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Nanocrystalline PbS thin films are deposited on glass by direct coating from a
precursor solution of lead acetate and thiourea in methanol. A single coating
has a thickness of 50 nm and greater thicknesses are obtained from layer by
layer deposition. The films are smooth and shiny with roughness (rms) of
about 1.5 nm. X-ray diffraction studies show that films are cubic PbS with
crystallite size about 10 nm. The films are p-type with dark electrical con-
ductivities in the range of 0.4-0.5 S/cm. These films are basically photocon-
ducting. Photoconductivity monotonically increases with increase in
thickness. The band gap of the films strongly depends on the thickness of the
films. The band gap decreases from 2.4 eV to 1.6 eV as the thickness is in-
creased from 50 nm to 450 nm. The tunability of the band gap is useful for
technical applications, such as solar cells and photodetectors.
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INTRODUCTION

Films of nano-sized lead sulfide (PbS) has emerg-
ing as an extraordinary material for photo-
voltaics’™'® and photodetectors'”2® because of a
51gn1ﬁcant size-dependent and tunable band
gap.?42% Basically, normal bulk PbS is a IV-VI
earth-abundant semiconductor with a narrow direct
band gap of 0.41eV at 300 K and absorption
coefficient greater than 10* cm'. These photocon-
ducting PbS films are used as near-infrared detec-
tors with sensitivity in the wavelength range of 1-3
um. PbS also has a large excitonic Bohr radius of
18 nm because of high dielectric constant 17.2 and
low effective mass of electrons. Hence, it exhibits a
strong quantum size effect for larger quantum dots
(QDs) (<18 nm) as compared to CdS or CdSe. Thus,
the band gap of PbS QDs can be easily tuned from
0.41 (bulk) to 4 eV by selecting appropriate size.

PbS QDs synthesized by a hot-injection method
using two distinct chemical routes.?”*® The first

(Received September 23, 2015; accepted January 19, 2016;
published online February 19, 2016)

method, described by Hines and Scholes,?” is based
on the reaction of lead oleate with bis(trimethylsi-
lyD)-sulfide in octadecene which yields monodis-
persed QDs of sizes ranging from 2.6 nm to 7.2 nm.
These QDs are bright but not fully air-stable. The
second procedure suggested by Cademartiri et al.?®
utilizes the reaction between lead chloride and
elemental sulfur in oleylamine as a solvent, pro-
ducing QDs of sizes 4.2 nm and 6.4 nm. These QDs
have a high PL quantum yield and thin films show
good optical stability.

The fabrication of PbS QD devices as mentioned
above is imperative to make thin films. PbS QD
films are generally deposited by spin'® or spray*’
from a suspension of QDs solvent. Before deposition
of films, the QDs undergo several processing steps,
such as controlled chemical synthesis with a cap-
ping agent, separation, removal of cappmg by ligand
exchange and finally suspension in an appropriate
solvent. These multi-steps not only render the QD
film fabrication technique rather complex but also
time consuming. Alternatively, a simple one-step
deposition of nanoscale PbS thin films is desirable
since it will simplify the fabrication of the devices.
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Fig. 1. Direct coating of PbS films on glass from a precursor solu-
tion.

Nanocrystalline PbS films can be deposited by
chemical bath deposition (CBD) methods,**2* but
these methods are cumbersome in thickness and
particle size and also have a low material usage
factor. However, examination of a direct coating
method reported by Chaudhuri et al.?” revealed that
films dip-coated from a methanolic solution of lead
acetate (LA) and thiourea (TU) complex yielded
nanocrystalline PbS films. In this paper, we report
the preparation and characterization of nanocrys-
talline PbS films along with preliminary electrical
properties in the dark and light. Further, the band
gap of these films can be tuned from 1.6 eV to 2.4 eV
by varying the thickness.

EXPERIMENTAL
Deposition of PbS Film

PbS films were deposited on glass substrates by a
direct liquid coating from a precursor solution of a
LA-TU complex as described earlier by Chaudhuri
et al.>® and shown in Fig. 1. The precursor solution
was prepared by dissolving LA (0.05 mol/L) and TU
(0.05 mol/L) in methanol. Scrupulously cleaned
glass substrates (7.5 x 2.5 x 0.2 cm®) were first
dip-coated with precursor films from the solution
and dried at ~70°C in an oven. The transparent
precursor layers heated at 100°C in air for 10 min
resulted in shiny brown-black films of PbS having a
thickness of about 50 nm. Greater thicknesses of
PbS films were obtained by layer-by-layer deposi-
tion (LBL). The chemicals used were of analytical
grade supplied by Merck, India.

The thicknesses of the films were measured by a
surface profiler (Dektak 150, Veeco). Since dip-
coating leads to some variation in thickness, the
average was found by measuring thicknesses at 5
different places along the length of the film. The
reported film thicknesses are accurate within
+10 nm for 50 and 100 nm and +5 nm for thick-
nesses above 100 nm.

Characterization

The composition and crystalline status of the
films was determined from x-ray diffraction (XRD)
using a Bruker D2 Phaser Diffractometer in the 20
range of 20° to 60°. Surface morphology of the films
was examined by atomic force microscopy (AFM)
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Fig. 2. X-ray diffraction plots of nanocrystalline PbS films on glass.

using Nanosurf EasyScan2. Optical properties of
thin films were examined by spectrophotometer
(Shimadzu 3600) in the wavelength range 350 nm
to 2400 nm. For electrical measurements, gap cells
(10 mm x 5 mm) were made with colloidal graphite
(Ted Pella) as ohmic contacts. The current was
measured with a Source/Meter Unit (Keithley 2611)
by applying 20 V/em between the graphite elec-
trodes. Photoconductivity of the films was measured
by illuminating the samples with 80 mW/cm? light
from halogen lamp (50 W, 12 V; Philips). To deter-
mine the type of conduction, the thermoelectric
power (TEP) was also measured.

RESULTS AND DISCUSSION
Composition and Morphology

Heat treatment (100°C in air for 10 min) of
transparent precursor films resulted in shiny
black-brown films. XRD studies revealed that these
films are crystalline with the cubic structure of PbS.
That is, films containing the Pb*2.-TU complex
thermally decomposed into PbS. Figure 2 presents
the XRD plots of the PbS films deposited by LBL on
glass substrates with thicknesses ranging from
50 nm to 450 nm. XRD plots show four broad
diffraction lines with a background hump due to
the glass substrate. The XRD lines are at 25.52°,
29.62°, 42.59° and 50.60°, which were identified due
to reflections from (111), (200), (220) and (311)
planes, respectively, of standard cubic PbS
(JCPDS:05-592). That is, the films are pure cubic
PbS without any other phases. Broad XRD lines
(FWHM ~ 1°) indicate that the films are essentially
nanocrystalline. The crystallite size estimated from
broadening of the (111) and (200) lines using the
Scherrer relationship®® is 10 nm irrespective of
thickness.

The surface morphology of a typical PbS film as
observed by AFM shown in Fig. 3. The films are
smooth with a root-mean-square roughness of
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Fig. 3. Atomic force microscope image of a typical nanocrystalline PbS film (250 nm) on glass (a) 2 dimensional and (b) 3 dimensional.

1.5 nm. The film consists of spherical grains of
10 nm diameter.

Optical Properties

The transmission spectra of PbS films of different
thicknesses in the wavelength range 350-2400 nm
are shown in Fig. 4. As mentioned above, the films
were deposited layer-by-layer and the thicknesses
varied from 50 nm to 450 nm. The transmission
spectrum of each film has two regions: an absorbing
region at lower wavelengths and a non-absorbing
region at higher wavelengths. In the absorbing
region, the transmittance of a particular film
rapidly diminishes below a certain wavelength
corresponding to the absorption edge (where
hv 2 E,) and this wavelength decreases as the
thickness decreases. In the non-absorbing region
(where hv < E,), the transmittance decreases or
increases due to the presence of interference pat-
terns because of multiple reflections of glass and
film. The band gap (E;) of nanocrystalline PbS films
of different thicknesses (50—450 nm) is deduced
from the Tauc relationship®” for direct band gap
semiconductors. The absorption coefficient (x) at
each wavelen%th is calculated from the transmit-
tance spectra.”® The Tauc plots of (¢hv)? versus hv
for PbS films of different thicknesses are shown in
Fig. 5. The E, of the films determined from individ-
ual Tauc plots vary from 1.6 eV to 2.4 eV. Figure 6
presents the variation of E, of nanocrystalline PbS
films with thickness. The E, of the films gradually
decrease from 2.4 eV to 1.6 eV as the thickness
increases from 50 nm to 450 nm, and this figure also
indicates that the band gap of these PbS films is
strongly dependent on thickness. That is, these
nanocrystalline PbS films have tunable band gaps
just like PbS QDs, only the controlling factor is
thickness. The lower the thickness of the film, the
larger the band gap. This property makes these
nanocrystalline PbS films suitable for technical
applications. Nanocrystalline PbS films can be
envisaged as a 2-dimensional array of PbS

nanoparticles or QDs with a narrow dispersion in
size. The band gap of nanocrystalline PbS films
depend on the dominant size of the nanoparticles
that constitute the film. Hence, the size of the
nanoparticles that comprises a film can be esti-
mated from the E,. The correlation between the size
of the PbS nanoparticles (d) and the band gap (Ey) is
given by the relationship of Moreels et al.?® Table I
presents the thickness of the PbS films, the optical
band gap and the corresponding size of PbS QDs
nanoparticles, revealing that the size of the PbS
nanoparticles increases as the thickness of the PbS
film increases. The sizes vary from 1.52 nm (50 nm)
to 2.36 nm (500 nm). The increment in particle size
is marginal. In the present study, PbS films are
deposited layer-by-layer and each layer has a thick-
ness of about 50 nm. The precursor film is deposited
first and then heated at 100°C for 10 min in air to
thermo-chemically convert the precursor to PbS.
This means that every time a PbS film is deposited
on top of another, the whole stack of films undergo
thermal treatment at 100°C for 10 min. The mar-
ginal increase in the size of PbS nanoparticles in
films is due to the annealing effect which imparts
tunability of the band gap through thickness. The
tunability of the band gap has been previously
observed by several authors®*>* for CBD nanocrys-
talline PbS films by regulating the process param-
eters. However, the band gap tunability of PbS films
via thickness has not been reported by any of these
authors.

Electrical and Photoconducting

The as-deposited nanocrystalline PbS films were
p-type and photoconducting.

The photoconductivity (opy) of a film under
steady illumination is given by,

OPH — Op— O, (1)

where op is the conductivity in dark and oy, the
conductivity in light.
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Fig. 4. Transmission spectra of nanocrystalline PbS films on glass.
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Fig. 5. Tauc plots for nanocrystalline PbS films on glass for deter-
mining the band gaps.

The photosensitivity (S) of the film is then written
as

S = OPH / () (2)
Photoconductivity can be also expressed in terms of
photogeneration, recombination time and mobility:

opa = eGrp (3)

where e is the charge of an electron, G is the
generation rate of photocarriers (cm™®), t is the
recombination time (s), and u is the photocarriers
mobility (em?/V s).

For a semitransparent PbS film of thickness d,
the generation rate (G) of photocarriers is given by

G = nlp(1-R)[1 - exp(—od)] (4)

where 1 is the quantum efficiency of the generation
of photocarriers, I, is the incident photon flux
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Fig. 6. Variation of band gaps of nanocrystalline PbS films with their
thicknesses.

having energy greater than the band gap (photons/
ecm? s), R is the reflectivity of the film, and « is the
absorption coefficient (cm™ V).

In Eq. 4, the (1 — R) term indicates the fraction of
incident light entering the film after reflection at
the surface and the [1 — exp(—ad)] term denotes the
fraction of light absorbed in the film.

Hence, photoconductivity can be written as

opi = enlo(1- R)[1-exp(~ad)cu  (5)
Then, photosensitivity is also expressed as

S = enly(1— R)[1—exp(—ad)jeu/op  (6)

The variation of electrical conductivity of PbS
films in the dark (op) and under light (o1,) is shown
in Fig. 7. The dark conductivities of the films
increase slowly and linearly with thickness. Thus,
op increases from 0.38 S/cm to 0.53 S/cm as the
thickness increases from 50 nm to 450 nm. How-
ever, o, increases rapidly with thickness as shown
in Fig. 7. The conductivities in light increase from
0.87 S/cm to 2.04 S/cm as the film thickness
increases from 50 nm to 450 nm. Hence, the photo-
conductivities (opyg) of PbS films also increase
rapidly and non-linearly as the thickness of films
increases. The variation of the photosensitivity (S)
of PbS films with thickness is depicted in Fig. 8. The
photosensitivity increases from 1.38 to 2.87 as the
thickness of the films varies from 50 nm to 450 nm.

Dark conductivity of PbS films did not change
much with thickness: from about 0.4 S/cm for 50 nm
to about 0.5 S/cm for 450 nm (Fig. 7). This is
because nanocrystalline PbS films were deposited
layer-by-layer and each layer of 50 nm deposited is
independent of the other layers underneath. The
small variation in op may be due to the annealing
and oxidation effect since each layer of PbS is
thermolysed at 100°C in air for 10 min. However,
the variation of photoconductivity of the PbS films
with thickness is rapid (Fig. 7): 0.5 S/cm for 50 nm
to 1.5 S/em for 450 nm. This trend can be explained
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Table I. Variation of nanoparticle
function of thickness of PbS films

size as a

Estimated
Thickness Optical nanoparticle
(nm) band gap (eV) size (nm)Z®
50 2.44 1.52
100 2.34 1.61
150 2.18 1.72
200 2.02 1.88
250 1.84 2.09
300 1.78 2.16
350 1.72 2.23
400 1.68 2.31
450 1.64 2.36
500 1.62 2.41
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Fig. 7. Electrical conductivity of nanocrystalline PbS films in the dark
and under illumination for different thicknesses.

on the basis of Eq. 5, because if it is assumed that all
the films are illuminated by a light having the same
photon flux (I) with energies more than the band
gap (hv 2 E,), then according to Eq. 5 photoconduc-
tivity (opg) depends on how many photons are
actually absorbed by the film. The absorption of
photons for a film of thickness d is expressed as [1 —
exp(—ad)]. As the thickness increases, the absorp-
tion of the photons increases non-linearly and hence
the photoconductivity (Eq. 3) also increases. How-
ever, since the band gap of each film is different,
there may be some deviation in the incident photon
flux (Iy). Further, it is assumed that the reflectance
(R) of different films is the same and that there are
no interference effects, but actually interference
does occur at these thicknesses. In spite of all these
variations in the incident photon flux, the trend of
non-linear increase in photoconductivity with the
thickness of PbS films will be observed. Reports®®3*
on electrical properties of nanocrystalline PbS are
very few. Hussain et al.?* found that nanocrystalline
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Fig. 8. The dependence of photosensitivity of nanocrystalline PbS
films with thickness.

PbS films had an electrical conductivity of 10~* S/cm
at 300 K(RT). Nanocrystalline PbS films prepared by
Kotadiya et al.? had electrical conductivity, mobility
and hole concentration of 2.5 x 107% S/em,
0.068 cm 2V s and 2.2 x 107 em™!, respectively;
these films were also highly photoconducting.

The above results indicate that:

a. Simple direct coating of films from a precursor
solution of lead acetate and thiourea in metha-
nol produces nanocrystalline cubic PbS films.

b. The band gaps of the nanocrystalline PbS films
are higher than that of bulk PbS (0.41 eV). The
band gaps of nanocrystalline PbS films are
thickness-tunable, as they progressively de-
crease from 2.4 eV to 1.6 eV as the thickness
gradually increases from 50 nm to 450 nm.

c. The as-deposited nanocrystalline PbS films are
p-type and photoconducting. The photoconduc-
tivity of these films increases monotonically
with thickness.

Nanocrystalline PbS films with variable band gaps
have been deposited by earlier workers®** but only
using CBD methods. In a typical CBD procedure,
the substrates are kept in an aqueous bath of lead
salt (acetate or nitrate), thiourea and a base (NaOH)
for a deposition time of about 30-120 min. CBD
with aqueous solution of lead acetate/lead nitrate,
thiourea and NaOH generally yields polycrystalline
PbS films.?**° Hence, to obtain nanocrystalline PbS
films, Jana et al.,>* Kaci et al.?! and Pawar et al.
have added polyvinyl alcohol (PVA), polyethylene
glycol (PEG 300) and trisodium citrate, respectively,
to the bath. Alternatively, Kotadiya et al.®®> and
Hussain et al.?* used weak base NH,OH (instead of
NaOH) to prepare nanocrystalline PbS films. How-
ever, the CBD of PbS films is essentially cumber-
some and time consuming. CBD also has the
inherent disadvantage of being inefficient with low
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material utilization factor and yield. In comparison,
the process for direct coating of nanocrystalline PbS
films is simple, faster and highly efficient with
respect to material utilization. Further, the chem-
icals used for preparing precursor solution are
minimal.

The tunability of band gap has been reported by
earlier authors®®>%3* but only for CBD nanocrys-
talline PbS films. Jana et al.*" prepared nanocrys-
talline PbS films of thicknesses 650-700 nm with
band gaps from 2.4 eV to 2.81 eV by varying the
bath temperatures from 10°C to 30°C. Kaci et al.?!
found that band gaps of nanocrystalline PbS films
can be varied from 0.9eV to 3.9 eV by varying the
concentration of PEG from 0.2% to 1.5%. Pawar
et al.>? used deposition times (at 300 K) from 2 min
to 90 min to produce nanocrystalline PbS films
(thickness ~1-3 um) with band gaps ranging from
1 eV to 2 eV. Hussain et al.** varied the concentra-
tion of lead acetate and thiourea from 0.05 M to
0.15 M to deposit nanocrystalline PbS films (thick-
ness ~250 nm) with band gaps from 2.13 eV to
2.44 eV. The films of both Jana et al. and Hussain
et al. showed tunability of the band gap in a narrow
range of about 2.4 + 0.4 eV with fixed and specific
thicknesses only. The band gap tunability of PbS
films prepared by Kaci et al. is quite wide (3 eV), but
thicknesses are not mentioned. The band gap
tunability of 1-2 eV for PbS films observed by
Pawar et al. is for relatively thicker films (1-
3 um). In contrast, the nanocrystalline PbS films
prepared by direct coating in the present study have
band gap tunability in the range of 1.6-2.4 eV
which varies gradually with thicknesses from
450 nm to 50 nm. This makes it easier to deposit
PbS films with the desired band gaps as compared
to CBD films.

The as-deposited PbS films are photoconducting
and do not require special sensitization treatments
such as oxidation in air*! or inclusion of oxidants in
the bath.*? In the present investigation, the PbS
films are made by heating LA-TU precursor films in
air at 100°C. During the preparation process,
oxygen is incorporated into the films which act as
sensitization centres thus giving rise to photocon-
duction in the PbS films.

CONCLUSION

Band gap tunable PbS thin films can be deposited
by direct coating from a precursor solution of lead
acetate and thiourea in methanol. The process for
deposition of PbS films is simple, at atmospheric
pressure and at low temperatures. The films are
smooth and shiny with a roughness (rms) of about
1.5 nm. The band gaps of the films gradually decrease
from 2.4 eV to 1.6 eV as the thickness increases from
50 nm to 450 nm. The as-deposited films are photo-
conducting. The thickness tunability of the band gap
makes these PbS films useful for technical applica-
tions, such as solar cells and photodetectors.
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