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Abstract

Indium thin film (,20 nm) deposited on intrinsic lead sulfide films leads to the formation of an n-type composite layer when
annealed in nitrogen atmosphere at 350–4008C. The formation of metallic lead and indium oxide is observed in the X-ray
diffraction patterns of the films. The dark conductivity of the PbS1 In films after nitrogen annealing at 4008C attains a value of
500V21 cm21, which is higher by five orders of magnitude compared with as-prepared PbS films. Modifications in the optical
and electrical properties of PbS1 In films after annealing are attributed to the presence of metallic lead and indium oxide in the
films. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent papers, we reported on the structural, electrical
and optical properties of annealed CdS [1], CdSe [2,3] and
Bi2S3 [4] thin films incorporating a thin film of metallic
indium. The annealing process at 250 to 4008C, in air and
nitrogen brought about substantial modifications in the
properties of the base thin film. In the case of CdS and
CdSe thin films, heterostructures of the type CdS:In–In2O3

or CdSe:In–In2O3 has been produced with a relatively high
electrical conductivity for the underlying cadmiun chalco-
genide film, compared with the near intrinsic conductivity of
the as deposited film. And annealing process of Bi2S3 films
with a metallic indium film led to the formation of a
composite of the type Bi2S3–Bi:In2O3 again with a relatively
high electrical conductivity for the underlying film.

In the present work, we report on the crystalline structure,
composition as well as on the major features in the optical

and electrical properties of a composite film: PbS–Pb:In2O3.
Interest in lead chalcogenide thin films is mainly based on
the infrared photosensitivity of PbS1 2 xSex, PbSe1 2 xTex [5].
Later on PbS thin films have been considered for their suit-
ability for photothermal and thermophotovoltaic conversion
of solar energy [6–11]. Latest addition to the application of
PbS is in solar radiation control coatings of PbS–CuS [12,13].

In the present work PbS thin films were prepared by
chemical bath deposition technique [14]. During the forma-
tion of lead sulfide films by the technique of chemical bath
deposition, the possible inclusion of hydroxo anions or
molecules of water in the structure of the film have been
reported previously [15,16]. However, techniques to remove
these components from the film have not been studied. In
this work, we proposed the use of metallic indium film to
react with chemisorbed oxygen, hydroxo anions or molecules
of water incorporated in the films, to prevent the formation of
lead oxo-sulfates when annealing at temperatures above
3008C. However, we noted that the annealing produced
metallic lead converting the base film into a composite, rather
than leading to higher photosensitivity.

2. Experimental details

Thin films of PbS were deposited on corning glass
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substrates (75× 25 mm and 1 mm thick) by immersing them
into the chemical bath. The glass substrates were cleaned in
sulfuric acid for 24 h to remove organic matter and then
were washed in a solution of commercial detergent powder,
rinsed in deionized water and dried. The chemical bath was
prepared by mixing 2.5 ml of 1 M lead acetate solution,
10 ml of 1 M NaOH solution, 6.0 ml of 1 M thiourea solu-
tion and 2 ml of 1 M triethanolamine solution. The volume
was adjusted to 100 ml with deionized water. Baker
Analyzed Reagents were used in this work. The PbS films
were deposited for 1.5, 2 and 3 h at room temperature (24–
268C). After deposition, the films were washed in deionized
water and dried in hot air. Immediately after a thin film of
about 20 nm thickness of metallic indium was deposited on
the film by evaporating indium of 99.999% purity (Alfa
Products) in a vacuum chamber evacuated to 1026 torr.
The PbS and PbS1 In films were air- and nitrogen-annealed
at 350 and 4008C for 1 h each, at atmospheric pressure, in a
tubular furnace.

Measurements of the dark- and photo-current of the films
were made using a Keithley 619 multimeter and a Keithley
230 programmable voltage source. For this, coplanar silver
print electrodes (5-mm long, 5-mm separation) were painted
over the film surface after subjecting them to the annealing
process mentioned before. A 250 W tungsten–halogen lamp
was used as the illumination source, which produced at the
plane of the film an intensity of illumination of
2000 W m22. The applied bias was 0.1 V in all cases.

X-ray diffraction (XRD) patterns of PbS1 In films were
recorded on a Siemens D 500 system using (CuKa) radiation.
The diffraction patterns of PbS and PbS1 In films showed

peaks superimposed on the background pattern of the glass
substrate. In general, this background was subtracted from the
total spectra to prepare the figs. A Siemens SRS 300 X-ray
fluorescence (XRF) spectrometer was used to determine the
presence of indium, lead and sulfur in the PbS1 In films. The
XRF spectra were recorded using a LiF (110) crystal,�2d �
0:2848 nm� for Pb-La fluorescence line�2u � 48:738�; LiF
(100) crystal,�2d � 0:4027 nm� for In-La1 fluorescence line
�2u � 1398� and a Pentaerythrite crystal�2d � 0:8742 nm�
for S-Ka1,2 fluorescence line�2u � 75:858�:

Optical transmittance and specular reflectance spectra of
as-prepared and annealed films were recorded on a
Shimadzu UV-VIS-NIR 3101 PC Spectrophotometer.

Film thickness was determined using Alpha-step 100 step
thickness measuring equipment (Tencore Instruments,
USA). For PbS films, deposited in a time of 1.5, 2 and
3 h, the thickness was found to be�0:12^ 0:01; 0:14^
0:01 and 0:17^ 0:01� mm; respectively. For PbS1 In
films the total thickness was estimated to be higher on an
average by 0.02mm.

The structural, electrical and optical properties of PbS and
PbS1 In films were studied in detail in films deposited in
2 h (,0.14mm thickness).

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows the XRD patterns of PbS films deposited on
glass substrates, as-prepared and air-annealed at 350 and
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Fig. 1. X-ray diffraction patterns (Cu-Ka) of PbS thin films: as-prepared and air-annealed at 350 and 4008C. Galena peaks (a-peaks
JCPDS 5-0592) are dominant, and small peaks of lead oxo-sulfates (b-peaks JCPDS 33-1486 and c-peak JCPDS 23-0333) and lead hydroxide
(d-peaks JCPDS 11-0270) are observable in the diffractograms of films air-annealed above 3008C.
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Table 1
Grain size, in Å, of lead sulfide, metallic indium and metallic lead in single PbS and in composite PbS1 In films. The calculation was done using the Scherrer formula [17]. The (111) and (200)
reflections were located at 2u ù 268 and 2u ù 308 for PbS; (101) reflection located at 2u ù 338 for metallic indium and (111) and (200) reflections were located at 2u ù 318 and 2u ù 368 for
metallic lead

PbS film PbS–In filma Pb In film PbS–In filma

As-prepared grain size (A˚ ) 130 120 300 200
Air annealed at: 3508C 4008C There is no formation of Pb
Grain size (Å) 200 260 – – –
N2 annealed at: 3508C 4008C 3508C 4008C There are no peaks of In.
Grain size (Å) 180 180 There are no peaks of PbS 160 160 –

a PbS and metallic In peaks measured in composite film.



4008C. The as-prepared PbS film presents the (111), (200),
(220) and (311) peaks corresponding to its rocksalt structure
PbS-Galena (JCPDS 5-0592) superimposed on the back-
ground due to glass substrate. The diffractograms of air-
annealed PbS films show an increase in the relative intensity
of the characteristic galena peaks (a-peaks); the grain size,
calculated using Scherrer formula [17], is increased as seen
in Table 1. However, these diffractograms indicate the
presence of lead oxide sulfates (JCPDS 33-1486, b-peaks)
in the case of air-annealed films at 3508C. Lead oxide sulfate
(JCPDS 23-0333, c-peak) and lead hydroxide (JCPDS

11-0270, d-peaks) are noticed in samples air-annealed
at 4008C.

Fig. 2 shows the XRD patterns of PbS films nitrogen-
annealed at 350 and 4008C as well as that of the as-
prepared film. The size of PbS crystallites of nitrogen-
annealed (for 1 h) films is almost the same as that of the
PbS crystallites in the as-prepared films, see Table 1. The
XRD patterns of nitrogen-annealed PbS films exhibit good
agreement with the standard XRD pattern of galena.
However, the formation of lead oxide sulfate (b-peak) is
detected in the diffractograms of the film baked at 4008C.
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Fig. 2. X-ray diffraction patterns (Cu-Ka) of PbS thin films: as-prepared and nitrogen-annealed at 350 and 4008C. A small peak of lead oxo-
sulfate at 2u ù 318 is still seen (b-peak JCPDS 33-1486) when films are annealed at 4008C.

Fig. 3. X-ray diffraction patterns of PbS1 In films, as-prepared and nitrogen-annealed at 350 and 4008C. X-ray diffraction patterns of metallic
indium film are presented too. The presence of metallic indium (JCPDS 5-0642) and galena are well noted in the as-prepared film. In the case of
annealed films the presence of metallic lead is not seen.



The XRD analysis of air-annealed PbS films, prepared at
temperatures above 3008C, confirmed that the initial compo-
sition of the semiconductor film is changed; the formation of
lead oxo-sulfates is clearly seen. Although nitrogen-
annealing process inhibits the formation of lead oxo-sulfates
and lead hydroxide in the PbS film, the presence of lead oxo-
sulfate is not eliminated, completely when annealed at 4008C.

Fig. 3 shows XRD patterns of PbS1 In films subjected to
nitrogen annealing. For comparison the XRD patterns of the
as-prepared indium film (20 nm) on glass substrate is also
given in Fig. 3.

The diffractogram of metallic indium shows two peaks: at
2u ù 338 for (101) planes and at 2u ù 698 for (202) planes

in accordance with JCPDS 5-0642. High relative intensity of
the metallic indium peaks is related to good crystallinity on
the surface of glass substrate. In this film, the presence of
indium oxide is detected through the presence of a peak at
2u ù 30:68 for (222) planes, which produce the most intense
reflection for In2O3 (JCPDS 6-0416).

In the XRD patterns of as-prepared PbS1 In film only the
major metallic indium peak at 2u ù 338 for (101) planes is
observed. Assuming that recently evaporated indium film
did not come into the bulk of lead sulfide film, we could
interpret that the relatively low intensity of indium peak is
due to inferior crystallinity of indium over the film of PbS.
Another explanation for the relatively low intensity of
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Fig. 4. Resolution of composite peak in the interval 2u ù 29:7–31:28: This figure shows that the peak is formed by galena and indium oxide.

Fig. 5. Comparison of XRD diffraction patterns of composite films with different duration of deposition time for PbS, and nitrogen-annealed at
3508C. Thickness of metallic indium was the same in all the films.



indium peak may be that indium diffuses into the bulk of the
PbS film, during the evaporation which would result in
smaller film thickness for metallic indium. As we can see
in Table 1, the size of crystallites in evaporated indium over
a lead sulfide film is one- third that in evaporated indium
film on a glass substrate. Here, the change in the crystallite
size of indium supports the idea of indium diffusion into the
PbS film.

After annealing PbS1 In films in nitrogen at 350 or
4008C, they show modifications in the XRD patterns.
These diffractograms are dominated by the presence of
metallic lead peaks (g) in the positions 2u ù 31:38; 36.28,
52.28 and 62.18. The presence of a composite peak at 2u ù
30:58 is noticed. The absence of metallic indium and galena
peaks is a major feature of the nitrogen annealed PbS1 In
films. The grain size of metallic indium deposited and
metallic lead formed during the annealing is given in
Table 1. A gaussian regression analysis of the composite
peak near 2u ù 30:58; shown in Fig. 4, demonstrates that
PbS (200) reflection at 2u ù 30:18; and In2O3 (222)
reflection at 2u ù 30:58 constitute this peak.

The presence of the indium oxide peak suggests that
during the annealing process indium reacts with chemi-
sorbed oxygen available from the air in the intergrain region
of PbS and with Pb(OH)2 trapped in the film.

To have complementary information about the structural
changes promoted by indium in PbS during nitrogen
annealing at 350 or 4008C, PbS1 In films with different
PbS film thickness were prepared. Thickness of the PbS
films was varied using different duration of deposition,
1.5 h (0.12mm), 2 h (0.14mm) and 3 h (0.17mm), in the
chemical bath. Thickness of evaporated indium film, on
PbS films, was approximately same 20 nm, in the three
cases.

The Figs. 5 and 6, show the influence of metallic indium
in the films with different thickness of PbS. After nitrogen-
annealing it is seen that in PbS films, of 0.12 and 0.14mm of
thickness, metallic indium led to the formation of indium
oxide (peak f), present in the composite peak, and the partial
reduction of lead in Pb(OH)2 to metallic lead (peak g). There
are no peaks that could suggest the formation of indium
sulfide similar to that reported in the case of Bi2S3-In film
[4]. For this reason it is not possible to consider the
reduction of lead from PbS. In the diffractograms of
PbS1 In films, with a thickness of PbS about 0.17mm
and annealed at 350 or 4008C, galena peaks reflection
dominates over the metallic lead reflection. The presence
of indium oxide peak in this diffractogram can not be
distinguished as it overlaps with galena (200) peak.

Fig. 7 shows X-ray fluorescence (XRF) data on the rela-
tive intensity of lead, indium and sulfur in the as-prepared
and nitrogen-annealed PbS1 In films �0:141 0:02mm�:
This analysis demonstrates that nitrogen-annealing process
(up to 4008C) does not cause loss of lead, indium or sulfur in
the films. And the noted changes in the relative intensity of
the XRF signals for lead, indium and sulfur in as-prepared or
annealed films can be explained as due to small differences
in the thickness of the films. For this reason, we suppose that
the presence of metallic lead peaks in the XRD diffracto-
grams can just come from the Pb(OH)2 in the film. The
formation of indium sulfide could be another explanation
about why there are no losses of indium or sulfur in the
films. However, the absence of any indium sulfide peak in
the XRD diffractograms does not support this hypothesis,
unless an amorphous phase of In2S3 is the product of the
solid state reaction.

The results of XRD and XRF studies, on the films,
suggest that the formation mechanism of the composite
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Fig. 6. Comparison of XRD diffraction patterns of composite films with different duration of deposition time for PbS, and nitrogen-annealed at
4008C. Thickness of metallic indium was the same in all the films.



film, from PbS1 In film, can be represented as follows:

�PbS�=�Pb�OH�2� % �O2�22
�chemisorb:� % In�cryst:� !

350–4508C
Pb�cryst:�

% In2O3�cryst:� % PbS�cryst:� % In2S3�amorph:�
�1�

The amorphous nature of In2S3 (III 2VI3) may be similar to
those reported for (V2VI3) compound semiconductors such a
Bi2S3 [18].

3.2. Optical transmittance spectra

The optical transmittance and specular reflectance spectra
of PbS films as prepared and nitrogen-annealed at 350 and
4008C are shown in Fig. 8. For all these films, as common
characteristic, the specular reflectance is higher than trans-
mittance, which is in accordance, with that reported in
[15,16] for PbS.

The optical transmittance and specular reflectance of
as-prepared and nitrogen-annealed PbS1 In films are
shown in Fig. 9. In the as-prepared PbS1 In films, the
transmittance in the Vis region is near zero. In the NIR
region, the transmittance is about 10–20%. The specular
reflectance in the NIR region is about 60–70%. This

modification in the optical properties of the as-prepared
PbS1 In film, compared to that of the PbS film in Fig. 8,
arises from the overlying indium film.

As we already mentioned, in Eq. (1), nitrogen-annealing
process at 350 or 4008C of PbS1 In films involves the
reaction of metallic indium with available oxygen in the
film to form indium oxide, metallic lead, an amorphous
phase of In2S3 and residual quantities of PbS. The formation
of the composite film substantially changes the original
optical properties of PbS1 In films. The conversion of
metallic indium to In2O3, in the PbS1 In film, leads to a
substantial increment of the transmittance in the Vis and
NIR region over the reflectance of these films, while in
nitrogen-annealed single PbS films the specular reflectance
dominates over the optical transmittance.

When we compare the transmittance of nitrogen-annealed
PbS and PbS1 In films in Figs. 8 and 9, it is noticed that the
absorption edge of PbS1 In films has been shifted to short
wavelengths due to the presence of In2O3 and amorphous
In2S3 components in the film.

For an approximate evaluation of energy gaps of PbS and
composite films, we plotted the optical transmittance
corrected for the reflection losses. Assuming that, the
reflection loss is dominated by that at the air–film interface,
the corrected optical transmittance can be given by
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Fig. 8. Optical transmittance (T%) and specular reflectance (R%)
spectra of PbS thin film as-prepared and nitrogen-annealed at 350
and 4008C.

Fig. 7. X-ray fluorescence analysis in composite films: (a)
as-prepared; and (b) nitrogen-annealed at 4008C.



Tl�corr��%� � 100*Tl�%�=1002 Rl�%�: The corrected
transmittance curves of PbS films demonstrates that the
absorption edge is shifted to longer wavelengths, see Fig.
10. The optical energy gaps were calculated usinga 1/2 vs.
hn , wherea � �1=d�=ln�100=Tl�corr�� in cm21 and hn is the
photon energy (eV), as applicable to indirect gap materials
[19]. Fig. 10 shows thea 1/2 vs. hn plots of as-prepared and
nitrogen-annealed PbS films at 350 and 4008C.

The indirect optical gap is about 0.7 eV for as-prepared
PbS films. Upon annealing the film at 350 or 4008C in
nitrogen, the band gap shifts from 0.4 to 0.45 eV range,
which is in accordance to the indirect gap of 0.41 eV
(300 K) reported for PbS [20]. The shift towards the high
energy of the band gap, of as-prepared PbS films, should be
due to quantum confinement of the charge carriers in the
crystallites [21], as the size of the crystallites is about 10 nm
(Table 1).

Since the composite films are formed by different
components we expected to find a resultant band gap for
the composite film. Fig. 11 shows the plotsa 2 vs. hn ,
where a � �1=d�=ln�100=Tl�corr�� in cm21 for composite
films. The energy gap was calculated from the corrected
optical transmittance spectra of these films.

The optical absorption in the composite film, formed in
the present case, may be explained by means of a relatively

high energy gap of 2.2–2.6 eV in the Vis–UV region and
low energy gap of 0.6–0.7 eV in the NIR region. The
observed high energy gap may result from the band gap
3.5 eV for In2O3 and .2.03 for amorphous In2S3 [20] and
the low energy gap may be due to the PbS component. The
transition of indirect to direct gap of the PbS component is
not readily explained.

3.3. Electrical conductivity

Fig. 12 shows the photocurrent response curves of
as-prepared and nitrogen-annealed PbS thin films. Photo-
carrier generation is notable only in the as-prepared PbS
film. This film is formed by a mix of polycrystalline galena
and possibly Pb(OH)2 phase.

The nitrogen-annealed PbS films do not present photo-
conductivity and the dark current is about two orders higher
as compared to as-prepared PbS films. The increase in the
electrical conductivity of PbS films, after nitrogen-
annealing, at 350 and 4008C, are attributed to improvement
in the crystallinity of the film (Table 1).

Significant improvement in the electrical conductivity is
observed in the case of nitrogen-annealed PbS1 In films.
The annealing process, of PbS1 In films, changes the initial
composition of the film and improves the electrical
conductivity in almost five orders of magnitude as compared
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Fig. 9. Optical transmittance (T%) and specular reflectance (R%)
spectra of PbS1 In film as-prepared and nitrogen-annealed at 350
and 4008C.

Fig. 10. Plots of [a ] 1/2 versus hn for PbS films annealed at 350 and
4008C.



to as-prepared PbS films. The increment in the electrical
conductivity of the composite films is related to a distri-
bution of metallic lead particles in In2O3/In2S3/PbS
matrix. A hot probe thermoelectric test showed n-type
conductivity for nitrogen-annealed PbS films and PbS1 In
films. The n-type conductivity was contemplated, in these
films, from the composition of the type: Pb12xS12z/Pbx in the
case of PbS, metallic lead and indium oxide in the case of
nitrogen-annealed PbS1 In films. The electrical conduc-
tivity of the composite film formed by nitrogen-annealing
at 4008C, is about 103 V21 cm21.

4. Conclusions

In the present work, we reported a method to produce an
electrically conductive and optically absorbing composite
film by annealing PbS1 In film in nitrogen atmosphere at
temperature above 3008C. Typical conductivity of the
coating is,103 V21 cm21.

XRD and XRF analysis on the composite film suggested
that it contains PbS, Pb, In2O3 and In2S3 components.

This work supplements earlier results on chemically
deposited CdS1 In, CdSe1 In and In1 Bi2S3 films.
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Fig. 11. Plots of [a ] 2 versus hn for PbS1 In films annealed at 350 and 4008C.



Results presented here confirm that chemical deposition
technique may be combined with thermal evaporation of
metallic films to produce coatings with modified electrical
and optical properties.
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Fig. 12. Photocurrent response curves of the as-prepared and
nitrogen-annealed PbS and PbS1 In films at 350 and 4008C.


