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Structural, Morphological, Optical and Electrical Properties of Cu-Doped PbS Nanoﬁlms
Rui Li,1,2 Wei Li,1,2* Mengting Liu,1,2 Qinyu He,1,2 Yinzhen Wang,1,2 Qiuqiang Zhan3 and Teng Wang4

PbS nanoﬁlms with different Cu doping concentrations (0, 1, 2, 3 and 4 at. %) were deposited. The effects of Cu concentration on the
structural, morphological, optical and electrical properties of PbS nanoﬁlms were studied. With the increasing dopant content, we ﬁnd that the
crystallite size decreases, the shape of crystal particles changes, the optical band gap increases, the resistivity and carrier concentration change
non-monotonously. 2% Cu-doped PbS ﬁlm has the optimum value of theoretical band gap for absorbing sunlight, and 3% Cu-doped PbS ﬁlm
has the lowest resistivity and the highest carrier concentration.
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1. Introduction
Lead sulﬁde (PbS) is an important narrow-bandgap semiconductor with
the band gap of 0.4 eV and the exciton radius of 18 nm at room
temperature.1 Due to its wide band adjustment range,2 PbS materials not
only have important research value in basic theory, but also have high
application value in the ﬁelds of optoelectronic devices and biomedical
imaging. Such as detectors,3-5 gas sensors,6-8 solar cells9, 10 and bio
sensors.11
Because of the abundant reserves, the low price, and the strong
absorption capacity in visible and near-infrared light, PbS is a potential
for the absorption layer of solar cells.12 Recently, PbS ﬁlms have been
prepared for solar energy applications by using different techniques such
as chemical bath deposition (CBD),13, 14 successive ionic layer adsorption
and reaction (SILAR),15 spray pyrolysis,16, 17 vacuum evaporation,18
pulsed laser deposition(PLD)19 and electrodeposition.20 Among these
techniques, CBD method is relatively simple, quick, economical, and
can be applied to an industrial scale compared to other processes. In
addition, many physical and chemical properties of PbS nanostructures
can be altered by introducing various impurities.21-23
It has been reported earlier that metallic dopant ions strongly
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inﬂuences the opto-electrical properties of pure PbS.24, 25 Cu ion has an
ionic radius of 0.73Å, which is less than that of Pb ion (1.19Å).
Therefore, it is expected that more Cu ions can be accommodated into
the PbS lattice and replace Pb2+ ions, thereby improving its optoelectrical properties to a large extent. Reported results have shed light on
the relationship between the morphology, optical and electrical
properties of the Cu-doped ﬁlms. In this report, the structural,
morphological, optical and electrical properties of Cu-doped PbS ﬁlms
were investigated.

2. Experimental procedure
The glass substrates and the beakers were sequentially cleaned in an
ultrasonic cleaner with acetone, absolute ethanol and deionized water.
All the ﬁlms were deposited on glass substrates using chemical bath
deposition.
The chemical reagents used in the present work were of analytical
grade. The initial solution was prepared by the sequential addition of:
0.17 M lead acetate (Pb(CH3COOH)2·3H2O), 0.57 M sodium hydroxide
(NaOH) , the certain amount of sodium citrate and distilled water.
Different quantities of Cu(CH3COOH)2·H2O were added to each initial
solutions as dopant sources at the concentrations of 0, 1, 2, 3, and 4 at.
%. The pH value of the solution was adjusted by adding NaOH. Then,
0.2 M thiourea was added to the initial solution, and the color of the
reaction solution would change. The cleaned glass substrates were
placed vertically in the beaker, which immersed into water heating bath
circulator placed on heating magnetic agitator. The reaction temperature
was maintained at 75 °C. After 1h, we took out the substrates and
washed them with deionized water. Finally, the compact and smooth
PbS ﬁlms were obtained.
The crystal structure, crystallinity and phase of the ﬁlms were
characterized by X-ray diffraction using a BRUKER D8 ADVANCE
with a Cu-K_alpha line (λ=1.5406 Å). The morphology and
microstructure of the ﬁlms were studied with a scanning electron
microscope (ZEISS Ultra 55). The element composition of the ﬁlms
were detected by the energy dispersive X-ray spectroscopy (EDX).
Optical band gap spectra and optical transmission of the ﬁlms were
© Engineered Science Publisher LLC 2019
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determined by UV–Vis–NIR spectrometer (PerkinElmer Lambda 950)
at room temperature. Electrical properties of the ﬁlms were performed
using Hall Effect measurement (HALL 8800).

3. Results and discussion
3.1 Structure
Fig. 1 is the X-ray diffraction patterns of all the prepared ﬁlms, and
Table 1 is Structural parameters of Cu-doped PbS ﬁlms with various Cu
concentrations. In the Fig. 1, the observed peaks at 25.96°, 30.07°,
43.06°, 50.98°, 53.41°, 62.54°, 68.88°, 70.97° and 78.92° correspond to
the crystalline planes of (111), (200), (220), (311), (222), (400), (331),
(420) and (422), respectively. These diffraction peaks can be indexed to
cubic crystallinity phase, according with database values [PDF No.050592]. The diffraction peaks of PbS were sharp and intense, indicating
their highly crystalline nature. No impurity peaks are observed,
conﬁrming the high purity of the products. The peak in the (1 1 1) plane
gradually becomes weaker as the Cu concentration increases. The doped
PbS has a preferred orientation along the (200) plane, probably because
the Cu ions preferentially enter the (200) plane to change the relative
growth rate of the crystal plane. It is the most obvious that the peak
intensity of this plane increases ﬁrst and then decreases with Cu
concentration, while FWHM decreases ﬁrst and then increases. A
possible explanation is that when a small amount of Cu ions are
incorporated, Cu ions preferentially enter the defect sites in the crystal
to reduce the free energy of the system, which can be reﬂected by the
signiﬁcant decrease in micro strain and dislocation density in the Table1,
thus promoting the crystallization process.
With the increasing dopant content, the intensity of main peaks
decreases and the crystallinity starts to deteriorate. Because Cu ions
have a small ionic radius, Cu ions may enter new defective locations.
The values of micro strain and dislocation density gradually increase
after reaching the minimum, which has a negative impact on the
crystallization process of the ﬁlms. High Cu concentration leads to
disordered crystal structure and some defects, which effectively reduce
the strength of the lead sulﬁde phase. As the concentration of Cu ions in
the solution further increases, the grain size will decrease.26 This may be
resulted from the fact that Pb ions are replaced by Cu ions, resulting in
lattice contraction.
Fig. 1 and Table 1 show that the (200) peak position of the Cu:PbS
ﬁlms shifted slightly to the higher 2θ value compared to the undoped
ﬁlm. The 2θ value increases monotonically with increasing Cu

concentration, which implies that the lattice constant changed after Cu
doping. This result further affects the grain size.
The XRD peaks of 1 at. % Cu:PbS nanoﬁlm are sharper and
higher in intensity, indicating the increase of grain size. These peaks
become broader with increasing Cu concentration, which agrees with
the decrease in the crystallite size. The crystallite size (D) can be

Fig. 1 XRD patterns for the undoped and Cu-doped PbS ﬁlms.

Table 1 Structural parameters of Cu-doped PbS ﬁlms with various Cu concentrations.
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calculated from the full width at half maximum (FWHM) values of the
(200) diffraction peaks for various Cu concentration using Scherrer
formula:27
D=

0.9λ
βCOSθ

(1)

of copper can signiﬁcantly reduce the dislocation defects of the PbS
ﬁlms. However, as the Cu concentration increases, this trend is
gradually getting weaker. Our ﬁndings lead us to conclude that a
moderate amount of copper impurities can cause slightly shifts of the
position of Pb ions, eliminates some dislocations, relaxes the micro
strain, and enhances the stability of the lattice.

The micro-strain (ε) is determined using the relation:28
(2)
βCOSθ
ε=
4
The dislocation density ( δ ) values of ﬁlms is calculated using the
formula:29
δ=

1
D2

(3)

where β is the full width at half maximum of the diffraction peaks, λ is
the wavelength of incident X-ray, and θ is the diffraction angle. The
micro-structural parameters of Cu doped PbS ﬁlms, including d-spacing,
calculated grain size, FWHM, micro strain, dislocation density, are
given in Table 1. The crystallite sizes corresponding to (200) plane start
to decrease with the increasing Cu doping concentration. Thus, when
the crystallite size is very small, the broadening of the X-ray diffraction
peaks will occur. Then, the crystallite size decreases to release the strain
in order to stabilize the crystal structure.30
The dislocation density of Cu-doped PbS ﬁlms are generally
smaller than the undoped PbS ﬁlm. This means that the copper has a
great inﬂuence on the structure of the PbS nanoﬁlms. The incorporation

3.2 Morphology
Fig. 2 shows the effects of Cu on the particles size and surface
morphology of the PbS ﬁlms. It can be seen that the surface continuity
of the ﬁlm is very good, and the entire substrate is covered by the PbS
ﬁlm without voids or cracks. The formation of ﬁlms generally has two
processes: the nucleation process and the growth process. In order to
obtain the same-sized particles on the substrates, the two processes
should be separated as much as possible so that the crystal nucleus
grows simultaneously without the formation of new nuclei. There (That
there) is a small amount of agglomerates on the ﬁlms, which is caused
by the simultaneous nucleation process and growth process. From Fig.
2, we ﬁnd that the size of the particles gradually decreases as the doping
concentration increases. We believe that the introduction of copper
restrains crystal growth.
According to EDX spectra, the existence of Pb, S and Cu elements
can be conﬁrmed. The appearance of other peaks is caused by the glass
substrate, which does not affect the accuracy of the test.31 The atomic
percentages of the doping element in each ﬁlm are 1.49, 2.37, 3.281 and
3.528 at. % for solutions having 1, 2, 3 and 4 at. % concentrations of
Cu, respectively. Errors are within 0.5% in the normal range. This

(a) Pure PbS

(b) 1%Cu

Fig. 2 SEM images and EDX spectra of PbS nanoﬁlms with various Cu concentrations. (a):0%Cu, (b):1%Cu, (c):2%Cu, (d):3%Cu, and (e):4%Cu.
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conﬁrmed that Cu was successfully incorporated into the PbS ﬁlms.
The shape of the surface particles varies with the Cu concentration
as shown in Fig. 3, the changing process of crystalline particles can be
roughly divided into three stages. In the ﬁrst stage, the crystal particles
exhibit pyramid shape, and in the second stage, the crystal particles
appear as cubes or truncated octahedrons similar to football. In the ﬁnal
stage, most of the crystal particles appear as spheres.

3.3 Growth mechanism
Fig. 3 depicts the changing process of particles on the surface of the
ﬁlm. We might analyze it by combining XRD pattern. As shown in Fig.

Research Paper
1, when the Cu concentration is zero, the relative intensity ratio of the
(111) peak and the (200) peak is quite large. This means that the growth
rate of the surface particles along these two facets is almost the same
and the growth of the (111) facet causes many pyramidal particles to
appear on the surface.32
For pure PbS ﬁlm with the pyramidal particles, the main growth
element is an anion ligand polyhedron, Pb-S6 octahedron element. When
a low concentration of copper is incorporated, copper ions preferentially
enter the crystal lattice from the vertex sites of the octahedral element,
thereby promoting the growth of (200) facet, causing the surface particle
morphology to be converted into a cube. At the same time, since the
copper ion radius is smaller than the lead ion radius, the grown doped

(c) 2%Cu

(d) 3%Cu

(e) 4%Cu

Fig. 2 SEM images and EDX spectra of PbS nanoﬁlms with various Cu concentrations. (a):0%Cu, (b):1%Cu, (c):2%Cu, (d):3%Cu, and (e):4%Cu.
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octahedral element has lattice distortion and stress at the vertex sites,
which increases with the increase of copper concentration. As the
copper concentration continues to increase, the strain energy at the
vertex sites becomes large enough, and become a barrier that blocks the
entry of copper ions. At this time, copper ions preferentially enter the
crystal lattice from the side of the octahedral element and the growth
rate of the (111) surface rises, which causes the surface morphology
changes into a truncated octahedron shape. While the copper
concentration continues to increase, the truncated octahedron tends to be
equiaxed grain changes, close to a spherical shape.
Moreover, due to the incorporation of Cu ions, more favorable
positions are provided for the nucleation of the new phase, and more
ﬁne new crystal nucleus are formed, resulting in ﬁner and denser
particles on the surface of the doped ﬁlm. Therefore, we conclude the
copper concentration determined the surface growth mechanism of Cudoped PbS ﬁlm.
3.4 Optical properties
The transmittance spectra for Cu:PbS ﬁlms are shown in Fig. 4. We
observed that 4% Cu-doped PbS ﬁlm has the highest transmittance in
the near-infrared region (780~2400nm). The transmittance of PbS ﬁlms
increases after being doped, and there is a signiﬁcant blue shift of the
transmission peak related to the increase of the band gap.
As shown in Fig. 2 (b) and Fig. 2 (c), we found that the two ﬁlms
are mainly composed of cubes with relatively regular particle shapes
and small particle size((80~90nm). This shape feature will help increase
the probability of specular reﬂection and increase transmission. This is
consistent with the results shown in Fig. 4. Fig. 2 (d) shows that the
surface of the whole PbS ﬁlm is relatively ﬂat, the particle size is further
reduced (40~50nm) and the shape of the particles is mostly truncated
octahedron. The shape of the particles gradually changes from angular

to round, meanwhile, the particle size decreases. These lead to an
increase in scattering effect and diffuse reﬂection, and more light is
absorbed by the PbS ﬁlm during the scattering process.
The transmission spectra show that the transmittance decreases
with increasing Cu concentrations in the range of 780 nm to 2400 nm.
However, when copper is doped at a high concentration (4%Cu), the
transmittance suddenly increases due to an increase in light scattering
losses. An increase in light scattering losses in the spectra range from
780 to 2400 nm, which can be attributed to the morphological features.
By observing the SEM image, it can be found that the surface
roughness and particle size of the 3% and 4% Cu-doped PbS ﬁlms are
almost the same. We believe that plasmon presented on the surface of
the nanostructured semiconductor33 plays an important role, as different
nanostructures have different gains for plasmon. According to Fig. 4, it
can be seen that the nanosphere on the surface of the ﬁlm has a larger
effect on the gain of the plasmon than the nano-truncated octahedron.
The stronger the plasmon, the higher the transmittance of light. This is
one reason why the transmittance of 3 at. % Cu-doped PbS ﬁlm is
lower than that of 4 at.% Cu-doped PbS ﬁlm. Based on these results, we
conclude that the shape of the surface particles has a great inﬂuence on
the transmittance of the ﬁlms, and the ﬁlm with truncated octahedral
particles has the lowest transmittance.
The optical absorption and transmittance spectrum of the PbS ﬁlms
were determined by UV-vis-NIR spectrophotometer. The bandgap value
of each sample can be obtained by calculating the optical absorption
data using the Tauc formula.34
(αhν)=A(hν - E g ) n

(4)

where ν is incident photon frequency, h is the Planck constant, A is a
constant, and Eg is the energy gap between the bottom of the conduction

Fig. 3 The changing process of surface particles.

Fig. 4 Variation of transmittance with wavelength for Cu: PbS ﬁlms.
42 | ES Mater. Manuf., 2019, 4, 38–44

Fig. 5 Optical band gap energy plots at different Cu concentrations.
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band and top of the valence band , and since PbS is a direct bandgap
semiconductor, n is equal to 1/2 in this formula. Absorption coefﬁcient
(α) can be calculated from the following equation.35
 α = 2.303 A / t

(5)

where A is absorbance and t is thickness of thin ﬁlm. Fig. 5 shows the
optical band gap energy plots of various PbS ﬁlms at different Cu
concentrations. The straight-line portion is extended to the abscissa.
When α is equal to 0, the corresponding value of hν is the band gap
value of the PbS ﬁlm.
According to the Fig. 5, we can intuitively analyze the optical
properties of undoped and Cu-doped PbS nanoﬁlms, and study the
effect of copper on the optical properties of PbS nanoﬁlms. It is
observed that the optical band gap changed with the concentration of
the dopant in a regular manner. The band gap of pure PbS ﬁlm is about
0.95 eV, the band gap of the PbS ﬁlm with 4 at. % Cu is about 1.8 eV.
The band gap gradually increased with Cu concentration.
As can be seen from Table 1, the Cu-doped PbS ﬁlms have a
larger crystallite size, which causes the inﬂuence of quantum size on the
band gap to decrease. However, the inﬂuence of the copper on the band
gap is dominant, which leads to a larger band gap. A possible
explanation is that the 3d electrons of Cu form an impurity level above
the Fermi surface, causing the Fermi surface to sink slightly into the
valence band. At the same time, the bottom of the conduction band is
raised to a certain extent, resulting in an increase in band gap. When Cu
is incorporated into the PbS ﬁlms, the absorption edge has a
corresponding gradual blue shift with increasing Cu content. The band
gap of p-type heavy doped PbS nanoﬂims will be broadened because
the Fermi level is located in the valence band. And the full band blocks
the thermal excitation and the photo excitation, so the band gap
absorption moves toward the high-energy direction.36
The experimental data show that dopant can rise the optical band
gap of PbS ﬁlms. Especially 2 at. % Cu:PbS nanoﬁlm with Eg equal to
1.5eV matched well with the optimum value of theoretical band gap for
absorbing sunlight from the visible to near-infrared band and for good
conversion of solar energy to electricity.37

3.5 Electrical properties

Fig. 6 shows the resistivity and carrier concentration of Cu-doped PbS
ﬁlms with various Cu concentrations. We can ﬁnd that the overall trend
of resistivity drops ﬁrst and then rises, while the overall trend of carrier
concentration is opposite to that of resistivity.
When the amount of copper rises from 0% to 3%, the resistivity
continuously decreases. The electrical properties of PbS ﬁlms are
improved by the incorporation of copper. The PbS ﬁlms are measured
by the Hall Effect measurements to be a p-type semiconductor. Since
the carriers of the p-type semiconductor are mainly holes, the
concentration of holes has a major inﬂuence on the resistivity.
Therefore, when the Cu concentration is continuously increased, it
contributes to increase the hole carrier density in the valence band and
reduce the value of resistivity.
When the Cu concentration increases from 3% to 4%, we ﬁnd
from the SEM images that the particles on the surface become ﬁner. The
information given by XRD also show that the FWHM increases,
implying that the particle size becomes smaller. So the surfaces of the
ﬁlms are dominated by ﬁne polycrystals, which leads to an increase in
grain boundaries and lattice defects.38 Moreover, the dislocation defects
and strain defects are beneﬁcial to the grain boundary scattering and
defect scattering of electrons. The combination of these factors
ultimately leads to an increase in resistivity.
While the doping concentration increases from 0% to 1%, the
carrier concentration does not change signiﬁcantly. Due to the low
concentration of doped copper, it has little effect on the increase of
carrier concentration. When the doping concentration is equal to 3%, the
carrier concentration reaches a maximum value. The increased carrier
concentration of the Cu-doped PbS ﬁlms can be attributed to the midgap states created by Cu doping—these traps and screens electrons.39
However, when the copper content furtherly increased to 4%, some Cu
atoms can not occupy lattice sites. On the contrary， they formed
neutral defects and became ineffective.40 This may be an important
reason for the decrease in carrier concentration at high Cu concentration.
In addition, PbS ﬁlm with nanosphere structure has great gain on
surface plasmon. Strong plasmon means more excitons and lower
dissociation rate of excitons, which also leads to the carrier
concentration decrease dramatically at high Cu concentration. At the
same time, strong plasmon can enhance the surface electron scattering
and greatly increase the resistance. Therefore, when the copper
concentration rises from 3% to 4%, both of them have abnormal
changes.
The data obtained by the Hall Effect measurement shows that the
optimum Cu concentration is 3%, and the PbS nanoﬁlm has the lowest
resistivity and the highest carrier concentration. PbS nanoﬁlms are found
to be suitable as an absorbing material in thin ﬁlm solar cells due to the
improved optoelectronic properties achieved through copper doping.

4. Conclusion

Fig. 6 Resistivity and carrier concentration of Cu-doped PbS ﬁlms with
various Cu concentrations.
© Engineered Science Publisher LLC 2019

Different concentrations of Cu-doped PbS ﬁlms were prepared by CBD
method. It can be seen from XRD pattern that the lower Cu
concentration greatly improves the crystallinity of PbS. However, as the
Cu concentration increases, the nanoﬁlm will produce more defects and
strains, which has an adverse effect on the crystallinity of the PbS
nanoﬁlms. The SEM images show that the particle size decreases with
the increase of Cu concentration. The surface morphology of Cu-doped
PbS ﬁlms changes from pyramid into cube, truncated octahedron and
sphere consequently. The Cu concentration determined the growth
mechanism of Cu-doped PbS ﬁlm. Under the action of 3d state
electrons of copper, the band gap will be widened. By analyzing the
transmission and morphology, another interesting ﬁnding is that 3 at. %
ES Mater. Manuf., 2019, 4, 38–44 | 43
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Cu-doped PbS ﬁlm with truncated octahedral particles has the lowest
transmittance, which is important for the study of optical properties of
nanoﬁlms. When the Cu concentration is equal to 3%, PbS ﬁlm has the
largest carrier concentration and the lowest resistivity, reﬂecting the best
electrical properties. Therefore, in order to obtain excellent optical and
electrical properties, the sample is required to satisfy the following
conditions: a higher doping concentration, a smoother ﬁlm surface and
the surface should be dominated by small-truncated octahedral particles.
These conditions can help to improve the optical and electrical
properties of the nanoﬁlms. Our results reveal that Cu-doped PbS
nanoﬁlms would have more hopeful prospects in optoelectronic devices,
such as solar cells application.
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