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Far-infrared study of free carriers and the plasmon-yhonon interaction in CdTe

S. Perkowitz and R. H. Thorland
Department of Physics, Emory University, Atlanta, Georgia 30322

(Received 20 July 1973}

The reflectivity of n -CdTe has been measured between 16 and 203 cm ' at room temperature. The
single-crystal samples had carrier concentrations N between 5)&10' and 1x10" cm '. The data could
be fitted by using classical lattice theory and Drude-type free-carrier theory with an energy-independent
scattering time. The values of N and mobility p, obtained from the fits agreed reasonably well with

Hall and resistivity values. The agreement was not improved by the introduction of an
energy-dependent scattering time for either polar-mode or ionized-impurity scattering. The
plasmon-phonon minima were observed and their frequencies were found to be strongly influenced by p.
as well as by ¹ The optical lattice parameters were determined as follows: e, = 10.2, & = 7.1,
m, = 141 cm ', and I = 8.7 cm '. These results agree well with previous measurements.

INTRODUCTION

The examination of a semiconductor in the far
infrared can be of interest for at least two reasons.
First, as previous w ork has shown, ' the optical
data can be easily related to the semiconductor
transport properties because at these long wave-
lengths a simple non-quantum- mechanical optical
theory holds. Second, over a wide range of car-
rier concentration in most semiconductors, the
lower branch of the coupled plasmon-phonon mode
falls almost wholly in the far infrared and its fre-
quency can be observed at the ref lectivity mini-
mum. In this paper we report on measurements of
far-infrared ref lectivity in n-CdTe with results
that relate to both the transport properties and the
plasmon- phonon coupling. The plasmon- phonon be-
havior is of particular interest in CdTe since, un-

like many other polar semiconductors, its trans-
verse-optical frequency lies in the far infrared.

CdTe has previously been studied in the far in-
frared ' as well as by Raman scattering. The
plasmon-phonon interaction was observed in the
Raman experiment but was not examined as a func-
tion of free-carrier concentration and scattering
time. Similarly, although the transport behavior

was touched on in some of the far-infrared work,
no detailed study has been made over a range of
carrier concentration and the appearance of the
plasmon-phonon minimum in the ref lectivity has
not been analyzed. In this work we examine four
samples with carrier concentrations ranging from
5x &0' to 1x10"cm . For these concentrations
at room temperature, where our measurements
were carried out, the carriers are in the classical-
to-degenerate transition region. The connection
between the optical data and the transport proper-
ties is complicated by this partial degeneracy and
by the fact that several scattering mechanisms,
especially polar-optical- mode and ionized- impu-
rity scattering, contribute to the mobility. ' %e
analyze our data with an extensive use of scatter-
ing theory and carry out a detailed analysis of the
plasmon- phonon minimum as well.

EXPERIMENTAL DETAILS

Our samples were grown and characterized at
the M. I. T. Lincoln Laboratory. The sample prop-
erties are given in Table I. The characterization
was made by means of low-field bar-geometry Hall
and resistivity measurements. The values shown
in the table were calculated assuming a Hall scat-

TABLE I. Comparison of electrical and optical carrier parameters. No adjustment has been made for
energy-dependent electron scattering. The errors quoted for the optical numbers are standard deviations
obtained from the least-squares-fit program. I The experimental errors associated with the electrical
measurements are on the order of 10%.

Sample Dopant

Carrier concentration
(10"cm-')

Electrical Optical
Mobility {cm2/V sec)
Elec trical Optical

Resistivity (0 cm)
Electrical Optical

9 -71/2
5 —71/E

32 —70/I
4 —70/A7

Ca
Ga
I
Al

0. 051
0. 14
0. 41
1.3

0. 13+0.04
0. 15 + 0. 01
0. 34+0. 02
1.1+0.1

410 200+ 60
690 480+30
910 700 +60
760 760 + 80

0. 30
0. 067
0. 017
0. 0063

0. 24 ~ 0. 15
0. 087+0. 01
0. 026+ 0. 004
0. 0075+0. 002

aReference 14.
A. J. Strauss (private communication).
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tering factor of unity. The samples were supplied
with mechanically polished surfaces.

Three of the CdTe samples as received were not
of convenien' size and shape for the ref lectivity
measurements. Plates about 2~4&4 mm were cut
from each of these samples. One surface of each
plate was left as received and the opposite surface
was lapped and polished. The final polish was
done with 0. S-p, m aluminum oxide micropolish. In

one case the polished surface was later subjected
to a bromine etch. For all the samples, reflec-
tion spectra were taken on the surface as received,
on the lapped and polished surface, and on the bro-
mine-etched surface. In only one sample, 32- VO/I,

was there any measurable difference between the
ref lectivity of the surface as received and the re-
flectivity of the newly polished surface. After re-
moval of about 10 p, m from the as-received surface
the two spectra agreed and these spectra were
taken as representative of the bulk material.

Reflectivity measurements were made by the Fou-
rier-transform method using a commercial Grubb-
Parsons Michelson interferometer with a Unicam
Golay detector. The instrument was modified so
that ref lectivity measurements could be made at
a 12 angle of incidence. Reflectivity at this angle
of incidence differs negligibly from that at normal
incidence. The sample-in-sample-out technique
was used with the reflection from either a polished
coin-silver or stainless-steel mirror providing the
reference. In the case of the stainless-steel ref-
erence the measured reflection was adjusted ac-
cording to standard optical theory because of the
relatively high resistivity of stainless steel. Cal-
culations show that the ref lectivity of coin silver
should differ negligibly from unity. Data were
taken from 16 to 203 cm ' with a resot. ution of 8
cm '. Mylar beamsplitters of 6. 25-, 12. 5-, and
25- p, m thickness were usedinorder toimprove the
data over various frequency intervals. For each
sample, several sets of data were averaged to-
gether to provide an improved signal-to-noise ratio
and a measure of the uncertainty in the spectrum.

THEORY AND DATA ANALYSIS

The reflection coefficient for a semi-infinite
medium in the case of normal incidence is given

by

& = &iat «fC.
The lattice contribution is given by

'

I —(&u/~)2+ i &ul'/&u',

where the plasma frequency u& is defined by

~ ~2= 4wNe'/m ~e„. (6)

Here, N is the free-electron concentration, e is
the electronic charge, m* is the electronic effec-
tive mass, and 7'& is the energy-dependent electron
scattering time. The angular brackets indicate
averaging over the electron-distribution function.
The effective mass is taken as 0. 1lmo as deter-
mined by Marple. ' No polaron correction to the
effective mass was included in the optical theory.
The electron scattering time is related to the drift
mobility p. by the equation

p =e (v~)/m*.

The ref lectivity data were fitted with a simpli-
fied version of the theory presented abo~ e. Be-
cause of the complexity involved in the averaging
of the functions of r~ appearing in Eq. (6), the re-
flectivity calculations were carried out assuming

TABLE II. Comparison of the mean values of CdTe
lattice parameters taken from the literature~ with those
determined from least-squares fits to the ref lectivity
data reported in this paper, The errors for the litera-
ture values are the standard deviations of the reported
numbers. The errors reported for this work are stan-
dard deviations as determined from the least-squares
fits to the data.

where &, and &„ are the low- and high-frequency
dielectric constants. The lattice dielectric func-
tion exhibits a resonance at the transverse-optical
frequency ~, with a damping term given by 1".

The values of the four lattice parameters in CdTe
have been measured by several workers using dif-
ferent techniques. The means of the values re-
ported in the literature, together with the variation
from measurement to measurement expressed as
a standard deviation, are given in Table II.

The free-carrier term is given by'

2
2 ~ke (e)=u e„—fC p ~

1 ~27 2 1 ~8

where n and 0 are the real and imaginary parts of
the complex index of refraction R and

where e is the complex dielectric function and ~
is the optical frequency. The dielectric function
can be written as the sum of a lattice term and a
free-carrier term

~, (cm ') I'(cm ')

Literature 10.3+0. 5 7. 2 +0, 4 140.4+0. 5
This work 10.2 +0. 2 7. 1 +0. 1 140„7+0.2

7. 5+1.0
8. 7+0. 5

aReferences 2-6; Refs. 8 and 9; D. T. F. Marple, J.
Appl. Phys. 35, 539 (1964); O. G. Lorimor and W. G.
Spitzer, J. Appl. Phys. 36, 1841 11965); D. Berlincourt,
J. Jaffe, and L. R. Shiozawa, Phys. Rev. 129, 1009
{1963).
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that for any function f(r~),

V(&a)) =f((&a)) -=f(r),

where the right-hand expression defines the quan-
tity r We note that under this assumption, &f,(~)
is determined completely when &~ and the drift
mobility are known. Corrections to the assumption
will be discussed later in this paper when compar-
isons are made between the electrical and optical
determinations of carrier concentration and mo-
bility.

In Fig. 1 we present the experimental reflectiv-
ity results and the computed best fits to the data
assuming the validity of Eq. (8). The error bars
represent one standard deviation in the data. The
fits were made by means of a nonlinear least-
squares-fit computer program. '~ In using the pro-
gram, the only parameter assumed known was m*.
The program varied the four lattice parameters

c„, I', and e, and the free-carrier concentra-
tion and mobility in order to minimize X~. The
figure shows that the fits are uniformly good.
Table II compares the values of the lattice param-
eters obtained from our fits with the means of the
values found in the literature. The excellent agree-
ment between the two sets of values and the fact
that our fit values hardly varied from sample to
sample is evidence for the validity of the theory
used to fit the data and the fit procedure.

In Table I we compare the electrical and the
optical values for the carrier concentrations and
mobilities. In view of the facts that the Hall values
have not been adjusted for deviations from unity of
the Hall scattering factor and that we have used a

7„(e)~ (e/kT)', (10)

where E is the carrier energy and s is dependent
on the scattering mechanism. It is true that the
validity of Eq. (10) is in doubt in the case of polar
mode optical scattering which is expected to be
important in CdTe at 300 K '0 but calculations by
Ehrenreich, ' in the Boltzmann limit, indicate that
it is possible to define a temperature-dependent s
over a restricted range of temperatures. For
CdTe at 300 K, Ehrenreich's theory gives s =0. 2.
At room temperature the only other important
mode of scattering is by ionized impurities for
which s = —,'.

KS introduce the functions y, and y~ by defining

, „2,~ =y.(~r, n, s),
where r is defined in Eq. (8) and t) =- er/kT, where

simplified version of the optical theory, the agree-
ment is good except for the lowest-concentration
sample. To make a more valid comparison, we

should include the low-field Hall scattering factor
~„, defined by"

rs —(rg/(r g,
and also must take into account the averages given
in Eq. (5).

Following the theory of Kukharskii and Subashiev
(hereafter referred to as KS), we treat the averag-
ing by assuming that

80
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FIG. 1. Measured far-
infrared ref lectivity of n-
CdTe vs frequency. The
curves represent the least-
squares fits to the data. +

sample 9-71/2; Cj, 5-71/K;
&, sample 32-70/I; x, sam-
ple 4-70/A7. For clarity
error bars are shown only
for sample 9-71/2. Error
bars for the other three
samples are comparable.

F REGLJENCY (1/cm)
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&~ is the Fermi energy. It can be shomn that, " in
the lom-field limit,

're(H- 0) = 'Y (0, 8, e). (13)

Thus, the theory of KS can be used to calculate
scattering adjustments for both optical and Hall
data. The calculation of the Hall scattering factor
is not straightforward, since && depends on N
through q and an iterative or graphical procedure
would be necessary to determine N and r& in a
self- consistent way.

In the case of the optical data the amount of com-
puter time involved in fitting the data, if the proper
averaging over the carrier distribution function is
performed, is prohibitive. However, given a set
of lattice and free-carrier parameters and a scat-
tering mechanism, a calculation of the ref lectivity
spectrum according to the theory of KS is readily
accomplished. If this reQectivity spectrum is then
fitted mith the conventional theory, a nem set of
carrier parameters is generated which can be com-
pared with those which mere used to calculate the
KS ref lectivity.

This has been done for ionized impurity scatter-
ing and for yolar optical scattering in the following
may. The values obtained from the Hall and resis-
tivity measurements N& and y, & were adjusted to
obtain N and jLt by means of the scattering factor
&„as determined from Eq. (13). These adjusted
values were used in a calculation of the reQectivity
spectrum according to the theory of KS. The spec-
trum generated from this theory mas then fitted
with the standard optical theory in order to deter-
mine the "optical" free-carrier parameters N„&
and p„t. In the case of polar optical mode scat-
tering, the correction to N& and p. & mas in all
cases less than and to X„,and i(„, less than
~/o. The corrections in the case of ionized im-
purity scattering mere much more substantial and
are detailed in Table III. To be realistic, one

hould consider mixtures of the tmo scattering
mechanisms but it is evident from Table III that
the agreement betmeen the Hall and optical rnea-
surements of N and p. mould not be significantly
improved by this refinement of the theory.

(d (= (t~/e )(0 &. (15)

For the four samples reported here, the Hall and
resistivity measurements place ~~ in the neighbor-
hood of &, hence the positions of the ref lectivity
minima should be strongly influenced by the plas-
mon- phonon interaction.

In the realistic case of finite 7'& and F the solu-
tion for the coupled mode frequencies can be car-
ried out by computer. We have carried out such
a calculation for CdTe, using the simplifying as-
sumption E(1. (3), and the results are given in
Fig. 2 where curves are displayed for different
drift mobilities. The effect of the finite scattering
time is seen to be substantial.

For the lower-frequency branch of the plasmon-
phonon interaction the dependence of the position
of the minimum is primarily on the resistivity
p =m ~/Ne2(r) rather than on the carrier concen-
tration and mobility separately. This results from
tmo influences. At low carrier concentrations me
have &p'j,, «1 in which case the free-carrier gart
of the dielectric constant becomes

&(e(~)=i «I(dP

E
100

C)

10.

One conspicuous feature of the ref lectivity data
in Fig. 1 is the appearance of well-defined minima
whose position in frequency is a function of carrier
concentration. These minima occur at the coupled
plasmon-phonon frequencies, which, in the limit
of infinite electron-scattering time and zero lattice
damping are given approximately by'

3(g2 ((g2 (g2)

~ [(&4- ~() + «4 ~((1 —e./&, )j

Here &, , the longitudinal-optical lattice frequency,
is given by

TABLE III. Effect of the inclusion of ionized impurity
scattering on the electrical and optical determinations
of carrier concentration and mobility. The values here
have been adjusted for the scattering as described in the
text and should be compared to the values in Table I. 1 015 10 10"

I

1 01$

Sample

9-7X/2
5-71/E

32 —70/r
4 - 70/A7

+H

1.9
1, 9
1.8
1.6

0. 097
0. 27
0, 74
2 ~ 1

0. 21
0. 21
0. 51
1.5

Carrier concentration
(&0' cm )

Electrical Optical

220
360
510
470

130
380
540
570

Mobility {cm /V sec)
Electrical Optical

CFlRRIER 1 0NCENTRRTI0N It/cm I

FIG. 2. Plasmon-phonon frequencies cu, and rd vs
carrier concentration in n-CdTe. The curves labeled
~ are calculated for the case v ~. The other curves
are calculated for finite mobility values as indicated in
units of cm2/V sec.
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FIG. 3. Lower plasmon-phonon frequency cu vs re-
sistivity in n-CdTe. The curves are labeled by the mo-
bility values in cm /V sec. Triangles are experimental
points.

The carrier concentrations and mobilities as
determined from ana1ysis of the ref lectivity data
are in fair agreement with those determined by
Hall and resistivity measurements, at least for the
three samples with the highest concentrations.

near the low-frequency minimum. This result is
valid regardless of the scattering model used. At

higher carrier concentrations where ~p &1 and for
mobilities typical of CdTe, &~& (d, . In this case
the position of the lower-frequency minimum tends
to (d, independently of the carrier concentration
and the scattering behavior.

The dependence of ~ on p is shown in Fig. 3.
The dependence on mobility is not completely ab-
sent, since the curves for p, = 200 and p. = 1000
cm /Vsec differ slightly. The variation with mo-

bility is however much weaker than that displayed
in Fig. 2. The experimental values of ~ and p
are in good agreement with the theoretical curve.

Equation (16) suggests that for low-concentration
samples it may be fruitless to try to find both car-
rier concentration and mobility from an analysis
of far-infrared data, since ef, is almost completely
determined by p~ I/(IVp). In Table I we compare
the measured values of resistivity with optical val-
ues, defined by p„,= 1/(e lV'„, p„,). The agree-
ment is good and is striking in the case of the low-

est concentration sample, ~here E„&and p„, are
individually subject to large errors.

CONCLUSIONS

Agreement between the Hall and optical measure-
ments is not generally improved by inclusion of
the more sophisticated scattering theory of KS.
The optical data can be fitted quite well with the
simple classical theory neglecting any energy de-
pendence of the scattering time.

We can point to no specific reason why the use
of the KS theory does not improve the agreement
between the electrical values and the optical values
of the free-carrier parameters. One possibility
is that sample-to-sample variation in the degree
of compensation may make our comparisons mean-
ingless. A possible source of error lies in the
fact that Ehrenreich's theory of a temperature-
dependent s for polar optical-mode scattering ap-
plies only to the Boltzmann limit while our samples
are in a transition region. However, the indica-
tions are that the corrections due to this scattering
mode are small and one would expect that in the

degenerate limit the energy dependence of v~ should

become less important.
Despite the lack of data on the position of the

high-frequency minimum for the two samples with

the highest carrier concentrations, the influence of
the plasmon-phonon interaction on the positions of
the ref lectivity minima has been clearly demon-
strated for CdTe. The effect of finite carrier mo-
bility on the position of the minima has been shown

to be substantial. The lower frequency branch of
the plasmon-phonon coupled mode is dependent
primarily on resistivity rather than separately on
E and p. . This behavior results essentially from
the relatively low mobility of CdTe and is indepen-
dent of the electron scattering mechanism.

The samples examined here at 300 "K are now

being studied at lower temperatures. The mobil-
ity at lower temperatures should be influenced to
a higher degree by ionized impurity scattering and

effects due to the energy-dependent scattering time
should be more pronounced. In addition the en-
ergy-dependent relaxation-time approximation for
polar optical. -mode scattering is expected to fail
over a range of temperatures near 80 "K.

ACKNOWLEDGMENTS

We wish to thank A. J. Strauss of the M. I. T.
Lincoln Laboratory for supplying and character-
izing the samples and also for helpful discussions.
The reflectivity modification of the interferometer
was designed and constructed by J. Breecher and

O. H. Puckett of the Emory University Physics
Department.

*Research supported by the Alfred P. Sloan Foundation,
the Research Corp. and Atomic Energy Commission
Contract No. AT-40-1-4146.

'S. Perkowitz, J. Phys. Chem. Solids 32, 2267 {1971);

S. Perkowitz, R. K. Murty-Gutta, and A. K. Garrison,
Solid State Commun. 9, 2251 (1971),

A, Mitsuishi, J„Phys. Soc. Jap. 16, 533 t1961I).
A. Mitsuishi, H. Yoshinaga, K. Yata, and A. Manabe,



550 S. PE RK0%IT Z ANQ R. H. 7HQRLAND

Japan J. Appl. Phys. Suppl. 4, 581 (1965).
A. Manabe, A. Mitsuishi, H. Yoshinaga, Y. Ueda, and

H. Sei, Tech. Reports Osaka U. 17, 263 (1967).
G. L. Bottger and A. L. Geddes, J. Chem. Phys. 47,
4858 (1967).

6O. N. Stafsudd, F. Haak, and K. Radisavljevic, J. Opt.
Soc, Am, 57, 1475 (1967).

VC. M. Randall and R. D. Rawcliffe, Appl. Opt. 7, 213
(1968).

C. J. Johnson, G. H. Sherman, and R. Weil, Appl. Opt,

8, 1667 (1969).
~A. Mooradian and G. B. Wright, in Proceedings of the

Ninth International Conference on the Physics of Semi-
conductors, Mnscoav, 1968 (Nauka, Leningrad, 1968),
p, 1020.
D. L. Rode, Phys. Rev. B 2, 4036 (1970).

"M. Born and K. Huang, Dynamica/ Theory of Crystag

I attsces (Oxford U.. P. , Oxford, 1954).
H. A. Lyden, Phys. Rev. 134, A1106 (1964).

' D. T. F. Marple, Phys. Rev. 129, 2466 (1963).
' P. R. Bevington, Data Reduction and Error Analysis
for the Physical Sciences {NcGraw-Hill, New York,
1969), Chap. 11.

' A. C. Beer, Galpanomagnetic Effects in Semiconduc-
tors (Academic, New York, 1963), p. 101.

' A. A. Kukharskii and V. K. Subashiev, Fiz. Tekh.
Poluprovodn. 4, 287 {1970)[Sov. Phys. -Semicand.
4, 234 (1970)].

' H. Ehrenreich, J. Appl. Phys. 32, 2155 (1961).
' J. Breecher, Ph. D. thesis (Emory University, 1973)

(unpublished).
C. G. Olson and D. W. Lynch, Phys. Rev. 177, 1231
(1969).


