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Infrared transmission measurements between 1 and 25 pm are reported for Hg, ,Cd,Se alloys with
0.15<x <0.68 and electron concentrations between 1 X 10'¢ and 9 X 10' cm~2 at temperatures between 5 and
300 K. The data have been analyzed to obtain the refractive index and the intrinsic-absorption-coefficient
spectrum for each sample and sample temperature. From fits of these data using an optical-absorption
theory based on the Kane three-band model, accurate values for the fundamental energy-gap and
conduction-band parameters were obtained. Empirical relationships are reported for the dependences of the
refractive index, fundamental energy gap, and energy-band parameters on alloy composition and
temperature. For temperatures between 5 and 300 K the refractive index decreases with increasing x values
and at 5 K 'has values of 3.92 and 2.68 for x values of 0.153 and 0.684, respectively. For the same
temperature and range of alloy compositions, the energy gap increases from 0.031 to 1.029 eV. The
dependence of the energy gap on alloy composition bows slightly below a linear interpolation between the
energy gaps of HgSe and CdSe. Like other 1I-VI and IV-VI ternary alloy systems, low-x Hg,_,Cd,Se alloys

exhibit large, positive, energy-gap temperature coefficients.

I. INTRODUCTION

Historically, optical measurements have long
been used to investigate the properties of solids.
This is particularly true of semiconducting mater-
ials, where measurements of optical-transmit-
tance spectra enable the energy gap and refractive
index to be determined for a wide range of tem-
peratures in both large and small band-gap semi-
conductors. Such studies were first used to
measure the properties of elemental and binary
semiconductors, and more recently, ternary
and quaternary systems. Recently, improved
methods of crystal growth for alloys of mercury
cadmium selenide have produced ingots of suffi-
cient crystalline perfection and homogeneity to
permit a detailed study of this alloy system.! In
this paper a precise determination of the depend-
ence of the fundamental energy gap and other
energy-band parameters on crystal composition
and temperature is reported for Hg,..Cd,Se alloys
with 0.15 <x <0.68, where x is the mole fraction
of CdSe. These material constants describe the
fundamental properties of a semiconductor alloy
system and are required to calculate the intrinsic
limits of technologically important properties,
such as the electron concentration, mobility,
and lifetime, as functions of alloy composition
and temperature.

The properties of the two end components of
the HgSe-CdSe system are reasonably well known.
Magnetoresistence and galvanomagnetic measure-
ments have shown that HgSe is a perfect (sym-
metry-induced) semimetal,? and results of these
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studies have been analyzed to determine the value
of the energy gap at the center of the Brillouin
zone.>* The I'y-T'y energy gap is strongly de-
pendent on temperature,? varying from -0.22 eV
at 5 K to —0.06 eV at 300 K. Optical studies®®
show that CdSe has the conventional band struc-
ture for a II-VI compound with the conduction and
valence-band extrema both occurring at k=0,
separated by an energy gap of 1.84 eV at 5 K and
~1.7 eV at 300 K.

Using sintered samples, Kalb and Leute’ showed
that Hg,.,Cd,Se alloys with 0<x<0.77 have the
zinc-blende structure and form an almost perfect
range of solid solutions in which the lattice mis-
match is less than 0.03%. Alloys with x>0.81
were found to have the wurtzite structure, prov-
ing that the miscibility gap between the two solid
phases is small.

Previous electrical® and optical®s!° investiga-
tions of alloys with the zinc-blende structure show
that, with increasing x, a smooth transition oc-
curs from the semimetallic properties of HgSe
to the semiconducting behavior typical of a direct-
band-gap zinc-blende semiconductor. Measure-
ments of the fundamental absorption spectrum
have been reported by Kireev and Volkov® for
thin-film Hg,. ,Cd Se samples with x values be-
tween 0.1 and 0.6 and by Slodowy and Giriat'®
at 100 K and 295 K for Bridgman-grown samples
with x values between 0.2 and 0.6. However, no
attempt was made in either investigation to ana-
lyze the data to obtain precise values for the
fundamental energy gap.

Experimental investigations of many mixed-
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crystal III-V and II-VI systems'! have established
that in all these systems, the variation of the
fundamental energy gap E;, with crystal compo-
sition is sublinear and described by the equation

E;=a+bx+cx?, (1)

where ¢, the bowing parameter, is positive and
measures the departure from linear behavior.

It is assumed that the Hg,_ Cd,Se system behaves
in a similar manner and that the properties of
zinc-blende- structured Hg,.,Cd,Se alloys with
positive energy gaps are described by the band
structure first proposed by Kane'? for InSb. In
this model the smallest energy difference occurs
at k=0 between the s'/2-like I', level and the p®/2-
like I’y level (Fig. 1). Alloys with the wurtzite
structure are described by a similar band struc-
ture in which the degeneracy of the light-hole

and heavy-hole valence bands at £=0 is broken

by the lower crystal-field symmetry producing a
small (~0.02 eV) splitting® between the two valence
bands. Material parameters required for CdSe
crystals with the zinc-blende-structure are
therefore expected to be closely approximated by
averaging the values reported for CdSe crystals
with the wurtzite structure.

At present there is no complete theoretical
description of either the compositional or tem-
perature dependence of the energy gap and no
unified theory that explicitly calculates the effect
of these dependences on energy-band shapes in
pseudobinary alloy semiconductors. The compo-
sitional effect has been shown to be significant,!3:1*
and in 1957 Ehrenreich'® suggested that the tem-
perature dependence of the conduction-band shape
can be calculated empirically using an effective
energy gap in Kane’s theory. The effective energy
gap includes only the effect of lattice dilation with
temperature, whereas the experimentally mea-
sured energy gap is affected by both lattice dila~
tion and electron-photon coupling. In low-x
Hg,.Cd,Se samples, a large temperature depend-
ence of the energy gap is observed and attributed
primarily to electron-phonon coupling. Because
of the magnitude of this mechanism, the effective
energy-gap model suggested by Ehrenreich was
not used, and the optical absorption spectra ob-
tained in this study were analyzed using Kane’s
energy band model despite the fact that this
theory is strictly valid only at absolute zero.
Because extrinsic and thermally excited elec-
trons prevent accurate values of the fundamental
band-gap energy from being obtained directly
from the experimental data, a theoretical treat-
ment of the absorption coefficient was formulated
that accurately considers the temperature depend-
ence of the electron population, the nonparaboli-

city of the band structure, and the energy de-
pendence of the optical transition probability. By
fitting the calculated absorption coefficients to
the experimental data, the Kane energy-band
parameters were determined, and their depen-
dence on alloy composition and temperature
were obtained. The details of this calculation
are given in the following section of this paper.

II. THEORY

The energy-band model used for calculating the
theoretical absorption coefficient is shown in
Fig. 1. The contribution to the absorption co-
efficient of optical transitions from the heavy-
hole and light-hole valence bands to the conduc-
tion band are computed considering the depend-
ence of the optical transition strength on photon
energy. Attention is given to the presence of
thermally excited or impurity-generated conduc-
tion electrons, which produce a Moss-Burstein
shift for optical transitions between the valence
and conduction bands and at finite temperatures
modify the strength of the absorption coefficient
for energies =2k;T above or below the Fermi
energy, where kg is Boltzmann’s constant and T
is the absolute temperature.

The fundamental quantity from which all optical
properties can be calculated is the complex
dielectric constant. This is calculated in the

Conduction band

Fermi level

— k
~ Heavy hole
valence band

Light hole
valence band

k=0 Split-off valence
band

FIG. 1. Energy level structure and transitions used
for the calculation of the optical absorption coefficient



random-phase approximation!® and expressed in
terms of the fundamental energy gap, conduction-
band-valence-band momentum matrix element,
and spin-orbit splitting. The complex dielectric
function e(w) can be expressed as the sum of a
lattice part, an interband electronic part, and

an intraband electronic part:

e(w):e(w)i‘“ +6(w)imer +E(w)intra (2)

The interband electronic contribution is given by
the relation

2
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where the 7;; are lifetimes associated with ¢ =
excitations, E,; ; 1s the energy of the ith band at
crystal momentum k f(Ek ;) is the Fermi dis-
tribution function, w is the angular frequency,
and q is the momentum transfer. The interband
contribution to the dielectric constant can be fur-
ther divided into three parts: a light-hole—
conduction-band excitation, a heavy-hole~conduc-
tion-band excitation, and a background from all
other higher-energy excitations ¢,:

e(w)!ter =¢(w) "+ e(w)™ ™ +¢, . (4)

Because of the large energy differences between
the states contributing to the background, ¢, is

real and has no frequency dependence in the in-
1
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frared. Values for e(w)"° and e(w)"" ¢ are calcu-
lated for the Kane three-band model,'* which
considers the k- P interactions between the T';
conduction band, the Iy light-hole band, and the
T, split-off valence band. The heavy-hole band
is considered to be parabolic and is characterized
by an effective mass u,,, i.e.,

Ei,hh: - ﬁzkz/z‘uhhmo ’ (5)

where m, is the free-electron mass. The ener-
gies of the conduction, light-hole, and split-off
bands are given by the solutions of the secular
equation

E(E —Eg)(E + A) — k2P*(E +24/3) =0, (6)

where P is the momentum-matrix element, A is
the valence-band spin-orbit splitting, E is the
fundamental gap, and the iree-electron energy
(7%k?/2m,) is assumed to be negligible. The light-
hole—conduction-band and heavy-hole-conduction-
band matrix elements are then calculated to second
order in g to be

lh-

| <n, K| "‘”[cki—ﬁ)l = g% cos?0

L lh=c
- ~—k°—2—q2 sin®0 (7)
and

(b +V2¢c.) ¢*sin®f
kK

[(c, K| e %% |, K+ |2 = (8)
In Egs. (7) and (8), 6 is the angle between K and
and the functions L**¢, L!** b and c, are
defined in Appendix A. Taking the limitas ¢g—0
and evaluating the angular integrations, one ob-
tains

’

x( = 1 - + ! - > (9)
Eyc=Epin— iiw—zh‘/'rc',,l Eyo—Eppthw +tﬁ/'rc,”l
and
Ze2 1
hh=c __
@fme=gp [ 7 dE G ABw) - ﬂEﬂ(E “Ep o= /7 gy E =B+ o + iﬁ/Te,hh>’ (10)
where
G(E) = [2E3 + (38 —EL)E® + (48/3)(A —E,)E — 24%E/3)(E = E)'/*(E + A)*/2 (11)
- E*(E +24/37?[N (E)P ’
Eo___* BE-E)E+A) (12)
hh —

2m,  PAE +2473) °

kgc and Eg. are, respectively, the crystal momentum and conduction-band energy at the edge of the

Brillouin zone, and N(E) is defined in Appendix A.
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The intraband electronic contribution to the complex dielectric constant,

1G,Kle@F 4, K+ d)|2

e(w)tntra—=_ 1}_{{)1—28—2 Z fdskE, <i-Eg,—Tw- iﬁ/Ti [f(ELTl,i) - f(Ei,i)]' (13)

™4 i=c,1h,hh k+q,i

is similarly calculated. The following results are obtained for the electron (¢°), light-hole (¢’*), and

heavy-hole (¢™) contributions:

N 1 8e? Zae [E(E - E )E + A)P/2(E +2a/3)+/2
ew)=- (w+i/7,)F 3nPr*k,T fEc & [2E% + (3A - lgG)Ez +2A(A—EQ)E - 2A%E ]
exp[(E - Ep)/kpT] C(14)
{exp[(E - Eg)/kyT]+1}°
i) = 1 8¢e? i gp [E(E+E)E - A)P/2E -24/3)!/2
=i/, 3Pk, T ), [2E° — (3A—E,)E° + 3A(A— EL)E + ZA%H,)
expl(E +E)/ksT] (15)
{eXP[ (E +EF)/kBT] +112 7
and
M) = —47N,,e? (16)

Mpa?o(w + 3/ Th)®’

where E is the Fermi energy, N, is the density of heavy holes, and E;, is the energy of the light-hole

band at the edge of the Brillouin zone.

To evaluate these expressions for the electronic part of the dielectric function, values for the Fermi
energy are required. These are found by solving numerically the charge neutrality condition,

N—=Ny=Npy=Np,

(17)

where N, N,,, N,,, and N, are, respectively, the densities of electrons, light holes, heavy holes, and
ionized donors. The following expressions for the charge-carrier densities are obtained from the

secular equations:

[2E°+ (34 —E.)E® + (4A/3)(A—EL)E — 2A%E /3] [E(E = E J)(E + A)]*/2

(18)

1 Epc
N‘z—ﬁﬁf% dE f(E, Z)

(E +24/3) 2 ‘

[2E° - (3A —E)E® + (44/3)(A - EL)E + 2A%E; /3] [E(E + ES)(E — A)]}/2 ’ (19)

1 “Egin
N,,,:Wfo dE f(E, -Z)
and
1 /20, m kyT \3/2

N,,h:g?(—bb—ﬁ—}—ﬂ—) Fy(-2), (20)

where
1
FE2)= GG = 2]+ 1’ 1)
Z=E./kyT, (22)

and F, ;,(Z) is the Fermi function of order .

To calculate the observable optical properties,
the total dielectric function is divided into its
real and imaginary parts,

€=¢, +1i€,, (23)

and from these quantities the real and imaginary

(E-24/3)72

r
parts of the index of refraction, n* and k*,
respectively, are calculated:

2 2\1/271/2
n*=[61+ (€] +ef)* ] (24)

V2

and

&
b =ot. (25)

The absorptance o and the single-surface reflec-
tance R are then given by ,

a =4nk*/x (26)

“and

_(n*=1 )+ (Rx)

R_(n* +1)2+ (k)2 °

)



The expression for @, Eq. (26), depends explicitly
on the energy-band parameters and the Fermi
energy, which is calculated from the measured
electron concentration and the same set of energy-
band parameters that are used later to calculate
the theoretical absorption-coefficient-energy
spectrum. By varying the band parameters used
in this calculation, a best fit to the experimental
absorption spectrum can be obtained for each
sample at each temperature.

III. EXPERIMENTAL PROCEDURE

The single-crystalline ingots required for this
comprehensive study were grown by the slow-
growth Bridgman method from stoichiometric
Hg,..Cd,Se melts with x values between 0.16 and
0.40. This growth procedure produced ingots
with longitudinal compositional gradients in which
compositions between =0.7 and 0.1 were obtained,
depending on the initial melt composition and the
growth conditions.! X-ray diffraction measure-
ments confirmed that the samples used in this
study had the zinc-blende structure and were free
of inclusions containing the wurtzite phase.

A. Sample preparation

For this study, slices approximately 1 mm
thick were cut from the ingots, etched in a 5%
bromine-methanol solution, and annealed in
vacuum between 473 and 523 K for periods up to
200 h. This heat treatment improved the uni-
formity of the material and reduced the extrinsic
electron concentration by an order of magnitude
to 1-5X10'® cm™, The compositional homogene-
ity of each slice was assessed by an infrared
scanning method in which the absorption edge
was measured through a 1-mm diameter aperture
which was scanned across the slice. Regions
that were estimated to be homogeneous to within
+0.002 mole fraction CdSe were then cut from
each slice, and their compositions were deter-
mined by mass-density measurements'’ with a
precision < +0.003 mole fraction CdSe. The elec-
tron concentration and mobility from 4.2 to 300 K
were measured for each pared sample using the
van der Pauw method.’®* Compositionally homo-
geneous samples with normal electrical proper-
ties were further reduced in thickness for the
optical-transmission measurements. Because
some samples were cut from sections of Bridg-
man ingots that had a longitudinal compositional
gradient, equal amount of material were removed
from each surface to retain, as far as possible,
the integrity of the compositional measurements.
The final grinding and polishing were carefully
performed to avoid surface damage,'® which can
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have a significant effect on the shape of the
optical-transmission edge, particularly at
absorption-coefficient values below 100 cm™,
For this step the specimens were bonded to a
polishing holder with a low-melting-temperature
(< 333 K) thermoplastic cement, and grinding
and polishing were performed with successively
finer abrasive grits. The layer thickness
removed at each step was 4-10 times the diam-
eter of the abrasive grit used in the preceding
step, and the final-step grit was 0.03-um diam-
eter alumina powder. The optical absorption
measurements and the x-ray topographic studies
performed on these samples indicated that the
surface damage was small. The thicknesses of
the optical-absorption samples were between 10
and 100 um and were measured with an accuracy
of +3% with a calibrated electronic thickness
gauge after the transmission spectra were
recorded.

B. Optical measurements

Optical transmission spectra were recorded for
wave numbers between 5000 and 400 cm™ (2-25
Lm) at a resolution of 2 cm™ (0.00025 eV) with a
Fourier-transform interferometer-spectrometer.
The samples were mounted in a strain-free man-
ner in an optical Dewar and cooled by a stream of
He gas. The power to heaters placed in the He-
gas stream was regulated to maintain sample
temperatures stable to +0.1 K for temperatures
between 5—-50 K and to +0.2 K for temperatures
between 50—300 K. The sample chamber was
fitted with silicon windows, which were also
cooled by the He-gas stream, and cesium iodide
was used as a room-temperature window.

The absorption coefficient ¢ was obtained from
the expression

B (1 _R)Ze'otd

T=1_Reeree

(28)
where T is the transmittance of the sample, d is

the sample thickness and R represents the single-
surface reflection loss. R is calculated from the
expression

nk ~ 1\

RZ(WH-I) ’ (29)
where n* is the refractive index. The refractive
index was calculated from the spectral data re-
corded at wavelengths longer than the transmis-
sion edge, either from the fringe spacing that
was observed for most samples or from the maxi-
mum transmittance, which was assumed to occur
at a wavelength where the absorption from both

interband transitions and free electrons is negli-
gible. The refractive index was calculated from




564 C. J. SUMMERS AND J. G. BROERMAN 21

the fringe spacing according to the relation

_m_ 1
“2d v v’

n+m " Yn

n* (30)
where v, and v,,, are the wave numbers at the
nth and (n+ m)th interference peaks, and m is
the number of fringes between the peaks. When
a=0, Eq. (28) reduces to

R=—""—, (31)

If Eqs. (29) and (31) are solved for n*, the result
is

1+(1-72)/2

p= {a=0). (32)

k=
Implicit in the derivations given above is the
assumption that n* is independent of wavelength.*®
The determination of the dependence of »n* on
wavelength requires reflectance spectra, which
were not obtained for this study.

IV. RESULTS AND DISCUSSION

The physical and electrical characteristics
determined for the samples used in this study at
300, 77, and 5 K are given in Table I. For all
but the four lowest-composition samples of this
study, the electron concentration was independent
of temperature, indicating that these samples
were degenerate at all temperatures. For each
sample, the magnitude and temperature depend-
ence of the electron mobility were compared with
a theoretical analysis®! of the electron mobility
that calculates the scattering of electrons by
longitudinal optical phonons, longitudinal and
transverse acoustic phonons, charged and neutral
defects, heavy holes, and the compositional

disorder potential of the alloy. The electron
mobility is dominated by longitudinal optical
phonon scattering above 100 K and by ionized
impurity scattering below 100 K. Analysis of
the mobility data for temperatures <10 K indi-
cates that samples with x> 0.3 are compensated
by shallow acceptor states, which can provide a
mechanism for the absorption of radiation at en-
ergies just below the fundamental energy gap.

A. Infrared transmittance

The temperature dependence of the infrared
transmittance spectra measured for four samples
which have x values of 0.153, 0.253, 0.297, and
0.555 is shown in Figs. 2-5. The transmission
edge moves to higher wave numbers with increas-
ing x value, and in low-x alloys it is strongly
dependent on temperature. Well-defined inter-
ference fringes were observed in most of the
samples investigated, and at small wave numbers
the infrared transmittance decreased as a conse-
quence of the free electron absorption.

For all samples, the infrared transmission
spectra show similar characteristics as the
sample temperature is decreased from 300 to 5 K.
At 300 K the transmission edge is broadened by
(1) electron-phonon interactions, which enable
transitions to occur at energies below the funda-
mental energy gap and (2) the thermal distribu-
tion of conduction electrons with energies 2k;T
above and below the Fermi energy. As the sam-
ple temperature is lowered, both the strength of
the phonon-assisted transitions and the thermal
distribution of electrons decrease, and the
transmission edges become steeper, as observed
in Figs. 2-5. As the temperature decreases, the
conduction-electron degeneracy increases, and

TABLE I. Compositions and electrical characteristics of Hg,_,Cd,Se samples.

Electron Electron Electron Electron
Sample concentration mobility concentration mobility
No. Mole fraction (300 K) (300 K) (77 K) (77 K)
(ingot no.)  of CdSe, x (em™3) (cm?/Vs) (cm™%) (cm?/Vs)
1 (16ECS8) 0.153 5.37 %1016 6.3 x10° 2.94 X101 1.14 x10°
5 (16EB12) 0.194 5.09 %1018 5.0 x10° 4.65x101® 5.8 x10*
10 (16EAS6) 0.228 4,18 %1018 4.1 x10° 3.75x1018 2.8 x10*
2 (18LG) 0.253 3.91 x10%6 3.3 x108 3.2 x10% 2.57 x10*
3 (24AC13) 0.297 1.27 %1016 2.82x10° 1.27x1016 1.79x10%
11 (28AT10) 0.354 8.62x1016 2.16 x10% 8.62 %1018 8.35x103
6 (28ATET)  0.412 5.2 x10%6 1.9 x10° 5.2 x1018 6.9 x10°
7 (28ATE2) 0.470 3.65 X106 1.3 x103 3.65 %1018 3.4 x10°
4 (40EB2A) 0.555 5.2 X101 1.1 x108 5.2 x101 3.1 x10°
8 (40EA5) 0.653 3.63x1016 1.02x10° 3.63 x1016 2.2 Xx10°
9 (40EA2) 0.684 2.76 %1016 7.63 X102 2.80 %1016 2.13%x10°
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FIG. 2. Infrared transmittance spectra at different
temperatures for Hgy g4;Cdg, 1535¢ (sample 1).

as shown in Sec. IVC, the transmission edge
more nearly corresponds to an apparent optical-
energy gap equal to the Fermi energy Ep.

B. Refractive index

Figures 6 and 7 show the temperature and
compositional dependences, respectively, of
the refractive index of Hg,_ Cd,Se alloys with
0.194 <x <0.684 between 5 and 300 K. These
data were obtained from the spectral-transmission
data using either Eq. (30) or (32). The refractive
index depends strongly on crystal composition and
temperature in low-x samples, and this depend-.
ence decreases rapidly with increasing x value.
For example, for sample 5 with x=0.194 (Fig. 6),
the refractive index decreased by approximately
14% as the temperature was increased from 5 to
300 K, whereas for samples with x values greater
than 0.55, the refractive index showed a small
increase as the temperature was raised from 5

Wavelength (um)
80 70 6.0 5.0 40 35

3
n=32x10"8cm3 (77 k)
t=11.74 um —

Transmittance (%)

-

3200 3600

Wave number (cm")

FIG. 3. Infrared transmittance spectra at different
temperatures for Hg, 147Cdy,95355€¢ (sample 2).
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FIG. 4. Infrared transmittance spectra at different
temperatures for Hgyp,793Cdy, 3975¢ (sample 3).

to 300 K. The compositional dependence of the
refractive index, plotted in Fig. 7, decreases
rapidly between x values of 0.15 and 0.4, and is
small for higher x values. An extrapolation of
the experimental refractive index values to x =1
is in reasonable agreement with the average of
the refractive index values reported by Verleur
and Barker?® for radiation polarized parallel
and perpendicular to the ¢ axis of CdSe.

At present it is not possible to quantitatively
predict the temperature and compositional depen-
dences of the refractive index for ternary semi-
conducting alloys. However, the observed behav-
ior is consistent with the temperature and com-
positional dependences reported for the strong
absorption edges associated with the zone center
and X and L energy gaps,?® which are related to
the refractive index by the Kramers-Kronig
relationship.

. Wavelength (um)
180 1.7 1.70 1.65 1.60 1.55

Oorr—T T T T 1

60

40

Transmittance (%)

20
n=562x1018cm=3
t=0.091 mm
0 ] !
5500 5700 5900 6100 6300 6500
1

)
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FIG. 5. Infrared transmittance spectra at different
temperatures for Hgy 445Cdy, s555¢ (sample 4). Well-de-
fined interference fringes were observed in this sample
but for clarity of presentation are not shown.
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FIG. 6. Dependence of refractive index on tempera-
ture for Hg;. ,Cd,Se alloys with 0.194<x<0.684.

In Hg,_.Cd,Se alloys with x <0.18, which are
either small-gap semiconductors or semimetals,
some dependence of the refractive index on elec-
tron concentration is expected. This dependence
arises because the strength of direct transitions
between the valence band and conduction band
near £ =0 makes a large, frequency-dependent
contribution to the dielectric constant in small
band-gap semiconductors and is strongly affected
by the electron distribution. This effect has been
observed in narrow-band-gap Hg,. Cd, Te alloys®
and is believed to be the cause of the dependence
of the high-frequency dielectric constant on elec-
tron concentration observed in HgSe by Manabe
and Mitsuishi.?® Because of this effect, data
from samples with x values less than 0.19 were
omitted from a least-squares fit to obtain the
compositional dependence of the refractive index,
as were data from sample 4 which showed anomal-
ously high values for n*.

The compositional and temperature dependences
of the refractive index are given by the following
empirical expression:

n*=4.729(1 - 1.237x +0.883x2)
- 5.679%x1073(1 — 3.355x +2.724x%)T
+T7.717X1078(1 — 3.443x + 2.781x2)T?, (33)

where the values for the coefficients were ob-
tained from a least-squares analysis of all the
data acquired for the Hg,_ Cd,Se alloy system.
The empirical fit given by Eq. (33) describes

the experimentally determined values of the
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FIG. 7. Dependence of refractive index on crystal
composition for temperatures of 10, 100, 200, and 300
K.

refractive index to an accuracy of +2% for the
range of alloy compositions and temperatures
measured and is compared with the experimental
data in Figs. 6 and 7.

C. Analysis of absorption spectra

The absorption spectra were analyzed to obtain
the energygapE,and Fermi energy E pasfunctions
of composition and temperaturefor the Hg,_,Cd, Se
alloys by fitting the theoretical expressions
derived in Sec. II to the experimental data.

Values for E;, P, and 7, ,, were obtained by
treating these quantities as variables in a least-
squares fitting routine which minimized the rms
deviation between the theoretical and experimental
absorption curves.  Because the computation time
for this procedure would have been excessive if
all the data points were used, the theoretical
curve was fitted to representative values of the
absorption coefficient selected at energy values
that fully described the curvature of the absorp-
tion spectrum. To minimize possible errors
from contributions to the absorption spectrum
from near-band-gap acceptor-state to conduction-
band transitions, valence-band to donor-state
transitions, and band tailing, experimental ab-
sorption coefficient values greater than 80 cm™
were selected for this fitting procedure.

In the fitting procedure, the refractive-index
values obtained in this work were used. A value
of 0.45 eV was used for A because this value
gives a good fit to Shubnikov—-de Haas data for
HgSe (Ref. 26) and low-x Hg,_Cd Se alloys.® A
value of 0.43 has been reported for A in CdSe
(Ref. 5). No data exist for determining the values
of u,,in Hg;_Cd,Se alloys, and the value used,
Har=0.50 m,, is an approximation based on the
band parameters of other semiconductors. A
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value of 5X10™2 s was used for the electron and
hole mean free times 7, and 7,.

Calculations were made to determine the effect
of the values used for A, U, and 7, and 7,, on
the least-squares determinations of E;, P, and
T.,ns Which was assumed equal to 7, ;. The
values used for the spin-orbit coupling and heavy-
hole mass were varied by £10%, and 7, and 7,
were varied by an order of magnitude. The ex-
perimental absorption data were then refitted to
obtain new values for Eg, P, and 7, ,,. For
sample 6 (x=0.412) at 250 K, variations of A and
May changed Eg, P, and T, ,, be less than +0.1%,
+3%, and +6%, respectively. The variations of
T, Or T,, changed Eg, P, and 7, ,, by less than
0.05%, 0.5%, and 2%, respectively. Similar fits
to the spectrum of sample 6 at 10 K showed that
Eg, P, and 7, , changed by approximately half
the above values. The same procedure was also
performed on the smallest band-gap sample 1
(x=0.153). At 250 K similar results were ob-
tained, the variations in Eg, P, and 7, ,, being
approximately 50% larger than those given for
sample 6 at 2560 K. For the low-temperature
<40 K data recorded on sample 1, larger changes
for Eg, P, and 7, ,, were observed. The varia-
tions of U, 7., and T, resulted in changes of
+1%, +1%, and £+20% in E;, P, and 7, ;, re-
spectively, and the variations of A produced
changes of less than +4%, +3%, and +30% for
Eg;, P, and Te, hhs respectively. Thus, except
for alloy compositions with band gaps <0.1 eV,
errors in the values used for A, (,,, T, Or T,
produced insignificant errors in the determinations
of E; and P and only a small error in Te,nne REP-
resentative examples of the data fitting obtained
for low- and high-x Hg,_.Cd,Se compositions are
shown in Figs. 8 and 9 for samples 2 and 4, re-
spectively. The experimental values plotted for
the absorption coefficients in Figs. 8 and 9 were
calculated from the transmittance data by using
Eq. (28) and the values measured for n*.

For sample 2 at 30 K, the best fit [Fig. 8(a)]
was obtained with E,=0.200 eV, P=7.91X10"® eV
cm, Er=0.221 eV, and 7, =", ;;,=3.79X107 s,
The values obtained for E; is significantly less
than the energy at which the absorption coefficient
becomes appreciable. This difference occurs
because the sample is degenerate at 30 K and the
Fermi energy lies in the conduction band; thus Ej
is the minimum energy for which optical transi-
tions are possible.

At 125 K [Fig. 8(b)], the best fit to the data for
sample 2 is obtained with E;=0.249 eV and P
=8.01X10" eVcm. At this higher temperature,
E, has decreased to 0.261 eV, 0.011 eV above
the conduction-band minimum, but the electron
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FIG. 8. Theoretical and experimental absorption co-
efficient spectra for sample 2 (¥x=0.253) at (a) 30 K,
() 125 K, and (c) 200 K.

concentration is distributed over an appreciable
energy range about E,. This range is approxi-
mately 4k5T, and thus if there are vacant states
within 2kzT (0.021 eV) of E, electrons can be
optically excited into these states from the
valence band. For these conditions, therefore,
the onset of optical absorption occurs near E,
as observed. The change in the shape of the
absorption edge as the sample temperature in-
creases from 30 to 125 K was greater than could
be explained by considering only the effect of the
increased thermal distribution of electrons in the
conduction band. To obtain the fit for 2 shown in
Fig. 8(b), the value used for 7, , (and 1, ;,) is

©1.91x107'2 5, which is half the value used at 30 K.

The effect of decreasing 7, , and 7, ;, is to broad-
en the linewidth of each optical transition across
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FIG. 9. Theoretical and experimental absorption co-
efficient spectra for sample 4 at (a) 12.6 K, (b) 100 K,
and (c) 200 K.

the energy gap and thus to reduce the slope of

the absorption edge by allowing optical transitions
to occur at photon energies less than E,. These
effects are even more apparent in sample 2 at
200 K [Fig. 8(c)] where values of E; =0.289 eV,
P=8.06x10" eVem, and 7, 4, =7, ;,=4.58

x107!% s were required to fit the data.

The theoretically calculated contribution to the
absorption coefficient from transitions between
the light-hole valence band and conduction band is
also shown in Fig. 8. The onset of these transi-
tions occurs at an energy Ep-E;, above the heavy-
hole valence-band-to-conduction-band transition
energy because of the similar dependences of E
on & for the conduction and light-hole valence
bands in the Kane model. At higher energies it
was found that direct optical transitions originat-

ing from the light-hole band contribute approxi-
mately 35% of the magnitude of the total absorp-
tion coefficient.

Because of the difficulty in preparing Hg,_,Cd,Se
alloys with high x values, fewer samples with
x 2 0.5 were prepared and therefore thinned to
only 80-100 um to minimize sample losses.

This limited the absorption coefficient values that
could be measured to < 1000 cm™ and thus re-
duced the effectiveness of the least-squares anal-
yses. For samples with x> 0.45, the absorption
edge was considerably broader than measured in
low-x samples, and in some high-x samples a
long tail was observed below the absorption edge
which was attributed to compensation. For some
samples with x > 0.45, it was difficult to consist-
ently obtain a unique fit to the data using physical-
ly realistic band parameters unless the momentum
matrix element was kept constant at a value of
8.0x 10 eVem. This P value gave the best fit

to the optical absorption spectra for low x-value
samples and is in excellent agreement with the
values obtained by Stankiewicz ef al.® from
Shubnikov-de Haas studies on Hg,_.Cd,Se samples
with x<0.19. The effect of this restriction of P
on the computed values obtain for E; was small,
<3%.

Fits of the theoretical expression to the absorp-
tion spectra for sample 4 at 12.6, 100, and 200 K
are demonstrated in Fig. 9. The fit at 12.6 K
[Fig. 9(a)] was obtained with E;=0.7725 eV and
Ep-E;=0.0094 eV. Even for this wide-gap alloy,
the value obtained for E is significantly below the
energy at which the absorption coefficient becomes
appreciable because of the sample degeneracy for
this temperature and electron concentration.

At 100 K, the best fit to the data was obtained
with E; =0.7895 eV. At this higher temperature,
E ,-E, has decreased to 0.00087 eV, and Ej is
effectively coincident with the bottom of the con-
duction band. However, because of the higher
temperature, the electron concentration is dis-
tributed over an appreciable energy range
(£0.017 eV) about E,. States 0.017 eV above E,
are partially filled, and therefore the rate of
optical transitions into these levels is reduced.
Similarly, energy levels within 0.017 eV below
Ep have vacant states into which electrons can be
optically excited from the valence band.

Figure 9(c) shows the best fit that can be ob-
tained for 4 at 200 K. The theoretical curve is
for E;,=0.7915 eV, and the computed value for
the Fermi energy is 0.0214 eV below the conduc-
tion-band minimum. The tail of the absorption
edge at energies below E;, which is most pro-
nounced at sample temperatures of 100 and 200 K,
is attributed either to phonon-assisted transitions,



which enable optical absorption to occur at ener-
gies less than E., or to the presence of many
shallow-donor states that overlap the conduction
band and provide a continuum of energy levels
below the conduction-band minimum. Only at
higher temperatures, for which the Fermi energy
is near or below the bottom of the conduction
band, can such states be partially ionized and
therefore available for optical transitions at
photon energies less than E.

D. Dependence of energy gap on temperature

and composition

From a series of analyses similar to those
described in the last section, the dependence of
Eg, Ep, P, and 7, ,, On temperature was obtained
for each sample. The temperature dependences
of E; and Ey are depicted in Figs. 10 and 11 for
samples 1 (x=0,153) and 4 (x =0.555), respective-
ly. Figure 10 shows the strong linear dependence
of E; on temperature that was observed in all
low-x samples. In sample 1, for example, the
energy gap increased more than 300%, from
0.064 to 0.213 eV, as the temperature increased
from 5 to 300 K. The values computed from the
theoretical analysis also confirm that the sample
is degenerate below 270 K and explain the large
Moss-Burstein shift of the absorption edge to
higher energies as observed in Fig. 8. The
magnitude of this shift increases with decreasing
temperature, and at 5 K the apparent optical-
absorption gap is ~0.105 eV, 65% larger than the
fundamental energy gap of 0.0640 eV. Because

0.25

x=0.163

['g — I'g band-gap energy, E¢; (eV)

005 I Y N N
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FIG. 10. Dependence of the fundamental direct energy
gap and the Fermi energy temperature for sample 1,
x=0.153.
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the electron concentration of this sample was
nearly independent of temperature, the increase
of E,-E . with decreasing temperature is a direct
measure of the dependence of the conduction-band
curvature on the energy gap. Figure 10 clearly
demonstrates the gross errors that can result in
measuring energy gaps and their temperature
dependence in narrow-band-gap semiconductors
unless the data are analyzed to correctly con-
sider the electron concentration and its tempera-
ture dependence. Similar effects, but of progres-
sively decreasing magnitude with increasing x
values, were observed in all samples.

For samples with x values greater than 0.45,
the energy gap does not increase linearly with
temperature between 5-300 K. Sample 7 (x
=0.47) displayed a small sublinear dependence
of the energy gap on temperature between 5 and
300 K, and a more complicated behavior was
observed in samples 4, 8, and 9. Below 70 K
the energy gap of high-x samples increases with
temperature, but at a rate that decreases with
increasing sample composition. Above 70 K the
temperature dependence of the energy gap changes
more rapidly with increasing x value, and for
samples with x > 0.555 the energy-gap tempera-
ture coefficient is negative. This effect is
demonstrated by Fig. 11, where the energy gap
of sample 4 increases between 5 and 70 K but is
nearly independent of temperature above 100 K.
For samples 8 and 9, the energy gap decreases
with increasing temperature above 70 K. This be-
havior is in agreement with the results plotted in
Fig. 12, where the average temperature coefficient
of the energy gap is plotted as a function of
sample composition. The dependence of the
energy-gap temperature coefficient on crystal

0.80 I T T

x = 0.555

0.79 — —

g — I'g band-gap energy, E (eV)

- [ N N B
) 100 200 300
Temperature (K)

FIG. 11. Dependence of the fundamental energy gap
on temperature for sample 4, x = 0.555.
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FIG. 12. Compositional dependence of the tempera-
ture coeffieient of the fundamental direct energy gap on
alloy composition for Hg;.,Cd, Se alloys with 0.153<x
<0.684.

composition shows that alloys with x >0.60 have
negative temperature coefficients between 5-300
K. The least-squares fit to the data plotted in
Fig. 12 is in excellent agreement with the value
of the energy-gap temperature coefficient
obtained for HgSe by Szuszkiewicz.?’

To obtain a functional relationship for the de-
pendence of the energy gap in Hg,_ Cd,Se alloys
on crystal composition and temperature, all the
data accumulated in this investigation were least-
squares analyzed with an expression of the form
of Eq. (33) in which the energy gap is expressed
to second order in alloy composition and tem-
perature:

E;=-0.209(1 - 7.172x — 2.174x ?)
+7.37x10°%4(1 - 1.277x - 0.151x 3)T (34)
+2.001x107°(1 + 23.45x — 599.4x 2)T?,

where E; is in eV, T is in K, and x is the mole
fraction of CdSe in the alloy.

The experimental data and fit given by Eq. (34)
are compared in Figs. 13 and 14 as functions of
temperature and crystal composition; respective-
ly. As shown in Fig. 14, a good fit is obtained
to the data for all but the lowest x value, and a
higher-order polynomial, as has been used for
HgCdTe alloys,?® possibly would more accurately
express the compositional dependence of E; on
temperature. However, the discrepancy at low
x value probably results because the Kane model
used in this work does not adequately describe
the conduction-band curvature for energies > E,
in semiconductors with E; <0.1 eV. Figure 14
clearly demonstrates that at all temperatures
the energy gap of Hg,_.Cd,Se alloys bows below
a linear interpolation between the energy gaps of
HgSe and CdSe.
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FIG. 13. Dependence of the fundamental direct energy
gap of Hg,., Cd, Se alloys on temperature for measured
alloy compositions.

For the theoretical fits made to the absorption
spectra for samples with x <0.45, a value for P
of 8.0+0.2X10™® eV cm was obtained and showed
no discernable dependence on sample composi-
tion or temperature. )

The values of the lifetimes of the conduction-
band-to-heavy-hole and conduction-band-to-light-
hole transitions that gave the best fit to the
absorption spectra are plotted in Fig. 15 as
functions of temperature for alloy compositions
between x =0.153 and 0.47. The lifetimes for sam-
ples with x < 0.354 show little temperature depend-
ence below 50 K, but between 50 and 300 K the
lifetimes decrease exponentially with temperature
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FIG. 14. Dependence of the fundamental direct energy
gap of Hgy.,Cd,Se alloys on crystal composition for
temperatures of 10, 100, 200, and 300 K.
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FIG. 15. Dependence of direct band gap transition
lifetimes on temperature for Hg,. ,Cd, Se alloys with
0.153<x<0.470.

from 5X107*2 to 2X107'% s, The temperature
dependence in this region obeys the relationship
Te,m(T) = T¢, m(0) exp(~AT), which is plotted as a
solid line in Fig. 15 for values of 7, ,,(0)=8x107"2
s and A=2.01X10"2 K™. The lifetimes obtained
for samples with x values greater than 0.354

have similar temperature dependences but are
from 2 to 5 times shorter than the values ob-
tained in lower-x samples and show considerably
more scatter.

The analysis can be further refined by the in-
clusion of higher-band terms, alloy-disorder
terms, and by the formulation of a temperature-
dependent Kane band theory. In the former case,
any correction is expected to be small because
Shubnikov—-de Haas data show that for samples
with electron concentrations below 1X10'7 em™,
the effect of higher-band terms on the conduction-
band curvature is small.® The relatively small
departure of the compositional dependence of E,
from a linear interpolation between the energy
gaps of HgSe and CdSe suggests that for the
Hg,..Cd,Se alloy system, the effect of alloy dis-
order on the conduction-band shape is small.
Results of this investigation show that for sam-
ples with different energy-gap temperature co-
efficients, i.e., 1 (x=0.153) and 7 (x=0.47), good
fits are obtained to the data and consistent trends
are observed in the temperature and compositional
dependences of band parameters used to obtain
these fits. These results suggest that for the
HgCdSe alloy system, a temperature-dependence
energy gap should be used in the Kane model.
However, to confirm the above conclusion requires
further measurements on samples of constant
composition spanning a range of electron concen-
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trations. The temperature dependence of the
conduction-band curvature could then be obtained
from the measured dependence of the Fermi
energy on electron concentration and tempera-
ture. In addition to an experimental confirma-
tion of the above conclusions, a comprehensive
theory of the temperature dependence of the band
parameters is required for improving band-
structure calculations and obtaining fits to ex-
perimental data.

At present, two theoretical approaches have
been developed to explain the observed depend-
ence of the energy gap on crystal composition
in ternary semiconductors. Hill*® has argued
that the virtual crystal approximation (VCA), in
which the randomly varying crystal potential in
an alloy is approximated by a periodic lattice of
average atomic potentials, is sufficient to calcu-
late the band structure of alloys. However, other
investigators+1%3%732 find that the VCA approxi-
mation predicts a smaller bowing of the energy
gap than observed experimentally and claim that
the inclusion of disorder effects improves the
agreement between theory and experiment.
Methods used to calculate the magnitude of the
disorder potential range from the semiempirical
dielectric model first proposed by Van Vechten
and Bergstresser' to various VCA-based per-
turbation approaches developed by Stroud,*°
Siggia,'* Baldereshi and Manshke,*" and Schulze,
Newman, and Unger.* Unfortunately, direct
comparison between these methods are obscured
by different alloy investigations and by the use of
different sets of potential form factors which have
a critical effect on the results of the calculations.

The temperature dependence of the energy-band
gap in solids arises because the lattice vibrations
of the crystal produce a temperature-dependent
electronic band structure. An exact calculation
of the temperature dependence of the energy gap
should include the contributions from thermal
expansion, Debye-Waller scattering,® and the
Fan® intra- and inter-band transition terms.
Because many of the material constants required
to calculate the magnitude of these contributions
are not known for the Hg,_.Cd,Se alloy system,
no attempt was made to analyze the temperature
dependences of the energy-gap values measured
in this investigation. )

To avoid some of the complexity of the quantum-
mechanical calculations mentioned, Heine and
Van Vechten3® formulated a thermodynamic treat-
ment of the temperature dependence of the energy
gap and obtained a good fit to the data for Si.
Their model provides physical insight into the
mechanism responsible for the positive energy-
gap temperature coefficient in HgTe, HgSe, and-
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low-x Hg,.,Cd,Te and Hg,_.Cd,Se alloys, but to
obtain quantitative agreement between experiment
and theory requires detailed knowledge of the
magnitude of the mixing of the symmetry charac-
ter of the wave functions at the edges of the
valence and conduction bands. The magnitude of
the mixing is related to the magnitude of the alloy-
disorder potential. Camassel and Auvergne®®
have shown that slightly different sets of band-
structure parameters can give nearly identical
band shapes near 2=0, but produce different
values for the temperature coefficient of the
fundamental energy gap. Thus, it appears that
the most accurate values for the fundamental
band-structure constants and pseudopotentials
will be obtained from simultaneous fits of theo-
retically predicted band gaps to experimental de-
terminations of the compositional and tempera-
ture dependences of these quantities as reported
herein.

Another manifestation of the strong electron-
phonon cdupling present in this alloy system is
the observed decrease in band-to-band transition
lifetimes with increasing temperature. From the
uncertainty principle, the decrease in transition '
lifetime can be related directly to an increase in
the width of conduction-band levels into which
electrons can be photon excited. The physical
mechanism for this broadening is associated with
the thermal displacement of ions from their
equilibrium lattice sites and results in a progres-
sive coupling of neighboring electronic energy
levels with increasing temperature. Thus a re-
lationship between the lifetimes and the Debye-
Waller scattering term is expected.

1

V. CONCLUSIONS

This paper summarizes results of a compre-
hensive investigation of the optical properties of
zinc-blende Hg,..Cd Se alloys with 0.15 <x <0.68.
Empirical relationships have been obtained which
describe the dependence of the refractive index
and energy gap on composition and temperature to
an accuracy of better than +2%. It has been
shown that the energy gap is not linear in x over
the range 0 <x <0.68 and can lie as much as 0.16
eV below the linear interpolation between the
energy gaps of HgSe and wurtzite CdSe. For
samples with x values less than 0.45, the energy
gap increases linearly with temperature from
5-300 K, but shows marked deviations from this
behavior in higher-x samples. The origin of the
large, positive, energy-gap temperature coeffi-
cient in the low-x alloys is unexplained and re-
quires further theoretical work.?”
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APPENDIX A

The functions appearing in the transition matrix elements of Eqs. (7) and (8) are defined as follows:
L;"'C: Za";h(acAZC + ZkAic) + 2b2,h(bc320 + ZkB";c) + 2c‘;‘,,(ccczc + 2kC§c)
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2
N, =[E(E, + A)E, +24/3) + 28~ (B, Eg) + (E, - EG)E, +24/3)2}/2, (A6)
d
{‘Alw Blc9 clc}z k;i_(%—z_){acy bc, Cc} ’ (A7)
{Azcs B, 20} 2k° d(kz)z{ b, C} (A8)
_ 1/2
a,,,:l E,h(E,h+AJ)\§E,h+ 24/3)] ’ (49)
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_ _ 1/2
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N”l
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