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The structural, morphological, optical, and nonlinear optical properties of a lead sulfide (PbS) thin film
grown by chemical bath deposition (CBD) are investigated by X-ray diffraction (XRD), scanning electron
microscope (SEM), ultraviolet-visible (UV-Vis), and open aperture Z-scan experiments. The band gap
energy of the PbS nanocrystalline film is 1.82 eV, higher than that of bulk PbS at 300 K. The nonlinear
absorption properties of the film are investigated using the open aperture Z-scan technique at 1064 nm
and pulse durations of 4 ns and 65 ps. Intensity-dependent switching of the film from nonlinear absorption
to saturable absorption is observed. The nonlinear absorption coefficient increases monotonically with

increasing pulse duration from 65 ps to 4 ns.
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Bulk lead sulfide (PbS) semiconductor crystals have
an important direct narrow band gap energy (0.4 eV
at 300 K) and a relatively large excitation Bohr ra-
dius of 18 nm(!l. These crystals are highly suitable for
photography!?!, solar control coating, diode laser, humid-
ity and temperature sensor[®¥, and infrared detection!”!
applications. In addition, PbS nanoparticles have excep-
tional third-order nonlinear optical properties and ma;

be useful in optical devices, such as optical switches(®7.
PbS exhibits a large blue-shift in its band gap en-
ergy as its particle size decreases due to the quantum
confinement effect. Nanometer-sized semiconductor ma-
terials exhibit large third-order optical nonlinearity quan-
tum sizes and interfacial effects!®9. Earlier studies have
shown that reduction of the particle size of PbS to 2 nm
results in increases in band gap energy to 5.4 eVI10:11]
and this property has been widely investigated. Smaller
particles can be obtained by nanoparticle and/or thin
film technology. The third-order nonlinear optical prop-
erties of PbS nanoparticles have recently been studied us-
ing the femtosecond pump-probe technique?, and these
same properties of PbS-polymer nanocomposites have
been studied through Z-scan experiments using femtosec-
ond laser sources!®. Thin film deposition methods widely
used include thermal evaporation, sputtering, molecular
beam epitaxy, chemical vapor deposition, spray pyrolysis,
electrodeposition, and chemical bath deposition (CBD).
The CBD method offers the following advantages over
other techniques: 1) films can be deposited on all types of
hydrophilic substrates; 2) the method affords a very sim-
ple and inexpensive process suitable for large-area depo-
sition; 3) impurities in the initial chemicals can be made
ineffective by complexation!!3l. The electrical and opti-
cal properties of thin films can be changed depending on
the deposition method™ =17, In this study, a nanocrys-
talline PbS thin film is grown by CBD, and its saturable
and nonlinear absorption properties are determined via
the open aperture Z-scan technique using nanosecond
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and picosecond laser sources. This technique has recently
been used to investigate the nonlinear absorption and re-
fraction properties of some materials!'8—20,

A PbS nanocrystalline thin film was deposited on a
glass substrate by CBD. The substrate was cleaned for
1 h using a chromic acid solution (K2Cr207:H2S04) and
then washed with doubly distilled water. The substrate
was exposed to nitrogen gas to prevent native oxida-
tion. The deposition bath consisted of 0.5 M lead ac-
etate trihydrate, 1 M thiourea, 2 M sodium hydroxide, 1
M triethanolamine, and doubly distilled water. The sub-
strate was immersed vertically into the deposition bath,
and immersion was carried out for 120 min at 27 °C.
The X-ray diffraction (XRD) pattern of the nanocrys-
talline PbS thin film was recorded in the 26 range of
0° to 70° using an X-ray diffractometer (D/MAX-2200,
RIAKU, Japan) with CuK, radiation. The surface mor-
phology of the film was studied by scanning electron
microscope (SEM) using an SEM-LEO 440 microscope.
The optical absorption spectrum of the PbS nanocrystal
thin film was recorded between 500 and 1100 nm us-
ing a ultraviolet-visible (UV-Vis) absorption spectropho-
tometer (UV-1800, Shimadzu, USA). The thickness of
the film was measured as 97 nm using a spectroscopic
ellipsometer (M2000V, J. A. Woollam Co., USA). The
saturable and nonlinear absorption of the PbS nanocrys-
talline thin film was measured using the open aperture
Z-scan techniquel?!. To determine the effects of mecha-
nisms contributing to the nonlinear response of the film,
nanosecond and picosecond laser sources were used for
open aperture Z-scan experiments. Omne of the laser
sources was a Q-switched Nd:YAG laser with pulse dura-
tion of 4 ns, wavelength of 1 064 nm (1.17 eV), and rep-
etition rate of 10 Hz (Brillant, Quantel, England). The
other laser source was a Q-switched Nd:YAG laser with a
pulse duration of 65 ps, wavelength of 1 064 nm (1.17 V),
and repetition rate of 10 Hz (Leopard SV, Continuum,
USA). The nanosecond and picosecond laser sources used
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for the open aperture Z-scan experiments had Gaussian
temporal profiles. To focus the lasers beams, a lens with
a 20-cm focal length was used.

The XRD pattern of the PbS thin film is given in Fig.
1. Peak fitting of the figure was carried out, and the ori-
entation, peak angles, lattice parameters, and crystalline
sizes of the film are shown in Table 1. Figure 1 shows
that the XRD pattern of the PbS thin film has two dis-
tinct peaks located at 26° (111) and 30° (200). Analysis
of the XRD results indicates that the nanocrystals have
a cubic structure belonging to the Fm-3m space group.
The grain size of the nanocrystals was determined using
the Scherrer equation, shown as

kX

- A 1
Bcosb’ (1)

where L is the grain size, k is the shape factor (0.5), A is
the wavelength of the X-ray used (0.15418 nm), B is the
broadening of the line at half the intensity, and 6 is the
diffraction angle of the line under consideration.

The morphology of the PbS thin film is shown in Fig.
2, which illustrates that a nanocrystalline PbS thin film
has grown on the substrate and that it does not have
fissures or disturbances.

The optical absorption spectrum of the PbS nanocrys-
talline thin film is shown in Fig. 3. The gradual in-
crease in band edge indicates the presence of defect
states in the band gap. The energy band gap of the
PbS nanocrystalline thin film was calculated based on
the optical absorption spectrum (Fig. 3). To determine
the energy band gap of the PbS nanocrystal thin film,
(ahv)? was plotted against (hv), where « is the ab-
sorption coefficient and hv is the photon energy (Fig. 3,
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Fig. 1. XRD pattern of the PbS thin film deposited via the
CBD technique.

Table 1. XRD Results of PbS Thin Film Deposited

by CBD

Peak 20 Orientation d(x10~0 m) FWHM Crystalline
Number (deg.) (hkl) Size (nm)

1 26.012 111 3.424 0.688 11.6

2 30.047 200 2.965 0.492 16.2

3 43.015 220 2.097 0.089 9.04

4 51.363 311 1.788 0.234 13.7

5 53.525 222 1.712 0.09 9.07

6 62.475 400 1.482 0.09 9.16

Fig. 2. SEM image of the PbS thin film.
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Fig. 3. Linear absorption spectrum of the PbS thin film. The
inset shows the band gap of the film.

inset). Interband absorption theory states that at the
optical absorption edge, o varies with hv according to
Eq. (2)122:

(ahv) = A(hv — Eg)", (2)

where A is a constant and n is an index that can have
values of 2, 3, 1/2, or 3/2, corresponding to allowed in-
direct, forbidden indirect, allowed direct, or forbidden
direct transitions, respectively??l. The band gap energy
of the PbS nanocrystalline thin film is 1.82 eV, larger
than the band gap energy of bulk PbS crystals (0.4 V).
The increase in band gap energy can be clearly attributed
to the quantum confinement effect, since the grain size
(Table 1) of PbS nanoparticles is smaller than the Bohr
radius (~18 nm) of the exciton in bulk PbS crystals.

Figures 4 and 5 respectively show the nanosecond and
picosecond open aperture Z-scan measurements of the
PDbS nanocrystalline thin film. The PbS nanocrystalline
thin film exhibits the same behavior under both nanosec-
ond and picosecond pulse duration excitation, showing
increases in low transmission with increasing intensity.
Depending on the materials and/or pulse durations used,
only one-photon absorption (OPA) contributions, only
two-photon absorption (TPA) contributions, or their sat-
urations are generally considered in Ref. [23]. Consider-
ing the defect states present in the band gap, in addition
to the TPA effect, the OPA effect and the free-carrier ab-
sorption (FCA) effect contribute to nonlinear absorption.
However, for larger intensities, the saturation effects of
TPA, OPA, and FCA contribute to saturable absorption
because of the filling mechanism of the defect states and
conduction band.

To derive the transmission in the open aperture Z-scan
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experiment, a model (given in Eq. (3)) incorporating
OPA, TPA, FCA, and their saturations is used!?*2%,

ar al GBI 0oANI

dz 1+ 1/Isar 1+ 12y 1+ 12/12,7
3

where 2’ is the propagation distance inside the sam-
ple, « is the linear absorption coefficient, 3 is the TPA
coefficient, ¢ is the FCA cross section, AN is the pho-
tocarrier density, and Igat is the saturation intensity
threshold for saturable absorption. The value of AN
depends on both « and 8 absorption coefficients. To ob-
serve saturable absorption, the carrier lifetime (79) can be
increased well beyond the pulse durations used. In this
case, the generated photocarrier density can be written
as

Thus, Eq. (3) takes the form[?425;

dr al Bes1?
dZ/ 1+I/ISAT 1+12/I§AT f( )7 ( )
where
goQT)
e = —, 6
Bett = B + oo (6)

and wq is the beam waist of the Gaussian spatial profile
at focus. While the analytical solution of Eq. (5) is very
difficult, the Adomian decomposition method?% can be
used to solve such saturable absorption problems for open
aperture Z-scan theory?>27. According to the Adomian
model, Eq. (5) can be integrated formally as

L
Tout = Iin — f(I)dZa (7)
/

where Ii;, is the input optical intensity to the front of sam-
ple, Iyt is the exit optical intensity from the sample, and
L is the thickness of sample. Using the fifth-order Ado-
mian decomposition method?327 I can be expressed
in terms of Adomian’s polynomials. Therefore, the nor-
malized transmittance can be expressed as a function of
the sample relative position z[242%];

Tout(z, t)rdr
T(z,L) = ————, (8)
e~aol [ Lrdr
0

o3

where x = z/z¢ is the sample relative position, z is the
sample position, zg = 7w3 /A is the Rayleigh range, and
A is the wavelength of the laser used.

The data obtained from open aperture Z-scan experi-
ments were fitted to the theory by treating Isat and Beg
as free parameters (Figs. 4 and 5). The results are given
in Table 2. The thresholds of saturation intensity are
4.02x10* and 2.14x10*® W/m? for nanosecond and pi-
cosecond excitation, respectively. Since the OPA depends
on fluence, effects arising from OPA and contributing to

—~18 J
o o 2.92x 10" W/m?
b L6 o 3.69x 101 W/m?
% : o % 7.64x 101 W/m?
£ Jat e L14x 10 Win?
(,57 14 - 1 —theoretical fits
8
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Fig. 4. Open-aperture Z-scan traces of the PbS thin film with
nanosecond laser excitation under varying intensities.
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Fig. 5. Open-aperture Z-scan traces of the PbS thin film with
picosecond laser excitation under varying intensities.

Table 2. Linear Absorption Spectrum and
Open-Aperture Z-scan Results of PbS Thin Film
Obtained under Nanosecond and Picosecond Laser
Excitation and Varying Intensities

« Thickness Nanosecond Results
(m™1) (nm)  Ip (W/m?) B (m/W) Isar (W/m?)
2.92x10'"  1.50x107°
3.69x10" L.76x107° 4 (9% 10!t
7.64x10'" 2.63x107°

1.14x10*? 4.42x107°

6.46 % 10° 97 Picosecond Results

Io (W/m*) B (m/W) Isar (W/m?)

1.57x10*% 1.10x107¢
3.14x10*® 1.55x107°
4.24%x10* 2.35%x107¢
5.80%x10' 3.27x107°

2.14x10"

the saturation are comparable for both nanosecond and
picosecond excitation. High B.g values are observed un-
der nanosecond pulse duration excitation, which can be
attributed to the fact that the contribution of FCA to sat-
uration is greater than that of TPA. Thus, the saturation
behavior takes place at lower saturation intensity val-
ues for nanosecond pulse durations than for picosecond
pulse durations. When the pulse duration is decreased
from 4 ns to 65 ps, the nonlinear absorption coefficient
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(Bet) decreases monotonically. For nanosecond excita-
tion, when the intensity increases from 2.92x10'! to
1.14x10*2 W/m?, the B increases from 1.50x107° to
4.42x107% m/W. On the other hand, for picosecond ex-
citation, when the intensity increases from 1.57x 10" to
5.89x10'3 W/m?2, the B¢ increases from 1.10x107% to
3.27x107% m/W. Figures 4 and 5 show that the PbS thin
film exhibits nonlinear absorption at low intensities and
saturable absorption at high intensities. The increase in
input intensity results in saturable absorption behavior
because of the filling effect of localized defect states.

In conclusion, intensity-dependent switching of PbS
nanocrystalline thin films from nonlinear absorption to
saturable absorption is reported. The saturation in-
tensity of the film is determined to be 4.02x10'! and
2.14x10" W/m? for nanosecond and picosecond ex-
citation, respectively. The materials show intensity-
dependent switching, which may be used for optical pulse
compression. For nonlinear optical investigations, PbS is
generally used as nanoparticles; however, in this study,
PbS is used as a thin film, which has been determined
to be very useful material for technological applications.
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