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Far-infrared spectra of indium selenide single crystals
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Far-infrared spectra of different indium selenide compounds are reported. Both polarizations Elc and

E~~c have been recorded in the layered materials InSe, lnzSe3, In4Se„and InSe, z crystals. Analyses of the

reflection spectra are made by application of the Kramers-Kronig relationship and a Lorentzian oscilla-

tor fitting. Accurate values for the frequencies and oscillator strengths of the infrared-active modes have

been obtained. The temperature dependences of the frequency and lifetime of the phonon in InSe are in-

vestigated using the anharmonic model with two- and three-phonon decay function. Far-infrared spec-

tra of doped layered materials and lithium-intercalated In&Se3 are also presented. Vibrational and elec-

tronic properties are discussed. Free-carrier data are deduced from the optical measurements using a
single-particle Drude model and compared with those obtained by Hall-effect measurements.

I. INTRODUCTION

Layered structures that contain highly anisotropic
physical properties are formed by atoms strongly bound-
ed by covalent or ionic forces within the layer while indi-
vidual layers are held together by relatively a much weak-
er force. The latter is frequently referred to as the van
der Waals interaction, though contributions from co-
valent and ionic interactions are also encountered, partic-
ularly in the intercalation complexes. ' Graphite is the
prototype lamellar crystal, and layered structures include
the well-known transition-metal dichalcogenides, various
metal dihalides, trihalides, or oxyhalides. They are rath-
er attractive because they present many original physical
properties that are not commonly encountered in the
three-dimensional materials. III-VI compounds such as
gallium selenide, gallium sulfide, or indium selenide be-
long to this class of layered structures, and their interest
originates from their potential usefulness in semiconduct-
ing devices. '

The In-Se phase diagram, which has been reported by
Slavnova and Eliseev and, more recently by Likforman
and Guittard, indicated that four compounds exist,
In4Se3, InSe, InSe, z, and InzSe3. Among these com-
pounds, InSe, which has a band gap of 1.29 eV at room
temperature, is the most studied and has the simplest
crystallographic structure. InzSe3 is also a semiconductor
which exhibits a number of structural modifications and
complicated low-temperature phase. Three phases have
been detected: a-InzSe3 is stable at room temperature.7
(Es = l. 356 eV), P-InzSe3 is formed above 473 K
(Es = l.308 eV), and y-InzSe3 is the phase obtained above
623 K with E =1.812 eV. Recent investigations of elec-
trical and optical properties of InzSe3 with respect to the
post preparation annealing treatment show that the dis-
order in this layered material decreases as the two-
dimensional (2D) character is more pronounced. '

In4Se3 is a semiconductor with Es=0.82 eV (Ref. 10)
which exhibits a high electrical conductivity of 1

0 'cm ' at room temperature. Its structure is com-
posed of endless interlocking chains running parallel to
the c axis. InSe& z or In5Se6 is a monoclinic crystal which
appears in the form of thin needles along the b axis. This
compound exhibits a semiconducting character with
Eg=0.31 eV and a conductivity of 0.01 0 'cm ' at
room temperature. "

In this paper we report spectra of the first-order pho-
non excitation of the indium selenide single crystals
determined by long-wavelength infrared spectroscopy.
Values for the frequencies and oscillator strengths of the
infrared-active phonons have been obtained. Far-infrared
spectra of doped layered materials and lithium-
intercalated InzSe3 are also presented. Vibrational and
electronic properties and their modification upon lithium
intercalation are discussed.

II. EXPERIMENT

Let us introduce first the characteristics of the difFerent
indium selenide samples studied here. Crystallographic
data, including crystal symmetry and unit-cell parame-
ters of the compounds in the system In-Se, are listed in
Table I. InSe is made of a fourfold stacking of Se-In-In-
Se sheets which characterizes all MzXz molecular-like
crystals. The Bridgman grown crystals usually belong to
the y modification ' their unit cell is rhombohedral
and contains one molecular unit per three layer. ' Sam-
ples are cleaved from the Bridgman ingot and have a
resistivity of 3.1 Q cm, a concentration of n-type carriers
of 8.6 X 10' cm, and a Hall mobility of 230
cm V 's ' at room temperature. InzSe3 is an n-type
semiconductor and the a phase is layered and contains
hexagonal alternating sheets forming the sequence Se-In-
Se-In-Se which are packed hexagonally as viewed along
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TABLE I. Crystallographic data of In-Se systems.

Compound

InSe'

In2Se3

In4Se3'

In5Se6

'Reference 6.
Reference 13.

'Reference 16.
Reference 17.

Crystal
symmetry

Rhombohedral
R3m

Hexagonal
P63/mmc

Orthorhombic
P2/m

Monoclinic
P2/m

Unit-cell parameters
(nm)

a =0.4002
c =0.875
a =0.402
c =1.923
a =-1

~ 5297
6 =1.2308
c =0.4081
a =1.765
b =0.409
c =0.945
f3= 101.10

the c axis with a weak bonding between the Se-Se layers
separated by a distance of 0.307 nm forming the van der
Waals space. ' Samples of In2Se3 have been prepared by
direct fusion of elements and annealed at 453 K over
periods from a few hours to a week in order to obtain
electrical conductivity of 0.06 0 ' cm ', carrier concen-
tration of 5 X 10' cm, and Hall mobility of 8.2
cm V 's '. ' InSel z and In4Se3 have been prepared by

direct fusion of elements in a sealed evacuated tube held

at 700'C for several hours. InSe, 2 crystal which is

formed by black needles has a rather complex struc-

ture' ' which consists of two separate sections of al-

most cubic close-packed arrays of Se atoms with In atoms
in octahedral coordination and a unit cell containing 26
atoms. In4Se3 is the higher conducting semiconductor of
the binary In-Se system. The structure is orthorhombic
space group Pnnm with 28 atoms per unit cell. Samples
of InSe and In2Se3 have been cleaved to obtain a surface
with good optical quality. Measurements of In4Se3 and

InSel 2 have been determined for a mosaic sample com-

posed of oriented single-crystal plates whose surfaces
formed a natural cleavage face.

Far-infrared (FIR) spectra are recorded on a Bruker
IFS 113 vacuum Fourier-transform interferometer. Sam-

ples are placed under vacuum in a variable-temperature
Oxford (model CF 1104) cry ostat. A liquid-helium

bolometer is used as detector, and each spectrum is the
average of 100 fast scans with a spectral resolution of 1

cm '. Reflectivity measurements are carried out using a
quasispecular reflection unit working at incidence angle
of 11' and allowing the spectrum to be obtained on small

samples of 2 mm diaxneter.

light} (curve a} and E~~c (p-polarized light} (curve b}. Only
one dominant reststrahl band is found in each polariza-
tion in agreement with the prediction of group theory. '

The main feature is associated with the E t„m ode (El.c )

and the A2„mode (E~~c ). Both a Kramers-Kronig and a
Lorentzian-oscillator dispersion analysis are performed.
A first approximation for the oscillator parameter is ob-
tained by Kramers-Kronig fitting and used in the fit of
the reflectance spectrum which is carried out using the
model of independent oscillators.

The reflectivity factor R is related to the dielectric con-
stant through the Fresnel equation

e(ro)=e~ + g each+ Q E'Fc )

I J

where e„ is the high-frequency dielectric constant, mph is

the complex dielectric term due to photons, and eFc is the

complex dielectric term due to free carriers, as defined by
the Drude formalism. At finite temperature, Eq. (2) can
then be written as a set of separate equation for the real

and imaginary parts of a wave-number-dependent dielec-

tric function

(2)

4m f;a)T;
e(a))=e„+g Pi jE'~ CO

J. CO l
COQUE )

(3)

where coT; is the resonance frequency of the ith lattice os-

cillator and y, is the lattice damping factor at the ith lat-

tice oscillator; f; is the oscillator strength for the ith os-

cillator with f, =(eo—e„}.The plasma resonance fre-

quency co is defined by

co~ J =(4mNJe /m "e„)'~

1.0

(4)
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The general form of the complex dielectric function
e(co) =et+i e2 can be written

III. RESULTS AND DISCUSSION

A. Phonon spectra of In-Se crystals at room temperature
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l. InSe

Figure 1 shows the reflectivity spectra of y-InSe at
room temperature for polarizations Eic (s-polarized

FIG. 1. Far-infrared reflectivity spectra of y-InSe single crys-

tal recorded at room temperature with incident light polariza-

tion Elc (curve a) and E~~c (curve b). Dots are experimental

data and full line is the best fit using Eq. (3).
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Modes

To
(cm ')

Ei„(Elc)
Lo

(cm ')
To

(cm ')

A2„(Eiic)
Lo

(cm ')
».II,

(cm ')

'This work.
Reference 21.

'Reference 22.
Reference 23.

178

173

178

178

212

205

210

214

190

191

189

202

199

199

198

203

4.2
0.9
3.6
1.0

5.3
0.09

3.5
0.1

3.1
0.7

4.9
4.0
8.0

8.5
6.15
8.8
7.8
6.2

8.5
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in MoSz which has a covalent character and the highest
(eT'/e =4.4) in ZrSz which is ioniclike have been deter-
mined. Nevertheless, as pointed out by Lucovsky
et al. , the relatively high values of eT*/e for the III-VI
compounds imply that the chemical bonding is covalent.
This is due to the charge transfer from the Se atoms to
the In atoms; here each In atom makes four bonds but
has only three electrons.

When the temperature decreases, the frequency of the
reststrahlen band increases as expected in the classical
theory (from 181.4 cm ' at 300 K to 182.6 cm ' at 5 K).
Two other peaks are situated at 176 and 239 cm ' at
lower temperature. The peak at 239 crn ' is attributed
to the combination Az„(LO)+Etg. The observation of
the lower band at 176 cm ' corresponds to the phonon
with frequency 174 cm ' having an M& symmetry pro-
posed by Belenkii et al.

Figure 3 displays the absorption spectra of not pur-
posely doped InSe with the incident light perpendicular
to the layer plane, in the spectral range 80-120 cm
For EJ.c (curve 1) one band at 103.5 cm ' (line P, ) is ob-
served. This peak has been attributed to the 1s-2p+ e1ec-
tronic transition associated to the native donors in InSe.
This shallow level at an energy of 12.7 meV has been at-
tributed to interstitial indium atoms, as well as to
selenium vacancies. For E~~c, P, disappears and the
spectrum is dominated by the absorption line of A',

homopolar optical phonon located at 117 cm ', that
masks other possible lines.

2. In+e3

Figure 4 shows the reflectivity spectra at room temper-
ature of a-inzSe3, for polarizations Elc (s-polarized light)
(curve a) and E~~c (p-polarized light) (curve b). The spec-
trum recorded in Eic polarization (curve a) displays
three well-resolved reststrahlen bands in a narrow fre-
quency range. A detailed analysis of the re6ectivity spec-
tra of the a phase as a function of the annealing pro-
cedure has been published elsewhere. ' ' At room temper-
ature, the three phonon features are pointed out at 91,

166, and 186 cm ' with a phonon damping factor value
lower than 10 cm '. lt has been shown that the post-
preparation treatment of the a-InzSe3 samples is of prime
importance in relation to the defect structure of this ma-
terial. The increase of the number of defects, i.e., in a
quenched sample, affects mainly the electrical conductivi-
ty which varies by at least three orders of magnitude.
Thus the plasmon contribution appears in the low-
frequency region of the far-infrared reQectivity spectrum
and phonon-plasmon interactions are observed.

The spectrum recorded in E~~c polarization shown in
curve b of Fig. 4 displays only one reststrahlen band at
260 cm ' with a weak oscillator strength. The results of
the least-squares fitting are collected in Table III. One
can remark on the relative simplicity of the reflectivity
spectrum despite the complex structure of this phase.
The primitive unit cell of a-InzSe3 contains ten atoms
forming two layers; there are consequently 27 optical lat-
tice modes at the Brillouin zone center. The infrared
spectra, moreover, are dominated by particular modes
within each conjugate set. These modes will tend to
mask the absorption of their infrared-active conjugate.
The mode in each set with all the layers vibrating in
phase will tend to control the infrared spectrum. In-
frared transmission spectra have been recorded on
powdered InzSe3 which are consistent with the deter-
mination in spectral dependence of ez(co) for Elc. In ad-
dition the Az vibrational mode is also observed at 257.8
cm ' which is very close to 258.3 cm ' obtained by clas-
sical oscillator fitting. From these measurements, we can
conclude as follows. First, large anisotropies are found in
the phonon frequencies coro(Az))roTo(E, ). These are
compared with anisotropies previously reported for the
infrared frequencies of CdIz-structure crystals and then
discussed in terms of force-constant models. Second, the
LO-TO splitting is larger for the in-plane mode and final-
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FIG. 3. Absorption coefficient of InSe at 5 K between 80 and
120 cm ' with incident light perpendicular to the layer plane.
(1) Light polarized perpendicular to the c axis, (2) light polar-
ized parallel to the c axis.

FIG. 4. Far-infrared reflectivity spectra of a-InzSe3 single

crystal recorded at room temperature with incident light polar-
ization Elc (curve a) and E~~c (curve b) Dots are experimental.

data and full is the best fit using Eq. (3).
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TABLE III. Least-squares fitting results.

Symmetry

E,(Elc)

A2(E~~c)

To
(cm ')

91.2
166.6
186
258.3

95
179
216
285.5

y
(cm ')

7.4
9.6
4.6
1.7

S;

1.74
8.71
3.32
0.68

9.51

6.37

ly the effective charge is larger for the in-plane mode as
well.

Figures 5 and 6 show, respectively, the reQectivity
measurements at room temperature and the spectral
dependence of both the real and imaginary parts of the
dielectric function for the three InzSe3 phases: a-InzSe3
below the phase transition at 473 K (curve a), P-In2Se3 at
500 K (curve b), and y-In2Ses (curve c). Table IV gives
the values of the parameters obtained from the last-
squares fit to the measured re6ectivity. Below the phase
transition the spectrum of a-InzSe3 is close to that at
room temperature (curve a of Fig. 5).

After heating at 200'C, we get the spectrum of the P
phase (curve b of Fig. 5) which is characterized by only
one phonon feature at coo=164 cm ' and a damping fac-
tor of about 36 cm '. From the least-squares fitting an
infinite dielectric constant of 7.23 is obtained which is the
lowest value of the InzSe3 phases. The phase transition at
473 K is also found reversible by the FIR measurements
with the appearance of a large hysteresis on cooling down
the sample. These results confirm the change of crystal
symmetry of P phase associated with the reversible dis-
tortion of the indium sublattice. The broad reststrahl
band observed in the P-phase spectrum can be attributed
to the increase of ionicity of this form. According to the
crystallographic model of the a~P phase transition, 34

the indium atom occupies octahedral sites and induces
phonons with more polar character. Here we observe an
important difference between the two phases from the
point of view of vibrational properties which are connect-
ed with the change of coordination in the unit cell. Thus,
from the sum rule, the value of the term eo —e„which is
the oscillator strength he of the mode increases com-
pared with that of the a phase. On the other hand, the
damping factor has a high value of 36 cm ' which can
also be associated with the temperature dependence of
the phonon interactions.

The spectrum of the y-InzSe3 phase (curve c of Fig. 5)
exhibits four oscillators which are very well resolved in a
narrow spectral domain from 180 to 230 cm '. The re-
sults of the analysis listed in Table IV show that the
damping factor has a very low value for all oscillators
and gives a permittivity value of 11.2 and 8.09 for eo and
e, respectively. One can remark on the relative sirnpli-
city of the re6ectivity spectrum despite the complex
structure of this phase.

3. In+'ez and InSeq q

Curve a of Fig. 7 shows the reAectivity spectrum of
In4Se3 single crystal recorded at room temperature for

Ele in the spectral range from 20 to 450 cm '. The spec-
trum displays six reststrahlen bands at 40, 73, 97, 158,
196, and 223 cm '. Considering the reported data on its
structure In4Se3 has an orthorhombic structure with an
elementary cell of 28 atoms' and its lattice is character-
ized by 81 optical normal modes. The vibrational spec-
trum of In4Se3 originates from intralayer and deforma-
tion vibrations of the In—Se and Se—Se lattice bonds,
but also from interlayer modes which appear at lower fre-
quencies. The energy positions of the band attributed
to the In—Se bonds are situated around 178 cm ' which
is the transverse optical mode of the In—Se bonds ob-
served in the first-order phonon spectrum of InSe.

Curve b of Fig. 7 shows the reQectivity spectrum of
InSe& z single crystal recorded at room temperature for
Etc. This spectrum contains four main reststrahlen
bands at 98, 151, 181, and 215 cm '. InSe, z has a mono-
clinic structure with a unit cell formed by 26 atoms. The
lattice of InSe& z is characterized by 75 optical normal
modes which cannot be analyzed rigorously because of
the lack of information on the force constants. We can
only admit that the weak band at 215 cm ' is due to the
In—In bonds which are covalent and similar in both
In4Se3 and InSe& z structures. The frequencies of the TO
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FIG. 5. Far-infrared reflectivity spectra of the different
phases: curve a, a-; curve b, P-; and curve c, y-InzSe3 at ambient
temperature. These measurements were carried out using a
liquid-He cooled detector and a spectral resolution of 2 cm
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FIG. 6. The spectral dependence of both the real and the
imaginary part of the dielectric function of the different phases:
curve a, a-; curve b, P-; and curve c, y-InzSe, .

and LO phonons of In4Se3 and InSe& z crystals are listed
in Table V.

B. Temperature dependence of phonon features

Figure 8 displays the reflectance infrared spectra of
InSe at five temperatures for the EJ.c polarization. Other
spectra at intermediate temperatures were measured and
analyzed, but need not be shown here.

The problem of the frequency shift of one-phonon lines
of an anharmonic crystal has been treated by many au-
thors. Chang and Mitra have observed that the
phonon frequency shifts to lower values as the tempera-
ture increases. This is the net result of the two effects,
namely, the anharmonic coupling and thermal expansion.
This can be expressed as

0; =co;(0)—hen;( T),
where co;(0) is the observed TO or LO frequency at q =0
and b,co, (T) is the temperature-dependent term. In this
study, the thermal expansion will be neglected. The

second term can be related to a process of phonon-
phonon interaction given by

bc@;(T)=a; [2n(Q; /2)+ I ]

+b;[3n (0;/3)+3n(Q;/3)+ I],
where n(Q, )=1/[exp(hQ, /k~T)] is the phonon occupa-
tion number evaluated at the average 0;/2 for a two-

phonon decay and at fI, /3 for a three-phonon decay. a;
and b; are cubic and quartic anharmonic parameters, re-
spectively.

Following the same authors ' a simplified formula
deduced from the anharmonic quantum theory has been
utilized to fit the temperature dependence of phonon-
damping. If only additive phonon-phonon interactions
are retained, damping 21'(T)=y(T) for co;=0; may be
written in the simple form

I ( T)=c; [2n (0;/2)+ I ]

+d;[3n (II;/3)+3n(Q;/3)+1] .

In view of the results of Table VI, the normal modes of
InSe exhibit nearly equal damping for the transverse and
the longitudinal vibration at a given temperature in the
whole temperature range. Results of the temperature

TABLE IV. Fit to measured reflectivity data.

Phase
Ci)pj

(cm ')

164

P-Iu, Se,
VJ

(cm ')

36 7.23

Npj
(cm ')

177
201.5
219
235

y-InzSe3

Vj
(cm ')

7.9
6.5
4.3
3.2

8.09
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TABLE V. TO and LO phonon frequencies.

Modes (cm ')

Sample

In4Se3

Inse) 2

To

40
73
97

158
196
223

97
151
181
215

LO

42
76

116
169
209
226
102
160
208
230

0.824
1.520
3.102
0.867
0.532
0.061
2.017
3.695
2.898
0.250

E'p

12.51

18.23

5.60

9.37

dependence of the mode frequency and the phonon
damping are listed in Table II. The small discrepancies
between LO and TO damping which are found in some
cases do not appear to be significant within the experi-
mental error.

The temperature dependence is essentially described by
the cubic term. If one defines the effective Debye tem-
perature 8; for mode i by 8;=hcQ;/kz, then from the
data in Table II for InSe, SL0=250 K. It is at and above

the effective Debye temperature that cubic anharmonicity
leads to linear temperature dependences of her; and I.
The small quartic contributions added to improve the fits
for the TO mode are not very significant in view of the
experimental uncertainty. The ratio b; la; Q; always

keeps a low level, typically equal to 2X10 cm. This
quartic contribution, if it actually exists, remains much
lower than the cubic one even at room temperature. A
qualitative argument has been given by Gurevich and
Ipatova for the understanding of the magnitude of the
ratio b, la, . They consider that the greater the separation
between phonon branches, the more difficult it is to satis-

fy the conservation laws which enter into the cubic con-
tribution to the damping whereas the quartic contribu-
tion is much less sensitive to the branch separation.

C. Doped layered materials

Figure 9 shows the FIR spectrum of a sulfur-doped
InzSe3 crystal recorded at room temperature for Elc.
Samples of In2Se29SO &

have been prepared by sulfur
transport at 140' C for two days. The FIR reflectivity
measurements exhibit three diff'erent features: (i) the
three reststrahlen bands at 92, 166, and 188 cm ' which
are those observed for pure In2Se3, (ii) three additional
weak bands at 220, 265, and 300 cm; and (iii) an in-
crease of the background at lower frequency.

The high-frequency bands characterize the mixed char-
acter of this compound; the reflectivity spectrum of the

solid solution maintains the general features of the host
material but we observe modes which originate from a
fractional amount of InzS3 in the mixed compound. In-

frared reflectivity of a-In2Se3 presents five main bands at
200, 227, 263, 313, and 358 cm '. The incorporation of
S atoms in In2Se3 gives three local modes lying higher in

frequency that the LO-mode frequencies of pure In2Se3.
The oscillator strength of these peaks is very weak

(f, (O. I) and the ratio cole„remains constant at a value

of 1.74. It is known that the alloys have mainly the same
crystal structure as the parent crystal, however, the dis-
tribution of the constituent ions over the sublattices is
not known but we observed a small increase of the disor-
dering after the substitution of S-Se atoms in the mixed
crystals. The increase of the low-frequency reflectivity
can be interpreted as an increase of the free-carrier con-
centration in the layers.

Figure 10 shows the far-infrared spectra of four
doped-InSe single crystals. Doping agents, namely, Zn,
Sn, GaS, and InS were added to the polycrystalline
powder used in the Bridgman method. Investigations on
the electrical transport properties of these samples have
been reported elsewhere. ' These spectra exhibit at
least three features: (i) the strong reststrahlen band
which appears at the same frequency as that for pure
InSe, (ii) a small free-carrier contribution at low frequen-
cy for the sulfur-doped samples and (iii) six new peaks
which can be identified at 280, 305, 340, 400, 440, and
485 cm '. They are observed in all the samples. The fre-
quency values of these peaks are in good agreement with
those reported previously. ' ' They are attributed to
phonon combination modes using I -point phonons.

Introduction of impurities or point defects in the InSe
crystal lattice destroys the translational invariance of the
crystal and results mainly in two effects on the lattice
normal modes: a perturbation of the normal modes
specific to the introduced impurity and a polarization in-
duced on the normal modes independent of the nature of

TABLE VI. TO and LO mode parameters.

Mode

TO
LO

COpj.

179
218

a;

—0.28
—0.97

Parameters in cm
b;

—0.005 0.80
1.20

d

0.028
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TABLE VII. Parameters calculated using a simple Drude model.

Sample

A
8
C
D

Dopant

InS
GaS
Sn
Zn

Concentration of
dopant (ppm)

150
100

3000
1000

COp

(cm ')

122
72
35
22

Carrier density

n,„, (cm )

1.4X10"
4.9X 10'
1 ~ 2X 10'
4. 1X10"

e(ap) =c„g(coLo ~. co—kiyLo Jco)
g, ph

X(coTo J co +lrro J&) (10)

1.0

08-

o.6

0.8

~~
~~
~ 10

0.8

- 0.2

0.0

that describes LO modes more correctly when their
damping differs. The LO dampings are even stronger
than from those of TO modes. Since the reducing treat-
ment affects the LO modes much more than the TO
modes and since the plasmon which is expected owing to
the carrier concentration is also a longitudinal excitation,
it is clear that the spectrum is characteristic of LO
phonon-plasmon coupling. The model of Eq. (10) is ade-

quate to describe a plasmon alone by setting coTQ 0, so
that Eq. (10) reduces to

E&I=E (co&
—co klr&co)[co( cd+lro)]

e I ~.[1—[~,'+i~(r, —ro)] [~(~+iro)] ') (12)

where co~ is the plasma frequency, y~ the plasmon damp-
ing and yo the damping at zero frequency which may be
different from y and this may be an improvement with
respect to the Drude formula if the plasmon damping is
considered as a function instead of a constant although
an assumption is made about the form of the plasmon
damping function. Equation (12) reduces to the Drude
formula when y~=yo. With the precaution of setting
one of the TO frequencies equal to zero in Eq. (12), this
dielectric function model is able to describe the
reflectivity spectrum of a system of plasmon-phonon
coupled modes correctly when several phonon modes are
strongly polar, that is, when the reflectivity bands are
wilde.

It is of interest to obtain the oscillator parameters of
the pure-phonon and the pure-plasmon excitations. To
this end, we decompose Eq. (10) into a sum of two contri-
butions. The pure-lattice dielectric function is still given
by Eq. (10) which has the advantage of describing the
pure-phonon reflectivity correctly. The second contribu-
tion is consistently given by Eq. (12) minus a quantity e„
which is already incorporated into the lattice term.
Equation (10) is thus rewritten

1.0

0.8

0.6

0.$

—0.2

0,0

—0.2

0.0

e(co)=e g(coLo 1 co klrLo JN)
J,ph

X(coTo 1 co +iyT—o Jco)

[~,'+i—~(r, ro)] [~—(~+iro)] ' (13)

0.2

I

100
I

200
I I

300
Frequency

I I

IOO
(cm-~)

500

FIG. 11. Far-infrared reflectivity spectra of Li-intercalated
In2Se3 single crystals at different temperatures; curve a, 300 K;
curve b, 180 K; curve c, 100 K; and curve d, 5 K. In these
curves, dots represent experimental points at one wave number
and the full line is a theoretical fit using Eq. (13). We should
note that in the high-energy side the reflectivity decreases al-
most linearly.

Both Eqs. (3) and (13) are strictly equivalent for an ap-
propriate choice of parameters. Equation (13) allows the
same fitting to the data as Eq. (3) does, but while TO exci-
tation parameters are the same in both formulas, the LO
parameters now correspond to the pure phonons and the
plasmon. In other words, whereas the coTQ~'s and zero
are poles of the dielectric function in both equations [Eqs.
(3) and (13)], the coLo .'s are the zeros of e(co) and conse-
quently the poles of the energy-loss function
g(co) =1/e(co) in Eq. (3) and this is no longer the case in
Eq. (13).

Let us first consider the temperature dependence of the
lattice term for the spectra of Fig. 11. The qualitative
features of these spectra are readily apparent: (i) the
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f; =—I 62(co)co dco .
7T peak

(l4)

f2 and f3, the oscillator strengths of the fundamental

TO2 and TO3 phonons, are practically temperature in-

dependent. Conversely, the oscillator strength of the
high-frequency fundamental mode TO~, f„ is strongly
temperature dependent. All these parameters were evalu-
ated from the experimental curves and are plotted in Fig.
13.

Using the factorized form of the Lyddane-Sachs-Teller
equation,

190
I

E

180
160

~ 150
100

O
O

90

Iz—v~—

+—~—~

k—g—J

I I

T03

T02

k

TO)

I I I

phonon-mode spectrum which has been discussed above
for pure In2Se3 (Fig. 4) appears to be temperature depen-
dent, and (ii) the free-carrier contribution due to the lithi-
um insertion into the van der Waals gap of the layered
structure and the charge transfer occurring between the
guest species and the host structure.

Values of the imaginary part of the inverse dielectric
function, the energy-loss function, Im( —e ')=ez/
(e, +ez), and the imaginary part of the dielectric function
e2 derived from reflectivity curves have been calculated in
the range 5—300 K. Maxima of e2 correspond to the fre-
quency of transverse (dissipative) oscillators. The crystal
TO frequencies are thus visible as strong peaks in ez at
0; =co;/2m. c and the free-carrier contribution appears in
the low-frequency region where the absorption has a very
large value. The temperature variation of the position of
these TO modes is plotted against temperature in Fig. 12.
We may note that the lower and higher phonons are tem-
perature dependent whereas the TO2 mode is nearly tem-
perature independent.

Maxima of the Im( —e ') curve are connected with os-
cillators having longitudinal polarization character.
Four maxima corresponding to 0+ and 0 plasmon-
phonon coupled modes are observed. ' The strongest
peak situated at high energy has the plasmon dominant
character. Its intensity increases with the decreasing
temperature. The oscillator strength is derived from the
ez(co) curves by the usual formula

CF'

OJ
L

l/l

2—

. ~- ~

I g I I

N

f2

4
4/ L

.= 1
Vl

C)

~ Q ~~a

4- ~

f3

0
0

I

100
I I I

200
Temperature (K)

I
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FIG. 13. Temperature dependence of oscillator strength for
Li-intercalated In2Se3 single crystal.

Figure 14 shows the temperature dependent of e„as a
parameter in Eq. (13) to fit with experimental reflectivity.
Variations of e„strongly influence the form and position
of the high-energy reflectivity minimum, especially at low
temperatures, and the absolute value of reflectivity on the
high-energy side. e„ is therefore determined with a com-
putational uncertainty of +0.2.

Now let us consider the free-carrier contribution to the
reflectivity spectra of Fig. 11. These spectra exhibit a
high reflectivity factor on the low-energy side and on the
high-energy side the reflectivity diminishes almost linear-

ly with the frequency. In a simple model with one LO
and one TO frequency, one expects two singularities
as two maxima of the function Im( —e ') representing
longitudinal modes. The frequencies generally labeled

0+ and 0, correspond to longitudinal oscillations with

the lattice and electron plasma vibrating, respectively, in

5.5-

0 6~ Loj To j
1

the high-frequency dielectric constant e„can be estimat-
ed. One should note that for a finite-gap semiconductor,
e„can be given directly by reflectivity curves for
N )+Nyo,

=I[I+(g )'~ ][I—(g )' ~]]

80
0

I

100 200
Temperature (K)

I

300
I I t

200

Temperature (K)

I

300

FIG. 12. Temperature dependence of the transverse phonon-
mode frequencies for Li-intercalated In2Se3 single crystal.

FIG. 14. Temperature dependence of e„as a parameter in
Eq. (13) for Li-intercalated In2Se3 single crystal.
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250-
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~ 200-

150-.

50
0 100 200
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FIG. 15. Temperature dependence of the plasma damping y~
and the static damping yo given the scattering rate of Eq. (17)
for Li-intercalated In&Se3 single crystal.

phase and 180' out of phase. In InzSe3 the situation is
more complex. Because of its three fundamental modes,
it is necessary to include other oscillators. The plasma
frequency is temperature independent and has a value of
3OOcm '.

We observe a weak variation in the plasma frequency
over the entire temperature range 5-300 K. This is in
good agreement with the Hall-effect measurements.
The sample immersed into n-type BuLi for shorter
periods of time (6 h) and then left to equilibrate during
two weeks has concentration of n-type carriers of
2.3X10' cm and Hall mobility of 109.9 cm V
Upon lithium insertion it exhibits an increase of conduc-
tivity up to 40.4 0 ' cm ' at room temperature.

A good fit to optical data is achieved by making a dis-
tinction between the damping y at the plasma frequency
and the "static" damping yo. This is an improvement
with respect to the Drude formula, which is nothing else
than Eq. (12) with the restriction y~=yo. Then the
scattering rate is written in the form

l/w(r, co)=y(T, co)=yo+(y y—
)ohio /cop .

The surprisingly good representation of the reflectivity
data with the co frequency variation of the damping pro-
vides evidence for electron-electron scattering in the
range 20-1000 cm '. Figure 15 shows the temperature
dependence of the damping y and the static damping yo.
As expected the plasma damping is nearly temperature
independent. This is in good agreement with the Hall-
effect measurements. The static damping yo can be ex-
pressed in the form

yo(T)= AT~+B,

where B is the value of the static damping at zero temper-
ature and A a constant. From the fit of Fig. 15 the ex-
ponent P has a value of 1.9+0.1 which is close to a quad-
ratic temperature dependence of the static damping yo.
This T dependence of the relaxation rate is related to the
electron-electron scattering which appears to be the
mechanism for the conduction in Li-intercalated In2Se3.

It is interesting to compare both sets of experimental

TABLE VIII. Reflectivity and dc transport data.

Measurement

Carrier concentration
NH (cm )

Mobility

pH~ (cm V 's ')
dc conductivity

oo (0 'cm ')

dc transport

2.3 X 10'

40.4

Optical reflectivity

1.97 X 10'

183

58.2

data, i.e., the Hall transport measurements and infrared
reflectivity spectroscopy reported in Table VIII. We ob-
serve the appearance of a plasma edge at 300 cm ' above
the reststrahlen region. A decrease of R„ is observed.
Using Eq. (13) with the plasmon damping y, we obtain
an optical mobility p of 183 cm V 's ' which is com-
parable to the value of 109.9 cm V 's ' measured by
Hall effect. If we admit that the carrier concentrations
obtained by the two methods have the same value, the
effective mass m* of the Li-intercalated sample is given
by

rn'=4me(co e„RH ) (19)

The result shows that free-carrier effective mass is
m*=0.3mo, for an n-BuLi sample intercalated for 6 h.
We can remark that the variations in the plasma damping
are also compatible with the decrease of the mobility. It
is interesting to estimate the dc conductivity from optical
reAectivity measurements

~0 Q)p E
2 (20)

We obtain a value of 58.2 0 'cm ' which is close to
40.4 0 'cm ', the dc transport measurement at room
temperature.

IU. CONCLUSION

This work reports far-infrared reQectivity spectra of
different indium selenides, i.e., InSe, InzSe3, In4Se3, and
InSe& 2. E~~c and Elc polarization spectra of InSe and
In2Se3 have been recorded and analyzed using a factor-
ized form of the dielectric function. The E~~c polarization
spectrum of In2Se3 single crystal has been studied. Vibra-
tional spectra of In4Se3 and InSe, 2 have bene analyzed
using Kramers-Kronig relationship.

We can remark (i) the effect of the anisotropy on the
effective charge in InSe, (ii) the effective charge for the
in-plane mode is higher than that along the e axis, and
(iii) the ratio ez'(I)/er'(~~) is 5.53 in InSe. This may be
taken as evidence for the strongest ionicity in InSe.

This work provides a clear identification of the temper-
ature dependence of the lattice modes of InSe single crys-
tal. Until now, the layered materials of the III-VI family
have not yet been investigated in the whole temperature
range from 5 to 720 K. We show that in this range, the
temperature dependence of the frequency and damping of
phonon are essentially described by the cubic term in an
anharmonic model. It is at and above the effective Debye
temperature, OLo =250 K, that cubic anharmonicity
leads to linear temperature dependences of h~; and I .
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The small quartic contributions are not very significant in
view of the experimental uncertainty. We can attribute
the weak ratio between the quartic and the cubic term as
the consequence of the separation between phonon
branches in order to satisfy the conserving laws which
enter into the cubic contribution to the phonon damping.

Far-infrared spectra of doped layered materials have
also been investigated. In2Se3 doped with 10% sulfur ex-
hibits a superposition of the spectra of In2Se3 and a-
In2S3. Introduction of impurities and disorder in the
crystal lattice of InSe enhances the second-order
infrared-active spectrum and shows the strong appear-
ance of the low-frequency phonon combination. The
free-carrier contribution of the dielectric function has
also been observed.

Finally we have studied the far-infrared reflectivity of
Li-intercalated In2Se3 as a function of the temperature.
The qualitative features of the temperature dependence of
the reflectivity spectra are readily apparent: (i) the
phonon-mode spectrum which has been discussed above
for pure In2Se3 appears to be temperature dependent, and
(ii) the free-carrier contribution due to the lithium inser-
tion into the van der Waals gap of the layered structure
and the charge transfer occurring between the guest
species and the host structure. We may note that the
lower and higher phonons are temperature dependent
whereas the TO2 mode is nearly temperature indepen-

dent. This behavior is reflected by the oscillator strength
determination of the different modes. The free-carrier
contribution to the reflectivity spectra of Li-intercalated
In2Se3 is represented by the singularities in the energy-
loss function.

A good fit to optical data is achieved by making a dis-
tinction between the damping y at the plasma frequency
and the "static" damping yo. The surprisingly good rep-
resentation of the reflectivity data with the co frequency
variation of the damping provides evidence for electron-
electron scattering in the range 20—1000 cm '. The T
dependence of the relaxation rate is also related to the
electron-electron scattering which appears to be the
mechanism for the conduction in Li-intercalated In2Se3.
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