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Abstract
In this entry, we describe the latest results on application of high-density inductively coupled argon (Ar)
plasma sputtering for the nanostructuring of IV–VI semiconductors. We analyze the main physical processes
that take place during inert gas plasma sputtering of lead chalcogenide layers, evaluate sputtering yields of
these materials in the framework of the Sigmund’s model, and present novel approaches to the fabrication of
lead chalcogenide nanostructures, such as nanohillocks, nanocones, nanocubes, and high aspect ratio nano-
wires, using inductively coupled Ar plasma sputtering.

INTRODUCTION

The binary lead chalcogenides PbX (X = Te, Se, S) and
PbX-based ternary solid solutions represent one of the
most important groups of narrow-gap IV–VI semiconduc-
tor materials that are widely used in modern solid-state
electronics in the production of infrared optoelectronic
and thermoelectric devices. Historically, IV–VI semicon-
ductors, and lead chalcogenides in particular, were one of
the first actively studied semiconductor materials, for
which research laid the foundations of the physics of
semiconductors and semiconductor devices. By now,
there is quite a good understanding of the properties of
lead chalcogenides, and there are various effective meth-
ods of PbX single crystal growth and of the formation of
single-layer and multilayer film structures (superlattice
structure with quantum wells) with unique physical prop-
erties.[1,2] The interest in lead chalcogenides sharply
increased due to new opportunities emerging in the tran-
sition of these materials into the nanometer range. Specific
properties of lead chalcogenides associated with small
effective masses of carriers and high permittivity make
them a promising group of semiconductors for the reali-
zation of the size quantization conditions and localization
of carriers.[2] The transition to the quantum size effects in
these materials is carried out at dimensions of 30–50 nm
(under certain conditions up to 150 nm), while for silicon
(Si), it is necessary to achieve a size less than 4–5 nm. The
first publications on the creation of low-dimensional PbX
systems and quantum size effects studies have appeared

already in the 1970s–1980s.[3–5] Expanding experimental
research and active development of nanotechnology
enabled to apply nanostructured lead chalcogenides in the
growing fields of photovoltaics,[6,7] optoelectronics,[8,9]

nanoelectronics,[10] thermoelectric devices,[11] and medi-
cal bioimaging.[12,13] Much attention is being paid to the
improvement of the functional characteristics of semicon-
ductor materials based on lead chalcogenides (thermoelec-
tric figure of merit, transmission spectra, reflection
spectra) by applying PbX elements with nanometer size
to solid substrates or by their introduction into a gaseous,
liquid, or solid medium. The development of new methods
for the synthesis of nanostructured PbX is an urgent task
of modern technology. One of the most prospective
approaches to nanostructuring is a “top-down” technique
via dry etching using ion beam or ion plasma treatment.
The first studies on ion etching of IV–VI materials were
not directly intended for nanostructuring and were con-
ducted for various aims: for formation of heterostructure
laser waveguides,[14] for fabrication of submicron mesa
structures using ion milling[15,16] or gas mixture plasma
etching,[17] and for surface cleaning.[18] It is important to
notice that a detailed complex study of dry etching process
for IV–VI materials was never carried out. In this entry,
we discuss physical processes that take place during treat-
ment of lead chalcogenide layers in high-density induc-
tively coupled plasma (ICP) reactor and examine new
possibilities of fabrication of PbX nanostructures using
ICP sputtering, which is an extremely important matter
during the transition to nanotechnology tasks within the
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expansion and modernization of the traditional Si
technology.

THE BASICS OF ICP REACTOR SETUP
AND SAMPLE TREATMENT

Radio-Frequency (RF) ICP Discharge Sources

Sputtering of various materials with inert gas ions using a
mask process is simpler and can be easily implemented in
plasma chemical reactors that are used in microelectronics
technology. In such setups, all the processes take place at
low pressures (p < 10 Pa), and unlike the previously used
high-frequency capacitive plasma source reactors, modern
plasma chemical reactors allow to independently control
the energy and the ion flux of the ions bombarding the
substrate surface. Even at low energy of the incident ions
(Ei < 500 eV), the substrate sputtering rate can be quite
large due to the high density of the ion flux. Since the
removal of the substrate material is determined by phys-
ical ion bombardment, the anisotropic etching must be
high. There are several types of sources of high-density
low-pressure plasma developed.[19,20] Among these, the
most common and versatile are the reactors with solenoi-
dal and planar RF ICP discharge sources (Fig. 1). Using a
second RF generator, from which the RF power is sup-
plied to the RF electrode, enables to control the energy of
the ions bombarding it. The difference in these types of
reactors is in the transport of plasma from the generation
zone toward the substrate. In a reactor with a flat RF
inductive discharge (Fig. 1A), the substrate is located on

the RF electrode near the plasma generation area. Plasma
chemical reactors with such RF plasma sources are
produced by different firms (e.g., Oxford Instruments,
Lam Research, and Applied Materials).

Plasma reactor with an RF solenoidal inductive dis-
charge consists of two chambers: the discharge one and
the reaction one (Fig. 1B). RF ICP discharge generated in
the discharge chamber usually via a magnetic field
extends into the reaction chamber, where a treated sample
is placed on the electrode. Application of a magnetic field
increases the plasma density. The density of the ion flux is
determined by the RF power applied to the inductor, and
the energy of ions—by the RF bias power Psb applied on
the electrode (substrate holder). The generated plasma is
characterized by high uniformity of ion flux on the sub-
strate surface. The frequency of the applied RF field is
typically 13.56 MHz. For the following typical parameters
of the discharge: p = 0.1–10 Pa and Psb = 600–2000 W, the
ion current density on the surface is 1–20 mA cm−2, and
the ion energy varies from 20 eV to 1 keV.

Basics of Surface Sputtering (Dry Etching)
in RF ICP Reactors

In RF ICP reactors, the surface of a sample placed in the
plasma undergoes ion and electron bombardment. Since the
mobilities of ions and electrons are radically different, but
the fluxes of ions and electrons at the substrate are the
same, and the insulated substrate is being negatively
charged to the floating potential level. Near the substrate
there takes place a formation of a space charge layer
(sheath), wherein positive ions are accelerated to the energy

Fig. 1 Basic construction types of high-density RF ICP reactors: Flat discharge reactor (A) and solenoid discharge reactor (B).
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determined by the difference between the plasma potential
and the floating potential. The ions fall vertically to the
surface with the energy determined by the electron temper-
ature Te. The electron temperature is usually 3–7 eV, and
the ion energy is 20–40 eV.[19] In order to increase the
energy of the bombarding ions, an independent RF power
bias of 0–400W from a stand-alone RF generator is applied
on the aluminum (Al) electrode (substrate holder). Thus, on
the electrode, a negative self-bias potential is formed,
which determines the average energy of the incident ions.
The average energy of the bombarding ions is linearly pro-
portional to the RF power applied to the substrate holder in
accordance with the increase in negative self-bias potential
arising on the electrode.

Using inert gas [primarily, argon (Ar)] plasma for ICP
dry etching allows virtually eliminating chemical etching
processes and providing physical sputtering of the surface
region of the films. Simple chemistry of Ar plasma (a gas of
electrons, Ar atoms, and Ar+ ions bombarding the sub-
strate) and chemical inertness make Ar gas suitable for the
study of processes of plasma sputtering of solids. The basis
of the plasma processing in this case is the impact energy of
the Ar+ ions to the substrate, which leads to the material
removal (dry etching) in the form of atoms, molecules, and
clusters via physical sputtering without any chemical pro-
cesses or selectivity. In this situation, the sputtering would
occur when the Ar+ ions have energies higher than the

target surface binding energy (sublimation energy). The
advantages of plasmas generated in RF ICP reactors are
low operating pressure, high plasma density, high flux
density of ions, independent control of ion energy by
changing the RF bias, uniform direction, and low energy
spread of the ions.

ICP reactor used for IV–VI
semiconductors sputtering

Experimental studies of PbX film sputtering processes
were carried out on the setup, which included a plasma
chemical reactor with vacuum air lock, a sample loading
apparatus, a pumping system, and also vacuum and gas
control systems. The pumping system consisted of a
turbomolecular pump (400 l s−1), a fore-vacuum pump,
an automatic diaphragm, and pneumatic valves. Minimal
residual pressure in the reactor was 2 × 10−4 Pa. The
operating pressure was measured using capacitance
manometer MKS Baratron (MKS Instruments, Andover,
Massachusetts, USA). Plasma was generated in a high-
density RF ICP discharge reactor (Fig. 2). The reactor
consisted of the discharge chamber (1) and the reaction
chamber (2). Plasma was generated in the discharge
chamber in the cylindrical (diameter and length = 100
mm) quartz cup using a double-turn inductor (3) and an
RF generator (P = 1 kW, f = 13.56 MHz) with a

Fig. 2 Schematic of the RF ICP
solenoid discharge reactor: 1—
discharge chamber, 2—reaction
chamber, 3—inductor, 4—electro-
magnetic coil, 5—thin-walled Al
cylinder, 6—sample, 7—water-
cooled RF electrode.
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matching box. From the discharge chamber, the plasma
was distributed in a metal reaction chamber, in which at
a distance of 300 mm from the lower edge there was
located a water-cooled Al RF electrode with a diameter
of 150 mm (7). Using the loading apparatus, on the
electrode, there was placed an Al plate (diameter =
150 mm, thickness = 2 mm) serving as a sample holder
(6). Independent RF generator (Psb = 0–600 W, f =
13.56 MHz) was applied to the electrode. The zone of
plasma generation and propagation was in inhomoge-
neous magnetic field generated by electromagnetic coil
(4). Inside the reaction chamber, there was installed a
thin-walled (thickness = 0.75 mm) Al cylinder (diameter =
220 mm), which limited the plasma discharge volume.

The main parameters of the ion flux are its composi-
tion, density, and functions of the ion energy and angular
distribution. It is well known that in ICP discharges it is
possible to independently control the energy of the ions
and the ion flux.[21,22] The ion flux is determined by the
RF power P applied on the inductor, and the ion energy is
controlled by the RF bias power Psb applied on the sub-
strate. The application of the RF bias power on the elec-
trode results in the emergence of the negative self-bias
potential Usb, which controls the energy of the bombard-
ing ions. The function of the ion energy distribution (IED)
on the substrate surface for RF ICP has a double energy
maxima and not a monoenergetic single-peak shape, as
in the case of the constant negative potential on the elec-
trode.[23–25] In general, the IED shape depends on the
ion mass and the frequency of the applied RF field.[24]

The IED width is calculated as the peak-to-peak elec-
trode voltage V(el)PP minus the peak-to-peak plasma
voltage V(plasma)PP:

[25]

IED width � V elð ÞPP�V plasmað ÞPP ð1Þ
Experimental measurements of the IED and self-bias poten-
tial in the RF ICP reactor showed that the Usb is positioned
symmetrically between the two maxima of the IED
curve.[24] Therefore, it can be assumed that the average ion
energy is determined by the self-bias potential. Knowing
the average ion energy, it is possible to determine another
main characteristic of the plasma sputtering—the ion
current density J. It was calculated from the dependence
of self-bias potential on the applied RF power. When
the entire RF bias power applied to the discharge is
expended on the acceleration of the ions in the sheath, it
can be assumed that Psb * JUsb for the electrode with area
S.[22] Hence,

J ¼ DPsb
D Usbj jS ð2Þ

It should be noted that, of course, not the entire RF power
is spent for the acceleration of the ions, since a certain
percentage of it can be lost in a coupling device. It is
believed that in the case of a full coupling up to 95% of

applied RF power can be transmitted to plasma.[26] Typi-
cal value of ion current density J calculated using Eq. 2
during our experiments was in the range of 5.5–7.5mA cm−2,
which corresponded to the value of ion flux Fi of 3.4–4.7 ×
1016 ion cm−2 s−1.

In plasma, the function of the angular distribution
of the incident ions had the appearance of a normal
distribution:[27]

cðxÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p exp
�x2

2s2

� �
ð3Þ

where σ is the root-mean-square angular deflection of ions.
The value of σ was considered equal to the width of the
angular distribution of ions σi, which depends on the energy
of the plasma and ion temperature Ti:

[28,29]

si ¼ arctg

ffiffiffiffiffiffiffi
kTi

Ei

r� �
ð4Þ

where k is Boltzmann constant, and Ei is the ion energy.
The value of kTi in plasma does not exceed 0.2 eV.[29] For
kTi = 0.2 eV and Ei = 90 eV, σi value is 2.7°. An example
of the formation of IV–VI microstructures on the surface of
lead selenide (PbSe) layer on Si substrate using Ar
plasma sputtering with a metallic chromium mask is pre-
sented at Fig. 3. Formation of microcones on the surface,
as well as the emergence of sloped rather than vertical
sidewalls, is explained by the process of the sputtered
material redeposition on the walls and by the not mono-
tonic dependence of the sputtering yield on the incident
angle.

SPUTTERING RATES AND SPUTTERING
YIELDS OF IV–VI SEMICONDUCTORS IN ICP

Investigations of Sputtering Rates of Lead
Chalcogenides in Inductively Coupled Ar
Plasma

Sputtering rate is the main parameter of plasma etching of
different materials. Its study is important from both funda-
mental and practical viewpoints, with the latter being a key
in the micro- and mesa-multilayered devices fabrication. For
the study of PbX sputtering rates, we used epitaxial films of
binary compounds lead telluride (PbTe), PbSe, and lead sul-
fide (PbS) grown by molecular beam epitaxy on Si(111) or
BaF2(111) substrates.

[30–32] In the former case for the lattice
parameter mismatch compensation between the film and the
Si substrate, the calcium fluoride (CaF2) buffer layer with
the thickness of 2–4 nm was used. The substrate
temperature during film growth was 350–400°C. The thick-
ness of the PbX films was 1–5 μm, and they had the orien-
tation (111) along the growth axis and were characterized by
a monocrystalline structure. The main experiments on the
PbX film sputtering in Ar plasma were carried out in the
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RF ICP reactor with the following parameters: Psb = 200 W,
Ei = 150 eV, Ar gas flow Q = 10 sccm, p = 0.08 Pa, J =
5.5 mA cm−2, and Fi = 3.4 × 1016 ion cm−2 s−1. The sputter-
ing etch rate of the films was determined by the etch step
measurement using Talystep profilometer (Taylor Hobson,
UK). The etch step was obtained using a Si wafer stencil
mask. The etch step height depended linearly on the treat-
ment duration in the time range of 30–120 s, indicating that
the sputtering rate of PbSe, PbTe, and PbS films was con-
stant in time. Reported measurements of the temperature of a
Si wafer showed that it is heated to *500 K after 30-s
plasma treatment with the Psb = 200 W.[33] We have found
out that the etching step heights for the thermostated PbX/
CaF2/Si(111) and PbX/BaF2(111) samples placed on mas-
sive sample holder using vacuum glue and for the free-laying
samples were identical, which indicates the independence of
the sputtering rate on the temperature.

The results of our experimental measurements of the
sputtering etch rate V for the PbX binary compounds
during sputtering in Ar RF ICP with average Ar+ ion
energy Ei = 150 eV were as follows: for PbTe V = 10.4 ±
0.3 nm s−1, for PbSe V = 8.9 ± 0.3 nm s−1, and for PbS
V = 8.8 ± 0.3 nm s−1.[34] These values are close and are
strongly surpassing the sputtering rates for other well-known
binary semiconductors. Thus, the values of the sputtering rate
for PbX reduced to the ion current density of 1mAcm−2 are in
the interval of 1.6–1.9 nm s−1. The reduced sputtering rates
for Si,[35] InN,[36] GaN,[37] InSb,[38] and GaAs[39] for the Ar+

ion sputtering under similar conditions are noticeably smaller
and are 0.02, 0.2, 0.4, 0.6, and 0.7 nm s−1, respectively.[34]

Analysis of Sputtering Yields of Lead
Chalcogenides in the Framework
of the Sigmund’s Model

The main parameter describing the effectivity of the pro-
cess of the interaction of ions with a solid substrate is the

sputtering yield Y, which shows how many atoms are
leaving the surface due to the impact of a single bombard-
ing ion. For an experimental determination, the sputtering
yield Y of a material consisting of one kind of atom is
calculated using:[40]

Yðatom=ionÞ ¼ VreNA

JM
ð5Þ

where ρ is the density of the studied target, NA is the Avo-
gadro constant, M is the molecular mass of the target. In
case of polyatomic targets, the overall sputtering yield Y in
general will be determined by the sputtering yields and the
concentrations of the atoms of each kind.[41–44] In contrast
to other compound semiconductors, for lead chalcogenides,
the values of the molecule dissociation energy in the crys-
talline and gaseous states exceed the values of the sublima-
tion energy Esubl at 298 K, and the degree of the molecule
dissociation is only a few percent.[45–47] As a result, during
the sputtering of lead chalcogenides, entire molecules
are being physically sputtered from the surface instead of
individual atoms.[34,46]

In case of the sputtering of the entire molecules, for the
determination of the sputtering yield Y, it is possible to
modify Eq. 5 by inserting the values of the density and the
molecular mass for PbX compounds:

Yðmolecule=ionÞ ¼ VrPbXeNA

JMPbX
ð6Þ

The calculated PbX sputtering yields for the energy of
Ar+ ions of 150 eV (Psb = 200 W) were as follows: for
PbTe Y = 0.45 ± 0.02 molecule/ion, for PbSe Y =
0.44 ± 0.02 molecule/ion, and for PbS Y = 0.49 ±
0.02 molecule/ion (we describe this in more detail in
Zimin et al.[34]). Thus, for all PbX compounds, Y is in
the narrow range of 0.46 ± 0.05 molecule/ion, which is
significantly smaller than the sputtering yields of indi-
vidual atoms.[48] As a result, the concentrations of

Fig. 3 PbSe microstructures fabricated using argon RF ICP sputtering with a chromium mask.
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lead (Pb) and chalcogen on the surface of the initial and
the plasma-treated films remain approximately constant,
as confirmed by energy-dispersive X-ray (EDX)
microanalysis.[34]

Obtained results of the close values of the sputtering
yields for the binary lead chalcogenide compounds quali-
tatively can be explained in the framework of Sigmund’s
model[49] of a sputtering of a random monoatomic target in
the linear collision cascade regime, additionally making a
substitution of the sputtered atoms of one kind by the mole-
cules of one kind. For the sputtering yield with an ion
energy of *1 keV, Sigmund has obtained a general
equation:[49]

Y ¼ 0:042aSn Eið Þ
U0

ð7Þ

where α is the factor depending on the ratio of the masses
of the target atoms (molecules) and of the primary ion,
Sn(Ei) is the nuclear stopping cross-section, U0 is the sur-
face binding energy (sublimation energy). The replace-
ment of the chalcogen X in PbX does not significantly
change the value of αSn due to a lower mass with respect
to Pb, and the values of U0 (or Esubl) of the lead chalco-
genide binary compounds are close and differentiate at
most by 6%.[34] Thus, the close Y values are explained
by the similarity of the chemical and thermodynamic
properties of lead chalcogenides and the small ratio of the
mass of the primary Ar ion to the mass of the sputtered
molecule.

As a conclusion, we should note that the main charac-
teristic of the RF ICP etching of lead chalcogenides is the
sputtering of individual molecules,[34] which allows mini-
mizing segregation processes in the surface layer and
applying classical models for the qualitative analysis of the
sputtering features, such as close sputtering yields. The
proposed models were further confirmed in the studies of
plasma sputtering of ternary solid solutions Pb1−xEuxSe,
Pb1−xSnxTe.

[50,51]

NANOSTRUCTURING OF IV–VI
SEMICONDUCTORS USING INDUCTIVELY
COUPLED AR PLASMA SPUTTERING

Micromasking and Nanohillock Array
Formation Effects during ICP Treatment
of Lead Chalcogenide Layers

For nanostructuring experiments, we used epitaxial films of
lead chalcogenide binary and ternary solutions PbTe and
PbSe on CaF2/Si(111) substrates. The utilization of Si sub-
strates is advantageous as it offers compatibility with
many other processing technologies. Epitaxial films with
thickness of 1.5–5 μm were grown with molecular beam
epitaxy on Si(111) substrates using a 2-nm thin CaF2 buffer
layer.[30,32] For the employed films, the density of threading

dislocations was 1 × 107–4 × 108 cm−2. Their initial surface
was characterized by the presence of triangular pits of dis-
location exits and triangular nanoterraces formed due to the
dislocation glide in the <011>{001} glide system during a
relaxation of thermal mismatch strain.[30,52] PbX film sur-
face treatment was carried out in Ar RF ICP with p = 0.07
Pa, Q = 5 sccm, and Psb = 200–400 W. Standard treatment
time was 30 seconds.

It was established[30–32,53] that during the plasma treat-
ment a selective sputtering of the surface of the PbX layers
takes place, which results in a significant microrelief mod-
ification. Plasma-treated film surface was characterized by
two groups of structures: submicrometer-size hillocks
(microhillocks) and nanometer-size hillocks (nanohil-
locks) (Fig. 4). Strict compliance of the microhillock
density with the dislocation density in the layers, as well
as the presence of dislocations exit pits on hillock tops,
suggests that the microhillocks are localized at the exits of
threading dislocation of the epitaxial layer.[30,31] Micro-
hillocks’ maximum height corresponded to the thickness
of the sputtered layer, which was 150–450 nm, and was
linearly dependent on the duration of plasma processing.
Nanohillocks had a height of 10–50 nm and typical
surface density of 1–4 × 109 cm−2, which corresponded
to the density of the apexes of the triangular terraces on the
initial surface.[30]

The effect of microhillock formation can be suppressed
by increasing RF bias power;[31] however, in such case, it
is accompanied by an undesirable growth of ion energy
and sputtering rate. Generally, microhillock formation is a
negative effect, since they are harmful to upper layers. It is
well known that during plasma treatment the microhillock
formation is usually related to the process of micromask-
ing of certain surface areas with low-volatile compounds
preventing them from sputtering.[54] Micromasking effect,
which is well known for plasma treatment of Si[55,56] and
other semiconductor materials,[57,58] consists in the pres-
ence of local self-assembled micromasks on the substrate
surface with the sputtering rate much smaller than that of
the substrate, which therefore prevent the underlying areas
of the substrate from sputtering. Due to the angular sput-
tering rate dependence and redeposition, the conical or
hillock-like structures are consequently formed with
micromasks on their tops. To date, it is well established
that the main source for micromasking material in ICP
plasma sources is Al, which is sputtered from the surface
of the sample holder and aluminum oxide chamber walls
and is consequently redeposited on the sample surface.
Comparative secondary ion mass spectrometry investiga-
tions of lead chalcogenide (PbSe) films after their plasma
treatment when placed on Al or Si wafer holders showed
that the Al and fluorine (F) concentrations were found to
be increased for the sample situated on Al holder.[53] The
presence of trace concentrations of F could be connected
with the sputtering of previously contaminated chamber
walls.[59] The simultaneous presence of F and Al results in
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strong micromasking, since Al–F compounds are stable
and extremely low-volatile materials.[55] In case of Al
electrode sputtering, ionized Al-containing particles could
be preferably localized at the dislocation areas due to a
built-in dislocation line charge. Then, during plasma treat-
ment, such micromasking particles, self-positioned on the
dislocation exit sites, result in the formation of microhil-
locks, which consist of the unsputtered underlying
material.[54] Atomic force microscopy studies using
spreading resistance imaging with a conductive tip in
contact with the sample surface showed that the tops of
the hillocks with triangular pits are conductive.[53] The
resistivity value in the growth direction of Al1−xFx
nanolayers, formed via plasma sputtering, is at the level
of 10−3 Ohm cm.[60] Considering the fact that PbTe or
PbSe resistivity exceeds this value by several orders of
magnitude, the appearance of high-conductive phase on
the microhillock tops is becoming explainable and thus
supports the model of Al–F serving as micromask of the

dislocation areas.[53] On the other hand, F could poten-
tially react with Pb, which is segregated in the Cottrell
atmospheres of dislocations.[61,62] The physical model of
dislocations micromasking during plasma processing of
PbX films is presented in Fig. 5.

On the basis of the results reported above, we developed
and realized a novel plasma treatment method for the fab-
rication of lead chalcogenide nanostructures on Si sub-
strates. Considering the abovementioned experimental
results, we had to exclude any F from the plasma chamber
so that the micromasks would not be generated and also to
reduce the sputtering rate in order to minimize the thickness
of the sputtered layer. The RF ICP chamber prior to use was
cleaned in oxygen plasma, and Si wafer was used as a
sample holder. Plasma treatment parameters were as
follows: QAr = 100 sccm, p = 1.2 Pa, Psb = 0 W, and
duration = 1–5 minutes. As a result, a formation of arrays
of uniform nanostructures took place without any micro-
masking effects (Fig. 6). Density of nanohillocks for

Fig. 5 Dislocation micromasking
model for the PbX plasma sputtering:
(A)—initial PbX film on Si substrate
and Al substrate holder, (B)—modified
PbX film after argon plasma treatment.

Fig. 4 Atomic force micros-
copy image of PbTe microhil-
locks and nanohillocks on the
surface of PbTe film on CaF2/
Si(111) substrate modified
using inductively coupled
argon plasma treatment. Scan
area is 10 × 10 μm2.
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various PbX films was 1 × 109 cm−2–4 × 109 cm−2. Nano-
hillock average half-width was 80 nm, and mean height
was 10–25 nm with a standard deviation of 45–50%.[53]

This straightforward approach allowed us to create
nanostructures on the PbX film surfaces, whose para-
meters are close to the conditions of dimensional quanti-
zation[63] and comparable with the structure sizes obtained
with more expensive “bottom-up” molecular beam epi-
taxy methods.[64] A mechanism of the nanohillock arrays
formation, according to the contemporary concepts of
plasma-aided nanofabrication[65,66] is, most probably, a
combination of “top-down” processes (physical sputter-
ing) and “bottom-up” self-organization (PbX molecule
redeposition and surface diffusion).

Fabrication of IV–VI Semiconductor Nanowire
Arrays Using Redeposition Processes during
Inductively Coupled Ar Plasma Sputtering

Fabrication of PbSe nanowires on PbSe/CaF2/Si
(111) substrates

From the examination of the results of the previous sec-
tions, it follows that the PbX layers, having high sputter-
ing rates in ICP, should be able to create a high density of
vapor of sputtered molecules at the surface, which poten-
tially could be used for aimed nanostructure fabrication.
We have suggested a new approach to PbX nanostructure
fabrication inside a microgap under a stencil Si mask on a
PbX layer, where the physical sputtering processes are
absent, but there is a high vapor density of sputtered PbX
molecules and high temperature, thus providing the

necessary conditions for the catalytic growth via a
vapor–liquid–solid mechanism.[67]

The initial samples were PbSe films with 1.7 μm thick-
ness on CaF2/Si(111) substrates that were treated in Ar RF
ICP with Psb = 200–400 W. A characteristic feature of
these experiments was the use of a stencil mask, which
was a monocrystalline Si wafer with a thickness of 380 μm
with through periodic round holes with a diameter of
75 μm. It was applied in such a way that there was a
microgap between the mask and the PbX film with a size
of about 10 μm. During sputtering, in the open areas, the
PbSe film was fully removed, but the Si substrate
remained virtually unsputtered. A new phenomenon tak-
ing place during this process was a formation of 1-D
nanostructures on the surface of the PbSe film under the
stencil mask in the immediate vicinity of the sputtered
areas.[67] Typical image of such nanostructures is shown
in Fig. 7. The height of the cylindrically shaped nanowires
reached 1000–1200 nm at a diameter of 75–125 nm. On
the tops of nanowires, there were quasi-spherical faceted
structures with 85–180 nm diameters. The surface density
of nanowires was 1 × 109 cm−2–2 × 109 cm−2. On the areas
of the surface of PbSe film under stencil mask and
removed from the area of plasma treatment at a distance
over 20–30 μm, instead of nanowires there took place
a formation of spherical nanostructures. They have a
diameter of 38–78 nm, and their density decreased with
increasing distance from the sputtered area: 2 × 109 cm−2

for a distance of 750 μm and 4 × 108 cm−2 for 1500 μm.
Comparison of EDX spectra for the initial surface of

PbSe/CaF2/Si(111) film structures and areas with PbSe
nanowires showed an effect of a small change in the ratio

Fig. 6 Atomic force
microscopy image of PbSe
nanostructures obtained by
inductively coupled argon
plasma treatment of PbSe/
CaF2/Si(111). Scan area is
2 × 2 μm2.
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of metal–chalcogen toward increasing the Pb content at 4–5
at % for the PbSe areas under a stencil mask. At the same
time, the distribution of elements on the areas under a sten-
cil mask was uniform. Based on these data, one can assume
that the fabricated 1-D nano-objects are crystalline PbSe
structures, while the excessive Pb is concentrated in spher-
ical formations.

The complex of experimental data indicates that the
formation of nanowires during the plasma treatment takes
place by catalytic vapor–liquid–crystal growth mecha-
nism.[67] This process consists in the following: a droplet
of a metal catalyst on the surface being in contact with the
supersaturated vapor of a redeposited semiconductor mate-
rial serves as a primer for an anisotropic nanowire
growth.[68,69] In this case, a supersaturated lead chalcogen-
ide vapor is created in the microgap under a stencil mask
due to the high sputtering rates of PbX in Ar RF ICP. The
sputtering of PbSe takes place mainly in PbSe molecules
and their complexes, and the content of atomic Pb in the
sputtered material is small and amounts to several at.%.[70]

Since Pb has a low melting temperature, it diffuses over the
heated surface under the mask and coalesces into droplets
of nanometer size (which was observed during the epitaxial
fabrication of PbX nanostructures and microstructures[71]).
Further, when the PbX molecules redeposit on the substrate
from a supersaturated vapor, there takes place a synthesis of
1-D PbSe nanostructures with Pb primers that remain at
their tops.[67]

It should be noted that there also took place a redeposi-
tion of sputtered PbSe on the inner side of the mask inside
the microgap forming nanostructures with 100–150 nm size
with a preservation of a metal–chalcogen atomic ratio com-
pared to the initial film, which confirms a strong effect of a
sputtered material redeposition in the form of separate
molecules.[67]

Fabrication of PbTe nanowires
on SiO2/Si substrates

Next, we have developed another approach to the fabri-
cation of PbX nanowires in the microgap during sputter-
ing based on the processes taking place on the inner side
of the stencil mask. Initial PbTe single crystals with an
excess of tellurium (Te) were grown by the Bridgman
method.[72] Synthesized composition with p-type con-
ductivity had excess Te-relative stoichiometry in accor-
dance with the EDX data of 4 at.%. The grown crystals
were cut perpendicular to the growth axis in order to
obtain crystalline disks with the thickness of 3–5 mm,
and their surface was polished with diamond paste with
chemical polishing finish. The study of the crystal struc-
ture revealed that the investigated crystals were grown in
the (111) growth axis and had a relatively small volume
of inclusions with other orientations. The plasma proces-
sing parameters were as follows: p = 0.07 Pa, QAr =
10 sccm, Psb = 100–300 W, treatment duration = 10–
60 s. During the etching process, a part of the surface of
PbTe(Te) samples was closed with Si stencil masks with
a natural oxide layers and with an SiO2 layer with a
thickness of 0.6 μm. Between the surface of PbTe and
the mask, there was a microgap of 10–20 μm. In some
experiments, the edge of the mask was protruding over
the sample boundaries at a distance of about 1 mm (we
describe this in more detail in Zimin et al.[73]).

Plasma processing of PbTe(Te) single crystals was char-
acterized by intense physical sputtering and redeposition.
For Ei = 200 eV, the sputtering rate was 25 ± 2 nm s−1,
which is 1.6 times higher than for (111)-oriented PbTe films
under similar sputtering conditions. This is due to the Pb
atom vacancies appearing because of the excess Te atoms in
a crystal lattice. With a large deviation from the stoichiom-
etry, the mechanical strength of the crystal is reduced, and
there is a reduction in the sublimation energy of the PbTe
molecules, which results in the increase of the sputtering
rate with Ar+ ions.[73]

We have found[73] that on the inner surface of the
mask facing toward PbTe, there takes place a formation
of various types of PbTe nanostructures due to the rede-
position of the material sputtered during plasma proces-
sing. Morphologically, the obtained nanostructures could
be divided into several basic types: nanocones (in the
microgap area), nanocubes (also in the microgap area),
and nanowires (in the areas of the protruding edge of the
mask). Dimensions and density for all types of structures
were dependent on processing conditions (Psb, sputtering
duration) and on the distance from the edge of the mask
(etching step). EDX measurements have shown that for
all types of nanostructure arrays, their chemical compo-
sition on a scale of *1 μm corresponds to PbTe. The
most developed array of conical structures was obtained
during treatment with Psb = 100 W (Fig. 8A). Typical
size of the nanocones at the base was 250 nm, height

Fig. 7 Scanning electron microscopy image of the PbSe
nanowires formed near the edge of a plasma-etched hole in
PbSe film on CaF2/Si(111) substrate. Sample tilt angle during
imaging is 70°.
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750 nm, and density *109 cm−2. The formation of nano-
cubes (Fig. 8B) with the edge length of 60–340 nm took
place, when a high concentration of sputtered PbTe was
created inside the microgap, promoting the growth of cubic
structures with a minimum of free energy.

Cylindrical nanowires were effectively fabricated on
the inner surface of the protruding edge of the mask for
Psb = 200 W. Their length gradually decreased with the
distance from the outer edge of the mask. At a distance of
85 µm, the average nanowire length was 325 nm (Fig. 9),
and at 170 µm, it was 75 nm. This can be explained by the
shading effect, when the redeposition is stronger for the
open protruding edge of the mask than for the closed
microgap. The surface density of the nanowires was nota-
bly constant at 1 × 1010 cm−2. The fabricated nanowires

were very thin (25 nm for all the lengths), with an aspect
ratio reaching 14.[73] The presence of catalyst droplets in
the upper part of nanocones and nanowires indicates the
formation of these structures by the vapor–liquid–solid
mechanism, when the building material consists of sput-
tered PbTe molecules, and the droplets, in accordance
with the results of previous experiments,[67] could be
sublimated metallic Pb nanocrystals.

CONCLUSION

A large complex of experimental research of high-
density inductively coupled Ar plasma sputtering of
binary IV–VI semiconductors has shown that this pro-
cess has some specific features as compared to other
materials. First, lead chalcogenides have a very high ICP
sputtering rate values of *10 nm s−1 (for ion energy
of 150 eV and ion current density of 5.5 mA cm−2[34]),
surpassing many semiconductor materials. Moreover,
studies showed that the sputtering rate depends on both
the deviation from stoichiometry and oxygen content in
the sputtered layers and may reach abnormally high
values[73] or significantly decrease.[74] Second, there
takes place a preferential sputtering of binary PbX
molecules due to the fact that for lead chalcogenides
the values of the molecule dissociation energy in the
crystalline and gaseous states exceed the values of the
sublimation energy. High sputtering rates and molecular
sputtering make a uniquely favorable combination,
which allowed forming the basis for new methods of
the formation of IV–VI nanostructures on various sub-
strates by high-density ICP sputtering, including high
aspect ratio nanowires grown via vapor–liquid–solid
mechanism on Si.[73] Although in this entry we focused
on the processes of sputtering and nanostructuring of
binary PbX materials, further experiments show great

Fig. 9 PbTe nanowires formed on the overhanging part of the
internal surface of the Si mask at a distance of 85 μm from the
outer edge with a power RF bias of 200 W. Sample tilt angle
during imaging is 70°.

Fig. 8 PbTe nanocone (A) and nanocube (B) structures obtained on Si substrate during plasma treatment with RF bias power of 100 W
and 200 W, respectively.
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potential for the fabrication of nanostructures by plasma
sputtering for a wider range of IV–VI materials, such as
PbX-based ternary solid solutions[74] and tin chalcogen-
ide semiconductors.[75] Hopefully, the presented diverse
plasma-assisted nanostructuring methods of IV–VI semi-
conductors would be fully realized in the fabrication of
technical electronic devices for various purposes.
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