PHYSICAL REVIEW B VOLUME 58, NUMBER 11 15 SEPTEMBER 1998-I

Raman spectra of semiconductor nanopatrticles: Disorder-activated phonons
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We present Raman spectra of four semiconductor doped glasses and a single crystal-gs&@ds3n the
range 30—800 cimt 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 tf80—130-cm™ range and the higher-order Raman spectra are also observed
and found to be consistent with this assignmg80163-182@08)04235-0

[. INTRODUCTION In Sec. Il we describe our samples and present our experi-
mental spectra. These are analyzed in Secs. Ill and IV. In
The size dependence of electronic and vibrational spectraec. lll the observed spectrum of a G88 _, mixed crystal
and of the electron-phonon interaction in semiconductots analyzed. As expected, a two-mode behavior is seen in the
nanoparticles is important for a basic understanding of thesRaman spectrum. The line shape of the CdSe-like LO mode
materials as well as for establishing their potential optoelecat =200 cm * and the CdS-like LO mode a¢300 cm * are
tronic applications. In this context Raman spectra of semiShown to be best described by adding the contribution of the
conductor nanoparticles have been investigated from severgljsordered-induced zone-edge phonon. Earlier, disordered-
different angles in recent yeatst® The low-frequency Ra- induced Z(ljene-edge optical pf}(l)nons has been observed by
man spectra attributed to confined acoustic phonons haJ§ashetal:™ and by Lenget al. for Al,Ga_,As. In Sec.

been used as a convenient means of determining the partic'lg. we analyze the first-order Raman spectra of SDG's con-

size?® The other important aspect is the asymmetric broadtd!NNg Cd3Sa _ nanoparticles. We show that the LO pho-

ening of the LO phonon lines and has variously been intert 2" line shapes in SDG's are again best described in terms of
) : . a composite of two Lorentzian peaks, one corresponding to a
preted as due to confinement-induced relaxation of the

q~0 selection ruléor the occurrence of a surface phorfon. =0, LO phonon and the other corresponding to a zone-

o dge-LO (ZE-LO) phonon. Even in the sample RG715,
On the other hand, itis well known that the Raman Sﬁ’fgfa 0\(t/avhich shows no CdS-like mode, as it is supposed to contain
mixed semiconductors such as ,8b ,As,

I t ticles, th Il sulph tent i
CdSSe_ ., CdZnTe, .. ** and InGaAs, , (Ref. 15 o noStPure CdSe nanoparticles, the small sulphur content in

| h fric LO and TO ph d . ththe sample manifests itself as a local mode on the higher-
also show asymmetric and phonon modes even in U ﬁ’equency side and contributes to the activation of zone-
bulk state. Various mechanisms invoked to explain th'sedge—LO phonon. In Sec. V we present spectroscopic and
asymmetry include the Fano-like line shape _due o the_mter- ther corroborative arguments to show that the second mode
action betwe_en the LO pho_non and the dlsord(_ar—actlvate better described as the ZE-LO phonon rather than a surface
phonon continuum, the limited phonon correlation length ), -0 04e ™ Al our spectra are recorded with photon en-

due to lattice disorder, and a model in which the main effec rgies well above the band gap, which ensures similar scat-
of disorder is taken to be a disorder-induced scattering fro”ﬂering mechanisms to play important roles for SDG's and the
the zone-edge phonon. Using time-resolved Raman scatte

{de(Sq single crystal. Since well above the band edge
ing from nonequillibrium phonons with well-defined wave X . }
vectors, Kashet al’® had concluded that in AhGa, gAS the density of states does not have any sharp features; quan

. . tum size effects do not appear to be important, except per-
the GaAs phonon wave vector remains well defined an_d thﬁaps in determining the fluorescence spectra. Our conclu-
phonons are not localized on tH®—-100-nm scale. This

o . sions are summarized in Sec. VI.
implies that in these systems the asymmetry of the phonon

line shape cannot be attributed to the finite correlation length

of phonons. However, in the small particles with sizes of the Il. EXPERIMENTAL DETAILS

order of 10 nm, the phonons are expected to be localized

within this range and all the above mechanisms could also The SDG’s are borosilicate glasses doped with% by
contribute to the asymmetry of the line shape. To obtain aolume of Cd$Se _, nanocrystallites of diameter100 A.
clearer understanding of the relative importance of finite-sizéMost of the earlier studies have concentrated on confinement
effects and disorder in semiconductor nanoparticles, we haveffect for optical phonons. Keeping this in mind, we have
measured the Raman spectra of several semiconductor-dopeelected four Schott color glass filters 0G536-(0.92, d
glasses(SDG’s) as well as that of a single crystal of ~56 A), 0G530 «~0.87,d~56A), OG590 &~0.5, d
CdSSe_,. Our results show that the disorder-induced~60 A), and RG715%~0.0,d~110 A) (Ref. 17 covering
zone-edge phonon Raman scattering plays an important roke wide range of composition and size and a # , (X

in SDG's also. Higher-order Raman spectra and other0.55) single crystal for our studies. First- and second-order
disorder-activated structures are also observed and found tmpolarized Raman spectra of all these samples were re-
be well understood in this picture. corded in the backscattering geometry. 8 _, crystal
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FIG. 1. Raman spectra of the Schott filter OG590, the 0G515
CdS) 5558 45 Single crystal, and the Schott filters OG530, OG515,
and RG715. Experimental points for the Schott filter OG590 are 0 20 40 60 80 100 120 140 160 180 200

shown by crosses. The three theoretical fits are shown by short . -1

dashes for the SCM, long dashes for the Fano profile, and a solid Raman shift(cm™)

line for the two-Lorentzian fit. For OG590 individual Lorentzians FIG. 2. The(20-120-cm™! region of the Raman spectra for

corresponding to an additional phonon and L@3=0) phonon ob- OG515, OG530, OG590, and RG715 showing confined acoustic

tained in the two-Lorentzian fit are shown below by short dashesphonons and disorder activated spectra.

The difference between the experimental and calculated line shapes

for the two-Lorentzian fit is shown at the bottom by the solid line. the sample RG715 only the CdSe-like mode is observed,
which is consistent with the fact that this sample contains

was polished using 0.0&m alumina powder. The absorp- crystallites of almost pure CdSe.

tion edge obtained from the absorption data taken on a spec- Raman spectra for all samples in the region 5-120%m

trophotometer(Shimadzu UV3101PCat room temperature (Fig. 2) showing confined acoustic phonons and disorder ac-

(RT) is 630 nm. For Cd$5eg _, the composition dependence tivated modes were also recorded in the backscattering ge-

of the band gafE4(x) at RT is given by? ometry. Fluorescence was recorded to check the background
of first-order Raman spectra. We have shown earlier that the
Eg(x)=1.7+0.1%+ 0.55¢2. (1) low-frequency Raman spectra of confined acoustic phonons

used for the size determination of the nanocrystal can be
This givesx as~0.55. The CdgSe _, crystal has a hexago- substantially improved when several samples are studied
nal structure. The x-ray diffraction and birefregence meatogether'®
surements indicate that for our sample @exis is at about
76°*2° to the normal to the front. plane. . IIl. MIXED CRYSTAL

The Raman spectra were excited at RT by a line focus

(=3 mmx50um) of Ar-ion laser excitation at 4579 and A mixed crystal of CdgSe _, is expected to show two-
5145 A to achieve a reasonable signal-to-noise ratio in eachnode behavior, i.e., two TO and two LO phonons should be
case. The backscattered light was passed through a doulbserved in a single crystal, T@nd LO, corresponding to
monochromator(Jobin Yvon Model No. U1000and de- CdS-like optical phonons and T@nd LO, corresponding to
tected by a photomultiplier tubéHamamtsu Model No. CdSe-like optical phonons. The frequency, width, and line
R943-02 in the photon counting mode. The resolution of shape of optical phonons vary with compositidn'® Two
spectrometer was2 cm 1. The frequencies obtained for LO LO modes, as shown in Fig. 1, one CdSe like at 197 tm
modes in all SDG'’s are consistent with known compositionand the other CdS-like at 290 ¢ were observed in the
and earlier Raman data on C&® _,.%*3 As shown in Fig. first-order Raman spectrum of this sample. These frequencies
1, two LO modes were observed in the samples OG515natch well with the composition dependence of frequencies
0G530, and 0OG590: one was a CdSe-like mode<a00  observed earlier by Tu and Persdnale note that although
cm ! and the other was a CdS-like mode~aB00 cmi'l. In  selection rules in the present configuration allow both the LO
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and TO modes, we observe only LO modes. These are th@) broad, disorder-activated spectral features associated
“forbidden” LO modes, which become allowed near with phonon density of statéd.For the latter, the contribu-
resonancé®?! A major contribution to Raman scattering in tion of zone-edge phonons would dominate because of the
this case comes from thg-dependent intraband Fitich  larger density of statéand theq dependence of the intra-
term. Since this contributes only to LO modes, only LO band Fralich interaction for excitation well above the band
modes are observed in such situations. This kind of behavicedge. This analysis of the LO phonon line shape is consistent
has been observed earlier for a CdS single crystal, where theith and supports the earlier observations of Kahal.
Raman spectrum is excited with laser photon energies mudbased on time-resolved Raman spectrosc8py.
higher than the fundamental gap that takes electrons deep in
conduction band!

The line profiles of the LO phonons, shown in Fig. 1, are IV. LO PHONON LINE SHAPE IN SEMICONDUCTOR
clearly asymmetric. This asymmetry in line shapes has been DOPED GLASSES

observed earlier in many -V and Il-VI mixed |5 SDG's the phonons are necessarily confined to dimen-
semiconductors:~*° For a quantitative description of this sjons of the order of the nanocrystal. The observed asymme-
asymmetry it is important to treat any frequency-dependenry of LO phonon structures can therefore be attributed to
background carefully. We use a spectral dependence of ﬂ]?nonon confinement leading to contribution frogqw0

kind A+ B to account for the background due to the Ray-phonons, in addition tg=0 phonon. In the SCM the best fit
leigh wing and fluorescence. The parametdrsand B are g the experimental data is obtained with a Gaussian function
calculated from the data away from LO modes and are kepkjiin a value of expt47?) at the boundary of nanocrystal.
the same for all models used for the calculation of the "”eFoIIowing the same procedure as for the crystal, the LO pho-
profile. non line shape was calculated for G88, _, nanocrystals,

The best fits to the line shape were obtained using thycept that the HWHM used now refers to the width of the
spatial correlation modelSCM) and Fano line-shape func- phonon in the corresponding bulk material, i.e., the mixed

tion as well as the model in which each peak is decomposegrysta| and the correlation lengthis replaced byd,” the

Into t_W°7 Lorentzians. In the SCM, the Gaussian correlationyyerage diameter of the nanocrystallites in the sample. The

function’ with an isotropic cosine dispersion curve was used(cylated line profiles for OG590 are shown in Fig. 1 for

1.€., SCM by short dashes, the Fano profile by long dashes, and
q the two-Lorentzian fit by a solid line. The difference between

—, 2) the experimental data and the calculated line shape in the
z two-Lorentzian model is shown at the bottom by a solid line.

whereq, is the sperical zone-edge wave vector and the It is very small and structureless. The least-squares fit param-
dispersion width of the phonon branch. The best fit to thetters for the two-Lorentzian model for SDG'’s are given in
experimental data obtained for the correlation length Table I. It is appropriate to note here that the excitation
=80 A. In mixed crystals, the anharmonic interaction of theWavelength used for the crystal and SDG's is such that the
LO phonon with a continuum of other phonons may lead toelectron is excited deep into the conduction band. Therefore,
an asymmetric Fano profifé:*4In the two-Lorentzian model ©ON€ €Xxpects similar resonance scattering mechanisms to be
each LO structure has been fitted with two Lorentzians, i.e.important in both the cases. Figure 1 also shows the two

o(d)=wy—Aw sinz(

the Raman intensity in this case is given by Lorentz@ans obtained for each LO mode from the two-
Lorentzian model fit for the sample OG590.
ST As in the single crystal, the background of the type
I(w)= EJ: (002112’ (3 +Bw for each sample is used for the fitting in all the models.
J ]

The background in the Raman spectra of SDG’s is mainly
where w; denotes the frequency;; the half-width at half due to fluorescence and the background parameters obtained
maximum (HWHM) and S; the oscillator strength of the for different samples represent this suitably. From fluores-
mode. The best fit to the experimental spectrum is obtainedence data, it is also clear that for the single crystal, the
by the two-Lorentzian model. Quantitatively, we obtgidA  band-edge fluorescence goes down quickly to zero above the
=0.3 for the two Lorentzian model, whereas for the SCMband gap, as expected. Hence the contribution to the back-
and Fano profile mode}? is 2.2 and 1.6, respectively. ground here is only from the Rayleigh wing. We should note
It seems appropriate to examine here the origin of thdhat even if the particle diameter or the background param-
second Lorentzian peak in mixed crystals, where no surfaceters are allowed to vary, the best fit remains that given by
phonon exists. As mentioned earlier, near resonance thie two-Lorentzian model as for the crystal. However, if the
main contribution to Raman scattering is from the intrabandparameters describing the background are allowed to vary
Frohlich interaction, with the cross section increasing lin-freely, a comparable fit can be obtained in the Fano profile
early with g.2° The nonzero value ofj can arise from the model also, but the corresponding parameters for the back-
small wave vector of the excitation source or from inhomo-ground turn out to be unphysical.
geneity over sizes smaller than the wavelength of light such The x? obtained in the SCM and Fano profile 4&2—4,
as those due to large absorption, surface-field-induced scawhereas for the two-Lorentzian fit it is=0.3—-0.5 for all
tering, or substitutional disorder. In mixed crystals, we ex-SDG’s. This shows that even if a small asymmetry is intro-
pect the coexistence of two types of Raman spe¢iyaela- duced, as described by the SCM, due to confinement of the
tively narrow peaks at LO and TO phonon frequencies of thgghonon in the nanocrystal and or the Fano profile due to the
mixed crystal, obeying the usual Raman selection rules, anthteraction with the disorder-activated continuum, a major
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TABLE I. Parameters obtained for best fit for all samples using two Lorentzian models.

ZE-LO, LO, ZE-LO, LO,

® r ) r ® r ® r
Sample (cm™Y)  (cm™} S cm™d)  (em™ S cm™d)  (em™ S ecm™?d)  (em™ S
0OG515 283 26 5625 303 8 9839 184 12 553 194 7.2 1122
0G530 287 26 6163 299 54 5007 185 12 560 193 5.6 507
Crystal 271 18 802 290 5.2 1768 188 9.4 472 197 5.2 418
0G590 278 19 8253 291 5 8175 189 11 3501 198 4.2 2772
RG715 203 11 1256 208 2.73 1238

contribution to the asymmetry is from the contribution of anTO mode frequencies of CdS-like and CdSe-like phonons,
additional phonon mode on the low-frequency side of the LOwhich vary nearly linearly with concentrationas>2®
(q=0) phonon. We note here thgf obtained for the SCM

and Fano profile is larger for the SDG’s than for the single wT0,= 266—28x cm
crystal, i.e., the additional mode is more prominent in (4)
SDG’s. This, we believe, is due to additional disorder in w70,= 168+ 17X cm L,

SDG's, indicated, for example, by the large number of traps

present in them, which gives rise to a large and higherfor x=0.0, the TQ frequency corresponds to that of the

wavelength side of the band-edge fluorescence due to trapgcal mode of S in CdSe and the F@orresponds to the TO

This feature is absent in crystal fluorescence data at RT. phonon of CdSe. Similarly fox=1, the TQ frequency cor-
responds to the TO phonon of CdS and,lédrresponds to
that of the gap mode of Se in CdS.

V. NATURE OF THE ADDITIONAL MODE For CdS and CdSe, we have nonoverlapping restrahlen
The additional mode invoked in the two-Lorentzian P@nds and it is a good approximation to write the dielectric

model in SDG's could be attributed to the zone-edge LO€SPonse function of the CdSe _, mixed crystal as

phonon or the surface phonon mode. The strongest argument _ 1 5
for this additional phonon to be a ZE-LO phonon is that it is €(w)=Xey(w)+(1-X) (), ®

also observed in the Cg$:Se) 45 single crystal. The sample \ynere the subscripts 1 and 2 refer to CdS and CdSe, respec-

RG715 is known to be composed of pure CdSe with tracgjyely. The two LO mode frequencies are solutions of the
amounts of sulph§rand thus provides a special test case iNequatione(w) =0, which can be written as

that one could expect the finite-size effects to be dominant.
Here the CdSe-like mode is relatively sharp with @ HWHM ¢(0) % — 2 e(0)(w02g + w2g, ) + XSy w2
of about 2.7 cm?! (=2.1 cm ! after correcting for an instru- ( : (@Fo,* wTo,) T XS1070,

mental resolution of 2 cm) compared to the value of more +(1-X)S020 ]+ 03 w3 [ () + XS+ (1-X)S,]
than 5 cmtin all other cases. However, even in this case the 2 v
two-Lorentzian model provides a much better fit and the =0, (6)

asymmetry and broadening could be attributed to the
disorder-activated ZE-LO phonon. In the following we With S;,S; and wro , @70, denoting the oscillator strength
present other corraborative observations and a calculatioand composition-dependent TO mode frequencies for CdS-
showing a better spectroscopic description of this additionadnd CdSe-like modes fot. The small concentration depen-
phonon as a ZE-LO phonon than as a surface phonon.  dence ofS,,S, is neglected and these are taken to be the
We first look at the frequencies of various modes in ouroscillator strengths for the end members CdS and CdSe, re-
samples as a function of composition. In a two-mode mixedspectively. For CdS and CdSe individually, the oscillator
crystal, the nature of vibrational modes changes with concerstrengthS=¢y— €., is given by the Lyddane-Zachs-Teller
tration. In a S-rich sample of C¢Sg _,, a CdS-like mode relation as
would be expected to propagate but a CdSe-like mode would
be more like a gap mode with an amplitude of vibration (0¥6— 030)lw2o=9l€.,. 7
decaying away from the impurity atom. In a nanocrystal this ) ) ) )
distinction gets blurred if the phonon correlation length isConsistently with Eq(5), e(«) in Eqg. (6) is taken to be the
larger than the size of the nanoparticle. The CdSe-like mode¥eighted average of the electronic dielectric functions of
in S-rich samples OG515 and OG530, in fact, can be reasorgd§l and CdSe, where o=302cm* for CdS and 210
ably well described by a single Lorentzian, although quitecm ~ for CdSe ande..=5.32 for CdS and 6.1 for Qd_§é.
broad. For these samples the CdS-like LO modes can bsing these parameters, E¢d) and (6) yield the variation
taken as propagating modes. In this case a “random elemeff ®Lo,: @10, ®10,, andwTo, as a function ok, as shown
isodisplacement” model description of phonons is appropridin Fig. 3.
ate and the second Lorentzian in the LO phonon structure From an earlier pressure dependence study of impurity-
can be assigned to the ZE-LO phorfrTo estimate the induced modes in CdS and available dispersion curves for
frequencies of the LO modes in mixed crystals, we start withCdS, the ZE-LO phonottat K or L critical point9 is esti-
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310 section?® These Frblich mode frequencies corresponds to
long dashes: LO _ ® | . . .
short dashes: TO _ — — — — —e(w)=€e=€n(l +1)/I, where ¢, is the dielectric con-
| - stant of the host medium in the infrared range. Frequencies
— y of surface phonon are given by solutions of the equation
| .
e 4,  2r 2 2 _ 2 2 2 _ w2
§260— e o'+ o o+ X(0);—07) T o5+ (1-X) (0~ 0T,) ]
~ el SP,
o wlzl_w'zl'l wlzz_‘*#z
Q _ + 0303, 14 x —5—+(1-x) —5——|=0,
& wTy w2
>
c €)
Y2104 o
@]
g where
2 2
w5
e R (VR (10)
- T €.t €y
160 T ] I I .
0.0 0.2 %ém <>(<)>6 0.8 1.0 Frequencies for the surface phonon mode=Q, | =1) were

calculated as a function afand are shown in Fig. 3 by dots.
FIG. 3. Calculated concentration dependence of frequencies afye take the dielectric constant of the medium to &g

LO (long dashesand TO(short dashesphonons for both CdS-and  — 4 5428
CdSe-like modes in a mixed crystal of G&8, . The variation of The observed and calculated mode frequencies are shown
ZE-LO modes as a function of is shown by solid line. The ob- - tqqather in Fig. 3. The observed L@node frequencies lie
served zone center LO and ZE-LO mode frequencies as listed 'Eonsistently lower than the theoretical estimates. The LO
Table | are plotted as solid circles and solid squares, respectivel)ﬁwde frequencies lie consistently higher than v;'jllues re-
The calculated surface phonon frequencieslfell andn=0 are dicted by?heory This discrepanc?// mgy be partly due tOF;he
shown by dots. . ) L .

y inadequacy of the thed#yand partly due to finite-size and

11323 . stress effects in nanocryst4l§° No finite-size effects are

mated to have a frequenc_§8293_ cm - D|sper5|on. taken into account in the above frequency calculations. Nev-
curves for CdSe are not available in the literature, but owing, ..\ i+ ic clear that the second Lorentzian peak fre-
to the fact that the crystalline structure, the effective charge uency f(;r LQ and LO, structures is better describeg by the
and the spring constants are nearly the same in CdSe, it -LO phonon variation than the surface phonon variation

reasonable to assume that the CdSe dispersion curve is sinji- X o - '
as a function of composition. It is interesting to note here

lrzrlattioortmhiztg?\te(ridb?/é scaled to lower energies. The SCalmg{hat in RG715, as shown in Fig. 4, a weak structure is ob-
served near 268 cnt. We believe that this is a local mode

. S due to a small S concentration in CdSé? This observation

2075(CdSe+w{(CdSe supports the occurrence of the ZE-LO phonon mode in the

202 -(CAdS + w2~ (CdS Raman spectrum of RG715; however, S is not essential for

wro(CAS +o(CdS disorder. These results suggest that the intensity of the sec-

The frequency of the ZE-LOphonon for CdSe is estimated ond Lorentzian coulq be taker] as a measure of the departure
to be 205.4 cm’. This compares well with second Lorentz- ffom perfect crystalline order in nanoparticles.

ian peak at 202.7 cit for the sample RG715, taking into . At this point we note tha_t the_ observed LO phonon, Ieaq-
account the observed redshift b2 cm™* of the zone-center ing to fche secor_1d Lorentzian, is not obsgrved generally_ln
LO, mode frequency relative to the bulk value. 8s»0, the -V mixed sgmlconductors. The reason is twofold. One is
frequency of the ZE-LQ CdS-like phonon should also go to that the effective charge of the optical phonon for I1l-V semi-

the local mode frequency of S in CdSe. We interpolate th&onductors is small compared to that of 1l-Vl and the cross
frequency differencew o —wyeo. linearly with x. The section of the disorder-induced ZE optical phonon will be
1 1

ition d d of btained in thi . large for II-VI compounds, as the Hich interaction is di-
COMPOsItion dependence aize. o, obtaned In this way IS ety proportional to the effective charge. The intensity,

shown in Fig. 3 by a solid line and is quite similar to that however, depends on disorder. The other important reason is
found by Lenget al** using a one-dimensional chain model. that, although ZE optical phonons are observed in Ill-V
Similarly, the wzg.1 0, frequency for the CdSe-like mode is mixed crystals due to disorder, the related frequencies lie
calculated and is shown by a solid line in Fig. 3. much higher than the zone-center TO phonon and much be-
As mentioned earlier, the additional phonon in the LOlow the LO phonorf® leading to separate structures in the
phonon structure has been attributed to surface phonon kgpectra as discussed below.
Mlayah et al® In a spherical crystal of diametat, sur- The disorder-activated zone-edge LO, TO, TA, and LA
rounded by a medium having a real, frequency-independerghonon modes have been observed earlier in several semi-
dielectric constang,,, surface mode frequencies lie betweenconductor mixed crystafe.*?2The most studied example
transverse and longitudinal bulk mod@sThe surface pho- is that of ALGa _,As. In molecular-beam epitaxy grown
non withn=0 andl =1 is the first of the series of surface Al,Ga _,As, very good agreement has been obtained be-
phonon modes. It has uniform polarization over the wholetween calculated and experimental phonon frequencies for
volume and is expected to have the largest Raman crosseveral modes including disorder-activated optical modes for

wo(CdS -
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depends on the size of the nanocrystal. However, the surface
phonon frequency does not depend on size and therefore the
RG715 size distribution should not increase the width of the surface
5145A/100mW local mode phonon. The width of the surface phonon is therefore ex-
pected to be=<3-4 cm'L. In an earlier observation of unam-
1 biguously identified surface phonons in other materials, the
width was larger than that of the bulk phonon by 4-5
x5 times3° but still much smaller than that observed here, i.e.,
] ~35-50 cm ™.
We also looked for additional disorder-activated struc-
4 tures in the region 30-130 crh (Fig. 2) to seek further
support for the view that this additional phonon is the
disorder-activated ZE-LO phonon. As shown in Fig. 2, two
prominent structures are observed, one structure in the region
30-55 cm? and the other broader structure in the region
85-130 cm* for all the samples except RG715, where the
latter is not clearly observed. The peak at about 45%tm
S-rich samples OG515 and OG530, which shifts towards 33
cm ! for the Se-rich sample, is attributed to ZE{TO)
(CdS-like phonons from the dispersion curve of CdS and an
' . . . ‘ . . ' . appropriate scaling dovyn of frequencies for Cdéé?his
100 150 200 250 300 350 mode can also be attr!buted to ths,(g=0) (CC?S-“k@.
Raman Shift(cm'1) mode purely on the ba3|530f frequengy, as the dl_sper3|on of
. . the E, mode is very smalft® However, in that case it should
~ FIG. 4. Raman spectrum showing the local mode in the CdSepaye 3 Lorentzian line shape, even if the confinement effect
rich Schott filter RG715. The inset shows the local mode at 26§g taen into account. In contrast, as one can see from Fig. 2,
¢m™" due to the smalbs concentration in this sample. this mode has a shoulder on the higher-frequency side in all
the entire range<=0—1.11 The calculation of phonon fre- the samples. We attribute this to the presence of an addi-

quencies using a simple chain model shows this to be thonal mode corresponding to the ZE-LA phonon. In fact,
ZE-LO phonon at theX point. Similarly, for InGgAs;_, this additional mode is clearly observed as a separate peak
(x~0.5) a recent line shape analysis by Estretal® of for OG515 and OG590. The other structure in the region

71 . .
Raman spectra in different configurations revealed the exi585_1302(b?m has been assigned earlier to {-00, for
tence of an additional disorder-activated mode denoted b?G590. However, the Raman spectra of all these samples
R*, which lies below the TO and the LQy&0) GaAs-like qgether reveal a more interesting story. This structure lies
phonons. From dispersion curves of GaAs and InAs, we caRigher than the corresponding LQO, frequency for

correlate this mode to be the GaAs-like ZE-TO mada/ith  OG515 and OG530 by 10 and 7 cfi respectively. In ad-

a linear composition dependence of the ZE-TO phonon fredition, the width of the structure reduces from OG530 to

quency it is estimated to be-243.5 cm® for x=0.5, 0OG590 and the single crystal. This observations can be ex-
whereas th&®* mode occurs at 244 cih. The ZE-LO mode  Plained qualitatively if we take this broad structure to be a

is not observed in this case, presumably due to the mucfRomPosite of two modes, one LQO, and tf;g other the
smaller density of states. higher-frequency ZE=,(LO) (CdS-like modes The fre-

Apart from frequency, Hayashi and YamaniSihave duencies of the LOLO, and ZEE,(LO) (CdS-like modes
noted that for the surface, the phonon mode shifts to lowepPoth decrease with decreasing sulphur content, but the
frequencies as the dielectric constapg of the surrounding £E-E2(LO) (CdS-like mode decreases much faster. This
medium increases and it becomes stronger as the size of tfeanifests in the largest width of this mode, at the highest S
particle reduces. The surface phonon is not sensitive to conRoncentration as the two modes are farthest from each other,
positional disorder. Experimentally, however, the line shape¥/hereas in OG590 the L O, and ZE£,(LO) (CdS-like
of the LO phonons of CdS and CdSe nanoparticles of variou§’0des may be closer, giving a pronounced peak of much
sizes in the GeQmatrix from Tanaka, Onari, and Adi smaller width for OG590. We also note that in Fig. 2 an

show a much smaller asymmetry and are well described b9dditional_plhonon density of states can be seen petween 45
the spatial correlation model, indicating a negligbly smalland 90 cm™ for all the samples, as expected for disordered

contribution from the surface phonon. Further, with the re-SyStems.
duction in size the anticipated increase in the strength of the
surface phonon is not observed in our samples, where the
diameter varies from 110 to 56 A, nor in the work of Tanaka,

Onari, and Aratt® where sizes vary from 100 to 16 A for In the higher-order spectrum of these samples, combina-
both CdS and CdSe particles. In addition, the width of thistion phonons 2LQ, LO;+L0O,, 2L0O,, and 3LQ and differ-
additional phonon is larger35-50 cm?, whereas for the ence phonons 3LELO, and LO-LO, are observed. Figure
surface phonon it is expected to be the same as that of tHe shows the first- and higher-order spectra of OG590. In
bulk LO phonor?® In nanocrystals the LO phonon width view of the observation of the ZE-LO phonon in the first-
may increase due to the size distribution as the LO frequencgrder spectrum, the broad structures corresponding t0,2LO

C/S(arb. units)

Higher-order Raman spectrum
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RG715, structures up to 5LO are observed, as shown in Fig.

5. Together, the results for higher-order spectra further sup-

: port the presence of the ZE-LO phonon in the first-order

? V spectrum, which leads to the asymmetry of the LO phonon
- line shape.

- 06590

1
-

K%K %K X 0okx ()

C/S(arb. units)

VI. CONCLUSION

BUE S A T T We have investigated the asymmetry of the LO phonon

Raman Shift(cm™) line shape in semiconductor doped glasses with differing
composition of the mixed crystal. A comparison of the first-
and second-order Raman spectra of single-crystal
CdS) 5556 45 With those of SDG’s reveals that the disorder-
activated Raman spectrum is a major feature in all SDG’s
selected. Of all the well-known models, the best fit to the
asymmetric line shape of the LO phonon has been obtained
using a model that decomposes each such structure into two
Lorentzians. This second phonon mode is sometimes attrib-
uted to the surface phonon. However, we assign it to be the
zone-edge LO phonon, as this is observed also in the Raman
spectrum of the Cd3sS6) 45 Single crystal. The observation
of other disordered activiated structures such as=zH-0),
ZE-E,(TO), and ZE-LA modes further supports this attribu-
tion. In contrast, the observation of the surface phonon
0 ’ 200 200 500 300 1000 would have been surprising_since surfgce phonons were not

Raman Shiftcm™) observed by Tanaka, Onari, and Atdijn pure CdS and
CdSe quantum dots embedded in the Ga@trix even with

FIG. 5. Higher-order Raman spectra of the Schott filters RG71%maller diameter nanocrystals and earlier resonance studies
and OG590. The inset shows the second-order Raman spectrum gf Gap quantum dots show that resonance enhancement of
OG590 as crosses along with the seven Lorentzian fit correspondinge | 0 mode is much larger than that of the surface phonon
o 2ZE-LQ, ZE-LO+LO, 2LO, LO.FLO, 2ZE-LQ, 45 gne approaches the direct band Hap.
ZE-LO,+LO,, and 2LQ as a solid line. The separate Lorentzians A rgcent calculation by Chamberlain, Trallero-Giner, and
are shown by solid lines. Cardona emphasizes the mixed nature of phorib@s TO,

and 2LQ were fitted with three Lorentzians each, with the @1d surface phonon charadter quantum dots. The incom-

first corresponding to the 2ZE-LO mode, the second correiNd @nd outgoing resonances are expected to result in dra-
sponding to the ZE-L@&LO mode, and the third correspond- ma_ltlc changes in the Raman spectrum as a functlo_n of exci-
ing to the 2LO mode. Using the frequencies obtained foftation freqqency near the band edge. In all ourco_nS|derat|ons
ZE-LO and LO mode frequencies from the least-squares fitgtantum size effects on electron spectra and optical phonons
of the first-order spectra, a satisfactory fit to the second-ordei® neglected. We note that in our experimental situation,
spectrum is obtained for all the samples. The inset of Fig. !€ctrons are excited deep in the conduction band, where the
shows the corresponding fit for the sample OG590. Thé&lectron density of states is nearly continuous and a bulklike
HWHM used for Lorentzians corresponding to 2ZE-LO and{réatment seems appropriate.

ZE-LO+LO was about the same as that obtained for ZE-LO
in the first-order spectrum, whereas the HWHM used for the
Lorentzian corresponding to 2LO was varied to obtain the
best fit to the data and was found to be slightly higher than We are indebted to Dr. M. J. Tafreshi, Anna University,
that of the LO mode in the first-order spectra. For theChennai for providing the Cq@3s5S& 45 single-crystal
LO,+LO, structure, we find that a satisfactory fit is obtainedsample. We are grateful to Professor Ajay Sood, Dr. A. Roy,
even without invoking the ZE-LO+ZE-LO, mode. The in- and K. S. Bindra for useful discussions. It is a pleasure to
tensity of the LQ+LO, mode is higher than that of the 2LO thank G. Jayaprakash and Surendra Singh for their technical
mode of the minority constituent as observed befdreln assistance.
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