Vol. 118 (2010)

ACTA PHYSICA POLONICA A

No. 4

Effect of Substrate Temperature on the Structural
and Optical Properties
of Nanocrystalline Cadmium Selenide Thin Films

Prepared by Electron Beam Evaporation Technique

N.J. SUTHAN KISSINGER®*, J. SUTHAGAR’, B. SARAVANA KUMAR®, T. BALASUBRAMANIAM?

AND K. PERUMAL®
2Department of Physics, Loyola Institute of Technology & Science, Tamilnadu, India

*Department of Physics, Karunya University, Coimbatore — 641114, India

¢School of Advanced Materials Engineering,Chonbuk National University,South Korea

dDepartment of Physics, Kongunadu College of Arts & Science, Coimbatore, India
¢Department of Physics, SRMV College of Arts & Science, Coimbatore — 641020, India

(Received March 22, 2010; in final form July 9, 2010)

Cadmium selenide (CdSe) thin films on glass substrates were prepared by physical vapour deposition under
vacuum using the electron beam evaporated technique for different substrate temperatures: room temperature,
100, 200, 300°C, respectively. X-ray diffraction analysis indicates that the films are polycrystalline, having
hexagonal (wurtzite) structure irrespective of their substrate temperature. All the films show most preferred
orientation along (002) plane parallel to the substrates. The microstructural parameters such as particle size,
stress, strain and dislocation density were calculated. The grain size of deposited CdSe films is small and is
within the range of 18 to 42 nm. The optical absorption spectra of electrom beam deposited CdSe films were
studied in the wavelength region of 250-2500 nm. The energy gap (Eg) values (allowed direct transitions),
calculated from the absorption spectra, ranged between 1.77 and 1.92 eV. The surface morphological quality
of electron beam evaporated CdSe films were analyzed by scanning electron microscopy and atomic force microscopy.

PACS numbers: 68.37.Hk, 81.05.Dz

1. Introduction

Binary semiconductor compounds belonging to II-VI
groups of the periodic table are important due to their
potential use in photoconductive devices and solar cells
[1-4]. Among the II-VI group elements, CdSe is an im-
portant material for the development of various modern
technologies of low cost devices such as light emitting
diodes, solar cells, photodetectors, electrophotography,
lasers and high-efficiency thin film transistors etc. [5-7].
The distribution of grain size and other structural and
morphological properties of the films strongly affect the
performance and reliability of active devices fabricated
on such layers. In recent years the investigation of elec-
trical and optical properties of CdSe thin films have been
given much importance in order to improve the perfor-
mances of the devices and also for finding new applica-
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tions [8-11]. A number of methods have been used to
prepare CdSe thin films (including physical vapour de-
position, sputtering, spray pyrolysis, electrodeposition,
etc.) [12-15]. Out of the various methods available, the
physical vapour deposition in its variants is often used
because it offers many possibilities to modify the deposi-
tion parameters and to obtain films with controlled struc-
tures and properties. However, it is interesting to study
the deposition of CdSe thin films by means of simple
and inexpensive techniques and using more commercially
available substrates, in view of the low cost production
of CdSe devices. Among the various deposition tech-
niques available for the preparation of CdSe thin films,
the electron beam evaporation (EBE) technique is very
important and promising deposition technique, because
it is relatively simple, inexpensive and convenient, in par-
ticular for large area deposition. Also this method has
been considered largely for the growth of device quality
thin films [16-18]. The photovoltaic device performance
of CdSe films basically depends on their structural, sur-
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face morphological, compositional and optical properties.
It is important that the improvement of materials prop-
erties requires closer inspection of preparation conditions
and also the above said properties of the films. Hence,
in the present study we have investigated the structural,
optical and morphological properties of electron beam
evaporated CdSe thin films and the effect of substrate
temperature (Ty) on these properties in a detailed man-
ner and the results are presented.

2. Experimental

Thin films of CdSe were prepared by EBE technique
using a HINDHI-VAC vacuum unit (model: 12A4D) fit-
ted with electron beam power supply (model: EBG-PS-
-3K). Well degreased microscopic glass plates have been
employed as the substrates in the present work. Dry
CdSe powder (Aldrich, 99.99%) was shaped into pellets,
taken in a graphite crucible and kept in water cooled cop-
per hearth of the electron gun. The pelletized CdSe tar-
gets were heated by means of an electron beam collimated
from the dc heated tungsten filament cathode. The sur-
face of the CdSe pellet was bombarded by 180° deflected
electron beam with an accelerating voltage of 5 kV and
a power density of about 1.5 kW /cm?. The evaporated
species from CdSe pellet were deposited as thin films on
the substrates in a pressure of about 1x 10~° mbar. Each
substrate was placed normal to the line of sight from the
evaporation source at a polar angle to avoid shadow ef-
fects and also to obtain uniform deposition. The differ-
ent preparation parameters such as source to substrate
distance (15 cm) and partial pressure (10~° mbar) have
been varied and optimized for depositing uniform, well
adherent and transparent films. The rate of evapora-
tion (0.5 nm/s) was used to deposit all CdSe films to a
thickness of 200 nm. CdSe films were prepared at room
temperature (RT), 100, 200 and 300 °C, respectively, to
study the effect of substrate temperature on the struc-
tural, optical, and morphological properties.

The crystalline size (D) is calculated using the Scherrer
formula from the full-width half-maximum (FWHM) (5):

D =0.94)\/(B cosb), (1)
where \ is the wavelength of the X-ray used, 0 is the
FWHM, D is the particle size value and 6 is half the angle
between incident and the scattered X-ray beams. The
strain values (g) can be evaluated by using the following
relation:

€ =(ADcosf — 3)/tané. (2)
The lattice parameter (a) is determined for hexagonal
structure by the following expression:

1/d* = 4 (h® + hk + k?) /(3a®) + L?/c?, (3)
where h, k, [ are the Miller indices of the lattice plane.
The dislocation density (§) has been calculated by using
the following formula [16] for cubic CdSe thin films:

0 = 1beaD . (4)

The spectral normal transmittance (T") was measured
by UV-Vis-NIR spectrophotometer over the wavelength

range of 200-2500 nm. The calculation of absorption
coefficient o gives a higher value of 10* cm™! near the
absorption edge and in the visible region. a depends on
the radiation energy and on the composition of the films.
The absorption data were analyzed using the relation for
the near edge absorption of direct band gap semiconduc-
tor films by
a=K(hv—E)Y?/hw. (5)
The structural properties of the films were studied by
the JEOL JDX X-ray diffractometer (XRD) with Cu K,
radiation (A = 1.5418 A) Surface morphology of the films
was studied by JEOL JSM-5610 LV (Japan) scanning
electron microscope (SEM) and atomic force microscopy
(AFM). The optical properties of the films were analyzed
by using HITACHI-3400 UV-Vis-NIR spectrophotometer
in the wavelength range 200-2500 nm.

3. Results and discussion

The XRD patterns of EB evaporated CdSe films on
glass substrates at room temperature and different sub-
strate temperature are shown in Figs. la—d. The spectra
revealed almost single peak corresponding to highly ori-
ented CdSe layers formed by EB evaporation technique.
They also confirm the polycrystalline nature of the de-
posited film. The peaks correspond to the hexagonal
phase of CdSe film. This is supported by the fact that
the bulk CdSe has a highly stable hexagonal (wurtzite)
structure at temperatures ranging from room tempera-
ture to its melting point (= 1240°C) [9]. At low temper-
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Fig. 1. X-ray diffractogram of CdSe thin films pre-

pared on glass substrates at room temperature and
at different substrate temperatures: (a) Teuwpb = RT,
(b) Tsub = 100 OC, (C) Tsub = 200 OC7 and (d) Tsub =
300°C.
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atures, CdSe exists with cubic structure which is also a
metastable phase. Hence, all the CdSe films deposited at
various substrate temperatures ranging from room tem-
perature to 300°C showed only hexagonal structure in
the present study. All the films have thickness of about
200 nm. A sharp peak is observed almost in all films close
to 20 = 25.3° corresponding to (002) plane of the hexago-
nal phase. Another peak commonly observed is at about
20 = 45.9° with broad and low intensity corresponding

J

to (103) plane of hexagonal structure. The XRD pat-
tern characteristics of CdSe films deposited at various
substrate temperatures are given in Table I. The peak
variation results show that at room temperature, (002)
peak along with other peaks like (101), (110) and (103)
are identified. When the substrate temperature is in-
creased, the films became highly oriented along (002) di-
rection and the other peaks are greatly suppressed. Such
results have been observed for the CdSe films deposited
by molecular beam epitaxy technique [19].

TABLE I
XRD patterns characteristics of CdSe films at various substrate temperatures.
Substrate temp. T [°C] Intensity 26 [°] observed d [nm]| observed d [nm]| standard hkl
25 16 23.81 0.3718 0.3723 100
23 25.35 0.3512 0.3505 002
0.3328 101
18 41.82 0.2138 0.2150 110
12 45.71 0.1987 0.1979 103
0.1832 112
100 15 23.79 0.3719 0.3723 100
66 25.51 0.3492 0.3505 002
14 27.06 0.3272 0.3288 101
0.2150 110
16 0.1979 103
0.1974 0.1832 112
200 0.3723 100
268 25.47 0.3497 0.3505 002
0.3288 101
0.2150 110
0.1979 103
24 45.60 0.1988 0.1832 112
300 0.3723 100
513 25.39 0.3507 0.3505 002
0.3288 101
4 41.96 0.2142 0.2150 110
7 45.71 0.1985 0.1979 103
0.1832 112

The effects of substrate temperature on the microstruc-
ture of CdSe films are summarized in Table II and the
trend is shown in Fig. 2. The variation of the grain size
of the preferred peaks with respect to substrate temper-
atures is shown in Fig. 2a. It shows that crystallite size
of the films is increased with increasing substrate tem-
perature. The intense and sharp peaks in XRD pat-
tern reveal the good crystallinity of the films and also
confirm the stoichiometric nature of CdSe films. It can
be generally observed that strain and dislocation den-

J

sity of the film decreases as the particle size increases
which is a well-known phenomenon [20]. Strain is in-
herent and natural component of nanograined materials.
Due to the large number of grain boundaries and the
concomitant short distance between them, the intrinsic
strains associated with such interfaces are always present
in nanophase films. Moreover, the increasing surface en-
ergy contributes to the varying magnitude of strain. Sim-
ilar results have been observed with increase of substrate
temperature for vacuum evaporated CdSe films.
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TABLE II
Microstructural parameters of CdSe films deposited at various substrate temperatures.
Temperature [°C] Grain size Stress 0 Strain e No. of crystallites
chperatire D [nm)] [x10** lines/m?| [x1073] [x10'® per unit area]
25 18 20.81 1.99 21.09
100 24 22.24 1.98 20.98
200 36 18.52 1.74 11.24
300 42 9.879 1.26 3.726
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Fig. 2. Microstructural parameters: (a) grain size, deposited at various substrate temperatures.

(b) dislocation density, (c) strain, and (d) no. of crys-
tallites for the CdSe thin films deposited at different
substrate temperatures.

The lattice parameters values of the hexagonal struc-
ture (planes) are calculated from the equation [1-5].
The values of lattice constants for CdSe films prepared
at different substrate temperatures have been listed in
Table IIT and are shown in Fig. 3. It is inferred that
the lattice parameter values are in very close agreement
with the standard values. The “c” values are nearly the
same but may be relatively less than the standard value
of 0.701 nm for the bulk, whereas the “a” values are found
to be higher as compared to the bulk value of 0.429 nm.
Such variations in lattice constants with nano grained
materials can be attributed to an increased lattice strain.
Such strains create local deviation of lattice constants
from its bulk value which is size dependent [21]. In the
present study, all the deposited CdSe films show reduced
“c” values which indicate that the nanocrystallites are
experiencing compression in the a-direction. These EB
evaporated CdSe films have larger “a” values indicating
the action of tensile strength along c-direction.

This observation for our EB evaporated CdSe films are
opposite to the results observed for the nanocrystalline
CdSe thin films deposited by wet chemical (electrochem-
ical) method [20]. Further, it is a fact that due to the
reduced crystal size, most of the nanomaterials are found
to have different crystal lattice structure when compared
to the polycrystalline films or single crystalline state [22].

Temperature [°C]| hkl planes Lattice parameter
CdSe a [nm] ¢ |nm]

25 002 0.434 0.699

100 002 0.437 0.699

200 002 0.434 0.698

300 002 0.435 0.697

This is mainly attributed to the fact that the number of
atoms in nanoparticle is reduced; the extra free energy
associated with the surface tries to increase the fraction
of particle’s total free energy. It means that the smaller
particle can reduce this excess free energy by changing its
lattice constant, i.e., increased volume of the hexagonal
crystal structure. This is affected by the contraction or
expansion in either a or ¢ axis. In the present studies of
EB evaporated CdSe films, reduction in “c”’ values and
increase in “a” values are observed and justified.

JEOL JSM-5610 LV scanning electron microscope has
been used for the surface morphological analysis of CdSe
films prepared at room temperature and further different
substrate temperatures at 100, 200 and 300 °C. The SEM
pictures of RT and different substrate temperatures are
shown in Figs. 4a—d. The films reveal a highly homoge-
neous growth up to 200°C without pinholes and percep-
tible cracks and are well covered on the substrate. At
300°C, the films show few discontinuities. The particles
are of nanosize and distributed all over the films matrix.
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Fig. 4. SEM architecture of CdSe thin films prepared
on glass substrates at room temperature and at differ-
ent substrate temperatures: (a) Tsup = RT, (b) Twub =
100°C, (c) Tsup = 200°C, and (d) Tsup = 300°C.

Fig. 5. AFM images of CdSe thin films prepared on
glass substrates at room temperature and at different
substrate temperatures: (a) Tsupb = RT, (b) Tsup =
100°C, (c¢) Tsub = 200°C, and (d) Tsub = 300 °C.
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Fig. 6. (ahv)? against (hv) of CdSe thin films pre-
pared on glass substrates at room temperature and
at different substrate temperatures: (a) Tsupb = RT,
(b) Tswn = 100°C, (¢) Tsup = 200°C, and (d) Twup =
300°C.
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Fig. 7. Variation of Eg values for CdSe films deposited
at different substrate temperatures.

Figures 5a—d represent the two-dimensional (2D) topo-
graphic AFM images of CdSe films EB evaporated onto
glass substrates at RT, 100, 200, and 300°C. The film
matrix was found to have some spherical particles em-
bedded into the background fine grained matrix. These
granual particles may be due to the CdSe agglomerates
deposited over the uniformly spread CdSe nanoparticles.
These are observed in large number in the films deposited
at RT. Our investigations showed that the grain size de-
termined by means of AFM ranged between 100 and
200 nm in the matrix with the agglomerates of about
600 nm in size. It was found that the average size of the
crystallites increases with increasing substrate tempera-
ture. The roughness of the film surface is small. Films
deposited at 100 °C show uniform surface and no agglom-
erates are seen. AFM images of CdSe films at 200 and
300°C also have uniform surface but some patches and
voids are present. For a detailed study on specific rough-
ness or average roughness properties of CdSe surface and
their variation with deposition temperatures, line pro-
files were recorded and given along with each 2D AFM
pictures. This will provide valuable information on the
height deviation of the roughness profile and on its lat-
eral distribution. From the line profile analysis, the av-
erage roughness values calculated are 0.36, 0.22, 0.21,
and 0.23 nm for the CdSe films deposited at RT, 100,
200, and 300°C, respectively. Also they show that the
vertical surface roughness deviations are higher for CdSe
films deposited at RT and 300°C than those deposited
at 100 and 200°C. The CdSe films deposited at 100°C
show the most uniform surface with minimum surface
average roughness value. These observations show that
CdSe films deposited at 100°C have the device quality
surface which will be suitable for developing photoelec-
trochemical (PEC) solar cells.

Figures 6a—d show the optical transmission behavior
of CdSe films deposited at RT, 100, 200, and 300 °C.
All these films demonstrate good optical absorption, i.e.,
very small transmission below the critical wavelength of
about 750 nm. This behavior is the required optical
property of the EB evaporated CdSe films prepared here
which make these films suitable for photovoltaic or PEC
solar cell fabrication. The values of E, observed in Fig. 7
were found to decrease with increasing substrate temper-
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ature. The E, values are 1.92, 1.91, 1.87 and 1.77 eV for
the CdSe films deposited at temperatures RT, 100, 200,
and 300 °C, respectively. These values are consistent with
the band gap energy values determined from the plots of
(ahv)? versus hv.

4. Conclusion

Electron beam evaporated polycrystalline CdSe thin
films were prepared using quasi-closed volume technique.
The structures of the films consist of fine (18-42 nm av-
erage size) highly oriented grains with hexagonal (002)
planes parallel to the substrate. The grain size increases
when the substrate temperature increases. All the films
deposited at different substrate temperature show hexag-
onal structure. The microstructural characterization re-
veals the device quality nature of these films. Optical
studies show the presence of nanocrystalline particles
whose size increased with temperature. A direct optical
band gap of 1.77-1.92 eV was found for the investigated
films. Surface morphology results show that the device
quality nature of CdSe films deposited at 100°C with a
thickness of about 200 nm were supported by other op-
tical and electrical data.
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