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Room-temperature Raman and infrared-reflectivity measurements are performed on semi-
insulating InP doped with Fe and on n-type InP doped with Sn and S in the concentration range
from 6.8X10" to 1X10"cm '. In the Raman spectra low(co )- and high(co+)-frequency coupled
plasmon-LO (I )-phonon modes are observed. The e -mode linewidth shows a definite concentra-
tion dependence with the lines narrowing as the concentration is increased. A broad minimum due
to the coupled plasmon-phonon modes of the infrared-reflectivity spectrum shifts towards high pho-
ton energies with increasing carrier concentration. The spectra are calculated by using the same
semiclassical model of permittivity as in the interpretation of the Raman spectra. From the best fit
to the experiment, energy values and damping constants of the co and co+ modes are obtained. The
carrier concentrations also determined from the infrared spectra with the aid of the model are in

good agreement with those obtained from the Raman spectra.

INTRODUCTION

In polar semiconductors, when the frequency of free-
electron plasma excitations —plasmons —is close to the
frequency of the longitudinal-optical phonons, the two
excitations interact via their macroscopic electric fields.
Usually frequencies of coupled plasmon —LO(l')-phonon
modes co+ are determined assuming that no damping
occurs. Recently, for correct interpretation of the Ra-
man scattering data in the frequency region of the upper
coupled plasmon —LO(l }-phonon mode in the n-type
GaP lattice damping was also taken into account. '

In this paper we use the same approach as in the case
of GaP for the analysis of our experimental data on Ra-
man scattering in InP crystals. We also compare these
data with those obtained by infrared-reflectivity measure-

ments made on the same samples as used in the Raman
study.

THEORY OF RAMAN SCATTERING
BY COUPLED PLASMON-PHONON MODES

INCLUDING PHONON AND ELECTRON DAMPING

The eSciency of Raman scattering by coupled
longitudinal-plasmon-LO( I')-phonon modes is given by
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Including phonon damping the function A in Eq. (1) can
be given by'
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in which C is a dimensionless constant called the Faust-
Henry coeScient. co=co, —co2 is the Raman frequency,
co& and co& are the incident and scattered photon frequen-
cies, respectively, n& and n2 are the refractive indices of

the crystal at co& and co2, and ~L and coT are the frequen-
cies of the LO(I }and TO(1 ) phonons.

The permittivity in the long-wavelength limit in the
presence of free carriers can be given as the sum of lattice
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and plasma contributions
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Both models were used for the 6tting of the experimen-
tal data to theory. As a result of the fitting procedure the
frequencies and the damping constants are obtained.

The carrier concentration is calculated according to
Eq. (4) from the values of co&. Because InP has a nonpar-
abolic conduction band, the effective mass m ' in Eq. (4)
depends on the carrier concentration. This dependence
obtained by the k p theory is

1 1
is the plasma frequency, y the phonon damping constant
and I the plasmon damping constant, n and m ' the con-
centration and the effective mass of the free carriers, re-
spectively, and e„ is the optical relative permittivity.

For the calculation of the coefficient A the Faust-
Henry coefficient is needed. A theoretical value of
C= —0. 14 is given in Ref. 3 for InP. %e calculated the
influence of C on the frequency and linewidths of the cou-
pled modes in the range of C from 0 to —5. It was found
that the values of m+ and I + are not much affected. Re-
cently the Faust-Henry coefficient of undoped InP at 1.06
pm has been determined from Raman scattering measure-
ments. %'e used this value, C = —0.53, which is
different from those obtained in previous measure-
ments. '

In the calculation of the coeScient A we used the
values coz ——303.7 cm ' and co&

—344. 5 cm ', y=1.2
cm, which were measured in semi-insulating InP. Usu-
ally the frequencies of the coupled plasmon —LO(1)-
phonon modes are deduced in the limit of zero damping
as the roots of the equation e(co) =0 and are given by the
equation

~2 II~2 +~2y[( 2 + 2)2 4 2 2 )1/2)

which may not be valid at high damping values.

mp

where m p
——0.08m„

/=0 407. 8(3n. n) ~ i't .
Eg ——1.35 eV, and

RESULTS AND DISCUSSION

n-InP r}=9.MO cm

n=5.BIO cm
'

The Raman spectra measured in the frequency range
up to 550 cm ' are shown in Fig. 1. For all spectra a
high-resolution scan near the interesting features was also
recorded. The spectrum of the undoped semi-insulating
InP (the lowest curve in Fig. 1) consists of two narrow
lines of the LO(I ) and TO(I ) phonons having a linewidth
of 1.2 and 0.8 cm ' and a frequency of 344.5 arid 303.7
cm ', respectively. These values of the phonon frequen-
cies are in good agreement with previous measure-
ments.

Figure 1 also shows the spectrum for sample 1 with

THEORY OF INFRARED RKFLECTIUITY

At normal incidence of light the reAectivity R is given
by

2
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where s(co }is given by Eq. (3).
Parameters in this semiclassical model are the phonon

frequencies co& and coL, the plasma frequency co~ given by
Eq. (4}, and the damping constants y and I. The fre-
quencies of the coupled phonon modes co and co+ are
defined by Eq. (5).

In another model by Kukharskii

(co +El co —co )(co +iI +co —~+)
E(co) =E~ (7)

co(co+i I )(co +i yea cor)—
In this model two additional parameters are the damping
constants I and I + of the coupled plasmon-phonon
modes.

The coupled and single oscillator modes are related to
each other through the equation

CO QP+ =OP QPp .
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FIG. l. Raman spectra of n-type InP samples "semi-

insulating, " 1, 2, 3, and 5 in this order from bottom to top. On
the left a high-resolution scan of a part of the spectrum is
sho~n. The spectral resolution is 1.6 cm '. T =295 K.
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TABLE I. Frequencies and linewidths (in units of cm ') of low- and high-frequency
plasmon —LO(I )-phonon modes m, I and co+, I +, respectively, for doped n-type InP obtained from
Raman scattering and infrared-reflectivity data, and calculated values of electron concentrations n (in
cm ).

Raman scattering Infrared reflectivity

Sample
1

2
200
286

r
50
14

CO+

369
539

I+
17
45

n

5.0x 10"'
2.4~ 10"'

192
284

368
538

n

4.9g 10"
2.3~10"

296 6.4

299 5

5.5 && 10"'

9.4g10"'
298
300

11
10

858
901

80
85

7.1X 10"
8.8)& 10'

'Data calculated from the measured values of co+ and I +.
Data calculated from the measured values of co and I

n =5.0)&10' cm . There is a line corresponding to the
TO(I') phonon. In addition this spectrum shows new
peaks at 200 and at 369.2 cm ' corresponding to co and
m+, respectively. The asymmetric shoulder on the low-
frequency side of the co mode is due to the contribution
from the Raman scattering by free electrons centered at
the zero-frequency shift.

It is clearly seen that the frequencies of the co+ and co

mode increase with increasing concentration of free car-
riers. The intensity of the co+ mode is small or negligible
in comparison with that of the co mode. In the spec-
trum of sample 5 with n =9.44)& 10' cm shown in the
top of Fig. 1 we observe the largest value of the co mode
which is equal to 299 cm ' and the smallest value of

I =5 cm
The measured values of frequencies and linewidths of

the plasmon-LO(l')-phonon lines and the calculated
free-carrier concentrations for samples 1-5 are shown in
Table I. All of the observed features as well as concentra-
tion dependence of the intensities of the co and co+
modes are in good agreement with the predictions of Eq.
(2).

Figure 2 shows the measured and calculated (solid
lines) infrared-reflectivity spectra of the same samples l,
2, and 5 as in Fig. 1 and that of an additional sample 4.
The carrier concentrations given in the figure are those
calculated from Eq. (3). The plasma resonance minimum
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FIG. 2. Infrared-reflectivity spectra of the n-type InP sam-
ples 1, 2, 4, and 5 in this order from bottom to top. The carrier
concentrations shown are the calculated ones. The minimum at
about 300 cm ' is due to the transverse-optical (TO) phonon.
The position of the second minimum, called the plasma
minimum, depends on the electron concentration. T=300 K.
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FIG. 3. The frequencies of the coupled plasmon-phonon
modes co and co+ and the plasma frequency co~ as a function of
the square root of the electron concentration n ' (solid curves).
The frequencies of the longitudinal- (coL) and transverse- (co&)
optical phonons are marked with dashed lines.
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is very close to the TO-phonon line in the spectrum of the
relatively lightly doped sample 1.

When the carrier concentration is larger, n =2.3
X 10' —8.8 X 10' cm (samples 2 —5), the plasma
minimum is shifted towards higher photon energies as
seen from Fig. 2.

It turned out that all infrared spectra were adequately
well explained by the semiclassical model. However, the
damping constants I and I + of the coupled modes are
not included in this model. The other model by Kukhar-
skii, from which the damping constants can be obtained,
could be successfully applied only to the spectra of the
heavily doped samples 4 and 5. Table I shows the results
of the calculations.

A comparison between the results obtained from the
inelastic light scattering and the infrared-reAectivity mea-
surements is presented in Table I. The values of carrier
concentrations are well in agreement with each other
(within less than 10%).

The frequencies of the coupled phonon modes co and

co+ obtained by the fitting procedure from the infrared
spectra agree well with those measured directly by Ra-

man scattering. It is noticed that co+ modes are not ob-
served in the Raman spectra of the heavily doped sam-
ples, whose electron concentration is larger than 5)& 10'
cm . On the other hand, in this carrier concentration
range the values of co+ (as well as co ) can be calculated
from the infrared-reflectivity spectra (samples 4 and 5).
In the heavily doped samples co+ is close to ~ and co

approached coT. This is seen from Fig. 3, in which the
frequencies of co, co+, and co& are plotted as a function
of the square root of the carrier concentration (solid
curves). The dashed lines represent the constant values
of coT and coL. If the effective mass were independent of
carrier concentration, the co+ curve would asymptotically
approach at large values of n the straight line given by
Eq. (4). Because of the concentration dependence of m*
this is not the case as seen from Fig. 3, where the co+
curve is bowed slightly towards the similar co curve.

It is possible to estimate the mobility of the electrons
from the half-widths of the LO-phonon-plasmon modes.
The results were presented in Ref. 10.
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