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Abstract

Nanoparticles of CdSe embedded in amorphous SiO,, GeS, and polycrystalline ZnSe thin films have been produced
by sequential physical vapour deposition of CdSe and one of the matrix materials. High-resolution electron microscopy
has been used to prove the formation of CdSe nanoparticles. Particles with nearly spherical shape were observed whose
spatial distribution follows the surface morphology of the ‘matrix’ films. The mechanism of nanoparticle formation on a
rough surface has been discussed. It has been found that annealing of SiO,—CdSe films at 973 K leads to the formation
of isolated CdSe nanoparticles homogeneously distributed in the matrix. Quantum-size increase in the optical band gap
of CdSe nanoparticles has been observed in all matrices used. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bulk composites of CdS,Se;_, semiconductors
and boro-silicate glasses (semiconductor doped
glasses) have been the focus of intensive research
because they demonstrate a high and fast optical
nonlinearity interesting for signal processing or
designing optical communication systems [1-3].
Moreover, these composites are suitable for study-
ing quantum-size effects in quasi-zero dimensional
systems (quantum dots) [4]. Photo- and electro-
luminescence of CdSe nanocrystals is also inter-
esting for practical uses [5,6] since the wavelength
of the emitted light may be changed merely by
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changing the nanocrystallite size. The preparation
of doped glasses generally comprises two steps:
(i) long-time fabrication of oversaturated solid
solutions by co-melting of the semiconductor
components with some silicate glass at high
temperatures (7'~ 1500 K) and (ii) nanocrystallite
growth at temperatures 7 > 900K for several to
100 h. Thin film counterparts of doped glasses
have also been prepared [7,8], in which the first
step is co-sputtering of SiO, and II-VI semicon-
ductor and the second one is nanocrystallite
growth at temperatures 7' > 900 K.

In this article we report a successful production
of CdSe nanoparticles in thin film matrices from
amorphous SiO, and GeS; as well as polycrystal-
line ZnSe by means of a multilayer approach. The
influence of annealing at various temperatures on
the spatial distribution of CdSe nanocrystals is
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investigated. A mechanism of nanoparticle forma-
tion is suggested and some optical properties of the
nanoparticles are described.

2. Experimental

Consecutive thermal evaporation of CdSe and
the matrix material (SiO, or GeS,, or ZnSe) was
carried out from two independent tantalum
crucibles at a vacuum of ~35x107*-10°Pa
[9,10]. The Corning 7059 glass, quartz and c-Si
substrates used were not intentionally heated. The
number of layers in the samples was varied
between 30 and 120 depending on their thickness.
The nominal film thickness and deposition rate of
both materials were controlled during deposition
by two preliminary calibrated quartz monitors.
CdSe layers had a nominal thickness dcqse between
1 and 6nm and in all samples the thickness
of the ‘matrix’ layers was dpapix = 20dcgse (i.€.
dmatrix = 20-120 nm). Some samples of each kind
were annealed for 60—-90 min at 673 K. The SiO,—
CdSe films were annealed in air or argon while the
GeS,—CdSe and ZnSe-CdSe films were annealed
only in argon.

High-resolution electron microscopy (HREM)
measurements were performed by means of a JEM
4000 EX operating at 400kV. Electron micro-
graphs were recorded at 40,000, 110,000 and
500,000 times magnification using optimum con-
trast conditions (near Scherzer defocus). The
constant photocurrent method was employed
[9,11] in order to study the absorption of CdSe
nanoparticles in the region 1.45-3.1eV. Planar
contacts from aluminum (on the SiO,—CdSe films),
carbon (on the GeS,—CdSe films) and sputtered
gold or In—-Ga (on the ZnSe—CdSe films) have been
used in those measurements.

3. Results and discussion
3.1. Nanoparticle formation
It is well known that in the vapor deposition of

materials surface roughness of layers increases
with increasing film thickness [12]. In our samples,

the superthin layers of CdSe are deposited on the
rough surface of the relatively thick (20-120 nm)
‘matrix’ layer underneath. Hence, one can expect
that CdSe superthin films in the multilayer
structures described will be disrupted and nano-
sized regions will be formed. HREM has been used
to prove the formation of CdSe nanoclusters in
SiO, (x=~1.5) or GeS, matrices as well as to study
their shape, size, structure and spatial distribution.
Cross-sectional electron micrographs shown in
Figs. la and 2 reveal in both SiO, and GeS,
matrices CdSe clusters with nearly spherical
shapes, which are not disposed in a plane. The
spatial distribution of the clusters follows the
surface morphology of the ‘matrix’ films. CdSe
nanoparticles are partly isolated and partly in
contact with each other. The higher magnification

Fig. 1. Cross-section view of as-deposited SiO.(40nm)/
CdSe(2nm)/SiO,(20nm) three layer structure at (a) low and
(b) high magnification.
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Fig. 2. Cross-section view of as-deposited GeS, (40nm)/
CdSe(2 nm)/GeS,(20 nm) three layer structure at low magnifi-
cation.

shows (Fig. 1b) that the crystal lattice of the
particles is oriented randomly. The o¢/a ratio
(a: average size of nanocrystals, ¢ half-width at
half-maximum of size distribution) found [10] for
I nm CdSe deposited on 20 nm SiO, is 0.13, while
for 2nm CdSe deposited on 40 nm SiO, it is 0.19.

Nonepitaxial self-organized metal nanocluster
formation has been reported [13,14] on the rough
surface of amorphous Si:H and SiO, thin films
deposited by means of vapor deposition or glow-
discharge techniques. Mo and W nanoparticles
arranged in chains with up to several hundred
nanometers length and sizes much greater than the
deposited nominal metal layer thickness have been
observed [13]. Moreover, ZnCdSe quantum dots
were fabricated with a two-chamber molecular
beam epitaxy system on ZnSe crystalline films of
deliberate surface roughness [15]. The mechanism
of nanoparticle formation on a rough surface is
not clear. The Stranski—Krastanow self-organized
epitaxial growth in strained systems, which takes
place on the smooth surface of crystalline materi-
als, could not be invoked to explain nanoparticle
growth on a rough surface. Mechanisms such as
partial wetting of Ga with respect to SiO, [14] and
filling up the existing valleys of the thin film
a-Si:H surface [13] were considered as being
responsible for the nanoparticle formation.

It is known [12] that at the first stage of thin film
deposition on a rough surface an embryo forma-

tion takes place, which depends on many factors
such as the temperature, chemical nature, smooth-
ness and cleanness of the substrate surface. In
particular, the presence of steps or other defects on
the substrate surface leads to an increase in the
embryo concentration. Also, it has been shown
[16] that the curvature and stress at a rough
surface strongly affect reaction rates at a solid
interface because of the existence of different
environments at different reaction sites. It is seen
from Figs. 1a and 2 that the spatial distribution of
the CdSe particles follows the surface morphology
of the SiO, and GeS, films. This allows us to
assume that, independently on the chemical nature
of the surface, at the very beginning of CdSe film
deposition embryos are formed at those surface
positions at which the curvature and lattice stress
are the greatest. The relatively narrow nanocluster
size distribution observed [10] indicates that most
likely further CdSe deposition does not create new
embryos, but increases only the size of already
existing nanoparticles. Figs.1la and b show that at
low substrate temperatures and a thickness ratio of
dimatrix/dcase = 20 the surface roughness of the
‘matrix’ layers is sufficient to ensure the forma-
tion of quasi-isolated CdSe nanoparticles. How-
ever, multilayer structures fabricated as described
above, but having a thickness ratio
dmalrix/dCdSezl (d=2—10nm) and a smooth
surface of the ‘matrix’ layers behave as high
quality amorphous/nanocrystalline multiple quan-
tum wells [11,17,18]. These results prove the
correctness of the suggested mechanism of self-
organized nanocluster formation on a rough
surface and indicate that the multilayer vapor
deposition technique may be applied for fabrica-
tion of both II-VI nanoclusters in various matrices
and multiple quantum well structures from various
materials.

3.2. Annealing induced changes

Annealing of SiO(GeS,, ZnSe)-CdSe compo-
site films for 60-90min at 673K in air or argon
differently affects the nanoparticle/matrix interface
structure and nanoparticle composition. Only a
minor increase of particle size has been observed in
the SiO,—CdSe films accompanied by an improve-
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ment of the spherical appearance and crystallinity
of the CdSe nanoparticles [10]. In the films with a
chalcogenide matrix (GeS,(ZnSe)-CdSe) an ap-
preciable material intermixing occurs at the inter-
face even in as-deposited films and strong further
alloying takes place upon annealing [19]. This
alloying has been related to diffusion of Cd atoms
from CdSe nanoparticles into the GeS,(ZnSe)
matrix. Because of this material intermixing in
GeS,(ZnSe)—CdSe films, the effect of annealing at
high temperatures (>673K) on size and spatial
distribution of CdSe nanoparticles has been
studied only in SiO,—CdSe films. Samples with
nominal CdSe layer thickness of 1 and 2 nm were
annealed at 873 K for 10 min and 973 K for 30 min.
The annealing at 873 K did not induce appreciable
changes in both size and spatial distribution.
However, the cross-section view of a SiO,/CdSe/
SiO, three layer structure annealed at 973K in
argon (Fig. 3) reveals a spatial arrangement of the
CdSe particles, which is completely different from
that shown in Figs.1 and 2. The three-layer
structure is no longer observed. Instead, mainly
small-sized nanoparticles (~2nm in diameter)
homogeneously distributed in the SiO, matrix
are seen in the micrograph. Obviously, the
annealing of SiO,—CdSe films at 973K causes
dissolution of the CdSe nanoparticle layer fol-
lowed by a homogeneous material distribution
within the whole SiO, matrix and nanoparticle re-

Fig. 3. Cross-section view of the spatial arrangement of CdSe
nanoparticles in a SiO,(40 nm)/CdSe(2 nm)/SiO,(20 nm) three
layer structure annealed in argon at 973 K for 30 min.

growth. Investigations of CdS.Se;_, doped boro-
silicate and SiO, matrices [7,8,20] show that CdSe
nanoparticle growth in a SiO, matrix is rather
quick. This result may be connected with the
existence of both concentration gradient in the
CdSe spatial distribution and a high concentration
of structural defects which facilitates Cd and Se
atom diffusion.

3.3. Electronic and optical properties

Semiconductor nanoparticles represent a class
of quasi-zero dimensional objects or quantum dots
in which due to carrier confinement molecular-like
discrete spectra are observed. Thus the energy gap
of semiconductor nanocrystals can be tuned
merely by changing their size. Optical transmission
and absorption spectra were measured on SiO,
(GeS,,ZnSe)-CdSe films in order to study the
electronic structure of CdSe nanoparticles. Pecu-
liarities in the transmission spectra (not shown
here) of all kinds of composite films were observed
at energies higher than the optical band gap of
bulk CdSe. They indicated a band gap increase
with decreasing nanocrystallite size. Photocurrent
measurements were carried out in order to
measure absorption spectra of CdSe nanoparticles
with higher accuracy than that of the transmission
measurements. The energy dependences of the
absorption coefficient of CdSe nanocrystals in
Si0,(GeS,,ZnSe) composite films are presented in
Fig. 4. A substructure is seen in the absorption
spectra, which may be related to electron transi-
tions between different energy levels in the valence
and conduction bands of CdSe nanocrystals [4].
The energy corresponding to transitions between
the highest valence band and lowest conduction
band levels (which define the optical gap E, of
CdSe nanoparticles) is between 1.95 and 2.0eV.
This value is higher than the optical gap (1.75eV)
of CdSe crystals, which proves that in all matrices
CdSe quantum dots have been successfully pro-
duced. It is interesting to notice that very similar
optical gap values (see Fig. 4) have been obtained
for CdSe nanoparticles in matrices having differ-
ent optical gaps (SiO,—x=x1.5, E,=29¢eV;
GeS,—E; =2.5eV; ZnSe—E, = 2.6eV) and con-
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Fig. 4. Absorption coefficient of as-deposited SiO,—CdSe,
GeS,—CdSe, ZnSe—CdSe composite films in which CdSe layers
have a nominal thickness of Snm. The arrows in the figure
denote optical band gaps of bulk CdSe and CdSe nanoparticles
in the respective matrix.

ductivity type (SiO, and ZnSe are n-type semi-
conductors while GeS, is p-type).

4. Conclusion

The fabrication of discontinuous CdSe nano-
particle layers by physical vapor deposition of
CdSe on rough surface of amorphous SiO, and
GeS, and polycrystalline ZnSe films has been
reported. For the amorphous SiO,, GeS, matrices
the existence of nearly spherical nanoparticles has
been proved by HREM studies and a relatively
narrow particle size distribution has been estab-
lished. Annealing of SiO,—CdSe films at 973 K
leads to the formation of isolated CdSe nanopar-
ticles homogeneously distributed within the whole
SiO, matrix. Quantum-size increase in the optical
band gap of CdSe nanoparticles has been observed
in all matrices. Hence, the described multilayer
vapor deposition technique allows fabrication of

II-VI quantum dots in various matrices. In oxide
matrices either contacting or isolated nanoparti-
cles can be prepared.
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