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We report here fabrication of silver (0 to 1.76 mol%) doped PbS nanowires (radius r ∼ 1�75 nm)
in polymer by a simple wet chemical process. An X-ray photoelectron spectroscopy study clearly
confirms the possibility of silver (Ag) doping in PbS nanowires. Both absorption and photolumines-
cence spectra reveal very strong quantum confinement effect in PbS nanowires as expected for a
r/Bohr radius ratio ∼0.0972 nm. Visible excitonic emission is observed at room temperature in the
photoluminescence spectra of undoped and silver doped PbS nanowires in polymer. The excitonic
emission is appreciably blue-shifted when doped by silver (1.76 mol%) indicating strong modification
of the electronic states by magnetic silver ions. While Ag2+ centers at the substitutional lattice site
show an emission band around 525 nm, Ag0 at the interstitial site act as nonradiative recombination
centers. Effect of silver doping on the luminescence intensity is also discussed.
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1. INTRODUCTION

One-dimensional (1-D) luminescent semiconductor nano-
structures like nanowires and nanorods are of immense
important towards realization of optoelectronic devices
in nanotechnology today.1–3 Size quantization effect in
such 1-D semiconductor nanowire or nanorod structures
is largely studied for many II–VI as well as IV–VI
semiconductors.4–10 A great deal of efforts has been made
to synthesize various oxide and sulfide compound semi-
conductors with designed surfaces and interfaces in its
low dimensional form for their potential applications
in optoelectronic, photovoltaic, biomedical and sensing
devices.11–16 Besides size quantization effects, suitable
doping in such materials has led to obtain many impor-
tant properties and devices. In comparison to II–VI semi-
conductors, doping behaviors of IV–VI semiconductors
are scarcely addressed so far.17–20 In the group of IV–VI
semiconductors, PbS is an important material character-
ized with a narrow band gap of 0.41 eV at 300 K and
large exciton Bohr radius ∼18 nm.21 This further facili-
tates to achieve stronger quantum confinement effects in
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its low-dimensional form. Simple size quantization effect
may tune the optical absorption and emission characteris-
tics in a wide range of wavelength spectrum (mid-infrared
to visible), as reported for various PbS nanostructures.18–23

Various surface modified, self-assembled and dimension-
ality controlled PbS nanostructures have recently been
studied in order to understand nanoscale physical proper-
ties and realization of devices with improved and novel
performances.24–29 Suitably doped PbS nanostructures may
also display interesting electronic and magnetic properties.
Recently we demonstrated successful doping of PbS with
paramagnetic silver (Ag) of various concentrations keep-
ing in mind the importance of such material as diluted
magnetic semiconductor in spintronic applications.19 Cre-
ation of silver paramagnetic centers in PbS and obtaining
the valence state of silver was a challenging task due to
the very low diffusion coefficient of silver in PbS and is
very limited even at high temperatures (∼10−10 cm2s−1 at
500 �C).19 In this context, luminescent properties of doped
PbS nanowires appears to be quite useful to study and we
show here that such PbS and PbS:Ag nanowires in poly-
mer are found to display strong visible photoluminescence
(PL) at room temperature. Encapsulation of nanowires
with polymer may significantly enhance the excitation



transfer efficiency across the nanowire-polymer interface
and thereby plays an important role to achieve enhanced
quantum efficiency in electroluminescent devices.30 It is
observed that encapsulated materials inside nanotube or
hollow cavities may exhibit significant change in opti-
cal properties upon laser irradiation which may be caused
by the interference of the host material rather than only
reduced dimensionality of the system.31 Further, EPR
experiments revealed that Ag2+ occupies the Pb2+ sites
and Ag0 at the interstitial sites of the PbS lattice.19 It will
be therefore quite interesting to know how these silver
centers influences the photoluminescence properties of the
PbS nanowires which are discussed below, never reported
so far to the best of our knowledge. We find that beside
the excitonic emission in the regime 436–447 nm, PbS:Ag
nanowires show an emission band in the PL spectrum at
∼525 nm attributed to the Ag2+ centers substituting Pb2+

and further confirms the possibility of silver doping in PbS
lattice. Role of silver concentration in the PbS lattice in
controlling the intensity and energy of the emission band
is also discussed.

2. EXPERIMENTAL DETAILS

Synthesis of nanowire-shaped PbS in polymer (polypy-
role) is mentioned in details in our previous report.19

Briefly, the procedure is accomplished by a wet chem-
ical technique using Pb(NO3�2 (purified, Loba Chemie,
India) and sodium thiosulfate (Na2S2O3, 5H2O, purified,
Merck, India) as the precursors for Pb and S respec-
tively. A mixture of ethanol dried over activated molecu-
lar sieve zeolite 4A and distilled water with ratio 2:1 is
used as the solvent for the entire process. Pb2+ ions in
the pyrrole are prepared first by dissolving Pb(NO3�2 in
the solvent and then adding 5 wt% of pyrrole under rapid
stirring at 60 �C. After a continuous stirring of 1 hour,
slow addition of sulfur-containing solution results the for-
mation PbS nanowires (as confirmed later) in polypyrrole
matrix. Polypyrrole is an important and easily synthesiz-
able polymer which is widely used as a host material for
the synthesis of nanomaterials and also for many potential
applications.32 The molar ratio of lead and sulfur is always
maintained as Pb:S= 1:1 to obtain the required stoichiom-
etry in PbS. The precipitate is then washed in distilled
water few times to remove any unreacted chemicals. Now
silver is doped into the PbS lattice by the replacement
of Pb2+ ions with 5 wt% of Ag in the starting solution
and then following the same procedure as described above.
We have observed that the undoped or silver doped sam-
ples obtained in this process always contain a distribution
in the nanowire size. Therefore, the samples are further
size-sorted using a combination of ultrasonication and cen-
trifugation process. The precipitate in solution was first
ultrasonicated and then centrifuged with controlled speed
(100–3000 rpm) to remove nanowires of larger diameters

in the supernatant. The process is repeated time and again
to obtain nanowires of nearly uniform distribution in size.
The final precipitate thus obtained first filtered and then
dried at room temperature in vacuum. The combined pro-
cess of ultrasonication and centrifugation does not lead to
any phase separation of polymer and the nanowires. For
this report, we prepared three samples: one being undoped
PbS (S–1) and the other two being doped obtained at
a bath temperature 60 �C and 80 �C, named S–2 and
S–3 respectively. Electron paramagnetic resonance (EPR)
experiments revealed that the doped state of silver in the
PbS lattice in sample S–2 is Ag0 and that of in S–3 can be
both Ag0 and Ag2+ centers.19 It is found that for sample
S–2, Ag0 centers mostly reside on the PbS nanowire sur-
face rather than being doped into the lattice. On the other
hand, silver is found to be doped in the sample S–3 as both
of Ag0 and Ag2+ centers. Higher growth temperature plau-
sibly favored the diffusion of silver into the PbS nanowire
lattice (sample S–3) and similar observations are made for
Mn doped CdSe33 and ZnSe nanocrystals.34 The results
plausibly indicates that the minimum activation tempera-
ture (energy) for silver atoms to occupy the PbS nanowire
lattice sites is larger than 60 �C and below 80 �C.

3. RESULTS and DISCUSSION

First, we briefly look at the structural characteristics as
investigated by transmission electron microscope (TEM)
and X-ray photoelectron spectroscopy (XPS). TEM stud-
ies clearly reveal the growth of PbS nanowires in polymer
with a typical average size (diameter= 2r�∼ 3�5±0�2 nm
obtained for all the samples, as shown in Figure 1(a) for a
representative sample S–1. Inset of Figure 1(a) shows the
high resolution TEM image indicating well resolved PbS
lattice of interplanar spacing 0.21±0.02 nm correspond-
ing to the (220) d-spacing of bulk PbS. The encapsula-
tion of the nanowires with polymer may be clearly seen
from the TEM image of an isolated nanowire as shown in
Figure 1(b). A selected area electron diffraction pattern is
also provided in Figure 1(c) indicating preferential growth
of PbS nanowires with predominant diffraction rings cor-
responding to (220) and (200) reflections. The nanowire
size distribution histogram as displayed in Figure 1(d)
corresponding to sample S–1 also reveals a narrow and
nearly uniform size of the synthesized PbS nanowires.
X-ray diffraction (XRD) characterizations of the samples
as mentioned in our earlier report19 indicate that the sam-
ples obtained here undergo sufficient strain during the
growth process and results a strong distortion of the PbS
lattice from a bulk cubic to a tetragonal one in the crys-
tal structure. A schematic diagram of the crystal structure
of bulk PbS and that of silver doped PbS nanowire (as
obtained here) is shown in Figures 2(a) and (b) respec-
tively. Silver may occupy the octahedral or tetrahedral sites
of the distorted lattice site in a sulfur environment.35 Now
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Fig. 1. (a) Transmission electron microscopic (TEM) image of
PbS nanowires in polypyrrole shown for a representative sample S–1.
The average size is obtained to be ∼ 3�5± 0�2 nm in diameter. Inset
shows the high resolution TEM shows the interplanar lattice spacing of
PbS (220). (b) TEM image of an isolated PbS nanowire encapsulated
in polymer. (c) Electron diffraction (ED) pattern obtained for the PbS
nanowires. (d) Nanowire size (diameter) distribution histogram of sample
S–1. The continuous curve indicates a Gaussian fit of the data.

the concentration of the silver really doped into the sam-
ples is measured using XPS. The XPS data are recorded
on SPECS, Germany, with resolution 1400 kcps, typical
count rate 1400000 cps and using Mg K� radiation with
Mg anode at 300 watts at a typical base pressure 2×10−9

Torr. The XPS spectra as shown in Figures 3(a)–(c) indi-
cate the presence of Pb and S as well as C from the refer-
ence and O impurities. The peaks located at 19.06,139.27,
145.14, 414.88, 438.33, and 646.51 eV are assigned to the
binding energies of Pb 5d5/2, Pb 4f7/2, Pb 4f5/2, Pb 4d5/2,
Pb 4d3/2, and Pb 4p3/2 and those at 162.72 and 227.23 eV
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Fig. 2. A schematic representation of the crystal structure of PbS in
(a) bulk and (b) when doped by silver in nanowire form. The crystal
lattice undergoes a lattice distortion from bulk cubic to tetragonal form
where Ag2+ and Ag0 occupy the substitutional and interstitial lattice site
of PbS.

are assigned to the binding energies of S 2p3/2 and S 2p1/2
respectively. The Ag 3d5/2 and Ag 3d3/2 peaks can be
observed with binding energies 370.9 and 376.76 eV in
Figures 3(b) and (c) respectively. All the observed bind-
ing energies for Pb, S and Ag are consistent with the data

0 200 400 600 800

3d3
g

A

d5
b

P

7f4
b

P
5f4

b
P

p2
S

s2
S

s1
C

5d3
g

A

3p4
b

P5d4
b

P

s 1
O

3d4
b

P

(c) S-3

3p4
b

P

s1
O

3d4
b

P
5d4

b
P

3 d3
g

A
5d3

g
A

s1
Cs2

S

p2
S

5f 4
b

P
7f4

b
P

d5
b

P

).u.a(
ytisnetnI

(b) S-2

3p4
b

P

s1
O

3d4
b

P
5d 4

b
Ps1

C

s2
S

p2
S

5f4
b

P
7f 4

b
P

d5
b

P

Binding energy (eV)

(a) S-1

Fig. 3. X-ray photoemission spectroscopic (XPS) profiles of sample
(a) S–1, (b) S–2 and (c) S–3 respectively. S–1, S–2 and S–3 are sam-
ples of silver doped PbS nanowires with molar silver concentration (a) 0,
(b) 0.59% and (c) 1.76%.



available in the literature.36 Existence of a trace amount of
C (at 285.87 eV for C 1s) and O (532.16 eV for O 1s) may
be attributed to the gaseous CO2 molecules adsorbed in the
sample surface. Slight shift in the peaks can be ascribed
to the effect of change in binding energy due to the strain
induced distortion of the PbS lattice. The XPS data further
confirms the calculated molar ratio of Pb:S to be 1.018:1
for the all the samples confirming a stoichiometric growth
of the PbS nanowires in polymer. The percentage molar
concentration of the silver doped into samples S–2 and S–3
are calculated to be 0.59 and 1.76 respectively. Clearly,
the actual amount of silver really doped into the samples
varied largely from that of taken into the initial starting
solution. A high resolution XPS data for Ag 3d region is
shown in Figures 4(a) and (b) corresponding to samples
S–2 and S–3 for better clarification.
The optical absorption curves for all the samples as

given in Figures 5(a)–(c) clearly shows sharp excitonic
bands in the region 283–290 nm largely blue shifted from
the absorption onset of bulk PbS at 3024 nm. The sam-
ple S–1 (Fig. 5(a)) and S–2 (Fig. 5(b)) show the exci-
tonic absorption onset at ∼290 nm indicating no effect
of silver on the absorption onset of S–2. Instead a small
broad absorption peak ∼420 nm can be ascribed to surface
plasmon band (indicated by arrow) of silver confirming
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Fig. 4. High resolution XPS spectra for core levels of Ag 3d for sample
(a) S–2 and (b) S–3.
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Fig. 5. Optical absorption spectra of samples (a) S–1, (b) S–2 and
(c) S–3 at room temperature. S–1, S–2 and S–3 are samples of PbS
nanowires with molar silver concentration 0, 0.59% and 1.76% respec-
tively. The arrow in (b) shows the typical surface plasmon band of silver
adsorbed on the PbS nanowire surface.

that the silver mostly resides on the surface rather being
incorporated into the PbS lattice. The absorption peak of
S–3 at 283 nm (as shown in Fig. 5(c)) indicates slight
blue-shift of the absorption peak in comparison to S–1 and
S–2 and is clearly influenced by the silver doping in PbS
lattice. This is further in conformity with the PL investi-
gations discussed below.
In Figures 6(a)–(c), we present the PL spectra of all

the samples (of same amount) which are recorded at
room temperature using a Perkin-Elmer LS-55 spectrome-
ter (resolution ∼1 nm) with excitation wavelength 325 nm.
Figure 6(a) displays the PL spectrum of undoped sam-
ple S–1 and those of for doped samples S–2 and S–3 are
given in Figures 6(b) and (c) respectively. The PL spec-
trum of sample S–1 is characterized with a strong emission
peak at 447±1 nm of bandwidth ∼125 nm. This emission
peak can be attributed to the excitonic in origin arising
out of the strong size quantization effect. Similar exci-
tonic emission at 423 nm for PbS nanobelts of thickness
∼5 nm and width 50–120 nm is reported by Yang et al.37 A
stronger confinement induced distinct excitonic emissions
are reported for 1.7 nm sized PbS nanorods in the region
410–500 nm.23 The PL spectra of silver doped samples
S–2 and S–3 are broad and asymmetric than the undoped
sample S–1. The excitonic emission peak for sample S–2
is observed at 446± 1 nm without appreciable changes
in peak energy in comparison to S–1. Figure 6(c) shows
the excitonic emission band of sample S–3 centered at
436± 1 nm. Clearly, silver doping in the PbS nanowires

                                                                                                       results appreciable blue-shift of the excitonic emission



350 400 450 500 550 600
0

20

40

60

80

(c)

(b)

(a)

).u.a( ytisnetni L
P

Wavelength λ (nm) 

(c) S-3

(b) S-2

(a) S-1

Fig. 6. Photoluminescence spectra of samples (a) S–1, (b) S–2 and
(c) S–3 at room temperature. S–1, S–2 and S–3 are samples of
PbS nanowires with molar silver concentration 0, 0.59% and 1.76%
respectively.

with respect to the undoped sample. This further indicates
the modification of the electronic states by the presence
of magnetic ions plausibly through exchange interaction
between (s, p)-band electrons and substituted d electrons.
Such a dominant exchange interaction also suggests the
possibility of obtaining high Tc (critical temperature) fer-
romagnetism in such doped PbS nanowires as the case of
a diluted magnetic semiconductor.38

For sample S–2 (silver ∼0.59%), PL intensity of the
excitonic emission is significantly reduced in comparison
to the undoped sample S–1. In this case, Ag0 centers
mostly lie on the surface rather than being doped into
the PbS nanowire lattice. This plausibly gives rise to the
reduction of PL intensity of the excitonic emission band.
However, for sample S–3, PL intensity of the excitonic
emission peak is significantly increased compared to sam-
ple S–2. Now, PL spectrum of S–3 is further characterized
with the appearance of another pronounced shoulder (indi-
cated by the arrow mark in Fig. 6(c)) with emission band
centered around 525 nm which can be attributed to the
transition from the conduction band to the level of Ag2+

(d9 ions) centers substituting Pb2+ in the PbS lattice. Such
an emission band due to doping can be observed for exam-
ple in Cu2+ substituted ZnS nanoparticles.39�40 Although
in sample S–3, both Ag0 and Ag2+ centers coexists in the
PbS lattice, no emission peak corresponding to Ag0 centers
can be detected within the resolution of the PL spectrum
at room temperature. This further establishes the fact that
Ag0 centers in the interstitial lattice site of PbS act as non-
radiative recombination centers.41

Now, the reduction of the PL intensity of the sample S–2
upon low silver doping concentration of 0.59% may be

caused presumably by surface related nonradiative recom-
bination centers. Ag0 centers on the surface do not act
as radiative pathways of the excitonic emission resulting
in an increase in band width and reduction in PL inten-
sity. Also the formation of Ag2S on the surface (which
act as nonradiative recombination centers) may quench the
PL intensity39�40 but such a formation of silver sulfide was
not detected by our XRD measurements. Quite obviously,
the probability of formation of Ag0 nonradiative recom-
bination centers is largely reduced when silver is really
incorporated into the lattice rather than residing on the sur-
face and consequently increases the luminescence intensity
of the silver doped PbS nanowires as observed for sample
S–3. It is worthwhile to mention that the maximum silver
doping concentration in PbS is achieved in the process
described here ∼1.76% and this limits our PL study for
a wide range silver concentrations higher than ∼1.76%.
Nonetheless, the possibility of silver doping into PbS lat-
tice is further confirmed here by the PL measurements
besides EPR investigations.19

Finally, we extend our discussions about the role of
polymer host into the optical properties of the PbS
nanowires. The polymer may influence the excitation
transfer efficiency from polymer to nanowire surface and
also to some extent the life-time of the excited carri-
ers. It is observed that relatively shorter ligand chains
can increase the overall excitation transfer efficiency and
hence an increased quantum efficiency.30 In our case, the
effect may not be appreciable enough with long insulat-
ing polymer chains encapsulating the nanowires. Also, the
polymer shell in the PbS nanowire surface in our case
is robust enough to prevent any structural instability of
the nanowire structures upon laser or photo-excitation,
although such instability is found to occur, for example, on
PbO nanowires31 grown inside single-walled carbon nano-
tubes. Further investigations in this context may be needed
to get a clearer insight into the role of host polymer in
influencing the luminescent properties of the nanowires.

4. CONCLUDING REMARKS

In conclusion, we report here that the ultrafine PbS and
silver doped PbS nanowires in polymer show visible pho-
toluminescence at room temperature as a result of strong
quantum confinement effect. A maximum of 1.76 mol%
of silver doping in the PbS lattice is achieved and silver
is found to occupy as Ag2+ and Ag0 centers at the sub-
stitutional and interstitial lattice site of PbS respectively.
Blue-shift of the excitonic emission indicates dominant
exchange interaction between free carriers and doped mag-
netic ions. An emission band centered at 525 nm assigned
to Ag2+ centers is observed along with the excitonic
emission. Such one-dimensional PbS and silver doped
nanowires may find potential applications in optoelectronic
and spintronic nanodevices.
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