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Influences of anionic and cationic dopants on the morphology and
optical properties of PbS nanostructures

Ramin Yousefia)†, Mohsen Cheragizadeb), Farid Jamali-Sheinic), M. R. Mahmoudiand),
Abdolhossein Saaédib), and Nay Ming Huange)

a)Depertment of Physics, Masjed-Soleiman Branch, Islamic Azad University (I.A.U.), Masjed-Soleiman, Iran
b)Department of Electrical Engineering, Bushehr Branch, Islamic Azad University (I.A.U.), Bushehr, Iran

c)Department of Physics, Ahwaz Branch, Islamic Azad University, Ahwaz, Iran
d)Department of Chemistry, Shahid Sherafat, University of Farhangian, 15916 Tehran, Iran

e)Low Dimensional Materials Research Center, Department of Physics, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia

(Received 15 January 2014; revised manuscript received 20 April 2014; published online 20 August 2014)

Selenium and zinc are used as anionic and cationic dopant elements to dope PbS nanostructures. The undoped and
doped PbS nanostructures are grown using a thermal evaporation method. Scanning electron microscopy (SEM) results
show similar morphologies for the undoped and doped PbS nanostructures. X-ray diffraction (XRD) patterns of three sets
of the nanostructures indicate that these nanostructures each have a PbS structure with a cubic phase. Evidence of dopant
incorporation is demonstrated by X-ray photoelectron spectroscopy (XPS). Raman spectra of the synthesized samples con-
firm the XRD results and indicate five Raman active modes, which relate to the PbS cubic phase for all the nanostructures.
Room temperature photoluminescence (PL) and UV–Vis spectrometers are used to study optical properties of the undoped
and doped PbS nanostructures. Optical characterization shows that emission and absorption peaks are in the infrared (IR)
region of the electromagnetic spectrum for all PbS nanostructures. In addition, the optical studies of the doped PbS nanos-
tructures reveal that the band gap of the Se-doped PbS is smaller, and the band gap of the Zn-doped PbS is bigger than the
band gap of the undoped PbS nanostructures.
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1. Introduction

Metal chalcogenide semiconductors have attracted much
attention because of their potential applications. In fact,
nanocrystals of semiconducting metal chalcogenides (II–VI
and IV–VI) are the materials that exhibit band gap energies
spanning from the mid-to-near infrared (PbS, PbSe, PbTe) to
the visible (CdS, CdSe, CdTe), and into the ultraviolet (ZnS,
ZnSe) regions.

Among metal chalcogenides, lead sulfide (PbS) is a semi-
conductor with a narrow band gap of 0.41 eV and a large
exciton Bohr radius of 18 nm, which permits size-quantum
confinement effects to be clearly visible, even for larger
particles.[1] Therefore, growth of PbS nanostructures of dif-
ferent sizes can result in obtaining different applications for
this important semiconductor. In fact, it has important opti-
cal applications, such as solar cells and infrared detectors,[2]

solar control coatings optical fibers,[3] and broadband optical
amplifiers.[4] As is well known, impurity doping in semicon-
ductors with selective elements greatly affects the basic phys-
ical properties (electrical, optical, and magnetic), which are
crucial for their practical application. Many researchers have
reported the synthesis of doped PbS nanoparticles, films, and

one-dimensional (1D) nanostructures, and have also studied
the electrical, optical, and magnetic properties of these doped
nanostructures.[5–11]

Generally, selective elements such as dopant materials in
PbS can be classified as two groups of materials: one group
can be substituted for Pb, and the other can be substituted for
S. These different types of doping materials can exhibit differ-
ent optical properties from those of PbS, owing to the different
treatments of Pb and S in the PbS structure. Zn as a cation
dopant and Se as an anion dopant can be substituted for Pb
and S, respectively. Both elements can be used as impurities
that change the band gap of PbS. He et al. reported Zn-doped
PbS quantum dots, which were synthesized by a wet chemi-
cal method.[12] They showed that Zn as a dopant material can
affect the optical band gap of PbS nanostructures. Therefore,
a comparison of the optical behavior between these two types
of doping materials in PbS can help us to carry out band gap
engineering for PbS nanostructures.

In this work, undoped, Se-doped, and Zn-doped PbS
nanostructures are grown by a thermal evaporation method.
Then, a comparison of optical behavior between the doped and
undoped PbS nanostructures is carried out by photolumines-
cence and UV–Vis spectroscopy.
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2. Experiment
The growth of the undoped and doped PbS nanostructures

was performed in a horizontal tube furnace on Si (111) sub-
strates. High-purity lead sulfide powder (99.99%) was used
as the precursor material to grow the undoped PbS nanostruc-
tures. The precursor material was placed in a small quartz
tube and an Si (111) substrate was placed downstream of the
precursor material. The small tube was then inserted into a
vacuum chamber so that the precursor material was at the cen-
ter of the furnace. The precursor material and silicon substrate
were heated to 700 ◦C and 400 ◦C, respectively. High-purity
Ar (90%)/H2(10%) gas was fed at a rate of about 25 sccm into
the furnace at one end, while the other end was connected to
a rotary pump. The growth process lasted 1 h. A vacuum of
15 Torr (1 Torr = 1.33322× 102 Pa) was maintained inside
the tube furnace during the deposition of the nanostructures.
The same conditions were used to grow the doped-PbS nanos-
tructures. Material dopants (high-purity Se and Zn powders)
were placed upstream of the PbS powder at different tempera-
tures. The details of the experimental set-up for growing these
samples are shown in Fig. 1.
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Fig. 1. Schematics of the set-ups for growth of undoped, Se-, and Zn-
doped PbS nanostructures.

The morphologies and crystal structures of the products
were investigated using a field emission scanning electron mi-
croscope (FESEM; Hitachi S4160) and an X-ray diffractome-
ter (XRD; Siefert ID 3003). Elemental analyses of the prod-
ucts were undertaken using X-ray photoelectron spectroscopy
(XPS; VG-Microtech ESCA-2000). The XPS spectra were
recorded using Mg–Kα radiation (1256.6 eV). Room temper-
ature photoluminescence (Jobin Yvon Horiba HR 800 UV),
UV–Vis (Lambda 25-Perkin–Elmer) and Raman (Bruker–
Senterra Raman Spectrometer) spectrometers were employed
to study the optical properties and crystallinities of the PbS
nanostructures, respectively. An Nd:YLF laser with a wave-
length of 785 nm and an He–Cd laser with a wavelength of
325 nm were used for Raman and PL measurements, respec-
tively.

3. Results and discussion
Figure 2 shows the FESEM images and the EDX spectra

of the undoped, Se-, and Zn-doped PbS nanostructures. Fig-
ure 2(a) shows a star morphology for the undoped PbS nanos-
tructures with an average grain diameter of about 90 nm. It can

be seen that the Se-doped PbS nanostructure has a similar mor-
phology to the undoped PbS nanostars (Fig. 2(b)). However,
the faces of the Se-doped PbS nanostars are flat. In addition,
the sizes of the Se-doped PbS nanostars are bigger than those
of the undoped-PbS nanostars. Figure 2(c) shows the FESEM
image of the Zn-doped PbS nanostructures. The image re-
veals a spherical shape for the Zn-doped nanostructures, of a
similar size to the shape for the undoped-PbS nanostars. Fig-
ure 2(d) shows an EDX spectrum of the undoped PbS nanos-
tars. The spectrum indicates that the nanostars are pure PbS.
Figures 2(e) and 2(f) show the EDX spectra of the doped PbS
nanostructures. The EDX spectra of the Se- (Fig. 2(e)) and
Zn-doped (Fig. 2(f)) structures indicate different percentages
of selenium and zinc, i.e., 3.4% (atm), and 1.1% (atm), respec-
tively. In addition, the EDX spectra reveal the peaks from the
Si substrate and oxygen. The oxygen peak could be a result of
a leakage of the set-up, or from the Si substrate. It is known
that oxygen as a defect usually appears in the PbS structures.

Figure 3(a) shows the XRD patterns of the undoped and
doped PbS nanostructures. The obtained XRD patterns are
in good agreement with the data on the standard card of bulk
PbS with an fcc phase (JCDPDS Card No. 05-0592). There
are no other peaks related to PbSe, ZnS, PbO, ZnO, or other
mixed compounds. The ionic radius of the substituted Zn2+

(0.74 Å) is smaller than that of Pb2+ (1.19 Å), and the ionic
radius of the substituted Se2− (0.5 Å) is bigger than that of S2−

(0.37 Å). Thus, Zn doping causes the XRD peaks to slightly
shift toward higher diffraction angles, while the Se doping in-
duces the XRD peaks to slightly shift toward lower diffraction
angles than the undoped PbS (Fig. 3(b)). These results provide
indirect evidence that zinc and selenium are incorporated into
the crystal structure of PbS.

The further evidence for the formation of PbS, Se-doped
PbS, and Zn-doped PbS in the present system comes from
XPS analysis of the products. Figure 4 shows the high-
resolution XPS spectra of the products. Figures 4(a) and 4(b)
show the binding energies of Pb 4f7/2, Pb 4f5/2, and S 2p3/2
for the undoped-PbS nanostructures at 139.08, 144.08, and
161.44 eV, respectively, which are very close to the values
reported in our previous work.[13] Figures 4(c) and 4(e) re-
veal the binding energies of Pb 4f7/2, Pb 4f5/2, S 2p3/2, and
Se 3d for the Se-doped PbS nanostructures at 139.11, 144.11,
161.03, and 53.8 eV, respectively. It can be seen that the S
concentration decreases due to the occurrence of Se in the PbS
structure.

The XPS spectra of Zn-doped PbS nanostructures are
shown in Figs. 4(f)–4(h). The peaks at 139.25, 144.25, 161.66,
1021.9, and 1045 eV belong to the binding energies of Pb
4f7/2, Pb 4f5/2, S 2p3/2, Zn 2p3/2, and Zn 2p1/2, respectively.
The slight shift in the peaks can be ascribed to the effect of
changes in binding energy due to the strain-induced distortion
of the PbS lattice. In addition, the percentage molar concen-
trations of the Se and Zn doped into Se-doped and Zn-doped
PbS nanostructures are calculated to be 3.1 and 1.2, respec-
tively. In fact, the XPS results confirm the presence of Se and
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Zn in the PbS structure. Deconvolution of the overall region
indicates that the binding energies of Se and Zn are associated

with Pb–Se and Zn–S bands as closely referenced to PbSe[14]

and ZnS.[15]
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Fig. 2. (color online) FESEM images of (a) the undoped-, (b) Se-doped, and (c) Zn-doped PbS nanostructures, and EDX spectra of (d) the
undoped, (e) Se-doped, and (f) Zn-doped PbS nanostructures.
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Fig. 3. (color online) (a) XRD patterns of the undoped- and doped-PbS nanostructures with cubic phase, and (b) the shifts in the (200) peak of
the undoped, Se-, and Zn-doped PbS nanostructures.
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Fig. 4. (color online) XPS spectra of the ((a) and (b)) undoped PbS nanostructures, ((c) and (e)) Se-doped PbS nanostructures, and ((f)–(h))
Zn-doped PbS nanostructures.
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Based on these results, the plausible growth mechanism
of the PbS nanostars can be explained by the following CVD
reactions:

PbS(s)→ PbS(g), (1)

PbS(g)+H2(g)→ Pb(g)+H2S(g) (in source position), (2)

Pb(g)→ Pb(l)→ Pb(s)

(the deposited Pb(s) can act as seed on the substrate), (3)

Pb(s)deposited +H2S(g)→ PbS(s)+H2(g)

(the size and shape of PbS dictated by deposited Pb(s)). (4)

In fact, the H2 gas plays a catalyst role in the growth pro-
cess of the PbS nanostars. To better understand the details
of Pb(s) formation on the Si substrate, the above experiment
under the same conditions is repeated for 10 minutes. Then,
the obtained sample is characterized by the XRD. This XRD
pattern is shown in Fig. 5. It can be seen that the pattern in-
dicates only Pb and Si peaks. Reaction (3) shows that the Pb
gas is thus transported downstream and condensed into liquid
droplets on the substrate. In the next step, the liquid Pb acts as
a preferential adsorption site for PbS, which can be formed in
the reverse reaction of the gaseous Pb and H2S, or in the pro-
gressive in-situ conversion of the liquid Pb from exposure to
H2S (reaction (4)). Alloys Pb and PbS are thus created while
the adsorption proceeds, followed by nucleation and subse-
quent uni-dimensional crystallization, which can occur in the
liquid–solid interface once supersaturation is reached.
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Fig. 5. XRD pattern of the sample after 10-min deposition.

Based on the growth reactions of PbS in the presence of
H2 gas, and according to the XRD and EDX results, the possi-
ble reactions for the doping of Se and Zn can be written as the
following CVD reactions:

a) Se-doped PbS

Se(s)→ Se(l)→ Se(g), (5)

PbS(s)→ PbS(g), (6)

PbS(g)+ xSe(g)→ PbS(1−x)Sex(g)+ xS(g), (7)

PbS(1−x)Sex(g)+H2(g)→ Pb(g)+(1−x)H2S(g)+xH2Se, (8)

Pb(g)→ Pb(l)→ Pb(s)

(the deposited Pb(s) can act as seed on the substrate), (9)

Pb(s)deposited +(1− x)H2S(g)+ xH2Se(g)

→ PbS(1−x)Sex(s)+H2(g); (10)

b) Zn-doped PbS

Zn(s)→ Zn(l)→ Zn(g), (11)

PbS(s)→ PbS(g), (12)

PbS(g)+ xZn(g)→ Pb(1−x)ZnxS (g)+ xPb (g), (13)

Pb(1−x)ZnxS(g)+H2(g)→ Pb(1−x)Znx(g)+H2S(g), (14)

Pb(1−x)Znx(g)→ Pb(1−x)Znx(l)→ Pb(1−x)Znx(s)

(the size and shape of Pb(1−x)Zn(s)S dictated by

deposited Pb(1−x)Znx(s)), (15)

Pb(1−x)Znx(s)deposited +H2S(g)→ Pb(1−x)ZnxS(s)+H2(g)

(the size and shape of Pb(1−x)Znx(s)S dictated by

deposited Pb(1−x)Zn(s)). (16)

As can be seen from reaction (16), the size of Pb(1−x)ZnxS is
dictated by the deposited Pb(1−x)Znx(s). The comparison of
this reaction with similar reactions from the deposition of the
undoped PbS and PbS(1−x)Sex can help us make the follow-
ing conclusion: by changing the type of the deposited seed,
the shape of doped PbS can be changed. The FESEM images
confirm these results.

Raman spectroscopy is an effective technique for estimat-
ing the crystallinity of a material. It is well known that in a
crystalline semiconductor the observed Raman shifts usually
correspond to the longitudinal optical phonons (LO), whereas
other modes, such as transverse optical phonons (TO) and sur-
face phonons (SP), are, in general, not observable because of
symmetry restrictions and low intensities, respectively. How-
ever, as the surface-to-volume ratio is large for nanostructured
materials, it is possible to observe the SP mode by Raman
scattering measurements.[16] According to group theory, sin-
gle crystalline PbS belongs to the Fm3m space group. Fig-
ure 6 shows the Raman spectra of the PbS nanostructures. The
spectra of Fig. 6 contain bands at 252, 305, 435, 621, and
943 cm−1. All of these modes belong to the PbS structure
with a cubic phase. It can be seen that the peak at 252 cm−1

in Se-doped PbS has a stronger intensity than in the undoped
and Zn-doped PbS nanostructures. The peak at 252 cm−1 cor-
responds to an SP mode that could appear due to the surface
roughness of deposited material.[16] In fact, this result could
be a consequence of the different treatments of Pb and S in the
PbS structure. However, more studies are needed to explain
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this phenomenon in the future. The Raman peak at 434 cm−1

is attributed to the first overtone (2LO).[17] The band centered
at 970 cm−1 may be attributed to sulfates in the sample, owing
to laser-induced degradation.[18]
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Fig. 6. (color online) Raman spectra of the undoped and doped PbS
nanostructures with cubic phase.

The UV–Vis absorbance spectra of the PbS nanostruc-
tures are shown in Fig. 7(a). The relevant decrease in the

absorbance at wavelengths greater than 800 nm can be also
assigned to the intrinsic band gap absorbance of PbS, owing
to the electron transitions from the valence band to the con-
duction band. It can be observed that the absorbance intensity
of the Se-doped PbS nanostructures is smaller than that of the
Zn-doped PbS nanostructures. The direct band gap can be esti-
mated from the maximum of the curve for the first derivative of
the absorbance versus energy and from the intersection of the
second derivative with the energy axis.[19] Figures 7(b)–7(d)
show these results of the band gap energies of the undoped and
doped PbS nanostructures. It can be seen that the band gaps of
the Se-doped PbS nanostructures are smaller than those of the
undoped PbS nanostructures, while the band gaps of the Zn-
doped PbS nanostructures are bigger than those of the undoped
PbS nanostructures. In addition, the samples are characterized
by a PL spectrometer. The PL emission and excitation spectra
are directly related to the optical transitions contributing to the
light emission process. Therefore, it is one of the most sen-
sitive methods of investigating electronic levels. Figure 7(e)
shows the PL spectra of the PbS nanostructures. It can be seen
that peaks at 749 nm (1.65 eV), 782 nm (1.58 eV), and 806 nm
(1.53 eV) are for the Zn-doped, undoped, and Se-doped PbS

(a)

(e)

(b)

1.50

1.46 1.48 1.50 1.52

1.54 1.58

(c)

(d)

1.2

1.0

0.8

0.6

0.4

0.2A
b
so

rb
a
n
c
e
/
a
rb

. 
u
n
it
e
s

d
2
A

/
d
E

2

E/eV

E/eV

E/eV
. . . ..

d
2
A

/
d
E

2
d

2
A

/
d
E

2

P
L
 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
e
s

700 800 900 1000

undoped PbS

Se-doped PbS

Zn-doped PbS

Wavelength/nm

750 825 900 975

Wavelength/nm

Fig. 7. (color online) (a) Absorbance spectra of the undoped and doped PbS nanostructures; (b)–(d) exact band gaps of
the PbS nanostructures by the second derivative and energy axle intersect; (e) PL spectra of the undoped and doped PbS
nanostructures.

108101-6



Chin. Phys. B Vol. 23, No. 10 (2014) 108101

nanostructures, respectively. The PL peak at around 749 nm–
806 nm in wavelength is associated with the transition of elec-
trons from the conduction band edge to holes trapped at inter-
stitial Pb2+ sites.[20]

In fact, the alloying of PbS with ZnS and PbSe creates a
Pb(1−x)ZnxS and PbS(1−x)Sex structure. ZnS and PbSe, which
have a larger (3.54 eV) and smaller (0.28 eV) band gap than
PbS, can result in a widened and narrowed band gap of PbS,
respectively. It can be seen that the PL and UV–Vis results
show the same results for the band gap of the PbS nanostruc-
tures, approximately. In fact, these results show that the band
gaps of the undoped and doped PbS nanostructures are in the
shortwave infrared (SWIR) region.

4. Conclusions
A comparative study is carried out between Se as an an-

ionic and Zn as a cationic dopant of the doped PbS nanos-
tructures, which are grown using a simple thermal evaporation
set-up. FESEM images show that the morphologies of the un-
doped and doped PbS nanostructures are similar. The XRD
and XPS results indicate that the Zn and Se exist in the PbS
nanostructures. Raman results reveal the same vibration be-
haviors for all the samples, except an SP mode that appears
in the Se-doped PbS nanostructures. Optical characterization
indicates that the band gaps of the PbS nanostructures are
widened and narrowed by a cationic and anionic dopant re-
spectively. Furthermore, these results show that the band gaps
of the undoped and doped PbS nanostructures are in the SWIR
region. Therefore, these samples could be used as SWIR de-
tectors or sources with different wavelengths, in this region of
the electromagnetic spectrum.
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