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Raman spectra of semiconductor nanoparticles: Disorder-activated phonons

Alka Ingale and K. C. Rustagi
Centre for Advanced Technology, Indore 452013, India

~Received 24 March 1998!

We present Raman spectra of four semiconductor doped glasses and a single crystal of CdS0.55Se0.45 in the
range 30–800 cm21 in the backscattering geometry. This includes the first-order Raman scattering from the
disorder-activated zone-edge phonons and the LO phonons. TO phonon modes are not observed, as in bulk
CdS, for the excitation well above the lowest gap. We show that the asymmetric line profile of the LO phonon
structure can be understood as a composite of two phonon modes: the zone center and the zone edge phonons.
Disorder-activated modes in the~30–130!-cm21 range and the higher-order Raman spectra are also observed
and found to be consistent with this assignment.@S0163-1829~98!04235-0#
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I. INTRODUCTION

The size dependence of electronic and vibrational spe
and of the electron-phonon interaction in semiconduc
nanoparticles is important for a basic understanding of th
materials as well as for establishing their potential optoe
tronic applications. In this context Raman spectra of se
conductor nanoparticles have been investigated from sev
different angles in recent years.1–10 The low-frequency Ra-
man spectra attributed to confined acoustic phonons h
been used as a convenient means of determining the pa
size.2,5 The other important aspect is the asymmetric bro
ening of the LO phonon lines and has variously been in
preted as due to confinement-induced relaxation of
q'0 selection rule7 or the occurrence of a surface phonon8

On the other hand, it is well known that the Raman spectr
mixed semiconductors such as AlxGa12xAs,11,12

CdSxSe12x ,13 CdZnxTe12x ,14 and InGaxAs12x ~Ref. 15!
also show asymmetric LO and TO phonon modes even in
bulk state. Various mechanisms invoked to explain t
asymmetry include the Fano-like line shape due to the in
action between the LO phonon and the disorder-activa
phonon continuum, the limited phonon correlation leng
due to lattice disorder, and a model in which the main eff
of disorder is taken to be a disorder-induced scattering fr
the zone-edge phonon. Using time-resolved Raman sca
ing from nonequillibrium phonons with well-defined wav
vectors, Kashet al.16 had concluded that in Al0.11Ga0.89As
the GaAs phonon wave vector remains well defined and
phonons are not localized on the~0–100!-nm scale. This
implies that in these systems the asymmetry of the pho
line shape cannot be attributed to the finite correlation len
of phonons. However, in the small particles with sizes of
order of 10 nm, the phonons are expected to be locali
within this range and all the above mechanisms could a
contribute to the asymmetry of the line shape. To obtai
clearer understanding of the relative importance of finite-s
effects and disorder in semiconductor nanoparticles, we h
measured the Raman spectra of several semiconductor-d
glasses~SDG’s! as well as that of a single crystal o
CdSxSe12x . Our results show that the disorder-induc
zone-edge phonon Raman scattering plays an important
in SDG’s also. Higher-order Raman spectra and ot
disorder-activated structures are also observed and foun
be well understood in this picture.
PRB 580163-1829/98/58~11!/7197~8!/$15.00
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In Sec. II we describe our samples and present our exp
mental spectra. These are analyzed in Secs. III and IV
Sec. III the observed spectrum of a CdSxSe12x mixed crystal
is analyzed. As expected, a two-mode behavior is seen in
Raman spectrum. The line shape of the CdSe-like LO m
at '200 cm21 and the CdS-like LO mode at'300 cm21 are
shown to be best described by adding the contribution of
disordered-induced zone-edge phonon. Earlier, disorde
induced zone-edge optical phonons has been observe
Kash et al.16 and by Lenget al.11 for Al xGa12xAs. In Sec.
IV we analyze the first-order Raman spectra of SDG’s c
taining CdSxSe12x nanoparticles. We show that the LO ph
non line shapes in SDG’s are again best described in term
a composite of two Lorentzian peaks, one corresponding
q50, LO phonon and the other corresponding to a zo
edge–LO ~ZE-LO! phonon. Even in the sample RG71
which shows no CdS-like mode, as it is supposed to con
almost pure CdSe nanoparticles, the small sulphur conten
the sample manifests itself as a local mode on the high
frequency side and contributes to the activation of zo
edge–LO phonon. In Sec. V we present spectroscopic
other corroborative arguments to show that the second m
is better described as the ZE-LO phonon rather than a sur
phonon mode. All our spectra are recorded with photon
ergies well above the band gap, which ensures similar s
tering mechanisms to play important roles for SDG’s and
CdSxSe12x single crystal. Since well above the band ed
the density of states does not have any sharp features; q
tum size effects do not appear to be important, except p
haps in determining the fluorescence spectra. Our con
sions are summarized in Sec. VI.

II. EXPERIMENTAL DETAILS

The SDG’s are borosilicate glasses doped with<1% by
volume of CdSxSe12x nanocrystallites of diameter<100 Å.
Most of the earlier studies have concentrated on confinem
effect for optical phonons. Keeping this in mind, we ha
selected four Schott color glass filters OG515 (x;0.92, d
;56 Å), OG530 (x;0.87, d;56 Å), OG590 (x;0.5, d
;60 Å), and RG715 (x;0.0,d;110 Å) ~Ref. 17! covering
a wide range of composition and size and a CdSxSe12x (x
50.55) single crystal for our studies. First- and second-or
unpolarized Raman spectra of all these samples were
corded in the backscattering geometry. CdSxSe12x crystal
7197 © 1998 The American Physical Society
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7198 PRB 58ALKA INGALE AND K. C. RUSTAGI
was polished using 0.05-mm alumina powder. The absorp
tion edge obtained from the absorption data taken on a s
trophotometer~Shimadzu UV3101PC! at room temperature
~RT! is 630 nm. For CdSxSe12x the composition dependenc
of the band gapEg(x) at RT is given by18

Eg~x!51.710.17x10.55x2. ~1!

This givesx as'0.55. The CdSxSe12x crystal has a hexago
nal structure. The x-ray diffraction and birefregence m
surements indicate that for our sample theC axis is at about
76°62° to the normal to the front plane.

The Raman spectra were excited at RT by a line fo
('3 mm350mm) of Ar-ion laser excitation at 4579 an
5145 Å to achieve a reasonable signal-to-noise ratio in e
case. The backscattered light was passed through a do
monochromator~Jobin Yvon Model No. U1000! and de-
tected by a photomultiplier tube~Hamamtsu Model No.
R943-02! in the photon counting mode. The resolution
spectrometer was'2 cm21. The frequencies obtained for LO
modes in all SDG’s are consistent with known composit
and earlier Raman data on CdSxSe12x .9,13 As shown in Fig.
1, two LO modes were observed in the samples OG5
OG530, and OG590: one was a CdSe-like mode at'200
cm21 and the other was a CdS-like mode at'300 cm21. In

FIG. 1. Raman spectra of the Schott filter OG590, t
CdS0.55Se0.45 single crystal, and the Schott filters OG530, OG51
and RG715. Experimental points for the Schott filter OG590
shown by crosses. The three theoretical fits are shown by s
dashes for the SCM, long dashes for the Fano profile, and a s
line for the two-Lorentzian fit. For OG590 individual Lorentzian
corresponding to an additional phonon and LO (q50) phonon ob-
tained in the two-Lorentzian fit are shown below by short dash
The difference between the experimental and calculated line sh
for the two-Lorentzian fit is shown at the bottom by the solid lin
c-

-

s

ch
ble

5,

the sample RG715 only the CdSe-like mode is observ
which is consistent with the fact that this sample conta
crystallites of almost pure CdSe.

Raman spectra for all samples in the region 5–120 cm21

~Fig. 2! showing confined acoustic phonons and disorder
tivated modes were also recorded in the backscattering
ometry. Fluorescence was recorded to check the backgro
of first-order Raman spectra. We have shown earlier that
low-frequency Raman spectra of confined acoustic phon
used for the size determination of the nanocrystal can
substantially improved when several samples are stud
together.19

III. MIXED CRYSTAL

A mixed crystal of CdSxSe12x is expected to show two
mode behavior, i.e., two TO and two LO phonons should
observed in a single crystal, TO1 and LO1 corresponding to
CdS-like optical phonons and TO2 and LO2 corresponding to
CdSe-like optical phonons. The frequency, width, and l
shape of optical phonons vary with composition.11–15 Two
LO modes, as shown in Fig. 1, one CdSe like at 197 cm21

and the other CdS-like at 290 cm21, were observed in the
first-order Raman spectrum of this sample. These frequen
match well with the composition dependence of frequenc
observed earlier by Tu and Persans.9 We note that although
selection rules in the present configuration allow both the

,
e
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.

FIG. 2. The ~20–120!-cm21 region of the Raman spectra fo
OG515, OG530, OG590, and RG715 showing confined acou
phonons and disorder activated spectra.
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PRB 58 7199RAMAN SPECTRA OF SEMICONDUCTOR . . .
and TO modes, we observe only LO modes. These are
‘‘forbidden’’ LO modes, which become allowed nea
resonance.20,21 A major contribution to Raman scattering
this case comes from theq-dependent intraband Fro¨hlich
term. Since this contributes only to LO modes, only L
modes are observed in such situations. This kind of beha
has been observed earlier for a CdS single crystal, where
Raman spectrum is excited with laser photon energies m
higher than the fundamental gap that takes electrons dee
conduction band.21

The line profiles of the LO phonons, shown in Fig. 1, a
clearly asymmetric. This asymmetry in line shapes has b
observed earlier in many III-V and II-VI mixed
semiconductors.11–15 For a quantitative description of thi
asymmetry it is important to treat any frequency-depend
background carefully. We use a spectral dependence o
kind A1Bv to account for the background due to the Ra
leigh wing and fluorescence. The parametersA and B are
calculated from the data away from LO modes and are k
the same for all models used for the calculation of the l
profile.

The best fits to the line shape were obtained using
spatial correlation model~SCM! and Fano line-shape func
tion as well as the model in which each peak is decompo
into two Lorentzians. In the SCM, the Gaussian correlat
function7 with an isotropic cosine dispersion curve was us
i.e.,

v~q!5v02Dv sin2S q

qz
D , ~2!

whereqz is the sperical zone-edge wave vector andDv the
dispersion width of the phonon branch. The best fit to
experimental data obtained for the correlation lengthL
580 Å. In mixed crystals, the anharmonic interaction of t
LO phonon with a continuum of other phonons may lead
an asymmetric Fano profile.12,14In the two-Lorentzian mode
each LO structure has been fitted with two Lorentzians,
the Raman intensity in this case is given by

I ~v!5(
j

SjG j

~v2v j !
21G j

2 , ~3!

where v j denotes the frequency,G j the half-width at half
maximum ~HWHM! and Sj the oscillator strength of the
mode. The best fit to the experimental spectrum is obtai
by the two-Lorentzian model. Quantitatively, we obtainx2

50.3 for the two Lorentzian model, whereas for the SC
and Fano profile modelx2 is 2.2 and 1.6, respectively.

It seems appropriate to examine here the origin of
second Lorentzian peak in mixed crystals, where no surf
phonon exists. As mentioned earlier, near resonance
main contribution to Raman scattering is from the intraba
Fröhlich interaction, with the cross section increasing l
early with q.20 The nonzero value ofq can arise from the
small wave vector of the excitation source or from inhom
geneity over sizes smaller than the wavelength of light s
as those due to large absorption, surface-field-induced s
tering, or substitutional disorder. In mixed crystals, we e
pect the coexistence of two types of Raman spectra:~i! rela-
tively narrow peaks at LO and TO phonon frequencies of
mixed crystal, obeying the usual Raman selection rules,
he
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~ii ! broad, disorder-activated spectral features associ
with phonon density of states.22 For the latter, the contribu-
tion of zone-edge phonons would dominate because of
larger density of states23 and theq dependence of the intra
band Fro¨hlich interaction for excitation well above the ban
edge. This analysis of the LO phonon line shape is consis
with and supports the earlier observations of Kashet al.
based on time-resolved Raman spectroscopy.16

IV. LO PHONON LINE SHAPE IN SEMICONDUCTOR
DOPED GLASSES

In SDG’s the phonons are necessarily confined to dim
sions of the order of the nanocrystal. The observed asym
try of LO phonon structures can therefore be attributed
phonon confinement leading to contribution fromqÞ0
phonons, in addition toq>0 phonon. In the SCM the best fi
to the experimental data is obtained with a Gaussian func
with a value of exp(24p2) at the boundary of nanocrystal7

Following the same procedure as for the crystal, the LO p
non line shape was calculated for CdSxSe12x nanocrystals,
except that the HWHM used now refers to the width of t
phonon in the corresponding bulk material, i.e., the mix
crystal, and the correlation lengthL is replaced byd,17 the
average diameter of the nanocrystallites in the sample.
calculated line profiles for OG590 are shown in Fig. 1 f
SCM by short dashes, the Fano profile by long dashes,
the two-Lorentzian fit by a solid line. The difference betwe
the experimental data and the calculated line shape in
two-Lorentzian model is shown at the bottom by a solid lin
It is very small and structureless. The least-squares fit par
eters for the two-Lorentzian model for SDG’s are given
Table I. It is appropriate to note here that the excitati
wavelength used for the crystal and SDG’s is such that
electron is excited deep into the conduction band. Theref
one expects similar resonance scattering mechanisms t
important in both the cases. Figure 1 also shows the
Lorentzians obtained for each LO mode from the tw
Lorentzian model fit for the sample OG590.

As in the single crystal, the background of the typeA
1Bv for each sample is used for the fitting in all the mode
The background in the Raman spectra of SDG’s is mai
due to fluorescence and the background parameters obta
for different samples represent this suitably. From fluor
cence data, it is also clear that for the single crystal,
band-edge fluorescence goes down quickly to zero above
band gap, as expected. Hence the contribution to the b
ground here is only from the Rayleigh wing. We should no
that even if the particle diameter or the background para
eters are allowed to vary, the best fit remains that given
the two-Lorentzian model as for the crystal. However, if t
parameters describing the background are allowed to v
freely, a comparable fit can be obtained in the Fano pro
model also, but the corresponding parameters for the ba
ground turn out to be unphysical.

The x2 obtained in the SCM and Fano profile is'2–4,
whereas for the two-Lorentzian fit it is'0.3–0.5 for all
SDG’s. This shows that even if a small asymmetry is int
duced, as described by the SCM, due to confinement of
phonon in the nanocrystal and or the Fano profile due to
interaction with the disorder-activated continuum, a ma
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TABLE I. Parameters obtained for best fit for all samples using two Lorentzian models.

ZE-LO1 LO1 ZE-LO2 LO2

Sample
v

~cm21!
G

~cm21! S
v

~cm21!
G

~cm21! S
v

~cm21!
G

~cm21! S
v

~cm21!
G

~cm21! S

OG515 283 26 5625 303 8 9839 184 12 553 194 7.2 11
OG530 287 26 6163 299 5.4 5007 185 12 560 193 5.6 5
Crystal 271 18 802 290 5.2 1768 188 9.4 472 197 5.2 4
OG590 278 19 8253 291 5 8175 189 11 3501 198 4.2 27
RG715 203 11 1256 208 2.73 123
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contribution to the asymmetry is from the contribution of
additional phonon mode on the low-frequency side of the
(q50) phonon. We note here thatx2 obtained for the SCM
and Fano profile is larger for the SDG’s than for the sin
crystal, i.e., the additional mode is more prominent
SDG’s. This, we believe, is due to additional disorder
SDG’s, indicated, for example, by the large number of tra
present in them, which gives rise to a large and high
wavelength side of the band-edge fluorescence due to tr
This feature is absent in crystal fluorescence data at RT

V. NATURE OF THE ADDITIONAL MODE

The additional mode invoked in the two-Lorentzia
model in SDG’s could be attributed to the zone-edge
phonon or the surface phonon mode. The strongest argum
for this additional phonon to be a ZE-LO phonon is that it
also observed in the CdS0.55Se0.45 single crystal. The sample
RG715 is known to be composed of pure CdSe with tr
amounts of sulphur6 and thus provides a special test case
that one could expect the finite-size effects to be domin
Here the CdSe-like mode is relatively sharp with a HWH
of about 2.7 cm21 ~'2.1 cm21 after correcting for an instru
mental resolution of 2 cm21! compared to the value of mor
than 5 cm21 in all other cases. However, even in this case
two-Lorentzian model provides a much better fit and
asymmetry and broadening could be attributed to
disorder-activated ZE-LO2 phonon. In the following we
present other corraborative observations and a calcula
showing a better spectroscopic description of this additio
phonon as a ZE-LO phonon than as a surface phonon.

We first look at the frequencies of various modes in o
samples as a function of composition. In a two-mode mix
crystal, the nature of vibrational modes changes with conc
tration. In a S-rich sample of CdSxSe12x , a CdS-like mode
would be expected to propagate but a CdSe-like mode wo
be more like a gap mode with an amplitude of vibrati
decaying away from the impurity atom. In a nanocrystal t
distinction gets blurred if the phonon correlation length
larger than the size of the nanoparticle. The CdSe-like mo
in S-rich samples OG515 and OG530, in fact, can be rea
ably well described by a single Lorentzian, although qu
broad. For these samples the CdS-like LO modes can
taken as propagating modes. In this case a ‘‘random elem
isodisplacement’’ model description of phonons is approp
ate and the second Lorentzian in the LO phonon struc
can be assigned to the ZE-LO phonon.24 To estimate the
frequencies of the LO modes in mixed crystals, we start w
s
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TO mode frequencies of CdS-like and CdSe-like phono
which vary nearly linearly with concentrationx as25,26

vTO1
5266228x cm21,

~4!
vTO2

5168117x cm21.

For x50.0, the TO1 frequency corresponds to that of th
local mode of S in CdSe and the TO2 corresponds to the TO
phonon of CdSe. Similarly forx51, the TO1 frequency cor-
responds to the TO phonon of CdS and TO2 corresponds to
that of the gap mode of Se in CdS.

For CdS and CdSe, we have nonoverlapping restrah
bands and it is a good approximation to write the dielec
response function of the CdSxSe12x mixed crystal as

e~v!5xe1~v!1~12x!e2~v!, ~5!

where the subscripts 1 and 2 refer to CdS and CdSe, res
tively. The two LO mode frequencies are solutions of t
equatione(v)50, which can be written as

e~`!v42v2@e~`!~vTO1

2 1vTO2

2 !1xS1vTO1

2

1~12x!S2vTO2

2 #1vTO1

2 vTO2

2 @e~`!1xS11~12x!S2#

50, ~6!

with S1 ,S2 and vTO1
,vTO2

denoting the oscillator strengt
and composition-dependent TO mode frequencies for C
and CdSe-like modes forx. The small concentration depen
dence ofS1 ,S2 is neglected and these are taken to be
oscillator strengths for the end members CdS and CdSe
spectively. For CdS and CdSe individually, the oscilla
strengthS5e02e` is given by the Lyddane-Zachs-Telle
relation as

~vLO
2 2vTO

2 !/vTO
2 5S/e` . ~7!

Consistently with Eq.~5!, e~`! in Eq. ~6! is taken to be the
weighted average of the electronic dielectric functions
CdS and CdSe, wherevLO5302 cm21 for CdS and 210
cm21 for CdSe ande`55.32 for CdS and 6.1 for CdSe.27

Using these parameters, Eqs.~4! and ~6! yield the variation
of vLO1

, vLO2
, vTO1

, andvTO2
as a function ofx, as shown

in Fig. 3.
From an earlier pressure dependence study of impur

induced modes in CdS and available dispersion curves
CdS, the ZE-LO phonon~at K or L critical points! is esti-
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PRB 58 7201RAMAN SPECTRA OF SEMICONDUCTOR . . .
mated to have a frequency'293 cm21.13,23 Dispersion
curves for CdSe are not available in the literature, but ow
to the fact that the crystalline structure, the effective char
and the spring constants are nearly the same in CdSe,
reasonable to assume that the CdSe dispersion curve is
lar to that of CdS, scaled to lower energies. The sca
relation is given by13

v0~CdSe!

v0~CdS!
5A2vTO

2 ~CdSe!1vLO
2 ~CdSe!

2vTO
2 ~CdS!1vLO

2 ~CdS!
: ~8!

The frequency of the ZE-LO2 phonon for CdSe is estimate
to be 205.4 cm21. This compares well with second Lorent
ian peak at 202.7 cm21 for the sample RG715, taking int
account the observed redshift by'2 cm21 of the zone-center
LO2 mode frequency relative to the bulk value. Asx→0, the
frequency of the ZE-LO1, CdS-like phonon should also go t
the local mode frequency of S in CdSe. We interpolate
frequency differencevLO1

2vZE-LO1
linearly with x. The

composition dependence ofvZE-LO1
obtained in this way is

shown in Fig. 3 by a solid line and is quite similar to th
found by Lenget al.11 using a one-dimensional chain mode
Similarly, thevZE-LO2

frequency for the CdSe-like mode
calculated and is shown by a solid line in Fig. 3.

As mentioned earlier, the additional phonon in the L
phonon structure has been attributed to surface phonon
Mlayah et al.8 In a spherical crystal of diameterd, sur-
rounded by a medium having a real, frequency-independ
dielectric constantem , surface mode frequencies lie betwe
transverse and longitudinal bulk modes.29 The surface pho-
non with n50 and l 51 is the first of the series of surfac
phonon modes. It has uniform polarization over the wh
volume and is expected to have the largest Raman c

FIG. 3. Calculated concentration dependence of frequencie
LO ~long dashes! and TO~short dashes! phonons for both CdS- and
CdSe-like modes in a mixed crystal of CdSxSe12x . The variation of
ZE-LO modes as a function ofx is shown by solid line. The ob-
served zone center LO and ZE-LO mode frequencies as liste
Table I are plotted as solid circles and solid squares, respectiv
The calculated surface phonon frequencies forl 51 andn50 are
shown by dots.
g
e,
is

mi-
g

e

by

nt

e
ss

section.29 These Fro¨hlich mode frequencies corresponds
2e(v)5em

l [em( l 11)/l , where em is the dielectric con-
stant of the host medium in the infrared range. Frequen
of surface phonon are given by solutions of the equation

v41v2@vT1
2 1x~v l1

2 2vT1
2 !1vT2

2 1~12x!~v l2
2 2vT2

2 !#

1vT1
2 vT2

2 F11x
v l1

2 2vT1
2

vT1
2 1~12x!

v l2
2 2vT2

2

vT2
2 G50,

~9!

where

v l1
2 2vT1

2

vT1
2 5

S1

e`
1 1em

~ l ! . ~10!

Frequencies for the surface phonon mode (n50, l 51) were
calculated as a function ofx and are shown in Fig. 3 by dots
We take the dielectric constant of the medium to beem
54.64.28

The observed and calculated mode frequencies are sh
together in Fig. 3. The observed LO1 mode frequencies lie
consistently lower than the theoretical estimates. The L2
mode frequencies lie consistently higher than values p
dicted by theory. This discrepancy may be partly due to
inadequacy of the theory24 and partly due to finite-size an
stress effects in nanocrystals.4,7,10 No finite-size effects are
taken into account in the above frequency calculations. N
ertheless, it is clear that the second Lorentzian peak
quency for LO1 and LO2 structures is better described by th
ZE-LO phonon variation than the surface phonon variat
as a function of composition. It is interesting to note he
that in RG715, as shown in Fig. 4, a weak structure is
served near 268 cm21. We believe that this is a local mod
due to a small S concentration in CdSe.13,24This observation
supports the occurrence of the ZE-LO phonon mode in
Raman spectrum of RG715; however, S is not essential
disorder. These results suggest that the intensity of the
ond Lorentzian could be taken as a measure of the depa
from perfect crystalline order in nanoparticles.

At this point we note that the observed LO phonon, lea
ing to the second Lorentzian, is not observed generally
III-V mixed semiconductors. The reason is twofold. One
that the effective charge of the optical phonon for III-V sem
conductors is small compared to that of II-VI and the cro
section of the disorder-induced ZE optical phonon will
large for II-VI compounds, as the Fro¨lich interaction is di-
rectly proportional to the effective charge. The intensi
however, depends on disorder. The other important reaso
that, although ZE optical phonons are observed in III
mixed crystals due to disorder, the related frequencies
much higher than the zone-center TO phonon and much
low the LO phonon,23 leading to separate structures in th
spectra as discussed below.

The disorder-activated zone-edge LO, TO, TA, and L
phonon modes have been observed earlier in several s
conductor mixed crystals.11–15,22The most studied exampl
is that of AlxGa12xAs. In molecular-beam epitaxy grow
Al xGa12xAs, very good agreement has been obtained
tween calculated and experimental phonon frequencies
several modes including disorder-activated optical modes
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the entire rangex50 – 1.11 The calculation of phonon fre
quencies using a simple chain model shows this to be
ZE-LO phonon at theX point. Similarly, for InGaxAs12x
(x'0.5) a recent line shape analysis by Estreraet al.15 of
Raman spectra in different configurations revealed the e
tence of an additional disorder-activated mode denoted
R* , which lies below the TO and the LO (q50) GaAs-like
phonons. From dispersion curves of GaAs and InAs, we
correlate this mode to be the GaAs-like ZE-TO mode.23 With
a linear composition dependence of the ZE-TO phonon
quency it is estimated to be'243.5 cm21 for x50.5,
whereas theR* mode occurs at 244 cm21. The ZE-LO mode
is not observed in this case, presumably due to the m
smaller density of states.23

Apart from frequency, Hayashi and Yamamoto30 have
noted that for the surface, the phonon mode shifts to lo
frequencies as the dielectric constantem of the surrounding
medium increases and it becomes stronger as the size o
particle reduces. The surface phonon is not sensitive to c
positional disorder. Experimentally, however, the line sha
of the LO phonons of CdS and CdSe nanoparticles of vari
sizes in the GeO2 matrix from Tanaka, Onari, and Arai10

show a much smaller asymmetry and are well described
the spatial correlation model, indicating a negligbly sm
contribution from the surface phonon. Further, with the
duction in size the anticipated increase in the strength of
surface phonon is not observed in our samples, where
diameter varies from 110 to 56 Å, nor in the work of Tanak
Onari, and Arai,10 where sizes vary from 100 to 16 Å fo
both CdS and CdSe particles. In addition, the width of t
additional phonon is large,'35–50 cm21, whereas for the
surface phonon it is expected to be the same as that o
bulk LO phonon.29 In nanocrystals the LO phonon widt
may increase due to the size distribution as the LO freque

FIG. 4. Raman spectrum showing the local mode in the Cd
rich Schott filter RG715. The inset shows the local mode at 2
cm21 due to the smallS concentration in this sample.
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depends on the size of the nanocrystal. However, the sur
phonon frequency does not depend on size and therefore
size distribution should not increase the width of the surfa
phonon. The width of the surface phonon is therefore
pected to be'3–4 cm21. In an earlier observation of unam
biguously identified surface phonons in other materials,
width was larger than that of the bulk phonon by 4–
times,30 but still much smaller than that observed here, i.
'35–50 cm21.

We also looked for additional disorder-activated stru
tures in the region 30–130 cm21 ~Fig. 2! to seek further
support for the view that this additional phonon is t
disorder-activated ZE-LO phonon. As shown in Fig. 2, tw
prominent structures are observed, one structure in the re
30–55 cm21 and the other broader structure in the regi
85–130 cm21 for all the samples except RG715, where t
latter is not clearly observed. The peak at about 45 cm21 in
S-rich samples OG515 and OG530, which shifts towards
cm21 for the Se-rich sample, is attributed to ZE-E2(TO)
~CdS-like! phonons from the dispersion curve of CdS and
appropriate scaling down of frequencies for CdSe.23 This
mode can also be attributed to theE2(q50) ~CdS-like!
mode purely on the basis of frequency, as the dispersio
theE2 mode is very small.23 However, in that case it should
have a Lorentzian line shape, even if the confinement ef
is taken into account. In contrast, as one can see from Fig
this mode has a shoulder on the higher-frequency side in
the samples. We attribute this to the presence of an a
tional mode corresponding to the ZE-LA phonon. In fa
this additional mode is clearly observed as a separate p
for OG515 and OG590. The other structure in the reg
85–130 cm21 has been assigned earlier to LO1-LO2 for
OG590.2~b! However, the Raman spectra of all these samp
together reveal a more interesting story. This structure
higher than the corresponding LO1-LO2 frequency for
OG515 and OG530 by 10 and 7 cm21, respectively. In ad-
dition, the width of the structure reduces from OG530
OG590 and the single crystal. This observations can be
plained qualitatively if we take this broad structure to be
composite of two modes, one LO1-LO2 and the other the
higher-frequency ZE-E2(LO) ~CdS-like! mode.23 The fre-
quencies of the LO1-LO2 and ZE-E2(LO) ~CdS-like! modes
both decrease with decreasing sulphur content, but
ZE-E2(LO) ~CdS-like! mode decreases much faster. Th
manifests in the largest width of this mode, at the highes
concentration as the two modes are farthest from each o
whereas in OG590 the LO1-LO2 and ZE-E2(LO) ~CdS-like!
modes may be closer, giving a pronounced peak of m
smaller width for OG590. We also note that in Fig. 2
additional phonon density of states can be seen betwee
and 90 cm21 for all the samples, as expected for disorder
systems.

Higher-order Raman spectrum

In the higher-order spectrum of these samples, comb
tion phonons 2LO2, LO11LO2, 2LO1, and 3LO1 and differ-
ence phonons 3LO1-LO2 and LO1-LO2 are observed. Figure
5 shows the first- and higher-order spectra of OG590.
view of the observation of the ZE-LO phonon in the firs
order spectrum, the broad structures corresponding to 22
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and 2LO1 were fitted with three Lorentzians each, with th
first corresponding to the 2ZE-LO mode, the second co
sponding to the ZE-LO1LO mode, and the third correspond
ing to the 2LO mode. Using the frequencies obtained
ZE-LO and LO mode frequencies from the least-squares
of the first-order spectra, a satisfactory fit to the second-o
spectrum is obtained for all the samples. The inset of Fig
shows the corresponding fit for the sample OG590. T
HWHM used for Lorentzians corresponding to 2ZE-LO a
ZE-LO1LO was about the same as that obtained for ZE-
in the first-order spectrum, whereas the HWHM used for
Lorentzian corresponding to 2LO was varied to obtain
best fit to the data and was found to be slightly higher th
that of the LO mode in the first-order spectra. For t
LO11LO2 structure, we find that a satisfactory fit is obtain
even without invoking the ZE-LO11ZE-LO2 mode. The in-
tensity of the LO11LO2 mode is higher than that of the 2LO
mode of the minority constituent as observed before.8,13 In

FIG. 5. Higher-order Raman spectra of the Schott filters RG
and OG590. The inset shows the second-order Raman spectru
OG590 as crosses along with the seven Lorentzian fit correspon
to 2ZE-LO2, ZE-LO21LO2, 2LO2, LO11LO2, 2ZE-LO1,
ZE-LO11LO1, and 2LO1 as a solid line. The separate Lorentzia
are shown by solid lines.
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RG715, structures up to 5LO are observed, as shown in
5. Together, the results for higher-order spectra further s
port the presence of the ZE-LO phonon in the first-ord
spectrum, which leads to the asymmetry of the LO phon
line shape.

VI. CONCLUSION

We have investigated the asymmetry of the LO phon
line shape in semiconductor doped glasses with differ
composition of the mixed crystal. A comparison of the firs
and second-order Raman spectra of single-cry
CdS0.55Se0.45 with those of SDG’s reveals that the disorde
activated Raman spectrum is a major feature in all SD
selected. Of all the well-known models, the best fit to t
asymmetric line shape of the LO phonon has been obta
using a model that decomposes each such structure into
Lorentzians. This second phonon mode is sometimes at
uted to the surface phonon. However, we assign it to be
zone-edge LO phonon, as this is observed also in the Ra
spectrum of the CdS0.55Se0.45 single crystal. The observatio
of other disordered activiated structures such as ZE-E2(LO),
ZE-E2(TO), and ZE-LA modes further supports this attrib
tion. In contrast, the observation of the surface phon
would have been surprising since surface phonons were
observed by Tanaka, Onari, and Arai,10 in pure CdS and
CdSe quantum dots embedded in the GeO2 matrix even with
smaller diameter nanocrystals and earlier resonance stu
of GaP quantum dots show that resonance enhanceme
the LO mode is much larger than that of the surface pho
as one approaches the direct band gap.31

A recent calculation by Chamberlain, Trallero-Giner, a
Cardona emphasizes the mixed nature of phonons~LO, TO,
and surface phonon character! in quantum dots.3 The incom-
ing and outgoing resonances are expected to result in
matic changes in the Raman spectrum as a function of e
tation frequency near the band edge. In all our considerat
quantum size effects on electron spectra and optical phon
are neglected. We note that in our experimental situat
electrons are excited deep in the conduction band, where
electron density of states is nearly continuous and a bulk
treatment seems appropriate.
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