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ABSTRACT

CuO/Pb1S (x=0.7M, 0.8M and 0.9M) thin films were deposited on microscopic glass substrates by solution growth
technique from aqueous solutions of copper sulphate, potassium chloride, lead nitrate, sodium hydroxide and
thiourea in which ammonia solution and thiourea were used as complexing agents. The elemental components of
Cu, Pb, S and O were quantitatively obtained from RBS analysis. The optical properties were characterized using the
absorbance measurement from GENESY'S 10S model UV-VIS spectrophotometer at normal incidence of light in the
wavelength range of 300-1000 nm from which transmittance, absorption coefficient and band gap were estimated.
We report on the effect of Pb?* concentration on some optical properties of the grown films. In particular, the band
gap and Urbach energy were analyzed. It was revealed that increasing the precursor concentration increases the band
gap from 3.85 eV to 4.00 eV.After annealing, the band gap of 0.1M Pb?* layer increases from 3.85 eV to 4.00eV
while the band gap of 0.2M Pb?* and 0.3M Pb?*layersdecreases from 3.85 eV-4.00 eV and 3.75 eV-4.00 eV
respectively. TheUrbach energy exhibited a decreasing trend with respect to the parametric variation of both
concentration and post deposition temperature, indicating reduction in structural defects and improvement of the
microstructure of the films. The Urbach energy decreases from 3.50 eV - 3.35 eV, 3.50 eV - 3.25 eV,and 3.75-3.40
eV for 0.1M, 0.2M and 0.3 M of Pb?* respectively.The values of the band gaps are in the range suitable for various
solar photovoltaic architecture and fabrication of optoelectronic devices.
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I.  INTRODUCTION

Thin film technology is a fast growing field and the number of applications increases every day due to their low
production costs. It is indispensable in the fabrication of novel materials for energy conversion and utilization.
Materials fabricated from thin film technology are used as protective coatings on tools, as UV-light protections on
windows, as diffusion barriers and connectors for all types of micro components in the electronics industry, as
electroplated films for decoration and protection [1]. In view of the various applications of thin films, many research
groups have explored thin film technology which led to the emergence of several deposition techniques, most of
which require steady power supply because they involve high temperature process [2-4]. The solution growth
technique is a low temperature process that does not require sophisticated instruments. Hence, a variety of substrates
such as insulators, semiconductors or metals can be used, since it is a low temperature process. This technique has
been used extensively possibly because it is relatively inexpensive, simple and convenient for large area deposition.
Most of the core-shell thin films fabricated via this technique are either oxide/oxide or sulphide/sulphide based. The
review of literature showed that research works on sulphide/oxide or oxide/sulphide thin films are few. Presently,
none has deposited ternary CuO/Pb1S core-shell thin film using the solution growth technique. However, many
binary thin films of CuO and PbS have been deposited using this technique [5-10].

Copper oxide (CuO) thin film has a direct band gap of 2.0eV [11], while lead sulphide (PbS) has direct band gap of

0.40eV [12]. Integrating these binary films to form a new ternary CuO/Pb1S thin film has the potential of tailoring
the band gap for special applications. This assertion can easily be investigated by making use of spectrophotometer
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to measure the absorbance from which transmittance, reflectance, absorption coefficient, band gap and other optical
parameters can be determined. Many studies on core-shell thin films to investigate the variation of these parameters
with annealing temperature have been reported [13-20]. However, few reports are available on the effect of
concentration on the properties of core-shell thin films. In this article, we report on the effect of Pb?* precursor
concentration on the band gap and Urbach energy of CuO/Pb1S core-shell thin films.

Il.  THEORETICAL CONSIDERATIONS

Optical characterization of thin films require accurate knowledge of the optical constants over a wide wavelength
range. Most spectrophotometer give the absorbance data from which transmittance and other optical constants are

determined. The transmittance (T), reflectance (R), absorption coefficient ( ¢ ), band gap (Eg ), refractive index (n),

extinction coefficient (k), real (&, )and imaginary (&;) dielectric constants are usually calculated using relevant
equations available in literature [21-23]. The transmittance can calculated using equation (1)

T=(1-R?)exp(-A) Q)
The reflectance is related to absorbance and transmittance as expressed in the equation below.
1
R=1-[Texp(A)]2 @)
The absorption coefficient, ¢ is related to absorbance and thickness, t of thin film:
2.3026x A
=" @)
The band gap is determined from Tauc’s relation as:
(ahv):B(hv—Eg )n 4)

Where in equation 4, o is the optical absorption coefficient, B is an energy independent constant but depend on the
refractive index and the effective masses of the hole and electron respectively [24], Eg is the energy band gap, and

n is an index that characterises the nature of the transition. For n = 1/2, the transition is generally accepted to be
direct. According to the literature [25, 26], B is given by the equation;

3
o2 Mn M. *
M, +M,
B~
nch’M,’
where q is the electronic charge, n is the refractive index, c is the speed of light in free space, h is the Planck’s
constant, me and mh are the effective masses of the electrons and holes respectively. It has been established [27] that

for n = 4, and suppose the hole and electron effective masses are equal to the free electron mass, equation 5 will
reduce to;

(ahv)=2x10"(hv-E, )n cm™ 6)

Where hv and Eg are expressed in electron volts. It is a common knowledge that extrapolation of the plots of

®)

(ozhv)2 vs hv down the photon energy axis usually give the energy band gap.

1. EXPERIMENTAL

Glass microscope slides were cleaned by degreasing them in dilute hydrochloric acid for 24 hours, washed in
detergent solution, rinsed in distilled water and dried in air. In a typical deposition set up, the bath was composed of
4mls of 1M CuSOy4, 4mls of KCI, 2mls of 10M NHssolution and 13mls of distilled water put in that order. The clean
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substrate was inserted vertically into the solution with the use of synthetic foam. The deposition lasted for 3 hours in
the oven set at 80°C. After the expiration of 3 hours, the coated substrates were removed, washed well with distilled
water and allowed to dry.The substrates coated with CuO deposits were inserted into a chemical bath composed
5mls of 0.1M-0.3M Pb(NO3),, 5mis of 1M SC (NH),, 5mls of 1M NaoH and 35mls of distilled water put in that
order in 50ml beaker for 50 minutes. This enabled the formation of CuO/Pb:4S composites. A total of three
experimental set-ups were prepared with different concentration of Pb?* precursor, and labelled Al (0.1M Pb
(NOs)2), A2 (0.2M Pb (NOs).and A3 (0.3M Pb (NOs),). The deposited films were subjected to thermal annealing in
an oven at 200°C and 400°C for 1 hour.

The optical absorption data were obtained with a thermo scientific GENESYS 10S model UV-VIS
spectrophotometer at normal incidence of light in the wavelength range of 300-1000 nm from which other optical
and solid state properties of the film were estimated. Proton Induced X-ray Emission (PIXE) scans were done on the
samples from a Tandem Accelerator Model 55DH 1.7MV Pellaton by National Electrostatic Corporation (NEC),
USA which effectively performed Rutherford Back Scattering (RBS) elemental characterizations on both deposits
and substrates. The RBS also deciphered the thicknesses of deposits as well as substrates. The surface morphology
of the films was taken by scanning electron microscope (Tescan model).

IV. RESULTS and DISCUSSION

Typical XRD diffractogram of CuO/Pb'*S thin films at 0.2M Pb?* concentration is presented in fig. 1. The samples
were loaded into Rigaku Ultima IV X-ray diffractometer equipped with a graphite-monochromated CuK, radiation
source (40KV, 30mA).), the peak at 20 value of 35.583° corresponding to (212) plane is attributed to copper
hydroxide sulphate phase which is in good agreement with Joint Committee on Powder Diffraction Standard
(JCPDS) data cards (JCPDS 00-011-0653). The growth of anglesite lead oxide sulphate phase PbSO. (JCPDS 00-
036-1461) at 20 values of 29.680° and 44.546° corresponding to (121) and (231) reflections was also revealed.

The dependence of grain size on annealing temperature is demonstrated in Fig.2, a plot of grain size as a function of
temperature for CuO/Pb1S thin films. The grain size increased rapidly with increase in annealing temperature from
19.14nm to 29.44nm. The dislocation density and micro strain were observed to decrease with increasing annealing
temperature (Fig.3).

9000

8000

[—— CuO/PbS |

7000
6000 -

5000 -

4000

Intensity (counts)

3000 -
2000 -

1000 —

0 20 40 60 80 100
20 (degree)

Fig.1: XRD diffractogram of CuO/Pb1S thin films
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Fig.2: Plot of grain size against temperature of CuO/Pb1xS thin films
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Fig.3: Plots of dislocation density and micro strain against temperature of CuO/Pb1S thin films

The elemental composition and chemical state of the films at 0.2M Pb?* concentration was analysed by Rutherford
Backscattering (RBS). The result is presented in fig. 4. From the film composition, we can deduce that CuO/Pb1xS
252
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thin film consists of 5.64% of copper (Cu), 94.36% of oxygen (O), Pb (5.00%) and 33.16% of sulphur (S). This is an
indication that CuO/Pb1S thin films were actually deposited on the glass substrates. Other elements such as
calcium, potassium, sodium etc may have come from the glass substrates.
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Fig. 4: RBS result for CuO/PbS thin films for as-deposited

Thickness of films is a very important parameter. Apart being used to classify films into thick or thin, the thickness
of films influences the properties. The thickness of 0.2M sample of CuO/Pb1.,S thin films as deciphered by RBS
analysis is 650nm. The resistance for a thin film layer (thickness t <<s), in which current rings exist instead of
spheres is derived as fO||OWS'

R=

2

IZS = j dx = In2 )
27zxt_ 2XtX 27rxt B

V
Consequently, for R = E , the sheet resistivity for a thin sheet is:

zt (V
R=—"|L 8
Inz(lj ®

This expression is independent of the probe spacing and frequently used for characterization of semiconductor
layers. In general, the sheet resistivity RS can be expressed as [28]:

v
R =k| -
. (Ij ©

V4
Where the factor k is a geometric factor. In the case of semi-infinite thin sheet, k=4.53 which is just Efrom the
n

derivation. The factor k will be different for non-ideal samples. V/I in equation (10) is equal to the resistance of the
thin film samples.

Where V is the measured voltage between the two inner probes and I is the current passed through the outer
probes. The resistance of the film samples was measured by a four point probe (Keithley model). The resistivity was
determined from the relation [29]:

p=Rt (10)
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Where t is the thickness of the conducting layer while p is the resistivity and Ris the sheet resistance. From the
value of p, the conductivity ¢ was determined using the relation [29]:

1
oot (11)

P

Table 1 shows the summary of the electrical properties of the film samples at different annealing temperatures. Post
deposition annealing has profound effect on the electrical properties of the films as indicated in the table 1. All the
electrical properties decreases with temperature with the exception of the conductivity which is the reverse. This
behaviour clearly shows the semiconducting nature of the films. With respect to grain size, increasing the annealing
temperature from 473K to 673K, will enhance the formation of fine and large grains. This increase in the grain size
leads to a decrease in the density of the grain boundaries which is due to the improvement of crystallinity and film
orientation leading to a reduction in the donor sites that are trapped at the dislocations and grain boundaries. As a
result, there is enhancement in the carrier concentration due to decrease in resistivity leading to increase in
conductivity. Similar phenomenon has been reported by other research groups [30, 31]. The electrical conductivity,
dislocation density and micro strain were found to be directly related in all samples. As such the film annealed at
673K, which is less strained and having minimum dislocation density shows maximum electrical conductivity.

Table 1: Summary of electrical properties of CuO/Pb1xS thin films

Sample Sheet resistance (€2 Resistivity($2m) Cunducﬁ\'it}'[ﬂ'lm'l}
As-deposited 13952 00682 0.1102
473K 0.1296 0.6091 16418
673K 0.1023 0.4932 20276

Fig. 5 gives the absorbance versus wavelength A spectra for the as-deposited layers while Figs. 6 and 7 show the
absorbance versus wavelength A plots for the layers annealed at 200°C and 400°C respectively for 1 hour.
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Fig.5: Plots of absorbance (A) against wavelength (1) as-deposited

As indicated in the experimental section, the optical absorption data were obtained with a thermo scientific
GENESY'S 10S model UV-VIS spectrophotometer at normal incidence of light in the wavelength range of 300-1000
nm from which other optical and solid state properties of the film were estimated. From Fig.5, it was observed that
the film deposited with 0.3M of Pb?* has the highest value of absorbance of about 3.83 (arb.unit) followed by film
deposited with 0.2M of Pb?* while the film deposited with 0.1 M of Pb?* recorded the lowest value of absorbance.
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Post deposition temperature clearly influenced the absorbance of the film samples at different Pb?*concentration as
observed in figs. 6 to 7. After annealing at 200°C, the absorbance of 0.3M Pb?* concentration increased to 4.00
(arb.unit) with significant increases noticed for 0.2M and 0.1M Pb?* concentrations. The absorbance increased from
1.60 to 2.03 (arb.unit) for 0.1M and 1.70 to 3.47 (arb.unit) at 0.2M .However, the film annealed at 400°C showed no
trend with post deposition temperature at different Pb?* concentration. Here, 0.2M depicts highest absorbance
followed by 0.3M with 0.1M exhibiting minimum absorbance. It is observed that at higher annealing temperature,
the absorbance of 0.1M and 0.3M layers significantly reduced. Generally, the absorbance is higher in the ultraviolet
region exhibiting minimum in the infrared region.Our absorbance values are in the same order of magnitude with the
values reported elsewhere [14-17]. The high absorbance displayed by the films could be used as spectrally selective
coating for solar thermal applications. This is predicated on the fact that solar collectors for heating fluids require
increasing the reception area of the solar radiation, and/or to increase the absorbance of the surface coating in order
to improve thermal efficiency[32].

4.5 T T T T T T T T
4.0
3.5 ]
50 —— 0.1M,Pb*" 200°C
=] —— 0.2M,Pb* 200°C
=z .5 —— 0.3M,Pb** 200°C
2 |
@ 2.0 4
F | i
1.5 o
1.0 H .
0.5
0.0 T T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100
A(nm)
Fig.6: Plots of absorbance (A) against wavelength (1) annealed at 200°C
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Fig.7: Plots of absorbance (A) against wavelength (1) annealed at 400°C
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The variation of transmittance against wavelength for as-deposited film samples at different Pb?* concentration is
shown in fig.8 while figures 9 and 10 depict the transmission spectra of the deposited films annealed at 200°C and
400°C respectively. Table 2 gives the values of the transmittance of the film samples for as-deposited at different
Pb?* concentrationat some specific wavelength while that of the annealed at 200°C and 400°C are shown in tables 3
and 4 respectively.From table 2, it was observed that the transparency of CuO/Pbi.S films varies from 30.13-
52.24% in the visible region and 53.33-53.46% in the infrared region at 0.1M Pb?* concentration. Similar trend was
observed for the films deposited at 0.2M Pb?*. However, at 0.3M Pb?*, the transparency reduced significantly. The
reduction in the transmittance with increase in Pb?* concentration is based on the fact that at higher concentration,
the constituent atoms will be more and more, as well as the light particle collisions with atoms resulting to low
transmission of light [33-35]. It should be noted that when the concentration is high, the ions in solution would be
high as well, leading to high rate of film formation. As such thicker films are grown at higher metallic precursor
concentration.

60 T T T T T T T T
50
40 -
0.1M,Pb”" ,as-deposited N
—~ 304 —— 0.2M,Pb*",as-deposited
§ 0.3M,Pb*",as-deposited
20 H n
10 o
o 4
T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100
A(nm)

Fig.8: Plots of transmittance (T) against wavelength () for as-deposited

Table 2: Percentage transmittance of CuO/Pb1S at different Pb?* concentrationfor as-deposited

(C)Global Journal Of Engineering Science And Researches

Sample 300 nm 400 nm 500 nm 600 nm 700 nm 800 nm 900 nm 1000 nm

0.1M 2.69 30.13 40.27 48.31 52.24 53.33 53.46 53.33

0.2M 2.02 31.33 41.88 49.43 52.72 53.33 52.97 52.36

0.3M 0.01 5.33 9.55 13.00 15.89 18.41 20.28 21.83
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Fig.9: Plots of transmittance (T) against wavelength (3) for annealed at 200°C

After annealing at 200°C, the transparency of the films decreased at different Pb?* concentration exhibiting
minimum for the 0.3M layer. Further post deposition annealing at 400°C significantly improved the transparency of
the filmsexhibiting a minimum for 0.2M Pb?*. Table 3 show that at 0.1M, the transparency increased from 77.09 to
82.79% in the visible region, 82.79.82.99% in the near infrared region. For 0.2M, it varies in the range 3.11-20.60%
in the visible region, 20.60-25.70% in the infrared region.
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Fig.10: Plots of transmittance (T) against wavelength (1) annealed at 400°C

The variation of transmittance for 0.3M layer shows that it varies from 52.36-65.31% in the visible region to 64.71-
65.31% in the infrared region. Generally, all films both the as-deposited and annealed layers showed higher
transparency in the infrared region with optimum transparency observed for the films annealed at 400°C at different
Pb?* concentration.The infrared region is generally known as the heat region. Based on the property of high
transmittance in the NIR exhibited by the films, the films can be used for the construction of poultry roofs and walls
to provide source of heat in chick brooding. This has the potential to minimize the cost of energy consumption
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associated with the use of electric bulbs, heater, stove etc as well as the hazards associated with them. The low
transmittance in the UV region will protect the chicks from harmful UV radiation. These findings are in agreement

with the report of other authors [36-38].

Table 3: Percentage transmittance of CuO/Phi-xS films at different Ph?* concentration annealed at 200°C

Sample 300 nm 400 nm 500 nm 600 nm 700 nm 800 nm 900 nm 1000 nm
0.1M 0.93 27.93 38.02 44.36 46.13 44.26 41.02 38.19
0.2M 0.03 14.79 24.43 30.19 33.11 33.57 31.99 30.13
0.3M 0.01 3.23 6.90 10.02 12.11 13.55 14.09 14.42
Table 4: Percentage transmittance ofCuO/Pb1-xS films at different Pb?* concentration annealed at 400°C
Sample 300 nm 400 nm 500 nm 600 nm 700 nm 800 nm 900 nm 1000 nm
0.1M 12.71 77.09 80.72 82.60 82.79 82.79 82.79 82.99
0.2M 0.01 3.11 6.25 10.07 20.60 20.60 24.38 25.70
0.3M 6.46 52.36 61.38 65.01 65.31 65.31 64.71 65.01

The absorption spectra, which are the most direct and perhaps the simplest method for probing the band structure of
semiconductors, are employed in the determination of the energy gap, Eq. The Eq4 was calculated using the following
Tauc’s relation in equation (4) while the absorption coefficient, o was calculated using equation (3). Fig. 11 shows
the plots of absorption coefficient as a function of photon energy for the as-deposited at different Pb?* concentration.
Accordingly, the film deposited at 0.3M Pb?* has higher values of absorption coefficient. This could be attributed to
the thickness of 0.3M layer in which most of the light was absorbed according to lambert-beer’s law. Figs.12 and 13
show the plots of a as a function of hv for annealed at 200°C and 400°C respectively, at different Pb?* concentration.
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Fig.11: Plots of a against hv for as-deposited at different Pb?* concentration

After post deposition annealing, the values of absorption coefficient of the as-deposited layers at different Pb?* were
significantly altered as seen in figs. 12 and 13.
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Fig.13: Plots of a against hv for annealed at 400°C at different Pb%* concentration

Figs. 14— 16 show the plots for the determination of the optical bandgap. The energy bandgaps were obtained by
extrapolating the straight line portions of the (c¢hv)? versus hv to zero absorption coefficients. It is evident from the
Table 5-7 and Figures 14-16 that increasing the concentration of the principal precursor increases the band gap.
However, the range of bandgaps for the different concentration of Pb?* and post deposition temperature are 3.85 eV
— 4.00 eV for 0.1M, 3.85 eV — 4.00 eV for 0.2M and 3.75-4.00 eV for 0.3 M of Pb?*. Post deposition temperature
increases the band gap for 0.1M Pb?*, decreases the band gap for 0.2MPb?* and 0.3M Pb?*. The increase in band
gap with increase in the precursor concentration reported in this work is in agreement with the report of other
research groups [39]. The successive increase in the bandgap of 0.1M Pb?*as the annealing temperature increases is
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in agreement with the report of other authors [40-42]. The decrease in band gap with annealing temperature of 0.2M
Pb2* could attributed to quantum size effect [43-45]. The clear variation of E4 of the films with parameters of growth
indicates that we can tune the solid state properties of films to suite a desired application. The high transparency in
the visible region and wide direct band gap energy exhibited by these films make them ideal for use as window layer
in a heterojunction solar cells. The use of wide band gap materials as window layers in solar cell fabrications is to
minimize the recombination loss prevalent in direct band gap semiconductors thereby admitting a maximum amount
of light to the junction region and the absorber layer. CdS thin films are widely used as window layer in CIGS solar
cells. However, there are great concern about the toxicity of Cd in this architecture [46] and so; several alternative
window layers are currently being investigated to replace CdS. In our view, Zn;.,O and Co1xO films stand high for
possible incorporation in CIGS solar cell.

Table 5: Variation of Eg, Eu with 0.1M Pb?* conc. and post deposition temperature

Concentration (M) Post deposition temperature (°C) Ey (eV) Eu (eV)
0.1 - 3.85 3.50
0.1 200 3.95 3.40
0.1 400 4.00 3.35
Table 6: Variation of Eg,, Euwith 0.2M Pb?* conc. and post deposition temperature
Concentration (M) Post deposition temperature (°C) Ey (eV) Eu (eV)
0.2 - 4.00 3.50
0.2 200 3.98 3.45
0.2 400 3.85 3.25
Table 7: Variation of Eg, Eu with 0.3M Pb?* conc. and post deposition temperature
Concentration (M) Post deposition temperature (°C) Eq (eV) E, (eV)
0.3 - 4.00 3.75
0.3 200 3.85 3.60
0.3 400 3.75 3.40
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Fig.14: Plots of (ahv)? against hv for as-deposited at different Pb?* concentration
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Fig.15: Plots of (ehv)? against hv for annealed at 200°C at different Pb?* concentration
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Fig.16: Plots of (ahv)? against hv for annealed at 400°C at different Pb?* concentration
To determine the Urbach energy (E.), the graph of the natural logarithm of absorption coefficient as a function of

photon energy at Pb?* concentrations and post deposition temperatures was plotted and shown in figs. 17-19. The
plots depict a decreasing values of E,at different Pb?* concentration and post deposition temperature indicating an
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improvement in the microstructure of the films with annealing temperature. The determination of E, is based on the
empirical rule proposed by [47, 48].

eXp(mj W)
° E

u
Where ¢ is a constant, E, denotes an energy which is constant or weakly dependent on temperature and is often

interpreted as the width of the tail of localized states in the band gap. The exponential tail appears because
disordered and amorphous materials produce localized states extended in the band gap [49]. Taking the logarithm of
the two sides of equation (12), gives a straight line equation as expressed in equation (13).

hv
|na=|na0+(—J (13)
E

u
Therefore, the band tail energy or urbach energy (E ) can be obtained from the slope of the straight line of plotting

In(exr) against the incident photon energy (hv). The successive decrease in the band tail or urbach energy is in
agreement with the report of [50]. Tables 5-7 show the Urbach energy range for all the film samples.
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Fig.17: Plots of In (@) against hv for as-deposited at different Pb?* concentration
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Fig.18: Plots of In (@) against hv for annealed at 200°C at different Pb?* concentration
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Fig.19: Plots of In (@) against hv for annealed at4200°C at different Pb?* concentration
V. CONCLUSION

Thin films of CuO/Pb:«S have been successfully deposited on glass substrate by chemical bath deposition
technique. The effects of Pb?* concentration on the optical band gap and Urbach energy were investigated. It was
revealed that increasing the precursor concentration led to corresponding increase in optical band gap and decrease
in Urbach energy. Post deposition temperature showed significant influence on the studied parameters. It resulted to
an increase in band gap for 0.1M Pb?concentration, and decrease in bang gap for 0.2M Pb?*and 0.3M
Pb?*concentration. The range of bandgaps for the different concentration of Pb?* and post deposition temperature are
3.85 eV — 4.00 eV for 0.1M, 3.85 eV — 4.00 eV for 0.2M and 3.75-4.00 eV for 0.3 M of Pb?* respectively. The
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inverse relationship observed between Urbach energy and post deposition temperature indicated an improvement in
the microstructure of the films. Based on the properties of the films, they can be applied in optoelectronics, solar cell
fabrication, poultry industries etc.
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