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Pressure Raman scattering of CdTe quantum dots
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A series of zinc-blende CdTe quantum dots in glass was investigated using Raman scattering and lumines-
cence. The dot size was controlled by varying the annealing conditions. Luminescence was employed as a
probe for quality of the sample and its adequacy for resonance. Resonant Raman spectra at the lowest confined
energy levels of the quantum dots were obtained in function of the pressure in the range 1 bar to 4.6 GPa. The
upper limit was established by a phase transition probably to NaCl structure, simultaneous with disappearance
of Raman signal. In the latter phase, first-order Raman scattering is forbidden. The Gru¨neisen parameter for the
LO phonon of CdTe quantum dots is given.@S0163-1829~97!04712-7#
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I. INTRODUCTION

It was established a number of years ago that finite-s
effects can have a strong influence on the electronic pro
ties of crystals.1,2 The confinement energies are increas
with respect to bulk values and a series of discrete states
available in the conduction and valence bands, allowing
electron-hole transitions to occur. Because of the distribu
of quantum dot sizes the absorption spectrum occurs
broadbands, rather than discrete lines, as a consequen
the superposition of the contribution from each individu
dot. The absorption bands shift toward the blue end of
spectrum with decreasing size. This fact offers the attrac
possibility of tuning resonant conditions by just a choice
synthesis parameters.

The task is particularly easy for CdTe nanocrystals e
bedded in glass matrices, for which the size depends onl
heat treatments. A recent work reports on the fabrication
CdTe quantum dot in glass of varying size, with an avera
diameter ranging between 2.4 and 12.5 nm, whereas the
responding lowest absorption peak energy fall in the ra
2.93–1.60 eV.3 The corresponding transition energies can
calculated by using a multiband envelope-function mode4,5

This formalism proved effective in determining quantu
confined levels of CdTe quantum dots.6

While confinement effects on electronic properties
well understood in CdTe, there is a lack of information r
garding the vibrational properties. The phonon confinem
should affect the phonon energy in addition to siz
dependent strain.7 In order to describe the phonon localiz
tion properly, the effect of strain should be taken into a
count. The hydrostatic component of the strain is given
the Grüneisen parameterg, whose value is available for
number of semiconductors.8 However, to the best of ou
knowledge, no such value has been reported to date
CdTe. A possible cause of this is that weak Raman lines
bulk CdTe may merge into strong background from refl
tions on the pressure cell windows. To overcome this di
550163-1829/97/55~11!/6743~4!/$10.00
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culty, resonant Raman scattering should be tried.
In this work we studied a series of CdTe quantum d

imbedded in borosilicate glass, with varying dot sizes. Lum
nescence, which is highly sensitive to dot sizes, was use
a tool to choose the appropriate sample for resonant Ra
measurements. The choice fell in the sample with the low
absorption peak position as close as possible to the energ
the exciting radiation. The overlap of closed spaced el
tronic transition energies, and the nonuniformity of size, e
sures resonance over a broad region.

II. EXPERIMENT

The measurements were performed in CdTe nanocrys
imbedded in borosilicate glass. The semiconductor cons
ents, during the process of preparation of the glass, do
form crystallites. Quantum dots are produced by a sub
quent heat treatment. The average size of the dots is time
temperature dependent. The glass was prepared by melt
mixture of SiO2, B2O3, Na2CO3, and ZnO as described in
Ref. 9. CdO and Te were added in a volume fraction of 1
in the mixture. A series of five samples was obtained
annealing at 580 °C for a period of time varying between
and 60 min. Also, a special sample was prepared at a lo
annealing temperature, 560 °C for 22 min, to be of use in
pressure runs. Photoluminescence spectra were obtaine
using a 488.0-nm line of an Ar-ion laser as excitation. D
tection was achieved with a C31034A photomultiplier.
backscattering geometry was used in the Raman meas
ments. The scattering was excited with the 514.5-nm line
an Ar-ion laser at low power to avoid darkening of the do
A bulk CdTe sample oriented along the@001# crystalline
direction was used for comparison purposes. A Jobin-Yv
T64000 Raman system equipped with N2 cooled charge-
coupled device~CCD! was employed for detection. Th
pressure was applied with a diamond-anvil cell loaded wit
4:1 mixture of methanol:ethanol as transmitting fluid. T
pressure calibration was obtained with the ruby fluoresce
6743 © 1997 The American Physical Society
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method.10 All the measurements were performed at roo
temperature. The Raman shifts were calibrated with the
l5533.1 nm of a Ne lamp.

III. RESULTS AND DISCUSSION

Luminescence spectra for samples treated at a fixed
perature,T5580 °C, and several annealing times were o
tained. The spectra of representative samples are give
Fig. 1. Corresponding annealing conditions are marked in
right side of the spectra. The photoluminescence inten
and peak position are dependent on the annealing time.
peak displaces toward lower energies and the intensity
creases with time of heat treatment. The redshift of the
minescence is related to the increase of the average siz
the nanocrystals.11 Figure 1 also illustrates the enhanceme
of luminescence with increased density of dots. The inte
here is to produce maxima density of quantum dots w
smallest possible sizes. For annealing times shorter tha
min, we observed a band-to-band emission as a very w
line and the emission from traps as the major feature in
spectrum~not shown here!. A good compromise was ob
tained with annealing at 560 °C for 22 min, as illustrated
the dotted curve of Fig. 1. Therefore, the sample selected
the Raman measurements was the one treated at 560 °
22 min, which will be referred to as CdTe quantum do
hereafter.

The Raman spectrum of CdTe quantum dots is show
Fig. 2, lowest curve. Also included is the spectrum of Cd
bulk for comparison purposes. Three peaks are seen in
spectrum at 120.6, 139.7, and 164.3 cm21. The highest-
frequency peak corresponds to the LO mode of the C
bulk, the only allowed mode in the geometry employed. T
two lowest frequency peaks correspond to the modesA1 and
E of Te, respectively. They were present even after
sample was subjected to an special chemomechanical p

FIG. 1. Luminescence spectra of CdTe quantum dots for dif
ent annealing conditions.
e

m-
-
in
e
ty
he
n-
-
of
t
st
h
20
ak
e

y
or
for

in
e
is

e
e

e
ish

to remove Te from the surface.12 This fact shows the pres
ence of Te precipitates in the CdTe bulk sample. The sp
trum of CdTe quantum dots consists of a single line at 16
cm21. This peak corresponds to the LO mode. The obser
redshift of this peak will be discussed in detail in a forthco
ing publication.

The spectrum is puzzling at a first glance, because of
absence of a peak at the TO frequency value. A previou
published work on microcrystalline CdTe reported on t
observation of both LO and TO phonons.13 The puzzle is
solved on reasoning on the basis of resonance. The LO m
is more strongly resonant than the TO, since it may cont
in addition to the dipole moment effects, contributions attr
uted to the electron-phonon Fro¨hlich interaction. Recent ob
servations show strongly enhanced LO intensities aga
practically unchanged TO magnitudes in the CdTe bulk
resonance atE01D0.

14

A similar effect may be assumed as the responsible for
exclusive LO scattering of our quantum dots. The low
confinement energies for these quantum dots are grou
around 2.34 eV, as indicates the peak position in transm
sion~see the inset of Fig. 2!. According to a simple effective-
mass model, this energy value corresponds to the he
hole–electron transition.1 This oversimplified picture hinders
a description of the several quantum states in both vale
and conduction bands. A more elaborated formalism ba
on the multiband envelop theory propose a more reali
model for quantum dot systems.4,5 The treatment impose
band-coupling effects at the highest valance subbands l
ing to a mixed heavy-hole–light-hole character. The energ
of those bands are close together for the dot sizes of
samples. Also, considering that the dot radii have a distri
tion of about 6–10 %, there is a spread of energies int

r-

FIG. 2. Raman spectra of CdTe bulk and quantum dots. T
inset gives the transmission for the sample annealed at 560 °C
22 min.Eex indicates the excitation energy.
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broad region. Those are the reasons why a wide rang
energies centered at the value of the lowest transmis
peak is available to produce resonance. The incident ra
tion utilized here (Eex52.41 eV! fulfills the described reso
nance condition~see Fig. 2!.

Resonant Raman spectra taken at four different press
are shown in Fig. 3. The numbers labeling the spectra in
figure are pressure values in units of GPa. It is possible
observe in this figure that at any pressure value the spec
consists of a single peak corresponding to the LO mode.
LO frequency shifts upward with increasing pressure, a
rate given further on. We will first discuss the behavior
the intensities. The integrated intensities remain practic
constant in the range comprised between atmospheric p
sure and 3.66 GPa. Comparison of the lowest curve of Fi
and that ofP53.66 GPa illustrates those observations.
increasing the pressure beyond 4 GPa the intensity dim
ishes drastically up to a near disappearance forP;4.6 GPa.
The upper curves of Fig. 3 show the decreasing intensity
two close spaced pressure values. In order to interpret
near–disappearance of the Raman line we compare ou
sults with those found for bulk CdTe.

In bulk CdTe a structural phase transition occurs at
GPa as indicate the results from several optical15,16and x-ray
diffraction studies.17 The change is from zinc-blende to roc
salt structure, and occurs simultaneously with a drastic
crease in volume. This structural phase transition in b
CdTe quenches the luminescence beyond 3.9 GPa as a
sequence of a large number of defects produced by the
continuous change in volume.15,16 In the NaCl phase, first-
order Raman scattering is forbidden by symmetry. For t

FIG. 3. Raman spectra of CdTe quantum dots for four press
values. The numbers at the right side of the spectra are pres
values in units of GPa.
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reason a disappearance of the Raman peak is expected
crossing from zinc-blende to NaCl structure. Another pha
reported as a cinnabar structure,17 was found between 3.6
and 2.7 GPa~as a single phase on pressure decrease!. The
details on this latter transformation are omitted because t
were found to be of no consequence to the present w
Considering those facts, we believe that the near disapp
ance of the Raman line of the quantum dots atP;4.6 GPa is
related to the zinc-blende–NaCl phase transition.

It is worth mentioning, at this point, that the Raman i
tensity of the quantum dots was observed to recover u
reducing the pressure below 4.0 GPa. These behavior is
sented in Fig. 4, where we plot the frequency of the L
phonon of CdTe quantum dots versus pressure both on
creasing and decreasing pressure runs. The closed sym
are for data taken rising the pressure and the open sym
are representative of data taken on releasing the pressure
clarity’s sake, not all the experimental points were includ
The frequency is observed to increase linearly with press
The solid line is a least-square fitting of the data to the eq
tion

v5v01aP. ~1!

This fitting gives v05162.8 cm21 and a54.78
cm21/GPa. The decreasing pressure runs give frequen
which fit the same frequency versus pressure plot as tha
increasing pressure runs. Our result for the pressure co
cient together with the bulk modulus reported elsewhere
the zinc-blende CdTe,B0543.7 GPa,17 allowed for the cal-
culation of the Gru¨neisen parameter for the CdTe LO phon
asg51.28. We believe that this value does not differ app
ciably from the bulk, thus providing valuable information fo
size depend lattice strains in low-dimensional CdTe-ba
systems.

IV. CONCLUSIONS

In conclusion, we measured photoluminescence of a
ries of CdTe nanocrystals embedded in borosilicate gla

re
ure

FIG. 4. Pressure dependence of the LO-phonon energy for C
quantum dots. The closed~open! symbols are for increasing~de-
creasing! pressure runs.
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with varying dot sizes. From the analyses of photolumin
cence a sample was chosen to perform resonant Raman
tering. The dependence of the Raman bands on hydros
pressure allowed us to determine the Gru¨neisen parameter
This value is helpful in distinguishing between quantum-s
effects and strain-induced shifts in the phonon energy
low-dimensional systems. The CdTe LO-phonon press
coefficients were not available to date, either for bulk or a
low-dimensional system, to our knowledge.
s.

n,

e-
M.
l.

ar
-
cat-
tic

e
f
re
y

ACKNOWLEDGMENTS

The authors are grateful to C. H. Brito Cruz, C. L. Ces
and L. C. Barbosa for the use of the samples and for a crit
reading of the manuscript. They also thank the Conse
Nacional de Desenvolvimento Cientı´fico e Tecnolo´gico
~CNPq!, Fundac¸ão de Amparo a` Pesquisa do Estado de Sa˜o
Paulo ~FAPESP!, and Fundo de Apoio ao Ensino e a` Pes-
quisa~FAEP/ UNICAMP! for financial support.
L.

M.

iot-

,

1W. Y. Wu, J. W. Schulman, T. Y. Hu, and U. Efron, Appl. Phy
Lett. 51, 710 ~1987!.

2Al L. Efros and A. L. Efros, Fiz. Tekh. Polopruvodn.16, 1203
~1982! @Sov. Phys. Semicond.16, 772 ~1982!#.

3B. G. Potter, Jr., J. H. Simmons, P. Kumar, and C. J. Stanto
Appl. Phys.75, 8039~1994!.

4K. J. Vahala and P. C. Sercel, Phys. Rev. Lett.65, 239
~1990!.

5P. C. Sercel and K. J. Vahala, Phys. Rev. B42, 3690~1990!.
6C. R. M. de Oliveira, A. M. de Paula, F. O. Plentz, J. A. M
deiros, L. C. Barbosa, O. L. Alves, E. A. Menezes, J. M.
Rios, H. L. Fragnito, C. H. Brito Cruz, and C. L. Cezar, App
Phys. Lett.66, 439 ~1995!.

7G. Scamarcio, M. Lugara´, and D. Manno, Phys. Rev. B45,
13 792~1992!.

8B. A. Weinstein and R. Zallen, inLight Scattering in Solids IV,
edited by M. Cardona and G. Gu¨ntherholdt ~Springer, New
York, 1984!, p. 463.

9V. C. S. Reynoso, Y. Liu, R. F. C. Rojas, N. Aranha, C. L. Ces
J.

,

L. C. Barbosa, and O. L. Alves, J. Mater. Sci. Lett.15, 1037
~1996!.

10G. J. Piermarini, S. Block, and J. D. Barnett, J. Appl. Phys.44,
5377 ~1973!.

11Y. Liu, V. C. S. Reynoso, R. F. C. Rojas, C. H. Brito Cruz, and
C. Barbosa, J. Mater. Sci. Lett.15, 892 ~1996!.

12P. M. Amirtharaj and F. H. Pollak, Appl. Phys. Lett.45, 789
~1984!.

13J. G. Mendoza-Alvarez, J. Gonza´lez-Hernández, F. Sa´nchez-
Sinencio, and O. Zelaya, J. Cryst. Growth86, 391 ~1988!.

14S. S. Islam, S. Rath, K. P. Jain, S. C. Abbi, C. Julien, and
Balkanski, Phys. Rev. B46, 4982~1992!.

15J. R. Mei and V. Lemos, Solid State Commun.52, 785 ~1984!,
and references cited therein.

16M. Prakash, M. Chandrasekhar, H. R. Chandrasekhar, I. M
kowski, and A. K. Ramclas, Phys. Rev. B42, 3586~1990!, and
references cited therein.

17M. I. McMahon, R. J. Nelmes, N. G. Wright, and D. R. Allan
Phys. Rev. B48, 16 246~1993!, and references cited therein.


