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Surface and confined optical phonons in Cd$Se; _, nanoparticles in a glass matrix
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We report first- and higher-order Raman scattering from the surface and confined optic phonons in
CdSy 655635 and pure CdS nanoparticles embedded in glass matrix. The average particle sizes and size
distribution have been estimated from the quantitative comparison of the blue-shifted optical-absorption spec-
tra with the calculations based on the tight-binding model. The first-order asymmetric Raman line shape has
been analyzed by including both the confined optic modes and the surface modes. The average particle sizes so
obtained from this analysis compare well with those estimated from the optical-absorption spectra. The ob-
served frequencies of the surface modes have been compared with the results of the dielectric response
function model.

[. INTRODUCTION the displacement vector are matched across the particle-
matrix interface to give an equation to calculate the frequen-
In recent times optical properties of semiconductor nanocies of the surface phonons{w)=— (I +1)e,,/l wherel =
crystals have attracted considerable attention as they diffek, 2, . ... Themode withl = 1, called the Frlich mode, is
significantly from those of the corresponding bulk crystals.uniformly polarized with eigenfrequency given leywg) =
In a bulk crystal, the phonon eigenstate is a plane wave and 2¢y,. It is a dipolar mode and corresponds to the uniform
the wave vector selection rule for first-order Raman scatterpolarization of the sphere. The field becomes more localized
ing requiresq= 0. In contrast, the spatial correlation func- for modesl = 2. Thel = 2 is a quadrupole mode and the
tion of the phonon becomes finite due to its confinement irfirst of the surface mode series. _ _
the microcrystals and hence tlie= O rule is relaxed. In Infrared reflectivity measurements of mycrocrystalhtes of
general, since the phonon-dispersion curves of bulk crystd/©2 and ThG;,, supplemented with static dc and near-

show the frequency to be a decreasing function of wave infrared-absorption measurements have shown the presence
of surface mode&® Ruppin and Englman have discussed the

vector|q|, the first-order Raman line redshifts and broaden ossibility of observing surface phonons by light scattering

with gsymmetry Fowards thezlow-frequency side as ob;erve small crystallites of spherical, cylindrical or slablike
for Si.and BN r_nlcrocrystal%'. This has been explained in & geometrie€, Scott and Damen observed surface phonons in
phenomenolggmgl phonon confinement model proposed bymg|| (< 1 wm) crystallites of CdS in a polycrystalline film
Richter et al." This model assumes that the bulk phonon-using Raman scatteriny.The Raman spectra of GaP micro-
dispersion curves are not affected and no new modes aigystals have been decomposed into TO, LO, and surface
created due to the size reduction of the crystal. Many othephonon(sp) peaksl.l These measurements show that the ra-
studies have shown the presence of confined optic phonong of the integrated intensitiets,,/ o depends on the par-
in microcrystallites’™ ticle size. The asymmetric lineshape of the SP peak attrib-
For a plane wave propagating in tkedirection in a bulk  yted to ellipsoidal shape of the particles was calculated based
crystal, the temporal and spatial variation of the wave ison the effective-medium theory.Klein et al. studied the
described by the factor ekkx—wt)], where the wave vec- size dependence of the Tilich electron-phonon coupling
tor k=(w/c)Ve(w); e(w) is the dielectric constant of the for semiconductor nanospher&sThey derived the expres-
crystal. In the frequency range between bulk longitudinal-sions of the relevant eigenfunctions corresponding to longi-
optical (LO) phonon frequency,w(LO) and transverse- tudinal optic and surface modes and showed that the cou-
optical (TO) phonon frequencyw(TO), e(w) < 0 making pling strength is independent of the size of the nanoparticles,
k imaginary and hence the wave decays exponentially in thprovided the typical dimensions of the electronic charge dis-
medium. Therefore in this frequency range, electromagnetitribution scale as the sphere radius. The experimental results
wave cannot propagate in bulk crystal and only the surfacebtained using resonant Raman scattering from CdSe-doped
modes with spatially decaying fieldaway from the surfage  glasses with particles of various sizes qualitatively confirm
satisfying the boundary conditions exist. These surfacéhe size independence of the coupling strength and also show
modes can be observed more easily in nanoparticles becautse presence of the surface mod&8ptical surface phonons
of their enhanced surface to volume ratio. Let us consider &ave also been observed by Zheual. using Raman spec-
sphere of radiufRk and dielectric constant(w), embedded troscopy of CdSSe;_, hanoparticles doped in the glass
in a medium with dielectric constar,. Following Fuchs medium®® They show that the intensity of the SP peak in-
and Kliewer® the electric potential and normal component of creases but its position remains unchanged as the size of the
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nanoparticles decreases, in agreement with the earlier work. Energy (eV)
The SP frequency changes as a function of alloy content in 3.1 2.76 2.48 2.25 2.0
(CdS,(CdSé,_, nanoparticles? T l | l

In this paper we report our Raman studies of the confined
optical modes and surface modes(ilh commercial Schott
filter glass OG590, which has CggSe, 35 particles embed-
ded in borosilicate glass matrix afid) CdS particles embed-
ded in silica matrix. We have estimated the average size and
the size distribution of the particles in these samples by
matching the measured blue-shifted absorption spectra and
the calculated optical-absorption spectra. The calculations
take into account the log-normal distribution of particle di- 20 30 40 50
ameters in conjunction with the allowed electronic transition Diameter (fy

Absorption (arb units)

; . . - 1 |
states as obtained from the effective tight-binding mddel. 400 450 o0 s0 600

Unlike the previous reports!?~1# the asymmetric Raman
line shape has been quantitatively analyzed by including
both the confined optic modes and the surface modes. The
observed frequencies of the SP modes in these systems haveFIG. 1. Measuredsolid line) and calculateddotted ling ab-
been compared with the calculations based on the dielectrigorption spectra of the sample OG590. The arrow marks the band-

Wavelength (nm)

response function model. gap of the Cd§gsSe; 35 microcrystallites. Inset: The points show
the variation ofAE with respect to particle diametdrfor different
Il. EXPERIMENTAL transitions in the tight-binding model. The curves through the points

are fit toAE=A, /d*.
Experiments have been carried out on commercially

available Schott filter glass OG590 which has GgSe, 35
nanoparticles and CdS particles in silica matrix. The latte
have been prepared by us using the sol-gel rbuta. this
preparation, tetraethoxysilan@EOS, Si(OC,H5), is par-
tially hydrolyzed by adding it into a mixed solution of
H,0, C,H50H, and HCI. The molar ratio of TEOS:water- f.T,
:alcohol:acid is kept at 1:4:11:0.03. After the solution is a(E)~Z E—E 2472
stirred for 1 h, CANO3) , dissolved in 1 mole of water is T (E-E)THT
added followed by stirring the solutionrfd h atroom tem-  where f; is the oscillator strengthE; is the transition fre-
perature. The molar ratio of the @dO;) , is varied from  guency, and’; is the half width at half maximuniHWHM)
0.0077 to 0.195 mol per 1 mol of TEOS. The sol is pouredfor theiith interband transition. The sum is over all the tran-
into a petri dish and allowed to evaporate at room temperasitions from filled levels to the unfilled ones. This should
ture till it becomes a solid gel. This gel is heated at 250 resylt in sharp optical-absorption peaks as already observed
°C for 1 h. The CdS particles are formed by flowing dry H jn cucCl microcrystals dispersed in a transparent insulating
2S gas through the gelfd h atroom temperature. The size matrix1® However, the absorption spectrum in Fig. 1 does
of the CdS particles is controlled by the amount of @@ ot show sharp absorption peaks. This is due to thermal
3) 2 added to the solution. For the present studies we havgroadening as well as inhomogeneous broadening due to par-

prepared the sample by adding 0.05 mol of/0@3), in 1 ticle size distribution. The latter can be included in Ex).to
mol of TEOS. Optical-absorption spectra were recorded fogjive

1-mm-thick optically polished samples using UV-visible

spectrometers Hitachi model 150-20 and Pye-Unicam model o P(d)f;T

SP8-100. Raman spectra were recorded at room temperature @ observe E) =B f d(d) [E—E ()24 v

in the backscattering geometry for the CdS particles in silica Lo ! !

matrix and in 90° geometry for the OG590 sample using avhereP(d) is the size distribution usually taken to be log-
5145 A line of argon ion laser as excitation soutpewer  normal, as

~ 20 mW) and computer controlled SPEX Ramal@godel

absorption spectra arises from the confinement of the charge
'carriers in the microcrystallites. The optical-absorption coef-
ficient of a collection of monodispersed microcrystallites of
diameterd at low temperature is given by

@

14018 with cooled photomultiplier tube and photon count- 1 In2(d/d_)
ing electronics. P(d)= exp ———5 7 ()
dov2m 20
ll. RESULTS AND DISCUSSION Hered and o are related to the average size and the size

, , , distribution of the particles. The average sizk,J of the
A. CdS o655€0.35 particles in glass matrix (0G590 particles has been estimated numerically by
1. Optical absorption
Figure 1 shows the optical-absorption spectrum of _ J'°° _
0G590. The band gap of bulk Cg§Se, 35is 2.05 eV(605 dav= 0 d-P(d)d(d) @)
nm).}’ For the microcrystallites the first absorption band ap-

pears at~ 552 nm(2.26 e\j. The blueshift in the optical- for a givend_and .
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TABLE I. The variation of the electronic transition frequency

with the particle size follows the relatioAE = A;/d%. AE is iy
expressed in eV and in A. i
L |
i Electronic T i1
transitions A Xi f; (meV) ~ _7{ 4
- N g\
1 ;-1 84.5 154 413 30 g L7
1r;-1rg 84.5 1.54 1.73 30 P i e P R I s
AT -1T; 112.4 1.49 1.48 50 S [0 200 w0 w0 30 30
2 rg-1rg 1124 149  2.28 50 < | Raman shift (cm™)
Arg-1T; 1124 149 141 50 =
rg-Ar; 1124 149 0.69 50 £
3 r-1r, 64.6 130 153 65 <
2rg-1r; 64.6 1.30 032 65 -
4 2r -1y 78.8 129 112 80
3rg-1ry 78.8 129 056 80 of 7 R T T .
3rg-1T; 78.8 129 0.3 80

150 200 250 300

Raman shift (cm™)

The interband transition energy is given Bj2"= Eg"*
+ Econt + Ecou Where Eg™ is the band gap of the bulk
semiconductorE . is the electron-hole pair confinement FIG. 2. Dots show the measured first-order Raman spectrum of
kinetic energy, and,,, is the Coulomb interaction energy the. samplg OGSQO using a 5145 Aline as an excit.ation source. The
between the electron and the hole. The simplest interpret£0lid line is a fit tol(w)+Is(w). The dashed lines show the
tion of the optical-obsorption spectra is in terms of single-contributions of the individual componentgw) andlsy(w). The
band effective-mass approximatidEMA). The Coulomb inset shows the CdS-like mode with the (fitotted ling only with
interaction between the electron and hole estimated in first-<(®):

order perturbation theory using single band EMA wave func- . _ . :
tions is given byE ., = —1.786e%/¢R, wheree is the dielec- Table |I. HereAE is expressed in eV and in A. Since the

tri_c constant olfggge material and _R is the.racﬁus of thel?osr";laf;;t;\e{;%heisarl‘oé X;f%.ségsigvﬁagep? (r:t(i)c;lrisdiinmde;er
microcrystallite1>2°In EMA the confinement kinetic energy = , value offj listed | p

: " to those ofd = 46 A. Taking, E;(d)=EP" + A, /d*
corresponding to the lowest energy transition Egy,= e ' g, Ei g [ '
h272/2uR? where u is the reduced effective masa, 1=  ¢=0.12+0.02 andd = 98 A +3 A, the calculated optical-
absorption spectrurfEgs. (2) and (3)] is shown by dashed

.

21 .
m; =+ m, , m; andm} are the effective masses of the

electron and hole respectivefy.The results of single band line in Fig. 1. It can b_e seen that the agreement between the
EMA do not agree with the optical-obsorption spectra c)fcalculateq and experimental spectra is reasonably good ex-
microcrystallites because it neglects intervalence band mixS€Pt at higher wavelengths. For these values @ndd the

ing and deviation from quadratic dispersion. The band mix-2verage size of the particle is the samelamd full width at

ing included within EMA by multiband calculations do not half maximum(FWHM) of P(d) is 18 A.

result in good agreement with the experiments, especially in_ _ _ _

smaller size microcrystallites. It has been shéWthat the 2. First-order Raman scattering: confined optical phonons and
tight-binding calculations yield energy levels in close agree- surface phonons

ment with the experiments. Here we shall rely upon the re- First-order Raman spectrum of the sample ggs5€, 35
sults of Ramaniah and Naif based on tight-binding calcu- Shows two-mode behavi¢Fig. 2]. As can be seen, each of
lations of the interband optical transitions in quantum dotsthese modes shows an asymmetric line shape towards the
The following interband transitions are considerefizd1  lower-frequency side. Using phonzan confinement model and
T}, AM;-Ar;, 10-10;, IMg-1T,, 10¢-105, 1Ir¢-1 following Campbel! and Fauchét?* the first-order Raman
g, 2Mg-Al,, 204 -1, 2M5-1T,, 34 -1, arg-1  SPectrumic(w) is given by

I'g . These are grouped in four typas= 1 to 4) as given in a d é|C(0 »)|2

Table I. The calculated values GfAE = E; - E;™ = Ij(w)=AjJ mex o9 , (5)
Econt + Ecou fOr these transitions, are plotted as a function of ¢ [0— o (q)]?+()?

microcrystallite diameter in the inset of Fig. 1. In order to get .

an analytic form of;(d) required in Eq(2), we find that the ~ Where«’(q) is the phonon-dispersion function of the corre-
particle size dependence AfE is much milder than H2. sponding bulk material an@(0,q) is the Fourier coefficient
This guided ué’ to assume an empirical relatiohE =  of the phonon confinement functioW(r,d). T, is

A; /d*i whereA; andx; are constants for a particular transi- the HWHM of the phonon line in the bulk crystal. The su-
tion obtained from fitting the calculated values. The lines inperscriptj = 1 is for CdS-like andj =2 is for CdSe-like

the inset show these fits with parameté&sandx; listed in  modes. The confinement function is taken to \W¢r,d)
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FIG. 3. Solid lines show thex dependence of the calculated . 3
surface phonon frequencies based on #€). The dashed and dot- Raman shift (cm ™)
ted lines show thex dependence of the bulk LO and TO phonon

frequencies, respectively. The dots are the measured value of the SP _ )
for the two samples studied. FIG. 4. Raman spectrum of OG590 showing higher-order Ra-

man scattering.

=exp(—8mr?/d2), so that|C(0,g)|? = exp(—q?d2/4a?); _ _ _ . . .

here d,, is the average diameter of the sphericalWith @ combined line shapt(w)=1¢(w)+ I w), where
microcrystal?® This form of confinement function has been I4{w) is taken to be a Lorentzian function

shown to work better than the Lorentzian or the exponential

functions® The wave vectoq has been expressed in units . BII'L,

of 2m/a (wherea is the lattice constant 6.8 A). The av- lig @)= (0= wl)?+ (T2 (6)
erage phonon dispersion for tfjemode in the bulk CdS s s
«Se;_ crystal for the LO phonon is také&hto be

I'l,is the HWHM for thejth SP mode. The best fit obtained

, , ‘ is shown by the solid line in Fig. 2 and the corresponding
w!(q)=wh—Aw! sir?(q/4), value of y? is 0.83, much closer to the ideal value of 1. The

confined optic phonon and the surface phonon components

which fits the experimental curve well in the directibAM are shown by the dashed line in Fig. 2. The average particle

up to gmax = 0.6. w)) is the corresponding bulk LO phonon size d,,) obtained from the nonlinear least-squares fit is 95

frequency:w’ = 292 cm ! andw? = 199 cm™!. The band *2 A which is very close to the average size of the particles

width (Aw') of the LO branch for both the CdS-like and obtalr_1ed- for the analysis of the optical-absorption spectrum.

CdSe-like mode are taken to be 30 ch(Ref. 25 and[,, as The fit gives the SP frequencies to be 276 and 187 tm

estimated from the Raman spectrum of the bulk crystal is

taken as _4_crﬁ_1 (this also includes in a simple way the Energy (eV)

effect of finite instrumental resolutipnFollowing Eq. (5),

we tried to fit the experimental Raman spectrum of OG590 3.44 2.70 (&l
using this model alone, where the best fit obtained for the - ! ! ' ! f
CdS-like mode is shown by dashed line in the inset of Fig. 2 £
and the corresponding value of chisquaj&)(is 0.31. It is 5 — 440nm
obvious from the above figure and the low valueydfthat £ ThwL
phonon confinement model alone cannot fully explain the o ) AN
observed Raman line shape. Keeping in mind the possibility e .\ Buik band gap
of the presence of the SP together with the confined optical § N
phonon, we have attempted to fit the observed line shape § .
<{ T/
TABLE Il. CdS and CdSe parameters used in the calculation. L 4 1 . L
360 460 560
wo(Ref. 3(cm™1)  wro(Ref. 3(cm™Y) e (Ref. 3 Wavelength (nm)

Cds 266+55x-19x2 266-2& 5.32
CdSe 213 53x-28x2 168+17x 6.1 FIG. 5. Measured(solid linel and calculated(dotted ling

optical-absorption spectra of CdS particles in the silica matrix.
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It is known that in binary alloys, the behavior of the op-
tical modes can be accounted for by considering two types of
oscillators interacting via their electric fields. The effective
oscillator strength is proportional to the density of the oscil-
lators. Assuming nonoverlapping restrahlen bands for these
two modes,w g1 > wTo1 > w02 > wro, the dielectric
response function of a mixed crystal can be written as

€(w)=xe(w) +(1-X)€e(w), @)

with €;(w) and e,(w) are given by

Intensity (arb. units)

2 2
. . W o~ W i
e(w)=¢, 1+—Lw , (8 |
o I T I A
where €, is the high-frequency dielectric constant of the 240 260 280 300 320 340 360

crystal. Substituting Eq8) in Eq. (7) for both the CdSe and
CdS like modes and using(w)=—(1+1)¢,/l we get the
following equation for the surface phonon frequencies of the

Raman shift (cm'l)

binary mixed crystal: FIG. 6. First-order Raman spectrum of CdS particles in silica
matrix.
1
4__ 2 2 2 o= 2 _ 2 X . . .
0" = 0% 0701+ 070+ (@01~ WT0)) argon-ion laser as the excitation source. In addition to the

first-order Raman line for CdS-like mod&O(1)] at 292
cm™ ! and CdSe-like modg.O(2)] at 199 cm ?, the higher-
order spectrum is observed showing a difference mode
LO(1)—LO(2) at 93 cm'!, overtones 2LQL) at 584
cm~ !, 2LO(2) at 398 cm!, combination mode LQL)
+LO(2) at 491 cm ! and 2LA1)+LO(2) at 783 cm L. The

(1-x)€2
T(“’Eoz_ szoz)

1, 2 2
X€, (w01~ @701
14— —= =2

2 2
T WT010T02

2
K “To1 mode at 677 cm! can perhaps be 3L@)—LO(2) or
(1-x)€2 (070~ 00y 2LO(2)+SR1) and the m(ide at 552 c‘rfr can be 2SR),
K 2 =0, 9 corroborating the value abs, = 276 cm™ * as deduced from
TO2

the earlier analysis of the first-order Raman spectra.

where K=(I1+1)eqn/l +xex+(1—-Xx)e5. Here w o and
w7o; are thex-dependent values of the longitudinal and
transverse modes for Cd$=£1) and CdSe [=2) crystals.

Note that Eq.(9) gives the surface phonon frequencies of a The optical-absorption spectrum of the CdS particles em-

: . dded in silica matrix is shown in Fig. 5. The bulk band gap
mixed crystal which are assumed to be the same for the buIRe : 17 : .
and the microcrystallite. Using E€P), the solid lines in Fig. Of pure CdS is 2.38 e¥521 nm). * For the microcrystallites

3 show the variation of CdS-like and CdSe-like SP frequenN€ @bsorption band appears-ai2.82 eV (440 nm). Follow-

. . _ the same procedure as we have used for the sample
cies withx for | = 2. The bulk LO and TO phonon frequen- Ing | ) .
cies for the different values of used in Eq(9) are shown by 0G590, the calculated optical-absorption specirum with

dashed and dotted lines, respectively, for both the moded-> andd = 403 A is shown by dashed line in Fig. 5. For
The parameters used for the calculations are summarized H€se values of andd the average size of the particles is 45
Table IIl. The values of other parameters afg=2.25, =3 A and FWHM is rather large- 40 A. _
el =6.1 ande2=5.32. The calculated SP frequencieg, in The first-order Raman spectrum shows an asymmetric Ra-
pure CdS is 281 cm! (1=2). These frequencies for= 2~ Man line (Fig. 6) which can be explained as befor.e using
in OG590 «=0.65 are w.=266 cm ! and wi=183 |(@)=lc(@)*Is(w) [Egs.(5) and (6)]. The best fit ob-
em-1 which can be comgared well with the pobservedta'ned is shown by the solid line in Fig. 6. The SP compo-
i nent and optical-phonon component are shown by dotted line

1_ —1 2 _ —1 j
wgp=276 cm* and wg;=187 cm ~. The values ofl'y, are . . N ]
12.3 cm ! (j=1) and 10 e ® (j=2). The ratios ofA/B and dashed line, respectively. The fit yields the average par

are 2x10* and 1.2 10* for CdS-like and CdSe-like mode. :
The filled circles in Fig. 3 represent the measured SP fre:zrgi (I:?T:Eelr compares well with the calculated, (1=2) of
guencies for pure CdSxE&l) and for OG590 x=0.65. '
Here it should be noted that similar calculation has been
reported by Mlayaret al™ but their expression fonZ, does
not give the correct results in the limits =0 and 1. IV. CONCLUSIONS

Under resonance conditions, multiphonon Raman scatter-
ing can also be observed. Figure 4 shows multiphonon Ra- We have shown that the first-order Raman line of nano-
man spectrum of the sample OG590 using 5145 A line oparticles can be quantitatively explained by taking into ac-

B. CdS particles in glass matrix

ticle size to be 48 A and the SP frequensy,=285 cm™ .
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count the confined optical-phonon modes and the SP modeon model. We have also reported the multiphonon Raman
The average size of the particles obtained from the fit of thecattering in the sample OG590.

Raman line shape agree very well with those obtained from

the analysis of the optical-absorption spectra with inputs ACKNOWLEDGMENTS
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