect. A neutral defect
has been suggested for HgSe on the basis-of both
thermal conductivity and low-temperature elec-
tron-mobility studies.

Kith the exception of the donor associated with

HgSe, hardly anything is known about these defects.
Because annealing in Hg vapor always effects an
increase in electron concentration, the HgSe donor
is believed to be associated with a stoichiometric
excess of Hg in the lattice and may be a Hg inter-
stitial. The apparent decrease in electron concen-
tration and low-temperature mobility of the high-x
samples upon prolonged exposure to air suggests
that the acceptor associated with CdSe may be ox-
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APPENDIX

The functions appearing in the LO-phonon scat-
tering operator S«are defined as follows:

ft, (y, e) =s'„(y)z, (y + e)(8,' + s') p'„(y, e) v'„„(y,e),
n=

(Al)

S,(y, e) =I"&(y)&&(y ~ e)s'(s'. +8') p'. (y, e) l'(y, e),
n=

3f25' S' y'+ &(3 —~)S'y'+ + (1 —&)Py —3)
+~(y) = —

2(.5S +1)'2

b, = [~&/3&(Py))f(2~By+1)IPy(~Py+ 1))"'
(A3)

(A4)

c, = f(5Py+ l)/N(Py))f(R5Py+ 1)/Py(5Py+1))"', (A5)

po(y, e) = (aa, )' —bb, t(bc, +cb, )/v 2 )

+ ', (bc, + cb-,)'+ a (bb,)' )

p', (y, e) = 2aa, (bp„+c,c„),
p', (y, e) =-,' (bP„)'+ bP„f(b,c„+cP„)/M2)

+ 2bPg~c~c~~ 2 (b~cq~+ cPq~) + (c~cy~) q

(A7)

(AS)

(AQ)

P+ 1 p,'
pl -4r,' e, e, (p', 4r', ) &-

(A10)

V', (y, e)= — r, 1 — '+~ 1-—'1 2
4 ' „q, ( q, P, -4r', (All)

ygen. Further studies of the relation between the
electrical transport properties and the growth and
annealing conditions would be helpful for identifying
these defects.
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y+ g
3q, 2 2q, 2(p' —4H)

2

(A15)

q ) i
p+S (A12)

(A13)

(A14)

In the above, R and S are zero for y —8 —g '&0.
The definitions of the p; are slightly changed from
the usual definitions4'4 to speed numerical compu-
tation by avoiding 0/0 convergence problems near
the band edge.

&-Present address: Honeywell Radiation Center, Lexing-
ton, Mass. 02173.
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