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Chapter IV ‘
Optoelectronic Properties of CdSe Thin Films

4.1 Intreduction

The II-VI compounds, both in bulk and thin film forms, shows generally good
photosensitivity. For this, these compounds have attracted considerable interests for
applications in different optoelectronic devices like light emitting diodes, photo detectors,
solar cells etc. Photosensitivity of thin films of the II-V1 compounds depends on the over
all thin film attributes like the thickness (t) of the films /1/, substrate temperature (Ts) /2/,
rate of deposition, source temperature, source to substrate distance etc.

During the growth process itself various native and foreign defects develop in a
thin film matrix. Both electrical as well as optical properties of the grown films are
influenced to various degrees by these defects. According to Rose /3/ two types of
imperfection centers, Class I and Class II can exist in thin films. Class 1 centers have
equal capture cross section for both electrons and holes, and usually take part in the
bimolecular recombination processes, whereas the interaction of Class Il centers are
responsible for the observed linear photoconductivity. Thus so far as the recombination
processes are concerned photocurrent versus light intensity curves have a special
significance.

The substrate temperature, T, is a prominent deciding parameter regarding the
grain sizes of the thermally evaporated thin films. In this context it is desirable to study
the dark conductivity, photoconductivity, optical absorption, rise and decay of
photocurrent etc on the basic of proper characterization of the grain size geometry and
distribution pattern built-in in a thin film matrix. Thus a correlative and systematic study
on CdSe thin films is essential for creating a comprehensive database in view of the many
fold application potentials of this particular class of insulating thin film. Further so far as
the optoelectronic properties of the films are concerned most of the already reported
works have been done for white light only. Here in this chapter some work on CdSe thin
films for threshold wavelength as well as for a range of other monochromatic
wavelengths of light covering both sides of the threshold light is reported.
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In the photoconductivity of polycrystalline thin films, the localized built-in grain
boundary potential barriers play significant roles. The photoconductivity may increase
either due to the excess photo generated carriers or increase in carrier mobility or may be
due to the both of these processes. Many theoretical models /4-8/ are there to correlate the
grain boundary effects in photoconduction processes. Petritz /4/ suggested that
photoconductivity results from the change in the majority carrier density in the
crystallites and from reduction of grain boundary potential barriers.

Out of the various growth and deposition parameters, T is one of the most
important factors, depending on which a grown thin film may be either an amorphous or
a polycrystalline form. Crystallinity of II-VI thin films improves in general, with the
increase of T /9/ and it is also possible that a film with optimum electrical properties may
be obtained at a certain critical temperature of growth /10/. Thus a detailed study of the
physical properties of thin films taking T; as a variable parameter is necessary to have a
proper characterization of a device quality thin film.

Films of polycrystalline nature generally contain grains of various sizes and
orientations. As already mentioned such films are usually dominated by different defects
like grain boundary dislocations, surface charge layers etc /11/ where conduction is
mainly due to ionized impurities, the lattice scattering and the grain boundary scattering
/12/. The grain boundaries have a large density of interface states which trap free carriers
from the bulk of the grains. Moreover they scatter free carriers by virtue of the inherent
disorder and the presence of the trapped charges. The inter face states may be either
intrinsic or extrinsic but in both the cases their densities may be changed by exposing the
film to appropriate ambients. Interface changes give rise to ‘band bending’ which is equal
to the energy difference between conduction band edges at the grain boundary and in the
bulk /13/. Band bending sets up potential barrier between the grains which impedes the
flow of current from one crystallite to another. Under illumination due to absorption of
light energy in the vicinity of the barrier there occurs neutralization of some of the
localized charges responsible for presence of the barrier. As a result the barrier heights
are reduced and the current flow between the relatively higher conductivity crystallites

increases /14/.
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Snejdar and Jerhot /15/ proposed a generalized model for the electrical
conductivity in polycrystalline semiconductors assuming that an isotype heterojunction
with a certain interface states density existed at the inter grain domain interfaces.
According to them carriers may cross the intergrain barriers in three ways viz (a) by
tunneling (b) by thermoionic emission and (c) by ohmic conduction. But they still cited
Petritz /14/ to justify the act of association of the activation processes with the mobility.
According to Petritz primary photoelectric effect is the photon absorption by main band
transition and production of electron-hole pairs in the crystallites followed by change in
mobility resulting from barrier modulation as a secondary process. Several workers have
reported the barrier modulated photoconductivity in CdSe thin films /16-20/.

In the present study CdSe thin films, were grown at T; in the range 300 to 623K
under identical conditions and at elevated T polycrystalline growth of films could be
achieved. So for the investigation of optoelectronic properties of CdSe thin films at
different ambient conditions films grown at elevated T; are preferred. Similarly keeping
the other growth parameters fixed films of thickness mainly in the range 1000 to 3000A
were prepared by keeping different T; as a growth parameter. In this chapter mostly
experimental results of thin films of thickness nearly 2000A grown at the T of 473K are
incorporated.

All the grown films were thermally annealed under identical conditions.
Thermal annealing was found to improve crystallinity of thin films by changing the grain

sizes. Annealing also effects the resistivity of thin films in various ways /21/.

4.2 Experimental Method
4.2.1 Preparation of thin films

For preparing good quality CdSe thin film samples, high quality pure (99.999%)
bulk CdSe power obtained from the Koch Light Laboratory, UK, was used. The sample
was thermally evaporated at a vacuum of 10°® torr using a tantalum boat, on properly
cleaned glass substrates held at different temperatures. The system was then allowed to
cool down to the room temperature. In the same vacuum condition the films were then

thermally annealed at a definite temperature for a constant interval of time. The CdSe
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thin films prepared in this manner were kept in dry desiccators for definite duration of
time before being used in experiments.

Before deposition the substrates were properly degassed by keeping these in
vacuum inside the coating unit for a certain length of time which is followed by some in-
situ preheating. Experimental thin film samples obtained this way are termed as treated
films. The films grown on such type of pre heated substrates are found to adherf; better to
the glass substrate.

The source temperature of the evaporant was kept as low as possible in order to
avoid the probable disassociation of the compound /22/. Deposition rate was maintained
at 8-12 A/sec, keeping source to substrate distance 6 cm for uniform deposition of films.
Three films were prepared in each pump down cycle for electrical and optical studies.
The thickness of the films was measured with the help of a multiple beam interferometer
with an accuracy of +15A. Aluminium electrodes of proper thickness were vacuum
evaporated from a tungsten coil on the treated films leaving a gap of 7mm between the
electrodes. Thus an Al/CdSe/Al gap type cell configuration was formed for experimental

analysis.

4.2.2 Experimental procedure followed

All optoelectronic measurements were carried out at a vacuum of 107 torr inside a
crowning glass jacket of diameter about 3.5cm. The sample was freely suspended inside
the jacket by a specially designed two probe sample holder. The ambient temperature was
measured with the help of copper constantan thermocouple and a digital micro voltmeter
arrangement. For illumination a 24 volt and 250 watt tungsten halogen lamp with a
parabolic reflector was used as a white light source. A series of Carl Zesis (GDR) metal
interference filters were used to get monochromatic radiations of wavelength in the range
4000 -10,000A. The visible region of radiation corresponds to strong optical absorption
zone of CdSe thin films. Measurement of light intensity was done with the help of an
Aplab sensitive luxmeter (5011 S). Intensity of light used in the experimental work was
upto a maximum of 1,50,000 lux. By making the use of two neutral density filters and by
using some suitable arrangement in the optical system, the same luxmeter was used for

the intensity measurement, even beyond its range of 30,000 lux. In order to avoid the
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increase of temperature due to heating by incident radiations, radiations were allowed to
fall on the films only for a very short time interval, during which the photocurrent
reached its saturation value. An ECIL electrometer amplifier (EA815) with input
impedance 10" and higher was used to measure signal currents. Good quality shielded
wires were used for electrical connections. The input socket of the electrometer was
connected from the sample holder by means of a special antimicrophonic high impedance
amphenol cable through a build-in selector switch. The d.c. bias voltage was used within
the range (-108V) to (+108V) which was supplied from a series of highly stable 9.0V dry
cells. In order to avoid the probable pick-up noise the whole set up along with the
observer was housed inside a properly designed and fabricated floating ground Faraday
cage. During experimental observations, ambient temperatures were maintained at
different values according to the experimental need starting from room temperature to
423K. The complete details of the experimental procedures for the thin film preparation,
electrode deposition and measuring technique are elaborated in chapter II.

The structural characterization and film morphology of the films were studied by
XRD and SEM analysis, the details of which are presented in chapter I11.

4.3 Electrode Contact

Generally aluminium has been used as the electrode material for making ohmic
contact with the thermally evaporated CdSe thin films to study the electrical conduction
mechanism under different ambient environment by different workers /23-25/. For the
same purpose some of the workers have also used other metals. For example Barua et. al.
/26,27/ used silver electrodes to get ohmic contact in the low field region with CdSe thin
films deposited by thermal evaporation technique.

As already mentioned, in the present experimental work aluminium was use as
the electrode material. Before initiating any optoelectronic measurements, the ohmic
nature of the electrode contacts was confirmed by recording I-V characteristics at room
temperature and also at higher ambient temperatures over a wide range of voltages of
both polarities under no illuminations.

Figs 4.1(a to d) show some such plots for films deposited at room temperature

and also at different elevated temperatures. Fig 4.1(2) shows the Ip versus V,
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Figure 4.1(a) Dark current (Ip) versus applied bias (V,) plot of a CdSe thin film of
thickness (t = 2150A) grown at room temperature (T = 300K).
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Figure 4.1(b) Dark current (Ip) versus applied bias (V,) plot of a CdSe thin film of
thickness (t = 2000A) grown at elevated temperature (T, = 423K).
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Figure 4.1(¢c) Dark current (Ip) versus applied bias (V,) plot of a CdSe thin film of
thickness (t = 2000A) grown at elevated temperature (T = 473K).
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Figure 4,1(d) Dark current (Ip) versus applied bias (V) plots at different ambient
temperatures of a CdSe thin film (t = 1750A) grown at T, =473K.
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characteristics plot for a film deposited at room temperature, where Ip is the dark current
and V, is the applied bias voltage. The plot is symmetrical and linear about the zero of
applied voltage for the entire range of applied bias (-108V) to (+108V). This means that
the electrode contacts are ohmic and there develops no rectifying barrier at the electrode
thin film junction in the complete range of applied voltages for dark conductivity.

From the plot of Fig 4.1(d), which is for a film deposited at an elevated T of
473K, it is observed that under different ambient conditions of temperature also the
variation of dark current against applied bias is linear within the range of applied bias (-
108V) to (+108V). Similarly for films grown at other elevated temperatures and having
different thickness also the linear nature of dark current persists for both +ve and —ve bias
conditions, as shown in Fig 4.1(b) and Fig 4.1(c) for films deposited at T, = 373K &

473K respectively and studied at room temperature environment.

4.4 Characteristic plots of photocurrent

The variation of photocurrent against different applied bias in CdSe thin films was
observed under different ambient conditions of intensity as well as wavelength of light.
Such plots are shown in the Fig 4.2(a) and Fig 4.2(b) for a typical film of thickness
2000A grown at T, = 473K.

The plots of Fig 4.2(a) show the variation of photo current I, with applied bias V,
under monochromatic illuminations of constant intensity for five different wavelengths of
light; where by definition photocurrent I, = Iy, — Ip, I, is the current under illumination
and Ip is the dark current. Fig 4.2(b) shows a similar type of plot under five different
intensities for the monochromatic illumination of 725nm. I, versus V, characteristics for
films of same thickness but grown at different T and also for films of different thickness
but grown at constant T; under monochromatic illumination of 725 nm of constant
intensity are shown in Figs 4.2(c, d) and Figs 4.2(e, f) respectively.

From the plots it is clearly observed. that I, versus V, characteristics obey two
distinct conductivity regions. There is a range of low voltage (for both polarities) where
the variations of I, versus V, are linear and pass symmetrically through the origin. Hence
in the low field region the conduction mechanism is ohmic. But beyond this particular
range of voltage it is found that I, increases with the applied bias V, nonlinearly. Such
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Figure 4.2(a) Photocurrent (I,5) versus applied bias (V3) plots of a CdSe thin film grown
at elevated T; illuminated by different monochromatic lights.
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Figure 4.2(b) Photocurrent (I,n) versus applied bias (V) plots of a CdSe thin film grown
at elevated T, illuminated by monochromatic light of 723 nm.
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Figure 4.2(¢) Photocurrent (I,n) versus applied bias (V) plots of CdSe thin films grown
at different T; and illuminated by monochromatic light of 725nm.
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Figure 4.2(d) Photocurrent (I,) versus applied bias (V) plots of CdSe thin films grown
at different Ts and illuminated by monochromatic light of 725nm.

124



T;=423K “
<
g,
£
=
a - "W
v,
b B a 1300A
c b 1950A
d ¢ 21004
4 d 2250A

Figure 4.2(e) Photocurrent (I,n) versus applied bias (V,) plots of CdSe thin films of
different, t, and illuminated by monochromatic light of 725nm.
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Figure 4.2(f) Photocurrent (I,) versus applied bias (V) plots of CdSe thin films of
different, t, and illuminated by monochromatic light of 725nm.
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non linear dependence of I, with applied bias points towards Poole- Frenkel or Schottky
effects /26, 28, 29/. Now since in the present case the electrode semiconductor contacts

were ohmic, the results can be interpreted in terms of Poole- Frenkel effect.

" 4.4.1 The effect of field

Poole Frenkel effect

The Poole-Frenkel effect is the lowering of built-in potential barriers inside a
sample while interacting with an applied electric field /30/. At a metal insulator interface
the potential step changes smoothly as a result of image force. The force arises because
the metal surface becomes polarized (positively charged) by escaping electrons, which in
turn exerts an attractive force e*/16me,£*x> on the electron. So the potential energy of
the electron due to image force is

Oy= - €7/16me*x @.1)

where x is the distance of the electron from the electrode surface, €* is the frequency
dependent dielectric constant. Image force effects play an important role in the
conduction process when the current is electrode limited. The potential energy of an

electron in a Coulombic field is given by
Q= -e/4me,e* X 4.2)

which is four times that due to image force effects. When an electric field exists at a
metal insulator interface, it interacts with the image force and lowers the potential barrier.
The change A®; in the barrier heighit due to interaction of the applied field with the image
potential is given by

AD= (¢*/4ne,e*) *F 2 = BF12 4.3)

The Poole-Frenkel attenuation of a Coulombic barrier, A®pr | in a uniform electric
field is twice that due to the Schottky effect at a neutral barrier

AQpp= (€ /me,e*) 1 = BpF ' 44
In short, A@pp= 2ADs
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This result was first applied by Frenkel to the host atoms in bulk semiconductors and
insulators /30/.

The observed conductivity in thin film insulators is due to extrinsically rather than
intrinsically bulk generated carriers. The intrinsic current density in a semiconductor is
given by

I=epNFexp(-E/2kT) 4.5)

where e is the electronic charge, p is the mobility, F is the field in the semiconducting
material, N; effective density of states in the insulator, E; is the energy gap, k is
Boltzmann’s constant, T is the ambient temperature in degree Kelvin.

Frenkel argued that in the presence of uniform field the band gap energy E; in a
solid is lowered by an amount given by equation (4.4). Thus conductivity is obtained by
substituting (Eg - A®pr ) for E, in equation (4.5). Hence

IF = epNcexp{-(Eo-A®pr)/2kT}
I/F = epNexp(-Eo/2k T)exp(BprF /2K T)
So the field dependent conductivity is of the form
6 = ooexp(BprF /2kT) (4.6)
where o, = epNcexp(-E¢/2kT)
Equation (4.6) may be written in the form
¥ = Y.exp(BprF'?/2KT) @7

Here o, is the low field conductivity and Jo= o,F is the low field current density.
Because of image force lowering of the barrier, the electrode-limited current doesn’t

saturate according to the Richardson law,

J= AT?exp(-®/kT) (4.8)
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where A = 4nem(kT)"/h*
It rather obeys the Richardson Schottky law
J = AT%exp{-(D-ADs)/kT} = AT exp(-Do/kT)exp(B,F*/kT) 4.9)

Although A®pr = 2A® the coefficient of F' in the exponential is the same as for both
Richardson-Schottky (at neutral contact) and Poole-Frenkel current density versus
electric field characteristics, i.e.

Ber= 2Ps (4.10)

Mead suggested /30/ that since the traps abound in an insulator and that a trap
having a Coulombic type barrier would experience the Poole-Frenkel effect at high
fields, there by increasing the probability of escape of an electron immobilized therein,
the current density in thin film insulators containing shallow traps is given by

J = Joexp(PpeF >/KT) “4.11)

In this case the coefficient of F*2 is twice that in equation (4.7). Mead first reported the
field dependent conductivity apparently in the form given by (4.11). (4.11) is the usual
form of Poole-Frenkel equation associated with thin film insulators, rather than that given
by (4.7).

Due to illumination, grain boundary potential barrier @y, is reduced which
results in enhancing the effective mobility given by

p* = poexp(-e®p/kT,) (4.12)

where T, is the characteristics temperature of the film system, p, is the mobility of the
carrier with no barrier effect /4/.

As the intensity of illumination, ® increases, increasing number of photo
generated carriers become effective in reducing the grain boundary barrier height @y, This
effect is called barrier modulation. As a result effective mobility increases exponentially

with illumination. In this case
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p* = f{®)
since O, = £ (D)

Thus the effective mobility contributes another exponential factor to the Poole-Frenkel
conductivity. So the effective Poole-Frenkel conductivity increases with illumination.

The effective current density may be written as
Jn=neF poexp{( Bre F* To—e ®, T) /k T T )} (4.13)

where n is the majority photogenerated carrier density. So for other ambient parameters
remaining fixed, the photocurrent density increases exponentially with illumination ®.
Expressioﬁ (4.13) is the resultant due to both Poole-Frenkel effect and the barrier
modulation effect due to illumination. In fact the barrier modulation process is the
resultant of two contributions one from applied bias and other from illumination.

The plot of In Jy;, versus F!2 of different CdSe thin films are shown in Figs 4.3(ato
f), the graphs are found to be linear in high field regions which indicate the predominance
of Poole-Frenkel type of conduction mechanism at high fields. From the slope m = Bpr/
kT of the plots, the values of Poole-Frenkel coefficient were calculated. The Bpr values
calculated from this relation for CdSe thin films deposited at elevated Ts and studied
under different ambient conditions are presented in Table 4.1(a) and Table 4.1(b).

Table 4.1(a) Calculated values of Poole-Frenkel coefficients (Bpr) in 10% eV V2 m!?
unit for a CdSe film of t = 2000A and grown at T = 473K, illuminated by
different monochromatic lights.

Intensity of Wavelength of monochromatic illumination
illumination 600nm 675nm 750nm 700nm 725nm
50 lux 5.770 5.459 5.407 5.278 5.226
Wavelength of Intensity of monochromatic illumination
illumination 20 lux 40 Jux 60 lux 80 lux 100 lux
725nm 5.899 5.614 5.563 5.563 5.226
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Figure 4.3(a) InJ;;, versus F'” plots of a CdSe thin film illuminated by different mono-
chromatic lights of constant intensity.
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Figure 4.3(b) InJ;;, versus F'2 plots of a CdSe thin film illuminated by monochromatic
light (725nm) of different intensities.
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Figure 4.3(c) InJ;;, versus Fi2 plots of CdSe thin films grown at different T,
illuminated by monochromatic light (725nm).
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Figure 4.3(d) InJ,;, versus F'? plots of CdSe thin films grown at different T,
illuminated by monochromatic light (725nm).
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Figure 4.3(¢) InJ,, versus F' plots of CdSe thin films of different thickness
illuminated by monochromatic light (725nm).
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Figure 4.3(f) InJ,y, versus F2 plots of CdSe thin films of different thickness
illuminated by monochromatic light (725nm).
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Table 4.1(b) Calculated values of Poole-Frenkel coefficients (Bpr) in 10%ev V12 1”2
unit for CdSe thin films of different thickness and grown at different T,
illuminated by monochromatic light of 725nm.

Thickness (t) of Substrate temperature (T) of deposition
CdSe films 423K 473K 523K 573K
1950A 4.243 3.674 3.493 3.389
2100A 5.459 5.433 5.304 5.123

T; of Thickness (t) of deposited films

deposition 1300A 1530A 1750A 2250A
423K 4.010 3.984 3933 3.933
523K 5.289 5.226 5175 5.149

These values of experimental Bpr are higher than those predicted theoretically
which suggest the existence of localized electric fields within the films having values
higher than mean field F = V/d. Such localized high fields may be present as a result of
pumber of different effects; band bending in the region of the contacts due to the
difference in work function between the metal and semiconductor is one possibility,
while the different localized environments of individual trapping centers in the grain
boundary regions of the film are unlikely to result in an exactly linear variation in
potential on a microscopic scale and thus in a spatially constant electric field.

4.5 Contribution of grain boundary defects

Wide ranging technological importance of semiconductor thin films demands for
a better knowledge of the defect contributions to the optoelectronic properties. Various
factors like presence of external impurities, film stochiometry, substrate temperature,
deposition environment etc generally determine the concentrations of various defects
/31/.

Polycrystalline semiconductor thin films are made up of haphazardly oriented
large number of crystallites connected by grain boundaries. The conduction mechanism

133



in these type of films are basically controlled by the inter crystallite grain boundaries.
Thus they are the determining factors regarding the quality of various devices made on
them /32/.

The various physical properties of thin films change when the nature and the
temperature of the substrate, thickness or other growing parameters are altered. The
variation of micro structural parameters viz crystallite stacking, rms strain, dislocation
density and the stacking fault probability depends on the thickness of the film /1/. As
mentioned earlier the substrate temperature during the deposition of thin film has a direct
effect on the grain size, which in turn controls the grain boundary potential barrier.

4.5.1 Photocurrent versus light intensity characteristics
Photocurrents due to white light as well as different monochromatic light bear
some power law dependence on the intensity of illumination, ® which can be expressed
as /34/
Ipn 0 @Y 4.14)

where Ly = I, - Ip. The value of the exponent y generally depends on the basic nature of
the photoconducting medium. Exponent y under different ambient conditions can be
obtained from the slope in the plot of Inly, vs In®. Some such plots are depicted in the
Figs 4.4(a to h) for different CdSe thin films under monochromatic as well as white light
illuminations. From the plots the values of y are found to be in the range from 0.4 to 0.7.
It is observed that for the same film the value of y in case of monochromatic
illumination of 725nm is a little higher than that of the corresponding values for other
illuminations. From the spectral response studies presented in chapter V it is found that in
case of CdSe thin films the absorption corresponding to the illuminations of 725nm light
is maximum. This wavelength may be regarded as optical absorption edge wavelength
/33, 34/ and higher values of y for 725 nm light is due to maximum generation rate of the
photogenerated carriers. For white as well as for other illuminations values of y remain
nearly invariant for different applied bias. This implies that the transit time for photo

generated carriers don’t have any significant variations within the range of applied bias.
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‘ The values of exponent y in CdSe thin films under the various experimental
conditions are found to be clearly less than unity. This observation indicates that
bimolecular recombination processes predominant in the photoconductivity mechanism
of these films /35/. It is therefore evident that in these films various defects states are
present which control the photoconductivity. These defects are essentially localized in the
grain boundaries and the surfaces.

Every photosensitive material has its own characteristic pattern of absorption of
incident light radiation at its surface and also within its volume. The difference between
surface and volume recombinations may be understood in terms of differences in steady
state photoconductivity excited by surface absorption (hv < E,) or volume absorbed (hv <
Ey) radiations /36/.

The exponent y in relation (4.14) determines whether the recombination process is
monomolecular or bimolecular which may be distinguished by the following simple
relation /37/

g=Cyu(An?+2n,An) - (4.15)

where g is the generation rate, C,, is the capture coefficient, n, is the density of thermally
generated carriers and An is the excess carrier density. For bimolecular recombination

process where An>> n,, the relation (4.15) reduces to

An=(g/Cp)'? « @' (4.16)

which indicates that the photocurrent should be proportional to the square root of
intensity of illuminations. In case of the present experimental films, as the average value
of y lies between 0.4 and 0.7, so bimolecular recombination process predominates in
these films. Similar mechanism of bimolecular recombination under monochromatic
illumination has also been observed by other workers /35/.

It is to be noted that both bulk as well as CdSe thin films have consistently been
reported to possess n type conductivity. Both excess Cd and Se vacancies become
electron donor sites which effectively act as electron trap centers. The trapping centers
act as the recombination centers under illuminations. The photo generated free electron
density may be expected to be greater than the trapped electrons and hence bimolecular

recombination predominates in these films.
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Figure 4.4(a) Inl,, versus @ plots of a CdSe thin film illuminated by different
monochromatic lights.
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Figure 4.4(b) Inl,;, versus @ plots of a CdSe thin film at different applied bias
voltages and illuminated by monochromatic light (725nm).
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Figure 4.4(c) Inl;, versus @ plots of CdSe thin films grown at different T, and
illuminated by monochromatic light (725nm).
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Figure 4.4(d) Inly;, versus @ plots of CdSe thin films of different thickness and
illuminated by monochromatic light (725nm).
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Figure 4.4(e) Inl;, versus @ plots of a CdSe thin film at different applied bias voltages
and illuminated by white light.
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Figure 4.4(f) Inl,;, versus @ plots of CdSe thin films of different thickness and illuminat-
ed by white light.
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Figure 4.4(g) Inl,;, versus @ plots of CdSe thin film grown at different T, and illuminated

by white light.
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Figure 4.4(h) Inl;, versus @ plots of CdSe thin film grown at different T and illuminated
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Rose et al. /38/ explained the variation of photocurrent with a power law of light
intensity between 0.5 and 1.0 by assuming an exponential distribution of traps. With the
increase of light intensity more and more trapping states are converted into recombination
states. This happens because of upward movement of steady state Fermi level through the
trap levels towards the conduction band. With the increase in the density of the
recombination states for electrons, free carrier life time decreases. According to Rose,

this decrease in life time is indicated by an exponential, y, having value less than unity.

4.6. Temperature dependence of conductivity

The variation of dark conductivity, op, and conductivity under illumination, or, of
CdSe thin films (different t & T;) with ambient temperature in the range from room
temperature to S00K were studied. Both dark and current under illumination (Ip, I;) were
found to be increase exponentially with temperature for all the films. Dependence of In
op (or In o1) are plotted as a function of temperature 1000/T, for the said films. The plots
are shown in the Figs 4.5(a to f). From the plots it is observed that, the CdSe thin films
are characterized by double activation regions in the covered range of temperature.

The observed activation energies (AE), calculated from the respective slopes of
the plots, are systematically presented in the Table 4.2(a) and Table 4.2(b). The activation
energies under illumination are found to decrease with illumination level. Activation
energies both in dark and under illumination decrease with Ts. The reduction in activation
energies may be explained by the grain boundary effect in polycrystalline films as
suggested by Petritz /4/. Such variation is also reported by other workers /39/.

Grain boundaries in polycrystalline films contain a large number of defects which
results in the formation of energy states within the band gap. They act as effective carrier
traps and after trapping carriers, the states become charged and there by give rise to some
potential barriers. The barriers localized at the grain boundaries modulate the
conductivity in the films. The current carriers have to pass through a number of such
grain boundary potential barriers.

For uniform grain boundary structure with identical barrier, the conductivity may
be expressed as

o =ngp*
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Figure 4.5(a) Inc;, (Inc,) versus 1000/T plots of a CdSe thin film at dark and under

different monochromatic illuminations.
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Figure 4.5(b) Inc;, versus 1000/T plots of a CdSe thin film illuminated by monochro-
matic light (725nm) of different intensities.

141



2
a 50 lux
b 100 Jax
¢ 150 hx

[ il ¢

27 ¢ =20004

T,=473K

2.1 2.7 33
1000/T (K)

-

Figure 4.5(c) Ino, versus 1000/T plots of a CdSe thin film illuminated by monochromatic

light (700nm) of different intensities.
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Figure 4.5(d) Inc), versus 1000/T plots of a CdSe thin film at different applied bias

voltages.
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Figure 4.5(e) Ino;, versus 1000/T plots of CdSe thin films having different thickness.
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Figure 4.5(f) Inc versus 1000/T plots of CdSe thin films grown at different Ts.
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= nqueexp(-q®s / kTo) 4.17)

where n is the majority carrier concentration and p* is the effective mobility of carrier
which is expressed by equation (4.12).

Considering only one type of carrier dominating the conduction process, the carrier

density may be written as
n = 2(2ng)"2(2nm *kT/h?)**exp(-AF/kT) 4.18)
So the dark conductivity
op = nqu* = o.exp(-AE/KT) 4.19)
where 6o= 2440 (200)? Qum KT/ exp(-q@p/kT,)

where AE is the donor or acceptor level activation energy, ®p is the barrier height in
dark, which is greater than the same under illumination i.e. ®y.

op increases primarily due to increase in thermally generated carriers, thus the
activation process is dominated by the term exp(-AE / kT) in equation (4.19). In this case,
the effective barrier modulation is small. Therefore, with respect to the carrier activation
process, determined by the temperature dependent exponential term exp(-AE / kT), the
mobility term may be taken to be effectively independent of temperature /40/.

Now when the film is illuminated by white or monochromatic light the
photoconductivity increases over the dark values. The total conductivity under external

illumination may be expressed as
o= nqu* = 6, exp(-AE/KT) (4.20)

where Go= 2qQHo (21ckT/h2)3’2(me*mh*)3’4exp(—q(1)1/k'fo)

Thus the change in conductivity with temperature may be either due change in
carrier density or mobility or of both of these parameters. It is therefore, clear that the
evaluated activation energy is the total conductivity activation energy. The activation
energy decreases under illumination mainly through reduction in @y and the conductivity
increases over its dark value. Since the carrier activation energy AE is nearly independent

of temperature in the respective temperature regions, from a calculation of the difference
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of dark activation and photo activation energies mobility activation energy can be
evaluated.

The grain boundary potential barrier, @y, can be expressed as /2, 6/
D= (Q;- APy) / 8eg,An 4.21)

where An is the photo generated carrier density, which is greater than the density of
majority carrier traps, Q: localized at the grain boundaries, € and &, are the dielectric
constants of the material of the film and free space respectively. AP, is the density of
trapped minority carriers under illumination in the depletion region. It may be noted that
AP, increases with the illumination level.

Of the photo generated carriers, which are in excess to the thermal equilibrium
carriers at any temperature, a part is responsible for enhat}cement of conductivity
(photoconductivity) and the other part goes to neutralize some fraction of the
corresponding localized charges in the depletion region between the grains. This results
in the reduction in the grain boundary potential barrier ®y. Thus one gets ®p > ®; where,
as already mentioned, ®p and @y are the grain boundary potential barriers under dark and
under illumination respectively. Due to reduction of barrier height the effective mobility
p* under illumination gets enhanced. This is known as the barrier or mobility modulation
process.

As a result of this mobility activation, due to illumination, the current density
under illumination gets enhanced over the corresponding dark values. From equation
(4.12) the effective mobility under dark and illumination can be written as

kp* = Hoexp(-q@p/kTo) (4.22a)
HL* = poexp(-q@1/kTo) (4.22b)

The change in mobility due to illumination is given by
A p*=p *- pp* 4.23)

Since @p>@;, pp*< p*, A p¥ is positive.
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Table 4.2(a) Activation energies in dark (AEp), under illumination (AE;) and mobility
activation (AE,) energies for a CdSe thin film (t = 20004, T;=473K) in
temperature regions R-I (360 to 453K) and R-II (300 to 360K).

(o) AE Dark AE, & AE, (eV) under monochromatic light of A
lux (eV) AEp (eV) 750 nm 700 nm 725 nm

R-1 R-II R-1 R-II R-I R-II R-1 R-II

40 | AEp,AE. | 0.584 |0.288 |0.489 |0.244 |0467 |0219 |0.453 |0.185

AE, |- - 0.094 10.043 |0.117 |0.068 |0.131 |0.103

A AE Dark AE, & AE, (eV) under monochromatic light of @
nm | (eV) AEp (eV) 50 tux 100 lux 150 lux

700 | AEp, AE, | 0.584 |0.288 {0.467 |0.217 {0430 {0.192 |0.397 |0.160

AE, |- - 0.116 {0.071 |0.154 |0.095 |0.186 |0.112

725 | AEp, AE. | 0.584 |0288 10453 |0.185 {0431 [0.173 |0.386 |0.164

AE, |- - 0.131 {0.103 {0.153 {0.110 {0.198 |0.124

Table 4.2(b) Dark activation energies (AEp) in eV of CdSe thin films of different
thickness and grown at different T; in temperature regions R-I (360 to

453K) and R-II (300 to 360K).
t, Ts and Applied bias voltage
applied bias 9V 18V 27V
of the films R-I R-I R-1 R-II R-1 R-II
t=2000A,T~473K | 0.756 0.369 0.651 0.331 0.584 0.288
Applied bias and Thicknesses (t) of the film
T; of film 2000A 2150A 2300A
T.=473K R-I R-II R-1 R-1I R-I R-II
Bias =27V 0.584 0.288 0.529 0.182 0.482 0.174
Applied bias and Elevated substrate temperature (T;) of the film
tof film 423K 473K 523K
t=2000A R-I R-II R-I R-II R-1 R-1I
Bias =27V 0.729 0.422 0.584 0.288 0.552 0.248
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At any temperature 6;>0p and in the Inc versus 1000/T plots in the both activation
regions (slope);, < (slope)p. The decrease in slope under illumination is due to mobility
activetion process. Hence it can be obtained from the difference of (slope);, and (slope)p.

Let AEp, AF;, and AE, represent the activation energies in dark, under illumination
and mobility activation energy respectively. It may be noted that AEp > AE;, in general.
Hence

AE, = AEp — AEy, is a positive quantity.

Calculated changes in mobility activation energies are presented in Table 4.2(a) for
different illumination levels.

Present results of mobility activation energy under different illuminations in
thermally evaporated CdSe thin films nearly agree with those of Barua et. al /41/. Several
other workers also reported about activation energy and its reduction under illuminations
in CdSe thin films /18,26,39,42-45/. The magnitudes of observed activation energy are

found close to those reported values.

4.7 Corfelative assessment

4.7.1 Variation of photosensitivity with temperature
The photosensitivity is defined as

S= Iph/ ID = (IL - ID) / ID (4.24)

where Iy is the photocurrent, I, and I, are respectively current under illumination and
current in dark, as mentioned earlier.

The wvariation of photosensitivity with temperature for a CdSe thin film of
thickness 2000A and deposited at T; = 473K are depicted in Fig 4.6(a). The
photosensitivity is found to be maximum for the film, at room temperature condition
under different monochromatic illuminations and decreases rapidly with ambient
temperature showing there by that there is an exponential like decrease of
photosensitivity with ambient temperature. Similar type of observation of temperature

dependence of photosensitivity was also reported by other worker /46/.
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Figure 4.6(a) Variation of photosensitivity (S) with ambient temperature, T(K) under
different monochromatic illuminations for a CdSe thin film (® = 40 lux).
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Figure 4.6(b) Variation of photosensitivity (S) with applied bias voltage, V, (V) under
different monochromatic illuminations for a CdSe thin film (® = 100 lux).
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Figure 4.7(a) Variation of photoconductivity (cpn) with grain size (D) of CdSe thin films
of constant t = 2000A and grown at different elevated Ts.
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Figure 4.7(b) Variation of photoconductivity (opn) with grain size (D) of CdSe thin films
of different, t, and grown at constant elevated T = 473K
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Figure 4.8(a) Variation of photoconductivity (cpn) with strain (g) of CdSe thin films of
constant t = 2000A grown at different elevated Ts.
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Figure 4.8(b) Variation of photoconductivity (opn) with strain (g) of CdSe thin films of
different, t, and grown at constant elevated T = 473K
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Figure 4.9(a) Variation of Poole-Frekel coefficient (Bpr) with grain size (D) of CdSe
thin films of constant t = 2000A and grown at different elevated Ts.
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Figure 4.9(b) Variation of Poole-Frekel coefficient (Bpr) with grain size (D) of CdSe
thin films of different, t, and grown at constant elevated T, = 473K
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Figure 4.10(a) Variation of Poole-Frekel coefficient (Bpy) with strain (g) of CdSe thin
films of constant t = 2000A and grown at different elevated Ts.
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Figure 4.10(b) Variation of Poole-Frekel coefficient (Bpr) with strain (g) of CdSe thin
films of different, t, and grown at constant elevated T = 473K.
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Figure 4.11(a) Variation of photoconductivity (opn) with dislocation density (3) of CdSe
thin films of constant, t = 2000A and grown at different elevated Ts.
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Figure 4.11(b) Variation of photoconductivity (cpn) with dislocation density (8) of CdSe
thin films of different, t, and grown at constant elevated T, = 473K.
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Figure 4.12(a) Variation of Poole-Frekel coefficient (Bpr) with dislocation density (8) of
CdSe thin films of constant t = 2000A and grown at different elevated T,.
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Figure 4.12(b) Variation of Poole-Frekel coefficient (Bpr) with dislocation density (8) of
CdSe thin films of different, t, and grown at constant elevated T; = 473K
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4.7.2 Variation of photosensitivity with bias

There is an increase of both dark as well as photocurrents of the experimental
films with applied bias, when the ambient temperature is the room temperature. This is
mainly due to enhancement of transit time and consequent reduction of recombination
rate and probability of trapping of the carriers. The photosensitivity S, given by equation
(4.24), is seen to decrease with increasing bias. This behaviour is displayed in Fig 4.6(b)
for a film grown at elevated T under different monochromatic illuminations of constant
intensity. The variation of S for different wavelength is due to corresponding impurity

level contributions.

4.7.3 Photoconductivity versus grain size

In the present study the photoconductivity of CdSe thin films is found to increase
rapidly with grain size in films deposited at different T and of different t. The Fig 4.7(a)
and Fig 4.7(b) respectively show the said dependences. XRD data show that films grown
at higher T, are essentially polycrystalline with higher grain size and the
photoconductivity increases with reduction of grain boundary defect states.

4.7.4 Photoconductivity versus strain

As is seen in Fig 4.7(a) and Fig 4.7(b) that there is a rapid increase of
photoconductivity with grain size (D) and there is a decreasing behaviour of strain with D
(Fig. 3.10) which is mainly related with the temperature of deposition. As already
mentioned, crystallinity of the films is found to improve with Ts. From the plots of
photoconductivity versus strain, as depicted in Fig 4.8(a) and Fig 4.8(b), it is observed
that there is a decreasing tendency of photoconductivity with strain.

4.7.5 Poole-Frenkel coefficient versus grain size

From the present analysis it is found that I, increases linearly with bias in low
field and exponentially in high field region. The photoconductivity of the films is
dependent on the grain sizes as observed from Fig 4.7(a) and Fig 4.7(b). The presented
results include the variation of Ppr with grain size of films of different thickness and
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deposited at different T;. It has been observed that Bpr has a linear relationship with the
grain size with a negative slope, as shown in the Fig 4.9(a) and Fig 4.9(b).

4.7.6 Poole-Frenkel coefficient versus strain

It is already observed in Chapter III that grain size in a thermally evaporated CdSe
thin film increases with Ts. From the plots (Fig. 3.10) of strain versus grain size, it has
been found that in the studied thin films there is a tendency of decrease of strain with
grain size. Plots of Poole-Frenkel coefficient versus strain depicted in Fig. 4.10(a) and
Fig. 4.10(b) shows that the coefficient increases with strain.

4.7.7 Photoconductivity versus dislocation density

In the polycrystalline samples dislocated atoms occupy the regions near the grain
boundaries. The effect due to the presence of dislocated atoms or molecules near grain
boundary on the electronic structure and optical properties of polycrystalline
semiconductor is mainly determined by (a) crystal structure distortions, (b) the presence
of mechanical stresses due to structural defects, (c) internal electric fields arising as a
result of screening of the charge near the grain boundary /47/. Fig 4.11(a) and Fig
4.11(b) show the plots of photoconductivity versus average dislocation density of CdSe
thin films of constant, t, deposited at different T; and films of different, t, grown at
constant T; respectively. It is found that the photoconductivity of the films decreases
exponentially with the dislocation density. Therefore it can be concluded that the
increase in the number of dislocation enhance the contribution of defects which in turn
reduce the photoconductivity films.

4.7.8 Poole-Frenkel coefficient versus dislocation density

It is observed from Fig 4.9(a) and Fig 4.9(b) that Poole-Frenkel coefficient (Bpr)
decreases gradually with the increase of grain sizes, and dislocation density has an
inverse square variation with grain sizes. Fig 4.12(a) and Fig 4.12(b) show the plots of
Brer versus dislocation density of CdSe thin films of constant, t, deposited at different T
and films of different, t, grown at constant T respectively. For both the cases a linear

variation has been observed between Ppr and dislocation density.
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4.8 Conclusions

For the present study of optoelectronic properties in thermally evaporated CdSe thin
films, films having different thickness and deposited at different elevated T; were used.
Dark conductivity of such films yields ohmic contacts with thermally evaporated
aluminium electrodes. For the observations taken at various ambient temperatures also
the ohmic nature of contact prevails.

Vacuum evaporated ‘as-grown’ films of CdSe at room temperature are not
photosensitive. These films show very poor photosensitivity in comparison to the films
deposited at higher T even after thermal annealing. Thermally evaporated films of CdSe
show defect controlled photoconductivity. The photocurrent varies sublinearly with light
intensity (white as well as monochromatic) which indicates the predominance of
bimolecular recombination process in these films. This particular nature is independent of
film thickness, T, and applied bias. For a film of constant thickness deposited at elevated
Ts there is a decrease in photosensitivity with the increase in applied bias. The photo
sensitivities of the films were also found to decrease strongly with ambient temperatures.

The resistivity of CdSe thin film samples deposited by the technique of thermal
evaporation in vacuum depends on several parameters like thickness of the film, T; of
deposition, rate of deposition, heat treatment in vacuum etc. The decrease in the
resistivity of the films prepared at higher T; and on thermal annealing could be associated
with the recrystallization effect of the film material, mainly due to the increase of
effective mobility. Thus the T; of the grown films play a prominent role in the
photoconduction mechanism. Increase of T results in the subsequent increase in
photosensitivity. Annealing of the CdSe films at elevated temperature changes the level
of photoconductivity.

From the plots of Iy vs V, of CdSe thin films it is observed that no space charge
injection mechanism prevailing in the sample and the photoconductivity phenomenon is
governed by Poole-Frenkel mechanism. The experimental values of Bpr obtained from the
Poole-Frenkel expression are higher than the corresponding theoretical values.

Temperature dependence characteristics have been observed in CdSe thin films

for both photo and dark current. The evaluated values of activation energies for these
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CdSe thin films vary in the range from 0.49 to 038 eV and 0.24 to 0.16 ¢V under
illumination of different intensity for the considered higher and lower temperature
regions respectively. The activation energies in higher temperature regions are higher
than their corresponding values in the lower temperature regions. In this case the band
edge value for CdSe is seen to be higher than the theoretical one. This may be due to
some modified transition probabilities.

The activation energies in CdSe thin films were found to decrease with
illumination levels. This is attributed to reduction of grain boundary barrier heights by
photo generated carriers. The observed decrease of activation energies with temperature
of deposition is a consequence of improvement of crystallinity with Ts. The same reason
can be attributed to the observed enhancement in photoconductivity with T,. The values
of activation energies were found to decrease with thickness also. Photoconductivities of
CdSe thin films are observed to be some strong function of film thickness.
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