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Abstract

Cadmium selenide quantum dots with cubic crystal structure are chemically deposited in thin film form using selenosulfate as a
precursor for selenide ions and ammonia buffer with double role: as a ligand and as a pH value controller. The optical band gap
energies of as-deposited and thermally treated cadmium selenide thin films, calculated within the framework of parabolic
approximation for the dispersion relation, on the basis of equations which arise from the Fermi’s golden rule for electronic
transitions from valence to conduction band, are 2.08 and 1.77 eV, correspondingly. The blue shift of band gap energy of 0.34 ¢V for
as-deposited thin films with respect to the bulk value is due to the quantum size effects (i.e., nanocrystals behave as quantum dots)
and this finding is in agreement with the theoretical predictions. During the thermal treatment the nanocrystals are sintered, the
increase of crystal size being in correlation with the decrease of band gap energy. The annealed thin films are practically non-
quantized. From the resistance—temperature measurements, on the basis of the dependence of In(R/Q) vs 1/T in the region of

intrinsic conduction, the thermal band gap energy (at 0 K) of 1.85¢eV was calculated.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The development of contemporary, sophisticated
technologies which increase the quality of human life
is closely related to the semiconducting materials. The
science and technology of semiconducting thin films
have a crucial role in high-tech industry. Thin films of
semiconducting materials are applicable in the field of
microelectronics, optical electronics, in communication
technologies, as well as in energy generation and
conservation strategies, etc. [1].

In recent years, the field of nanocrystalline semicon-
ducting thin films is rapidly expanding. The increasing
interest for these materials is due to the fact that they are
characterized by properties which are substantially
different from the corresponding ones for bulk semi-
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conductors [2]. These phenomena are known as con-
finement effects or quantum size effects and are of
special interest in nanotechnology. The nanodimensions
of semiconducting crystals influence the band structure
which allows the nanotechnologists to design a semi-
conductor with suitable optical and electrical properties
(i.e., suitable band gap energy) for various technical
applications by controlling the crystal size [3].

Continuing our research in the field of semiconduct-
ing metal selenide thin films [4-7], especially those
systems in which quantum size effects are exhibited, in
this study we focus on the cadmium selenide quantum
dots in thin film form.

The thin films of cadmium selenide, which belongs to
the A"BY' group of semiconductors, are of great
technical interest. The characteristic combination of
properties, determined from the band structure, makes
cadmium selenide of prime importance in energy
conservation problems [8—10]. Usually, the thin films
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of cadmium selenide are of interest for their application
as thin film transistors [11], gas sensors [12,13], acousto-
optical devices [14], vidicones [15], photographic photo-
receptors [16], etc.

Cadmium selenide exists in two polymorph modifica-
tions: cubic and hexagonal [17]. The structure of cubic
modification is of sphalerite type, whereas the hexagonal
modification is of wvurcite-type structure. The cubic
cadmium selenide converts to hexagonal modification at
350—400°C [18]. Although the number of published
papers treating cadmium selenide is rather large [19-25],
especially the cubic modification of this semiconductor
is one of the least studied 4" B¥' systems. The structure
of synthesized cadmium selenide thin films depends on
the experimental conditions. Thus, the preparation of
thin films of cubic cadmium selenide is a very difficult
task. This is in correlation with the relatively small
number of published methods [19,20] for this modifica-
tion. According to Kainthla and co-workers [21,22], the
prepared cadmium selenide in thin film form, using a
method of chemical deposition, is mostly a mixture of
cubic and hexagonal modifications. The films deposited
from (strongly alkaline) reaction system which is super-
saturated with Cd(OH), have mixed cubic and hexago-
nal structure, while upon deposition from a clear
solution at relatively lower pH value cadmium selenide
crystallizes in cubic modification. The sophisticated
technologies (such as molecular beam epitaxy, vacuum
evaporation, electrodeposition [23-25]) have been
mostly used for preparation of cubic CdSe thin films.

In this paper, a relatively simple chemical deposition
method for preparation of nanocrystalline photocon-
ductive thin films of cubic cadmium selenide with a very
high purity (with respect to the presence of hexagonal
modification) is presented. The novelty of this method is
in the usage of an ammonia buffer solution with a
double role—as a both complexing agent (for Cd*"
ions) and as a pH-value-controller (within a rather
narrow range) of the reaction system in the film
deposition process. The involved deposition mechanism
(ion-by-ion vs cluster one) is studied employing the
coherent light scattering experiments.

The optical and electrical properties of the obtained
thin films are thoroughly investigated. Special emphasis
is put on the influence of experimental deposition
conditions on these properties. Also, the post-deposition
annealing influence on the optical and electrical
characteristics of CdSe thin films is investigated.
The manifestations of quantum size effects in the optical
spectroscopic characteristics of the films are also
studied, including the influence of the sintering
process on these effects. The obtained experimental
spectroscopic data regarding the manifestation of
the quantum size effects are compared with the
predictions based on the model of Brus [26,27] for the
confined charge carrier motion in three spatial dimen-

sion (zero-dimensional nanostructures, i.e., quantum
dots).

2. Experimental procedure
2.1. Preparation of the substrates

The thin films of cadmium selenide were deposited
onto glass and polyester substrates with dimensions of a
standard microscope glass. The adhesion with the
substrate is of prime importance for the quality of
the deposited thin films. To improve the film adhesion,
the used substrates were immersed in a diluted solution
of tin chloride prior to the deposition process and
afterwards thermally treated at 200°C. As a result of this
treatment, small crystals of tin(IT) oxide with stochastic
distribution are formed onto the substrate surface
which, during the deposition process, initiate hetero-
geneous nucleation [6].

2.2. Chemical deposition of cadmium selenide thin films

Cadmium selenide thin films were prepared by the
method of chemical deposition. As precursor of selenide
ions, sodium selenosulfate was used. For control of
cadmium(Il) ion concentration and alkalinity of the
reaction system an ammonia buffer solution (with
pH=9) was used. The experimental conditions of
chemical deposition were optimized (in a classical way)
regarding the thin film’s photoelectrical performances.
We found that the pH value of the reaction system is of
prime importance for chemical deposition of cadmium
selenide thin films which manifest photoconductivity.
According to the experimental results, the photoelec-
trical properties can be modified by controlling the
concentration of the used buffer solution, prepared from
NH; and NH,Cl, with c¢o(NH3)=1mol/dm® and
co(NH4C1) =1 mol/dm>. The precursor of selenide ions,
sodium selenosulfate, was used in the form of solution,
which has been obtained by adding gray selenium to a
hot solution of sodium sulfite, stirring this mixture for
1 h at 90°C and filtering the excess of gray selenium. The
solution of sodium selenosulfate is relatively unstable
and therefore it must be freshly prepared prior to the
thin film deposition process. The sulfite ions (due to
their reduction properties; E°(SO7 /SO37)=-0.90V
[28]) present in excess in the selenosulfate solution, are
of prime importance for its stability. The optimal
chemical composition of the reaction system for
preparation of photoconductive cadmium selenide
thin films was obtained by mixing the following
solutions: 10cm® CdANO; (¢(CANO;)=0.1mol/dm?),
70cm’® ammonia buffer solution, 15cm’® Na,SeSO;
(c(Na,SeSO5) =1 mol/dm®) and distillated water to a
total volume of 100cm®. According to the obtained
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experimental results, the optimal temperature for
chemical deposition of cadmium selenide thin films is
60°C.

2.3. Thin film characterization

The identification of the thin films of cadmium
selenide was carried out by X-ray diffraction analysis
with monochromatic CuKa radiation, using the method
of glazing incidence and in order to predict the grain
size, the Debye—Scherrer formula was used. The
diffractograms were recorded on a Philips PW 1710
diffractometer.

The optical (electronic) spectra of chemically depos-
ited thin films of CdSe were recorded on a Cary 50
spectrophotometer in the UV-VIS-NIR spectral range.
The spectra processing was performed using the MS
EXCEL software package [28].

The dark electrical resistance of the deposited thin
films was measured using two- and four-point probes
and constant electrical field methods. To achieve ohmic
contact with the thin films a silver paste was used. The
non-rectifying character of the metal-semiconductor
contacts was proved on the basis of the measured
current—voltage characteristics. A hot probe method was
used to determine the type of major charge carriers in
the obtained films.

The dependence R =f(T) was measured in inert
(argon) atmosphere at P = 80 kPa using a setup which is
presented in Fig. 1. The setup contains a special furnace
from Frank—Hertz’s experiments (FH), a thermocouple
with voltmeter (TC), variable transformer (T), a d.c.
source and a standard resistor (Rs). The investigated
thin film, which is characterized with surface area of
1 cm?, was placed in the furnace. The furnace was heated
slowly by the variable transformer (T), while the film
temperature was registered on the basis of temperature
dependence of thermoelectromotive force of the used
Fe—Constantane thermocouple. The electrical circuit
(which contains a standard resistor with resistance Ry

TC
7
4 FH

iyl

Fig. 1. The experimental setup for R—7 measurements.

and the investigated thin film with dark electrical
resistance Ry) is of prime importance for determination
of temperature dependence of electrical resistance of the
investigated thin film. By mathematical analysis of this
electrical circuit (in case when R;< Ry) the following
equation is obtained:

U R
== 2.1
l,’s ’ ( )

where U, is the applied voltage and Us is the voltage
drop at the ends of the resistor (Ry).

Coherent light-scattering experiments were used to
investigate the mechanism of thin film deposition.

Re

3. Results and discussion

3.1. Considerations of the chemistry and the deposition
mechanism of thin film synthesis

Thin films of cadmium selenide were chemically
deposited using a sodium selenosulfate as a precursor
of selenide ions. In principle, the method is based on
hydrolysis of selenosulfate ions in alkaline solution of
complexed cadmium(II) ions. Several equilibria exist in
the reaction system which can be presented in the
following way:

NH;+H,0==NH; +OH ", (3.1)
Cd*" +4NH; == [Cd(NH,),*, (3.2)
SeSO; +H,0=H,Se + SO; ", (3.3)
H,Se + OH™ ==H,0 + HSe ", (3.4)
HSe +OH™ =H,0 + Se*", (3.5)
Cd*"+Se*” = CdSe. (3.6)

The selenosulfate ions hydrolyze to hydrogenselenide
acid which is characterized by acidity constant (X,) with
magnitude of 1.3 x 10~ mol’dm~¢ at 25°C [29]. As a
result of the low acidity constant value, the concentra-
tion of selenide anions in the reaction system is very
small. The concentration of (hydrated) cadmium cations
in the solution is determined by thermodynamic stability
of tetraaminecadmium ions. The deposition of cadmium
selenide starts when the product of cadmium and
selenide ion equilibrium concentrations is at least equal
to the solubility product (Ks,) of cadmium selenide:

2 - o .
Cd ag) 5€(aq) = CdSe(aq) = CdSe(y), (3.7)

Kopcase) <c(Cd™)e(Se™). (3.8)

In the matter of photoelectrical performances of thin
films of cadmium selenide, the control of pH of the
reaction system is of prime importance. Namely, the
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presence of CdO and Cd(OH), impurities in relatively
large quantities reflects negatively on the photoelectrical
properties of cadmium selenide. On the other side,
in acidic medium selenide ions oxidize to red selenium.
For these reasons, the chemical deposition of thin films
of cadmium selenide was carried out in the presence
of ammonia buffer solution with pH=9. Namely,
as mentioned before, the ammonia buffer has a
double function. It controls the alkalinity of the reaction
system and, on the other side, the ammonia forms
tetraaminecadmium ions with stability constant of
1.32x 10"mol *dm'® [29] and thus determines the
concentration of cadmium ions.

In principle, the small concentrations of selenide and
cadmium ions are of prime importance for cadmium
selenide deposition, first of all, as thin film onto the
substrate surface. Thus, the small concentration of
Cd*" ions is controlled indirectly using ammonia as a
complexing reagent, whereas the small concentration of
selenide ions is determined by slow dissociation of
hydrogen selenide ions.

The thin film deposition involves two processes:
process of nucleation and process of crystal growth.
The ratio of rates of these two processes is of
fundamental importance for the crystal size of the
deposited cadmium selenide thin films. The rate of
nucleation depends on the relative supersaturation of
solution. Namely, low relative supersaturation of the
reaction solution favors heterogeneous nucleation. By
increasing the solution supersaturation, on the other
hand, the rate of nucleation increases exponentially and
the homogeneous nucleation dominates. In principle,
the crystal growth process can be based on two types of
mechanisms: ion-by-ion mechanism and cluster or
colloidal mechanism [30]. According to the ion-by-ion
mechanism, the crystal growth is a result of the reaction
between cadmium(II) and selenide ions which are
present in low concentration in the growth solution:

(CdSe),+Cd*"+Se*™ = (CdSe) (3.9)

n+1»

(CdSe),, ,+Cd** +Se*” = (CdSe),, », (3.10)

n+

where n is the number of formula units which form a
stable nucleus. On the other side, the low equilibrium
ionic concentrations lead to practically only hetero-
geneous nucleation and absence of precipitation in the
growth solution.

Cluster mechanism of crystal growth is based on
adsorption and coagulation (which involves coalescen-
tion and aggregation) of colloidal particles:

(CdSe),+(CdSe), = (CdSe), ., (3.11)

where [, k>n.

According to the cluster mechanism, besides hetero-
geneous nucleation, the homogeneous nucleation also
precedes to the crystal growth process. The colloidal

particles, formed in the solution, migrate to the
substrate surface. Regarding the chemical composition
of colloidal particles, they can be cadmium selenide,
cadmium hydroxide and hydrated cadmium oxide,
which spontaneously convert to cadmium selenide as a
result of the lower solubility product of CdSe in
comparison to cadmium hydroxide and cadmium oxide.

The mechanism of cadmium selenide crystal growth
(in thin film form) was investigated using a light
scattering experiment. Thus, if the crystal growth
process is based on the cluster mechanism, the colloidal
particles, which are present in the solution, scatter the
used monochromatic light. In the opposite case, the
crystal growth is based on ion-by-ion mechanism.
According to the experimental results, the deposition
of cadmium selenide thin films is dominated by the
cluster mechanism.

3.2. Identification of thin films of cadmium selenide

The X-ray powder diffraction method was used for
identification of the chemically deposited thin film
materials. Also, the recorded XRD patterns were
employed for estimation of the average crystal size (in
spherical approximation), according to the Debye—
Scherrer’s approximation which is based on the follow-
ing equation:

4 092

" 3fcosl

where d is the average diameter of the crystals (in
spherical approximation), 4 is the wavelength of used
X-ray radiation, f is the full-width at half-maximum
intensity of the peak and 6 is the angle which
corresponds to diffraction maximum [31].

According to the results of X-ray diffraction an-
alysis (Figs. 2 and 3) the thin films and corresponding
precipitates of CdSe, obtained wunder identical

(3.12)

Intensity
F

10 20 30 2 50 60 70
20 (%)

Fig. 2. The XRD patterns of: (a) standard, (b) precipitate of CdSe
and (c) annealed precipitate of CdSe (at 300°C).
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Fig. 3. The XRD patterns of: (a) standard, (b) as-deposited thin film

of CdSe (onto glass substrate) and (c) annealed thin film of CdSe (onto
glass substrate at 300°C).

experimental conditions, are polycrystalline. The pre-
pared CdSe thin films belong to cubic crystal system
(with unit-cell parameter of 6.077A [32]) and are
characterized with sphalerite type of structure. The
results about the crystal structure of the obtained thin
films of cadmium selenide are in correlation with the
conclusions of Kainthla and co-workers [21,22].

The broad diffraction peak in the diffractograms of
CdSe thin films (which corresponds to 20 values of 20—
40°) is due to the amorphous structure of the glass
substrates.

Using the equation of Debye and Scherrer, on the
basis of the full-width at half-maximum of more
intensive diffraction peaks, the average crystal sizes of
unannealed and annealed (at 300°C in air atmosphere)
cadmium selenide (in form of thin film and correspond-
ing precipitate) were estimated. The average crystal
diameter of unannealed cadmium selenide (thin film and
precipitate) is 5.3 nm. In the case of annealed cadmium
selenide at 300°C, as thin film and precipitate as well, the
average crystal diameter of 24 nm was estimated. The
identical values of crystal sizes of CdSe thin films and of
the corresponding precipitates give a further support for
the process of crystal growth according to the cluster
mechanism [33].

3.3. Investigation of the optical properties of cadmium
selenide thin films and the exhibited quantum size effects

The optical spectra of the thin films of cadmium
selenide were recorded in the spectral range from 190 to
1100 nm. On the basis of the experimental data, the
absorption coefficient (for each wavelength) was calcu-
lated using the following equation:

1. I

o=-In

SIn=, (3.13)

20
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Fig. 4. (a,b) The dependence of absorption coefficient of as-deposited
and annealed CdSe thin films on incident photon energy, corres-
pondingly.

where d is the thickness of the investigated thin film,
while Iy and [ are the intensity of incident and
transmitted light, correspondingly.

On the basis of the magnitude of absorption
coefficient in the investigated spectral range and its
dependence on the incident photon energy, several
conclusions about band structure of CdSe can be
deduced.

The dependence of absorption coefficient on the
incident photon energy for as-deposited and annealed
(in air atmosphere at 300°C) cadmium selenide thin film
is presented in Fig.4a and b. The magnitude of
absorption coefficient, in the investigated optical range,
is of the order of 10*cm™" or even higher. This fact
indicates that the explored spectral region is the region
of intrinsic absorption of cadmium selenide and the
corresponding electronic transitions are of direct
allowed type (i.e., band to band transitions). On the
other side, the direct type of electronic transitions
implies that identical electronic wave vector corresponds
to the absolute minimum of the conduction band and
the absolute maximum of valence band in the k-space
and the electronic transitions do not involve phonons.
The values of absorption coefficient larger than
10*cm ™" correspond to electronic transitions from
valence band to higher energy levels of the conduction
band. According to the literature data, the excited
electrons in this way are thermalyzed to the lower edge
of conduction band within 1072 to 10735 [34]. The
optical properties of cadmium selenide thin films
changed irreversibly upon thermal treatment (which is
accompanied by an irreversible change of color from
yellowish-orange to brown). As can be seen from Fig. 4,
upon thermal treatment the absorption edge is shifted
towards lower photon energies (red shift).

The optical band gap energy of cadmium selenide thin
films was calculated within the framework of parabolic
approximation for dispersion relation, on the basis of
equations, which arise from the Fermi’s golden rule for
electronic transitions from the valence to conduction
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band. Namely, the semiconductor’s band structure
determines the functional dependence of the absorption
coefficient () on the photon energy. The Fermi’s golden
rule for fundamental “band to band” electronic transi-
tions is defined in the following manner:

why = C Y |Pycl*g(E)S(E. — E, — hv), (3.14)
k

where |PVC|2 is the transition dipole moment, g(E) is the
density of energy levels, 4v is the photon energy, while
E. and E, correspond to the minimum of conduction
band and the maximum of valence band correspond-
ingly [35]. From further mathematical derivations based
on (3.14) the following equation which is the basis of
optical band gap energy calculations arises:

(ahv)" = A(hv — Ey), (3.15)

where the index n depends on the type of electronic
transitions. In the case of direct-allowed and forbidden
transitions the values of n are 2 and % correspondingly,
whereas for indirect type of transitions (allowed and
forbidden) n has a value of § and { correspondingly.
The recorded optical spectra of (as-deposited and
annealed) CdSe thin films were mathematically trans-
formed according to Fermi’s golden role. The experi-
mental data from the dependence of ahv = f(hv) were
fitted according to Eq. (3.15). The linear dependence of
(ohv)" vs hv was obtained for n=2. This is in
correlation with the previous conclusion that near to
absorption edge the electronic transitions are direct
(allowed) and do not involve phonons. The dependence
of (ahv)® vs hv in the case of as-deposited and annealed
thin films of CdSe is presented in Fig. 5a and b. The
deviation from the linear dependence of (at/v)” vs hv is a
result of deviations from parabolic approximation. By
linear correlation analysis of experimental data within
the region of linear dependence of (ahv)> vs hv the

180
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Fig. 5. (a,b) The dependence of (ochv)2 on /Av in the case of as-deposited
and annealed CdSe thin films, correspondingly.

optical band gap energy was calculated. According to
this analysis the optical band gap energy of as-deposited
cadmium selenide (in thin film form) at room tempera-
ture is 2.08 eV.

On the basis of linear plot of (ahv)* vs hv and using
linear correlation analysis, the calculated optical band
gap energy value in the case of annealed cadmium
selenide (in thin film form) is 1.77e¢V at room
temperature.

The calculated optical band gap energy of annealed
thin film of CdSe agrees with the literature value for this
quantity (1.74eV) corresponding to bulk CdSe [36]. In
the case of as-deposited cadmium selenide thin films the
optical band gap energy is higher by 0.34eV in
comparison with the bulk value. The shift of the band
gap energy in the case of as-deposited cadmum selenide
thin films results from the quantum size effects. This
conclusion is in correlation with the results of X-ray
diffraction analysis.

Namely, charge carries in semiconductors can be
confined in one, two or three spatial dimensions. These
regimes are termed quantum films, quantum wires and
quantum dots (or zero-dimensional nanocrystals) corre-
spondingly. Some fundamental differences exist for the
three types of quantization. The confinement effects in
three spatial dimensions can be explained in the frame-
work of Brus’s approach which is based on the particle
in a box model [26,27]. According to this model, upon
decrease of the crystal size the band structure of the
semiconductor transforms to discrete energy structure.
The confinement effects are strongly manifested in the
case of small crystals with a radius which is lower or
comparable with Bohr’s radius (i.e., radius of an
“exciton” in bulk semiconductors). According to the
model of Brus, the energy spectrum of an exciton
(treated as one particle with a reduced mass
m* = [(m)~ + (m;;)fl]fl) in nanocrystal with a radius
which is comparable to Bohr’s radius is given by the
following equation (within spherical particle approx-
imation):

E(R) = E, i ( (3.16)

L 1 1 _C1€2
8R2

_ Jr _
* *
mi o my eR

~ CE,

where R is the radius of the exciton, C; and C, are
constants, ¢ is the dielectric constant of the semicon-
ductor and Ey, is the effective Rydberg constant.

According to the XRD analysis, as-deposited thin
films are polycrystalline with average crystal radius (in
spherical approximation) of 2.6 nm. The literature value
for excitonic Bohr’s radius in the case of bulk CdSe is
5.6nm [34]. The comparison of the average crystal size
with literature value of the Bohr’s radius in bulk CdSe
indicates that the as-deposited thin films are strongly
quantized and the crystals with nanodimensions should
be treated as quantum dots.
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In the case of as-deposited cadmium selenide quan-
tum dots (in thin film form), on the basis of the
experimental data, the shift of optical band gap energy
(AE = E(R) — E;) is 0.34eV. According to the Brus
model the predicted energy shift is 0.53e¢V. The
deviation of experimentally obtained AE value from
the theoretically predicted one is due to the limited
applicability of the effective mass model in the case of a
crystal with a small radius of the order of several
nanometers [36].

The thermal treatment of cadmium selenide thin films
influences the average crystal size. Thus, according to
XRD analysis the average crystal radius of annealed
CdSe thin films at 300°C is 12nm. The Brus model
predicts a value of 0.03eV for optical band gap energy
shift, which excellently agrees with experimental result
(AEep =0.03eV). Annealed thin films of CdSe are
practically non-quantized. With prolonged treatment at
300°C or even higher temperature the optical band gap
energy shift will vanish. Namely, upon annecaling of
cadmium selenide thin films, the crystals are sintered,
their dimensions increase and the confinement effects
disappear irreversibly. In this way, by controlling the
temperature and/or duration of annealing process,
the properties of cadmium selenide thin films can be
designed.

3.4. Electrical measurements

The as-deposited thin films of cadmium selenide are
characterized with high dark electrical resistance. In the
case of annealed thin films, this quantity is a function of
the experimental conditions during the deposition
process, i.e., the concentration of ammonia buffer
solution used in preparation of the reaction system.
The dark electrical resistance of the annealed thin films,
prepared from the solution with the composition
presented in Experimental details chapter, is of the
order of several GQ’s, depending on film thickness.
Thus, in the case of an annealed thin film with thickness
of 200nm the dark electrical resistance is 2 GQ. With
variation of chemical composition of the reaction system
(i.e., concentration of ammonia buffer solution) the
dark electrical resistance of the annealed thin films
decreases.

According to the results of the hot probe method,
based of Seebeck’s effect, the majority of the charge
carries are electrons and the cadmium selenide thin films
are n-type semiconductors.

The thermal band gap energy of prepared thin films
was obtained on the basis of experimentally obtained
temperature dependence of the dark electrical resistance.
The dependence R = f(T') was measured in inert (argon)
atmosphere at P = 80 kPa.

The experimentally obtained temperature dependence
of dark electrical resistance of cadmium selenide thin
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Fig. 6. The dependence of InR on 1/T in the region of intrinsic
conduction for CdSe thin film.

films fits well with an exponential function, according to
the theoretical prediction:
R = Roel/?T (3.17)
where R is the dark electrical resistance, T is the
temperature, E, is the thermal band gap energy, k is the
Boltzmann constant, while R, is constant. On the basis
of temperature dependence of dark electrical resistance
the plot of In R vs 1/T was constructed. According to the
experimental results the temperature region from 210°C
to 270°C corresponds to the intrinsic conduction. The
decrease of dark electrical resistance in this region is due
to the band to band electronic transitions. The In R vs
1/T dependence in the region of intrinsic conduction
is presented in Fig. 6. Using linear correlation analysis,
the data from this dependence were fitted according to
the equation:

E, 1
InR==E_=+1nR,.

=37 (3.18)

The calculated thermal band gap energy at 0K is
1.85eV, which is in excellent agreement with the
literature values (1.85 and 1.90eV [36]), and also with
the optical band gap value determined in this study.

The investigation of photoelectrical properties
showed that the conductivity of the annealed thin films
(deposited from reaction system with chemical composi-
tion presented before) increases for three orders of
magnitude upon interaction with intensive white light
from an overhead projector. By variation of experi-
mental conditions of chemical deposition, the obtained
annealed thin films manifest small photoconductivity or
do not manifest photoconductivity at all. A detailed
study of the photoelectrical properties of CdSe thin films
deposited according to the route presented here (includ-
ing the photoconductivity spectral dependence as well
as photoconductivity relaxation phenomena) will be
published elsewhere.
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4. Conclusions

A chemical method for deposition of cadmium
selenide quantum dots in thin film form with cubic
structure onto glass and polyester substrates is pre-
sented. The presented method uses selenosulfate as
precursor of selenide ions and ammonia buffer solution
with double role: as a ligand and as a pH value
controller. By controlling the chemical composition of
reaction solution and post-deposition treatment, the
presented method permits to design optoelectrical
properties of CdSe thin films. According to the results
from the coherent light-scattering experiments, the
process of CdSe crystal growth is predominantly based
on cluster mechanism.

The optical study shows that as-deposited CdSe thin
films are size-quantized, i.e., nanocrystals behave as
quantum dots with blue shifted band gap energy of
0.34¢eV in comparison to the bulk value. Upon thermal
treatment, the nanocrystals are sintered, their dimen-
sions increase and the confinement effects disappear
irreversibly.

On the basis of temperature dependence of dark
electrical resistance of annealed cadmium selenide thin
films the thermal band gap energy of 1.85e¢V is
calculated.
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