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This contribution presents structural, optical and electrical properties of PbS/CdS thin
films at different annealing temperatures. The XRD analysis reveal the existence of three
different crystalline phases, i.e., the beta-CdS, hawleyite-CdS and greenockite-alpha-CdS
phases within the CdS-shell of PbS/CdS core shell thin film. The dislocation density and
microstrain decreased with annealing temperatures indicating a decrease in lattice
imperfections and formation of high quality film and it can be attributed to the increase in
grain size of the film with increase in annealing temperatures. Optical studies placed the
band gaps at 1.25eV-1.75¢V. About the same magnitude were found from electrical
conductivity test. The samples exhibited high conductivity with increasing annealing
temperatures which resulted to the bumping of electrons from the valence band to the
conduction band. The high absorbance suggest that the film could be coated on collectors
to enhance solar energy collection. The achieved band gaps placed the PbS/CdS fabricated
with the presented method as a good material for solar photovoltaic applications.
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1. Introduction

The need to harness the abundant solar energy resources cannot be overemphasized. The
major problem is that despite the enormous quantum of energy available to mankind from the sun,
it has remained inadequately harnessed and its present harvesting costs very high. For this reason,
scientists in solid state and material science are researching with a view to finding suitable
semiconductor materials that can give better conversion efficiency of the solar radiation into
electricity at relatively low cost. The solar energy production is made possible by using a solar cell.
A solar cell is a device that converts sun light energy to electricity via Photoelectric effect (Theraja,
2007). Silicon based solar cell tend to occupy the solar energy market, but thin film solar cell is
currently gaining recognition due to its low cost in comparison to the high cost of silicon based
solar cell which has made the entire production of solar energy to be expensive(Minami, 2005).

Semiconductors such as PbS and CdS are promising semiconductor materials for
fabricating low-cost solar cells. These semiconductors have been obtained as polycrystalline thin
films by several deposition techniques, one of the simplest being the chemical bath deposition [1].
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The chemical bath deposition (CBD) has been traditionally used to prepare thin films of
chalcogenide semiconductors [2—8], CdS and PbS in particular. Most of these semiconductor
compounds have interesting properties for device applications, including photovoltaics. For
example, chemically deposited CdS is an important II — VI semiconductor having a wide band-gap
of 2.4 eV with well-known applications in lasers, light-emitting diodes, solar cells, etc. [9]. CdS is
used as a buffer material for high efficiency polycrystalline thin film solar cells [10]. Lead
sulphide (PbS) is an important direct narrow gap semiconductor material with an approximate
energy band gap of 0.4 eV at 300K and a relatively large excitation Bohr radius of 18 nm [11].
PbS has been widely studied because of its applications in infrared detection [12], utilized as solar
control coatings [13, 14], and thin film solar cells [15-17].

There is considerable interest in the deposition of core-shell thin film material, due to the
potential of tailoring both the lattice parameters and the band gap by controlling depositions
parameters [18, 19]. ‘The shell can alter the charge, functionality, and reactivity of surface, or
improve the stability and dispersive ability. Furthermore, catalytic, optical, or magnetic functions
can be imparted to the core particles by the shell material’. In general, the synthesis of core/shell
structured material has the goal of obtaining a new composite material having synergetic or
complementary behaviours between the core and shell materials [20].

Thin films of lead sulphide and cadmium sulphide are a promising photo voltaic materials
as their variable band gap could be adjusted to match the ideal band gap (~1.5 eV) required for
achieving a most efficient solar cell [21]. Extensive studies of the electrical and optical properties
of PbS-CdS have been conducted by many researchers [22-27].

In this communication, we report the structural, optical and electrical properties of
chemical bath deposited PbS/CdS heterostructure.

2. Experimental

PbS/CdS thin film was grown on ordinary glass slide substrates by CBD technique. First,
PbS was deposited in a chemical bath which contained 5Sml of 0.3M Pb(NOs),, Sml of 0.5M
SC(NH,),, Sml of 0.5M NaoH and 30ml of distilled water put in that order into 50ml beaker. To
have good quality thin films, cleaning of the substrate surface is very important. So the substrates
were previously degreased in hydrochloric acid and then cleaned with distilled water. The cleaned
substrates were vertically dipped into a 50ml beaker, containing the mixed solutions, for 30
minutes at constant temperature of 273K. To obtain the PbS/CdS core-shell, the PbS deposit
already formed (core) was inserted in a mixture containing aqueous solutions of 20ml of 0.5M
CdSO,, 10ml of 0.5M SC(NH,),, 2ml of pure ammonia and 30ml of distilled water into 100ml
beaker. The deposition was allowed to proceed at 70°C temperature for 60 minutes. Two of the
deposited films were annealed in an oven at 473K and 673K respectively for 1hr. One of the
samples was left un-annealed to serve as the control. The kinematics of the reaction of the complex
ion formation and subsequent film deposition process are shown below:

Pb{MNOs): + ANaOH ———  [Pb{OH):]** + 4Na* + 2ZNO>
[Pb{OH)]> + SC(NHz): ——» PbS + 20H- + CNzH;z + 2Hz:0
Cd[{NHs)a]?* —> Cd2+ +4NH-

—
(NH2)2CS + 20H- — - CHzN2+2H20+5%

Cd?+5* — 9 CdS

Energy dispersive X-ray flouresence (EDXRF) analysis was done to determine the
elemental composition of the film. Structural studies were done with Rigaku Ultima IV X-ray
diffractometer equipped with a graphite-monochromated CuK, radiation source (40KV, 30mA),
Four point probe Keithley model was used for the electrical characterization while thermo
scientific GENESYS 10S model UV-VIS spectrophotometer on the 300-1000 nm range of light at
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normal incidence to samples was used to obtain the absorbance data from which transmittance,
reflectance, absorption coefficient and band gap were calculated.

3. Results and discussion

The XRD pattern of PbS/CdS heterostructure for the as-deposited, thermally annealed at
473K and 673K, are given in Figures 1, 2 and 3 respectively. The measurements showed that the
heterostructure is polycrystalline. Such X-ray spectra display prominent peaks located at the
following angular positions: 20 = [25.964, 26.507, 27.858, 30.075, 30.808, 43.059, 43.760, 43.917,
43.942, 50.978, 51.911, 51. 942]. They are related with the reflection peaks of (111), (111), (420),
(200), (200), (220), (444), (220), (722), (311), (311), (080) respectively. The diffraction peaks of
20 = [25.964°, 30.075°, 43.059°, 50.978°] can be perfectly indexed to Galena PbS according to
reference patterns JCPDS 05-0592. The peaks of 26 values of 27.858°, 43.760°, 43.942° and
51.942° were identified to be CdS (JCPDS 00-047-1179). The peaks of 26.507°, 30.808°,
43.917°and 51.911°are attributed to Beta-CdS (JCPDS 00-001-0647). Other phases observed in the
XRD patterns includes hawleyite-CdS (JCPDS 00-042-1411) associated with 26 values of 26.515°,
30.710°, 43.984° and 52.095° corresponding to (111), (200), (220) and (311) reflections.
Greenockite-a-CdS (JCPDS 00-001-0780) with angular positions of 24.993°, 28.401°, 43.693° and
47.835° corresponding to (100), (101), (110) and (103) reflections was also observed.

Table 1. The effects of annealing temperature on XRD parameters of PbS/CdS thin film

Samples d-spacing (A) D (nm) & (nm)°x107 ex 10
As-deposited 3.4289 68.96 0.46 9.22
473K 2.9689 73.49 0.39 8.67
673K 2.0990 80.48 0.29 0.12

As-deposRed

Itensityi{counts)

Fig. 1. XRD spectra of PbS/CdS as-deposited.
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Fig. 2. XRD spectra of PbS/CdS annealed at 473K.

The strong peak intensity indicates the high degree of crystallinity of the films. The
average grain size (D), microstrain (¢) and dislocation density (&) were calculated for all the
samples. The film annealed at 673K exhibited maximum crystallinity. ‘Dislocation density values
indicates the amount of defects in the structure’. ‘Higher dislocation density values indicate lower
crystallinity levels for the films’. The dislocation density was found to decrease with increase in
annealing temperatures and was lowest for the 673K sample owing to the high crystalline nature of
the film as obtained from the XRD analysis.

ntensity (counts)

Fig. 3. XRD spectra of PbS/CdS annealed at 673K.

The grain size (D) and dislocation density () were calculated using the relations [28, 29].

_ KA 1)
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The decrease in microstructure (Table 1) with respect to increase in annealing
temperatures indicate the decrease in lattice imperfection and formation of high quality film and it
can be attributed to the increase in grain size of the film with increase in annealing temperatures.
The microstrain was calculated using Williumson-Hall equation [30].
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where A is x-ray wavelength in nm, £ is the real diffraction broadening, K is a constant and is
equal to 0.9, when £ is measured at half-maximum of the diffraction peak and 0 is the Bragg’s

angle. The XRD analysis showed that annealing temperatures play a vital role in the
microstructure and the structural properties of PbS/CdS film samples.

Energy dispersive X-ray analysis (EDX) is one of the versatile techniques used for
determining the chemical composition of unknown material, by identifying the peaks in EDX
spectrum which is unique to an atom and therefore corresponds to a single element. The EDX
analysis of PbS/CdS core /shell (Fig. 4) shows that lead (Pb) peak was recorded at 1.8keV, 2.4ke,
9.2keV, 10.6keV, 11.4keV, 12.6keV and 15.1keV, cadmium (Cd) peak at 4.0keV and sulphur (S)
peak at around 2.4KeV.
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Full Scale 8232 cts Cursor: 0.000 ke

Fig. 4. EDXRF for PbS/CdS thin film.

The thickness of the film samples were calculated using the relation [31]

1

2
2
nn 2 nno ?
(" g —n} —[” g +nj R (4)
n n

where t is thickness, n, is the refractive index of the medium of the incident light, which in this
study is air, n, is the refractive index of the substrate (glass in this case); and n is the refractive
index of the thin film, R is reflectance and A is wavelength.

The variation of absorbance (A) is studied in the wavelength range of 300-1000nm for all
the deposited film. The other parameters which include transmittance (T), reflectance (R),
absorption coefficient (o), band gap (E,), extinction coefficient (k), are calculated using the
relations available in literature [32]. Each parameter has its own significance and annealing has a
marked effect on the optical properties. Transmittance and reflectance were calculated from the
following relations [32]:

tan

T=(1-R)exp(-4) ®)
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R=1-[Texp(A)]: (6)

Absorption coefficient a was calculated from obtained data using the equation below:

_p?
a =lln (=R @)
t T
And band gap was calculated using Tauc’s relation:
(ahv)" =A(hv—Eg) (®)

where A is band edge parameter and value of n determines the nature of optical transition (n = 2
indicates direct transition and n = 2 indicates indirect transition).

Optical absorption spectrum of polycrystalline PbS/CdS film deposited on transparent
glass recorded in wavelength range 300-1000nm is shown in Fig.1. From the absorption spectrum,
it is clear that the film samples have high absorbance of light across the studied electromagnetic
spectrum. The as-deposited, thermally annealed at 473K and 673K all exhibited absorbance with
peak of 4 (a.u). The peak for as-deposited occurs at 300-700nm range. The annealed at 473K
exhibited peak corresponding to 300-780nm while that of the annealed at 673K corresponds to
300-850nm range. The absorbance spectra shows that the absorbance decreased sharply with
increase in wavelength in the infrared region. The as-deposited decreased to about 2.75 (a.u). The
annealed at 473K decreased to 1.85 (a.u) while the annealed at 673K decreased to 1.50 (a.u). The
high absorbance of light especially in the visible region implies that the film could be applied as an
absorbing material for solar thermal applications.

—a— Asz-deposited
—— 473K
—ib— ET3K

Absorbance, A

T T T T T T T T T T T T T T T T T 1
200 00 400 son [-Ld] Tan 00 00 1000 1100

Wavelength, & {nm}

Fig. 1. Plots of absorbance against wavelength at different annealing temperatures.

The transmittance spectra changed with increasing annealing temperatures. It can be
attributed to the change of thickness of the films due to the change of the grain size or an increase
in the disorder of crystalline structures. Such transmittance spectra is shown in Fig. 2. It is
concluded that the transmittance decreases with increasing annealing temperatures which is
supported by the following reference in literature [33-35]. The plots of reflectance against
wavelength at different annealing temperatures is shown Fig. 3. The film samples produce
considerably low specular reflectance due to diffuse reflection from the surface.

The absorption coefficient of the film samples, calculated using equation (7), is presented
in Fig. 4. The heated layers show higher values of absorption coefficient compared to the as-
deposited. The increase in absorption coefficient with increase in annealing temperatures could
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attributed to the distribution of the grains at various annealing temperatures. The concentration of
carriers has also been reported to affect the absorption coefficient of thin films. Increase in
temperature increases the carrier concentration and mobility of the charge carriers and this affects
the absorption coefficient [36].

—S#—Asz-deposiied
—a— 4TI

—h—ET3K

Transmittance , T (%)

Fig. 2. Plots of transmittance of against wavelength at different annealing temperatures.

—m—As-deposited
—a—LT3K
—h—hTIK

Reflectance, R (‘%)

Fig. 3. Plots of reflectance against wavelength at different annealing temperatures.



214

—8—3as-deposited

—4— 473K
—lb— §73K

10"m’

Absorption coefficient, o =

Fig. 4. Plots of absorption coefficient versus wavelength at different annealing temperatures.

The direct energy gaps value (E,) for PbS/CdS film samples have been determined by
using Tauc equation which is used to find the type of the optical transition. A plot of (athv)?
against hv for the deposited film samples is shown in Fig.5. The plot is linear indicating the direct
band gap of the films. Extrapolation of straight line portion of the graph to the hv axis gives the
band gap. The allowed direct band gap of as-deposited PbS/CdS thin film is 1.75e¢V while
annealed PbS/CdS thin film, the allowed direct band gap is 1.65¢V and 1.50eV at temperatures
473K and 673K respectively. As a result of annealing, the energy band gap decreased from 1.75e¢V
to 1.50eV. Our finding in energy band gap were found slightly lower than those in the following
reference which is 1.83eV [37]. However, they are in good agreement with Literature as given
1.65eV [38] and 1.61eV [39]. This change in band gap is explained in terms of quantum
confinement effect [40]. These band gaps also exhibited similitude with lead sulphide coated with
different shell materials (41, 42). Annealing clearly influenced the structural morphology of the
films as denoted by the respective Urbach energies (the reciprocal of the gradient of natural log of
absorption coefficient as a function of photon energy).
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Fig. 5. Plots of (ahv)’ versus hv of PbS/CdS at different annealing temperatures.
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Table 2. Summary of band gap of the film samples.

Property As-deposited 473K 673K
Optical band gap (eV) 1.75 1.50 1.25
Electronic band gap (eV) 1.79 1.57 1.28
Urbach energy (eV) 1.45 1.25 1.20

Another important characteristics of the investigated PbS-CdS films which is electrical
resistivity, seems to be significantly influenced by the annealing temperature. Lower electrical
resistivity is usually characteristic for better crystalized films with large grains in which carrier
transport is less influenced by grain boundaries [43, 44]. Table 3 shows the variation of resistivity
with annealing temperatures for some representative samples of the deposited thin films. From the
table 3, we found that the resistivity decreases with increasing annealing temperature. This could
be attributed to the bumping of the electrons to the conduction band by thermal annealing and in
doing so leaves a hole in the valance band. The decrease in the resistivity with temperature is
mainly regarded as due to the thermally activated mobility of the carriers (¢  and e”) [45]. On the
other hand, ‘‘the conductivity of a semiconductor is determined by availability of free carrier
concentrations and carrier mobility, while temperature is a measure of the average kinetic energy
of the particles of a material, its follows that both carrier concentration, carrier mobility and
electrical resistivity are sensitive to temperature’’. It is pertinent to note that the electrical
properties of thin films is also related to the grain size. The growth in grains leads to the reduction
of grain boundary scattering which decreases the resistivity for the films and eventually the
increase in the conductivity of the films [46].

The electrical characterization of thin films are usually carried out with four point probe.
The four point probe method is the most common way to measure a semiconductor material’s
resistivity. Two of the probes are used to source current and the other two probes are used to
measure voltage. The technique involves bringing four equally spaced probes into contact with the
material of unknown resistance. The two outer probes source current, while the two inner probes
sense the resulting voltage drop across the sample. The sheet resistance, R is given by [47].

R, = 453 x

4 9
T €©))

where V is the measured voltage between the two inner probes and [ is the current passed through
the outer probes. The resistivity, © was determined from the relation [48].
p=Ryxt (10)

where t is the thickness.
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Table 3. Electrical parameters of PbS/CdS thin film at different annealing temperatures.

Sample Vix 103 (volt/amp) Sheet resistivity x 10° (Q)  Resistivity (Qm)
As-deposited 706 3198 6.39
473K 763 3436 497
673K 117 530 011

The estimation of the band gaps from regression analyses was made possible using the
conductivity data of the film samples which exhibited exponential characteristics of the form.

K,T

B

E
Jerxp(— - j (11)

The band gap thus deduced, are within the same order of magnitude as those of optical
studies and listed in Table 2.

4. Conclusion

It can be opined that the determination of band gap of PbS/CdS thin films was
successfully done, and the film samples exhibited high conductivity at elevated temperature. Not
only has this demonstrated the possibility of controlling the band gap of PbS/CdS with thiourea
but also influenced the optical behaviour of the material. Due to the band gap, the PbS/CdS as
fabricated herein holds good promise in solar photovoltaic applications. The influence of
annealing temperature on the structural and optical properties were also discussed.
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