ISSN 1027-4510, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2022, Vol. 16, No. 1, pp. 134—139. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Poverkhnost’, 2022, No. 2, pp. 51-57.
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Abstract—A study of the optical-reflection spectra (250—2500 nm) for the surface of lead sulfide crystals in
the initial state and after the formation of a homogeneous ensemble of nanostructures is conducted. Single
crystals of PbS are grown using the vertical-zone-melting method, with the [100] orientation along the growth
axis. Surface nanostructuring is realized in a reactor of high-density argon plasma with a low-pressure high-
frequency inductive discharge (13.56 MHz) at the ion energy ~200 V. The uniform array of stepped lead sul-
fide nanostructures formed due to plasma treatment is up to 140 nm in height, with cruciform bases having
(100)-oriented lateral orthogonal elements 20—60 nm long. It is found that the specular-reflection- and dif-
fuse-reflection spectra for the initial surface of the (100) PbS crystals and for that nanostructured in argon
plasma differ significantly. Using the Kubelka—Munk theory of diffuse reflection and the Kumar theory of
specular reflection, the band-gap value for the nanostructured surface of (100) PbS crystals is determined as
3.45—-3.47 eV, exceeding the value for the initial surface of lead sulfide ~0.4 eV.

Keywords: lead sulfide, ion-plasma treatment, nanostructures, optical-reflection spectra, quantum-confine-

ment effects
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INTRODUCTION

Lead sulfide, PbS, is one of the most promising
materials in semiconductor-material science. Having
a band gap value of 0.4 eV at 300 K, PbS is widely used
for manufacturing IR detectors, gas sensors, thin-film
transistors, photovoltaic elements, and the like [1—3].
Due to the low effective masses of charge carriers and
high dielectric permeability in lead sulfide, the exciton
Bohr radius is great (18 nm) enabling one to imple-
ment quantum-confinement effects in nanoparticles
of rather large sizes. By means of dimensional quanti-
zation, the band-gap value of PbS may be increased up
to 5.2 eV [4]. Over the last two decades great interest
has been shown in the development of methods for the
nanostructuring of PbS intended for applications in
new facilities of alternative power generation, in ther-
moelectric systems, optoelectronic and nanoelec-
tronic devices [5—8]. Among the various methods for
nanostructuring lead chalcogenides, advantages have

been exhibited by the methods used for ion-plasma
treatment described in the review [9].

The objective of this work is to form an ensemble of
nanostructures on the surface of single-crystal (100)
PbS wafers by means of plasma treatment and to
establish the optical characteristics of the nanostruc-
tured surface as compared with the initial single-crys-
tal state.

EXPERIMENTAL

Single crystals of lead sulfide were grown by the
vertical-zone-melting method in an atmosphere of
argon at a pressure of 1.2 MPa and growth rate of
2 mm/h. The grown single crystals of PbS were [100]-
oriented along the growth axis, with the chemical
composition showing the slight prevalence of metal
(S—49.05 at %, Pb—50.95 at %). An ingot was cleaved
perpendicular to the growth axis into the wafers, the
surface of which was mechanically polished with sub-
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EFFECT OF NANOSTRUCTURING OF THE SURFACE

Fig. 1. SEM image of the surface of a (100) PbS crystal
nanostructured in argon plasma. The inset shows the sur-
face imaged at an angle of 70° on the same scale.

sequent chemical purification. The surface nanostruc-
turing of the wafers was implemented in a reactor of high-
density argon plasma with a low-pressure high-fre-
quency inductive discharge (13.56 M Hz) with the fol-
lowing treatment conditions: argon flow rate of
10 sccm, working pressure in the reactor of 0.07 Pa,
RF inductor power of 800 W, and the RF bias power of
the aluminum substrate holder of 200 W. The energy
of Ar* ions was ~200 eV; plasma treatment was car-
ried out in two sequential steps with a duration of
2 and 3 min.

The surface morphology was estimated by means of
scanning electron microscopy (SEM) with the help of
a Supra 40 (Carl Zeiss) unit in the secondary-electron
recording mode (InLens detector). The Raman spec-
tra were recorded by a Nanofinder HE (LOTIS TII)
confocal spectrometer. Excitation was provided by a
solid-state laser operating in the continuous mode at
the wavelength 532 nm and optical power ~200 uW.
Laser radiation was focused on the surface of the sam-
ple to a spot diameter of ~0.6 um. The Raman spectra
were recorded over the range 50—700 cm ™! at a spec-
tral resolution of no worse than 3 cm™'. The diffuse
optical-reflection spectra were recorded by a Lambda
1050 UV/Vis/NiR (Perkin Elmer) spectrophotometer
with the use of an integrating sphere, the specular
optical-reflection spectra were recorded using
Lambda 1050 UV/Vis/NiR (Perkin Elmer) and Pho-
ton RT (EssentOptics) spectrophotometers. The
reflection spectra were recorded at a spectral resolu-
tion of no worse than 5 nm over the wavelength range
250—2500 nm in nonpolarized light. The beam size of
optical radiation on the surface of the sample under
study was about 5 X 5 mm.
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RESULTS AND DISCUSSION

Figure 1 shows SEM images of an ensemble of
stepped nanostructures with cruciform bases formed
due to plasma treatment. At the tips of the nanostruc-
tural elements forming the second step at the center of
the cruciform bases, quasi-spherical lead droplets are
found. The total length of the nanostructures comes to
140 nm and the sizes of the lead droplets at the tip vary
within the limits 25—70 nm. The lengths and heights of
the lateral elements in the (100) directions are within
the range 20—60 nm and the surface density of the
nanostructures is 5 X 10° cm™2.

Figure 2 presents the Raman spectra for the surface
of (100) PbS crystals in the initial state and after nano-
structuring in argon plasma. Deconvolution of the
Raman spectra in the Lorentz approximation points to
the presence of peaks characteristic for PbS,
PbO-PbSO,, and PbO (Table 1) [10—17]. The Raman
lines characteristic for PbS are observed both before
and after ion-plasma treatment of the surface. For the
peaks in the Raman spectra of PbS, plasma treatment
leads to the greatest increase in the intensity of the line
at 271/281 cm™, i.e., by a factor of 3.5, which, apart
from the PbS phase [12], may be assigned to the phases
PbO-PbSO, [13] and PbO [14, 16].

An increase in the intensity of the line at 407 cm™!
was also observed in [11] when PbS powder was pul-
verized to a few tens of nanometers, whereas in [13, 14]
this line was assigned to the phases PbO-PbSO, or
PbO. According to [17], the line observed after ion-
plasma treatment at 533 cm™' corresponds to nano-
crystalline o-PbO. In this way, the data of Raman
spectroscopy suggest that on the surface of PbS wafers
nanostructured as a result of treatment in argon
plasma during storage in air, the intensification of oxi-
dation processes occurs with the formation of
PbO-PbSO, and PbO phases.

Spectral dependences of the specular and diffuse
reflectance R for the initial surface of (100) PbS crys-
tals and that nanostructured in argon plasma are given
in Fig. 3. Both for the initial and nanostructured sur-
face the specular reflectance is independent of the
radiation incidence angle (from 8° to 64°) that is pecu-
liar to a surface with the geometrical sizes of structural
elements which are considerably less than the wave-
length of incident light. Besides, the spectra of specu-
lar and diffuse reflection in the visible and IR ranges
are coincident and a marked component of scattered
radiation is observed only in the UV range.

The spectral-dependence curve for the specular
reflectance of the initial crystalline surface has a dis-
tinct wide peak at 365 nm (3.4 e€V) and a less pro-
nounced peak at 690 nm (1.8 eV), with the reflectance
46 and 41% at the maximum, respectively. According
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Fig. 2. Raman spectra of the initial surface of (100) PbS crystals (a) and of that nanostructured in argon plasma (b).

to their energy positions, the indicated peaks corre-
spond to the well-known experimentally observed
peaks E, and E, of lead sulfide in terms of the reflec-
tion spectra and to the energy gaps for allowed vertical
electronic transitions at the degenerate point L of the
Brillouin zone [18, 19]. In the 900—2500 nm region, the
reflectance changes insignificantly, amounting to ~39%.

Nanostructuring of the surface of (100) PbS crys-
tals leads to significant changes in the spectra of spec-
ular and diffuse reflection (Fig. 3): the peaks E, and E,
characteristic for the reflection spectra of PbS disap-
pear; the specular and diffuse reflectance decrease in

the entire investigated range. For diffuse reflection,
the Kubelka—Munk function [20]:
2
FRy =18,
2R

is proportional to the absorption coefficient, enabling
one to determine the band-gap value E, from the linear
part of the dependence (F(R)Av)?> on the photon
energy hv for a direct-gap semiconductor material [21,
22]. The value of E, for the initial surface of (100) PbS
crystals, derived with the use of the Kubelka—Munk
function in Tauc coordinates, equals ~0.4 eV (Fig. 4)
in line with the known value of £, for bulk PbS [23,

Table 1. Observed Raman lines for the initial surface of (100) PbS crystals and for that nanostructured in the argon plasma:
P is the line position, FWHM is the full width at half maximum, / is the intensity

Observed lines Published data
i PbO-PbSO
Initial surface Surface nanostructured i argon | py.q 1115 *|PbO [15-17]
plasma [13, 14]

P,cm™!' | FWHM, cm™! |1, arb. units| P,cm™! |FWHM, cm™'|7, arb. units| P, cm™! P,cm™! P,cm™!
73 22 90 73 21 135 — - 71
97 32 96 98 34 260 96 - -
152 74 85 151 72 233 151/156 — —
206 71 68 202 69 157 205 — —
271 34 12 281 97 42 287 285 282/286
368 124 15 - - - 384 - -

- - - 407 186 45 420 427 -
450 47 19 465 45 20 456,/462/476 — —
- - - 533 122 12 - - 530
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Fig. 3. Spectra of specular (8°) and diffuse reflection for the surface of (100) PbS crystals on the scale of wavelengths (a) and ener-

gies (b): [ initial, 2 nanostructured in the argon plasma.

24]. The energies of the electronic transitions £, and
FE, at the point L of the Brillouin zone are associated
with two critical points of the curve (F(R)Av)? (Fig. 4).

The value of E, for the surface of (100) PbS crystal
nanostructured in argon plasma, determined in a
similar way from the spectrum of diffuse reflection in
accordance with the Kubelka—Munk theory (Fig. 5a),
is equal to 3.45 eV, and exceeds considerably the value
for the initial surface. To find E, from the specular-
reflection spectrum for the nanostructured surface of
PbS, let us use Kumar theory [25, 26] as the reflection
spectrum in this case is close to a “stepped” form [27,
28]. The value of E,, derived from the specular-reflec-

e S S =
N @) oo o
T T T T

[F(R) hv]?, eV?

o
[}
T

1 1
20 25
hv, eV

0 05 10 15 30 35 40

Fig. 4. Kubelka—Munk function of diffuse reflection for the
initial surface of (100) PbS crystals on Tauc coordinates.
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tion spectrum according to a linear part of the depen-

dence:
|:/’l\’ In (R’nax — Rnin j:| ,
R- Rnin

on Av in the assumption of direct-gap transitions, is
3.47 eV (Fig. 5b), supporting the result obtained from
the diffuse-reflection spectrum. In such a manner the
value E, ~ 3.45—3.47 €V, derived from the spectra of
specular and diffuse reflection for the surface of (100)
PbS crystals nanostructured in argon plasma, exceeds
considerably the value of E, for bulk PbS. Similar val-
ues of E, for nanocrystals of PbS, 10—15 nm in size,
were obtained in [24]: 3.36 eV, and for PbS nanoparti-
cles, with sizes below 10 nm, in [29]: 3.35 eV.

The observed significant increase in the band-gap
value up to E, ~ 3.45—3.47 eV for the surface of (100)
PbS crystals, representing an ensemble of stepped
complex nanostructures having orthogonally oriented
cruciform bases with elements 20—60 nm in size, may
be related to the quantum-confinement effect [4]. As,
according to publications, close values of E, are
observed for nanostructures of PbS with considerably
smaller sizes [4, 24, 29], on the basis of the obtained
Raman spectroscopy data, it is suggested that, after
plasma treatment of the surface of (100) PbS crystals,
nanostructures of PbS covered by a PbO-PbSO,/PbO
shell are formed when extracted into an air atmo-
sphere. The formation of an oxide shell results in the
fact that the effective size of the PbS nanostructures is
smaller than that observed with the help of SEM and
is less than the exciton Bohr radius, leading to the
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Fig. 5. Kubelka—Munk function of diffuse reflection (a) and the Kumar function of specular reflection (b) for the surface of (100)
PbS crystals nanostructured in argon plasma on Tauc coordinates.

quantum-confinement effect for relatively thick nano-
structures [30].

In the region of the absorption edge, the Kubelka—
Munk function obeys the Urbach rule (Fig. 6), i.e., the
absorption coefficient of the nanostructured surface
grows exponentially as the energy of the incident pho-
ton grows. This points to some structural imperfection
of the formed nanostructures (the presence of
Urbach’s “tail”) but, due to the low value of the
Urbach energy (~0.26 eV), it is believed that the
ensemble of nanostructures on the surface is rather
homogeneous.

55¢
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Fig. 6. Curve of InF(R) as a function of the photon energy
hv for the surface of (100) PbS crystals nanostructured in
argon plasma.
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CONCLUSIONS

As shown by the results of the study performed,
argon-plasma treatment of the surface of (100) PbS
crystals results in the formation of a uniform array of
stepped lead sulfide nanostructures with cruciform
bases. The data of Raman spectroscopy point to the
fact that, after plasma treatment and subsequent stor-
age in air, intensive oxidation processes of the nano-
structured surface with the formation of PbO-PbSO,
and PbO phases take place. It has been found that the
specular and diffuse reflection spectra of the initial
surface of (100) PbS crystals and of that nanostruc-
tured in argon plasma differ considerably. Using the
Kubelka—Munk theory of diffuse reflection and the
Kumar theory of specular reflection, the band-gap
value has been determined for the nanostructured sur-
face of (100) PbS crystals as 3.45—3.47 eV. The
obtained value of the band gap exceeding that for the
initial surface of lead sulfide ~0.4 eV may be due to
confinement effects in lead sulfide for a system com-
prising “PbS nanoparticles + oxide shell”.
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