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ABSTRACT

Atomic layer plasma technologies require localizing ions’ impact within nanometers up to an atomic layer. The possible way to achieve this
is the decrease in the ion energy up to surface binding energy. At such low ion kinetic energies, the impact of different plasma effects,
causing the surface modification, can be of the same order as kinetic ones. In this work, we studied the sputtering of amorphous silicon
films by Ar+, Kr+, and Xe+ ions at energies of 20–200 eV under the low-pressure inductively coupled plasma discharge in pure argon,
krypton, and xenon, respectively, at a plasma density of 1–1.5 × 1010 cm−3. Under the plasma conditions, a high asymmetry of discharge
allowed to form ion flux energy distribution functions with narrow energy peak (5 ± 2 eV full width at half maximum). Real time in situ
control over the ion composition and flux as well as the sputtering rate (the ratio of the film thickness change to the sputtering time) pro-
vided accurate determination of the sputtering yields Y(Ei). It is shown that at ion energy above ∼70 eV, the “classical” kinetic sputtering
mechanism prevails. In this case, Y(Ei) grows rather rapidly with ion energy, increasing with the decrease in the ion mass: the closer the ion
mass to the target atom mass, the higher the Y(Ei). Below 70 eV, the growth of Y(Ei) strongly slows down, with Y(20 eV) being still high
(>10−3), indicating the impact of plasma. The obtained trends of Y(Ei) are discussed in light of surface modification studied by atomic force
microscopy and angular x-ray photoelectronic spectroscopy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160531

I. INTRODUCTION

The interaction of energetic ions with matter has been studied
for more than a hundred years, but it still attracts more attention,
being highly important in various fields of science and technology
such as microelectronics, space research, radiation safety, and
ion-beam medicine.1–3 Physics of high-energy ions’ impact (with
an energy of ≳1 keV) on materials has been studied in detail.4,5

The mechanism of such interaction is generally well understood
and described within the framework of quasi-classical approaches
and is often called a “kinetic” mechanism, since purely kinetic
effects are predominant at these energies. Being, to some extent,
the generalization of such a classical kinetic approach, the
world-famous TRIM package provides reliable predictions of ion–
material interactions for high-energy ions.6

However, in modern microelectronic technology, the transi-
tion to the atomic scale era requires localizing ions’ impact within
one atomic layer. The application of ultra-low energetic ions
(5–50 eV), with energy to be of the order of atoms’ binding energy,

into manufacturing processes such as PEALE (plasma enhanced
atomic layer etching) and PEALD (plasma enhanced atomic layer
deposition) is necessary to reach the requirement. At such low ion
kinetic energies, the impact of potential effects, both the surface
restructuring (i.e., modification) and electronic excitation through
ion neutralization, can be of the same order as kinetic ones. While
molecular dynamics is better suited for the calculations of sputter-
ing for low-energy ions than the TRIM package, it is still unable to
directly reckon for any quantum-mechanical effects as well as long-
time macroscopical effects and overall requires validations by reli-
able experimental data. At the same time, ab initio quantum-
mechanical calculation methods are severely limited by modern
computational capabilities for the sputtering calculations.

Nevertheless, at present, there is a sufficiently extensive set of
data on the sputtering of different materials by different types of
ions,7 and an overwhelming majority of the studies have been
carried out with ion beams (often of high energy of several hun-
dreds of eV and higher). Thus, there are almost no reliable data on
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the ion sputtering yield [Y(Ei) is defined as the probability of a target
atom to leave the surface per coming ion with kinetic energy Ei] at
ion energies below 100 eV, even for such an important material for
microelectronic applications as silicon. The reason for that is almost
entirely associated with technical difficulties such as the generation of
dense spatially homogeneous ion beams of such low energies with
small energy and angular dispersion, and accurate measurement of
very low values of yield. Moreover, in standard beam experiments,
the yield and ion energy errors grow as the ion energy decreases and,
at tens of electron volts, become comparable with the values and may
even overcome them several times. Therefore, it is not surprising that
the Y(Ei) data obtained by different authors at Ei < 100 eV often
differ by more than an order of magnitude.

At the same time, in low-temperature plasma, the formation
of a uniform dense flux with small angular and energy dispersions
on a large-area surface is not an issue nowadays, even for low-
energy ions. Surely, plasma usage for sputtering studies has its own
peculiarities and disadvantages (limitation on angle of incidence,
redeposition, etc.), which must be considered in detail in sputtering
results’ discussion, yet, in the plasma case, the study of sputtering
takes place under conditions as close as possible to real plasma
technological processes.

In this work, the sputtering of thin films of amorphous silicon
by low-energy Ar+, Kr+, and Xe+ ions in the range of 20–200 eV
was studied in low-pressure inductively coupled plasma (ICP)
plasma in pure argon, krypton, and xenon, respectively. Sputtering
rate (the ratio of the film thickness change to the sputtering time)
measurements were made in situ with a laser ellipsometer, while
various plasma diagnostics were used to accurately determine the
composition, energy spectrum, and ion flux onto a sample surface.
The surface modification of Si films during sputtering was
determined by ex situ surface diagnostics: vacuum atomic force
microscopy (AFM) and angular x-ray photoelectron spectroscopy
(XPS). It was shown that sputtering still preserves at ion energies
below the kinetic sputtering threshold. However, the dependence
Y(Ei) drastically changes at the energy of about ∼75 eV. The role
of plasma effects on the sputtering mechanism, as well as potential
sputtering itself at low ion energies, would be discussed in Sec. IV of
the work.

This work is organized as follows: the experiment is described
in detail in Sec. II, Sec. III presents the results obtained and a brief
discussion of them, and the conclusion is given in Sec. IV.

II. EXPERIMENTAL SETUP

A. Plasma chamber and discharge parameters’
overview

The experimental study was divided into three parts.

(1) Study of Ar, Kr, and Xe plasmas in detail at different pressures,
gas flows, and applied powers to define the most suitable
regimes for the sputtering.

(2) Sputtering of Si samples at the selected regimes with in situ
control of both sputtering and plasma parameters,

(3) Ex situ investigation of the treated and pristine samples by
AFM and angular XPS.

The experiments were carried out in a dual frequency radio
frequency (df rf) ICP discharge chamber shown in Fig. 1. The
chamber was a grounded metallic cylinder 35 cm in diameter and
10 cm in height. The chamber top lid had an opening 19 cm in
diameter in the center, covered by a 20 cm in diameter silica plate.
The plasmas were inductively driven at 13.56MHz by a three-turn
spiral coil, placed above the silica plate. The coil was 19 cm in
diameter and was made from a copper pipe 1.6 cm in diameter.
A grounded electrostatic screen was placed between the plate and
the coil. Silicon samples were placed on top of the aluminum
electrode, placed at the bottom of the chamber. The electrode was
rf-biased at 12 MHz through a blocking capacitor to provide
self-bias. Waveforms of floating potential Vdc and bias voltage Vbias

on the electrode were real time measured by an oscilloscope and rf
data acquisition system (rf-QAQ). A thermal contact between the
electrode and samples was provided by thermal paste. The electrode
and the coil were cooled by flowing water of about 16–17 °C for
thermal stability. The chamber’s walls were thermally stabilized at
40 °C by a tape heater, covering them from the outside of the
chamber. All of this provided stable, reproducible vacuum and
plasma conditions for a very long time.

Two well-known probe diagnostics were used to determine
and control plasma parameters.

(1) The rf-compensated Langmuir probe was used to measure
plasma and floating potentials (also controlled by a special
measurement circuit), as well as the electron energy distribution
function (EEDF).7,8 Since the EEDFs in all chosen discharge
regimes were almost Maxwellian ones, it allowed determining
accurately electron temperature Te, needed for estimating ion
flux on a sample surface. In addition, the plasma density ne, esti-
mated on the integrated electron energy probability function
(EEPF), was compared with ne, measured by an MW hairpin
probe to validate the measurements.

(2) The microwave (MW) U-shaped hairpin probe9–11 was used to
measure directly the electron density. The hairpin probe mea-
surements were corrected on the sheath areas around the probe

FIG. 1. Experimental setup.
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tips, assuming Te from the Langmuir probe measurements.12

In the considered plasma conditions, this correction is very
small and does not exceed a few percent on the value of
plasma density. The hairpin probe was used for continuous
monitoring of the plasma density during sputtering to ensure
the constancy and reproducibility of the plasma state.

The Langmuir probe’s tip was made from tungsten wire of
90 μm diameter and 14 mm length. The hairpin probe’s antenna
was made from tungsten wire of 200 μm diameter, the distance
between the tips of the hairpin probe was 12 mm, and the tip
length was 5 cm. Both probes were placed at about 3 cm directly
above the electrode in the quasi-neutral plasma out of the plasma
sheath. The Langmuir probe was extruded from the chamber after
the first part of the experiment, while the hairpin probe continu-
ously measured the plasma density to monitor ion flux during
sputtering.

The gas flows and pressure, plasma density, floating potential,
bias voltage waveform, ions’ mass spectra, and flux density were
in situ measured during the first two parts of the experiment to
assure the discharge parameter constancy.

The aim of the first part of the experiment was to determine
the plasmas’ parameters, at which the ion flux energy distribution
with narrow enough energy peaks (5 ± 2 eV full width at half
maximum) at each energy for all the studied gases. Since the reso-
nant charge exchange cross section for Xe is several times larger
than that for Ar and Kr (that leads to the collisional broadening
of the energy distribution), the Xe pressure was lowered to preserve
the desirable ion flux energy distribution. Chosen discharges’
parameters for the sputtering part of the experiment are shown in
Table I. Sputtering ion energies Eion were 18 eV for Xe and Kr,
22 eV for Ar plasmas (no rf bias), and 25, 50, 75, 100, 125, 150,
175, and 200 eV for all three gases (with rf bias). The lowest ener-
gies were determined by the floating potential of plasmas’ self-bias.

B. Ion flux

1. Ionic composition

Since the experimental chamber did not have a vacuum load
port, it was fully opened at atmospheric pressure each time a
sample was changed; thus, the chamber absorbed significant
amounts of atmospheric gases (especially, water vapor), which
could drastically change the discharge. Thereby, a long chamber
cleaning in the plasma of the respective gas was applied to resolve
this issue every time the sample was changed. During the cleaning
procedure, the sample was at floating potential [ion energy was
about 20 eV (see below)].

The hidden analytical quadrupole mass spectrometer with
energy analyzer was used to control in situ the discharge chemical
composition during the first two parts of the experiment. The EQP
inlet was placed at about 3 cm above the electrode in the quasi-
neutral plasma out of the plasma sheath. For thermal stability and
chemical stability, the mass spectrometer was heated by the tape
heater up to 60 °C, while its vacuum pumps were air cooled to a
room temperature of about 25 °C.

Just after discharge ignition (i.e., after changing sample),
the concentration of contaminants in the gas composition in the
chamber was very low (<0.01%), while the ion composition con-
tained more contaminants (typically H2O

+, H3O
+, N2

+, and O2
+),

which is a typical situation for chambers without vacuum load
ports. Plasma cleaning was performed until the total amount of all
undesirable admixtures’ ions became strongly below 1%, which typ-
ically required about 2–3 h. Ion mass spectra of used plasmas,
shown in Fig. 2, were almost constant during sputtering processes.

2. Ion flux distributions

a. Energy distribution measurement. The ion flux energy dis-
tribution function (IFEDF) on the surface of the rf-biased electrode
was measured by the rf-compensated retarded field energy analyzer
(RFEA),8,13–18 with the ion energy measurement accuracy of
∼0.5 eV. Being the same diameter and height as the aluminum elec-
trode, the analyzer replaced the electrode during the measurements.
The analyzer measurement’s area diameter was 10 mm, and the
analyzer consisted of a top aluminum plate (thickness 0.8 mm)
with orifices (diameter 0.8 mm), three (entrance G0, ion energy
analyzing G1, and electron rejecting G2) nickel grids (17 × 17 μm2

cells with an open window of 10 × 10 μm2, 0.3 mm separation
between the grids), and a beryllium copper collector plate C
(see Fig. 3). Measurement and control circuits of the analyzer were
separated from the grids rf filters (rf chokes). The RFEA was water
cooled during all the measurements for thermal stability.

After the IFEDFs were measured, the RFEA was replaced by
the electrode of the same thickness, on which the silicon samples
were placed during sputtering. Since both electrode configuration
and all plasma parameters were the same during the IFEDFs’
measurements and the sputtering, it is assumed that real IFEDFs
of ions bombarding the samples matched with measured ones.
However, to assure that, some additional investigations were made
(see Secs. II B 2 c and II B 2 d of the current chapter).

b. IFEDF control. As known,8,19,20 in the low-pressure asym-
metrical CCP rf discharge, driven by sinusoidal voltage, the IFEDF
has a classical bimodal distribution, centered approximately around
the energy of eUsh ¼ e(Up � Udc) (where Ush is the plasma sheath
voltage, Up is the plasma potential, and Udc is the negative dc self-
bias), with the distribution width increasing with the bias voltage
increase and plasma density decrease [Figs. 4(a) and 4(b)]. The
bimodal structure reflects the ion response to the sheath voltage
waveform. The IFEDFs at constant mean ion energy could be nar-
rowed by increasing.

(a) The rf frequency at constant plasma density (i.e., constant
sheath thickness).

TABLE I. Discharges’ pressure and electron plasma density.

Gas
Pressure,
P (mTorr)

Electron plasma
density, ne (cm

−3)
Electron

temperature, Te (eV)

Argon 10 1.47 × 1010 4.7
Krypton 10 1.15 × 1010 4
Xenon 5 1.25 × 1010 3.5
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(b) The plasma sheath thickness at constant rf frequency
(i.e., decreasing plasma density).

However, the decrease in the plasma density, i.e., the ion flux, is
undesirable at low ion energy as it leads to the essential decrease in
the sputtering rate, making measurements very long and less reliable.

The usage of an optimal tailored waveform of rf bias as, for
example, in Faraz et al.21 allows forming quite narrow pick IFEDFs
and, therefore, provides precise ion energy control. The similar
results can also be achieved, when the rf bias voltage is only some-
what different from the sinusoidal. In a strongly asymmetric ICP
discharge, plasma impacts on the plasma sheath nearby the elec-
trode, which leads to the appearance of the negative dc bias.
The higher the asymmetry between plasma sheaths, the stronger this
impact (note that there is no negative dc bias in a fully symmetrical
rf discharge). Due to the asymmetry, the sheath non-linearity leads
to the appearance of rf harmonics on the rf-biased electrode, which

provides the non-sinusoidal voltage. In low-density plasma with
thick plasma sheath and pre-sheath, this difference is small and,
therefore, the voltage at the electrode almost copies the shape of the
applied sinusoidal voltage from the rf generator. On the contrary, in
relatively dense plasma with a thinner sheath, the shape of the bias at
the electrode is a sum of the biasing voltage and its harmonics gener-
ated in the plasma. The resulting bias may be similar to a tailored
voltage waveform and also leads to a strong asymmetry in the IFEDF
shape. The resulting bias waveform and, correspondingly, the caused
asymmetry depend on both plasma conditions and discharge
geometry. The denser the plasma, the thinner the sheath and,
thus, the wider the IFEDF and the higher the asymmetry in peaks
of the bimodal distribution. Considering all the above, one of the
aims of our study was to select such discharge parameters, at
which the plasma sheath is collisionless (even at high biases) but
still thin enough to provide a strong asymmetry in the IFEDF
peaks and, therefore, more precise control over ion’s energy.

FIG. 2. Mass spectra of argon, xenon, and krypton collisionless plasmas.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 063304 (2023); doi: 10.1063/5.0160531 134, 063304-4

Published under an exclusive license by AIP Publishing

 22 August 2023 09:06:09

https://pubs.aip.org/aip/jap


Figures 4(c) and 4(b) illustrate the measured resulting bias waveform
at the electrode and corresponding IFEDFs, respectively. As seen, the
low-energy peak was effectively depressed, and IFEDF looks as
mono-energetic distribution with (δEi/Ei) � 10% (where Ei is the
energy of the high-energy peak and δEi is the FWHM of the peak).

c. Sample influence on ions’ energy. The energy of ions bom-
barding a sample can differ from the ion energy measured by
RFEA, if the sample is not a good conductor similar to metal.
Voltage drops over the sample and plasma sheath can be estimated
by comparing samples’ capacitance with the characteristic capaci-
tance of the plasma sheath. Voltage drop and sheath’s capacitance
at the lowest and highest ions’ energies for each gas discharge are
shown in Table II. The sheath’s capacitance was calculated by esti-
mating the sheath’s thickness from Child–Langmuir’s law.22 The
presented data demonstrate that the voltage drop over the sample is
small enough to assume that the ions’ energies measured by the
RFEA and the energies of the ions bombarding the sputtered
samples were the same.

d. Ion angular distribution. As known,23 the sputtering rate
depends on ions’ angle of incidence. Up to a certain angle, depend-
ing on ions’ energy and type, material structure, and composition,
the sputtering rate increases with the angle deviation from normal
incidents. Thus, it is important to at least estimate real ion angular
distribution under plasma conditions.

Passing through a pre-sheath, ions accelerate to the electrode,
increasing their kinetic energy kTi in plasma bulk (Ti . Tg , where
Tg is the gas temperature) up to kTe/2, while they may collide with
neutrals and ions due to the large dimension of the pre-sheath even
at low pressures of this work. At the same conditions, the sheath is
almost collisionless; thus, the bias voltage accelerates ions without
scattering. Thereby, the ion angular distribution is characterized by
the ratio of the average kinetic energy of the ions’ motion (parallel
to the electrode kTi? and obtained in the pre-sheath) to the energy
of the ions’ acceleration to the electrode in the sheath Eion (since
kTe/2≪ Eion). In this work, the pre-sheath is weakly collisional
and, therefore, kTi? is strongly less than kTe/2. Considering all the
above, the ion angular distribution can be estimated as deviation
from normal incidence δΩ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kTi?/Eion
p

as an interval:ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTg /Ei

p
, δΩ ,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe/2Ei

p
, presented in Table III. Note that, since

the pre-sheath is slightly collisional, the center of the ion angular dis-
tribution is much closer to

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTg /Ei

p
than to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe/2Ei

p
; i.e.,ffiffiffiffiffiffiffiffiffiffiffiffiffi

kTg /Ei
p

, δΩ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe/2Ei

p
is valid, and δΩ is only a few of

degrees even at the lowest energy.

3. Ion flux measurement

a. Self-bias technique. The ion flux to the sample’s surface
can be measured by the RFEA as done in Refs. 13–16 if the
RFEA was absolutely calibrated in the correct way. If the calibra-
tion was done under the same plasma conditions, the result is
correct. However, if the calibration was done the other way

FIG. 3. RFEA scheme.
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(using ion beam, for example), this approach may be rather unre-
liable, since the grid alignment together with the electrical fields’
distribution between them and the effect of the ion angle distri-
bution is able to unpredictably impact on the RFEA grid trans-
parency17 and, therefore, the ion current (i.e., demanding
absolute re-calibration for each change in ions’ energy or dis-
charge’s parameters).

FIG. 4. (a) and (c) Bias voltage waveforms and (b) and (d) ion flux energy distribution functions (IFEDFs) for the biases, corresponding to voltages at (a) and (c) accord-
ingly, in collisionless argon plasma. (a) and (b) correspond to classical asymmetrical discharge with sinusoidal bias voltage waveform (P = 10 mTorr, ne≈ 1 × 109 cm−3),
while (c) and (d) show the bias waveform and IFEDF in the given experiment (P = 10 mTorr, ne = 1.47 × 10

10 cm−3). Dot lines illustrate the energy corresponding to the dc
bias voltage eUsh ¼ e(Up � Udc).

TABLE II. Plasma sheath capacitance and voltage drop on the sample.

P
(mTorr) ne (cm

−3)
Eion
(eV)

RDebye

(cm)
Ssheath
(cm)

C
(pF/cm2)

Voltage
drop
(%)

Ar 10 1.4 × 1010 50 0.0137 0.158 34 2.52
100 0.0135 0.251 22 1.60
200 0.0123 0.396 14 1.02

Xe 5 1.15 × 1010 50 0.0131 0.172 32 2.33
100 0.0126 0.224 24 1.80
200 0.0127 0.457 12 0.89

Kr 10 1.25 × 1010 50 0.0133 0.169 32 2.36
100 0.0127 0.290 19 1.39
200 0.0123 0.468 12 0.86

TABLE III. Deviation from normal incidence for each processing gas at different ion
energies.

δΩ at Eion = 50 eV δΩ at Eion = 200 eV

Ar 0.8°–12.5° 0.75°–6.2°
Xe 0.8°–11.5° 0.75°–5.7°
Kr 0.8°–10.7° 0.75°–5.4°
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Thus, in this work, the absolute measurements of the ion current
were made using a rf bias modulation technique,8,18,24 well applicable
for the asymmetric rf discharges. The main idea of this method is to
use an electric charge, accumulated in the blocking capacitor, to
measure the ion current. For plasma’s ions, the rf bias voltage charge
the capacitor to the negative dc bias, therefore, turning off the rf bias
causes the blocking capacitor to be gradually recharged by ion current
up to floating potential. Measuring current and voltage dependencies
over time during the recharge provides data necessary for ion flux
determination (for the measurements to be correct, the recharge dura-
tion should greatly surpass the turning off process duration). The
process volt–ampere characteristics I(Vbias) provide the correct deter-
mination of the ion flux: Fion ¼ Ii/eS (where Ii is the measured ion
current, e is the electron charge, and S is the electrode area). The mea-
sured IFEDFs normalized to the measured ion current in pure Ar, Xe,
and Kr at constant plasma density (see Table I) are shown in Fig. 5.

b. Calculation from plasma parameters. The ion flux can be
calculated using the well-known expression:22 Fplasma

ion ¼ kVBohmne,

where k is the collection coefficient, VBohm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe/Mi

p
is the

Bohm velocity, and ne is the electron plasma density. The collection
coefficient k: k ¼ Fion/VBohmne, where Fion is the ion flux measured
by the self-bias modulation method and ne is the plasma density.
The resulting coefficients (kAr = 0.38 ± 0.03, kKr = 0.30 ± 0.02, and
kXe = 0.32 ± 0.02 for argon, krypton, and xenon discharges, respec-
tively) are in good accordance with the study for corresponding
gases24 and different analytical and numerical models of the flat
plasma sheath.

C. Silicon samples

1. Atomic force microscopy

a. Samples’ structure. Studied silicon samples were pieces
(≈1 × 2 cm2) of a magnetron deposited thin film (≈150 nm) of
amorphous silicon on top of a silicon dioxide film (≈600 nm) depos-
ited from TEOS in the PECVD process on a silicon substrate
(≈0.8mm) (Fig. 6). During sputtering, each sample was fixed by a

FIG. 5. Ion flux density dependence on the bias voltage applied to the electrode for Ar, Xe, and Kr discharges.
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thermal paste on the water-cooled biased electrode for thermal
stability.

b. AFM study. Since the sputtering rates depend on the ions’
angle of incidence, the sample’s surface roughness may noticeably
affect the rates. Moreover, the surface roughness may also change
during sputtering. Thus, after sputtering ∼20 nm by the 200 eV
ions, the surface roughness of pristine samples was studied by
vacuum atomic force microscopy (AFM). AFM scans in Fig. 7
demonstrate a significant decrease (from about ±2–3 nm at the
pristine surface to about ±0.5–0.75 nm) in the silicon sample’s
surface roughness after sputtering. To flatten the sample surface
and remove any possible contamination (contaminated and oxi-
dized layers, absorbed molecules, etc.) after every sample change,
the measurements started from 40 to 120 min sputtering ∼20 nm
of the top layer by 200 eV energy ions of processing gas. The
samples were sputtered by ions with different energies in a single
process, decreasing ion energy step by step from 200 eV to no-bias
corresponding energy and sputtering 10–15 nm for each ion energy
to avoid any “artifacts” after the previous energy impact.

2. XPS study

According to the AFM study, ions can change material rough-
ness, i.e., modify the structure of the top layer of the material.
Besides sputtering, bombarding ions also penetrate the sample
material, causing the destruction of the initial atomic structure of
the material, while some ions are stuck in the material. The XPS

study was applied to try to figure out how the sputtering varies the
subsurface layer of silicon.

The angular XPS studies were carried out using Kratos
Analytical Axis Ultra DLD, while angular dependencies were
obtained in the electrostatic lens mode, counting the angle of inci-
dent from a sample surface (90° corresponds to a normal to the
surface incidence). Since the angular XPS analysis is a very time-
consuming technique and krypton ion sputtering rates lay between
argon and xenon ones, to catch main physical tendencies in appro-
priate time, krypton ion sputtered samples were excluded from the
studies. The obtained XPS spectra will be discussed in the discus-
sion section of that paper.

3. Ellipsometry

Measurements of sputtered thickness dynamics necessary to
determine the sputtered rate (the ratio of the film thickness
change to the sputtering time if the sputtering process is linear)
were made by in situ ellipsometry.25,26 A Sentech SE800 spectro-
scopic ellipsometer was used to measure the film thickness and
refractive index before and after sputtering, while the in situ film
thickness and refractive index at 632.8 nm measurements were
made by a Sentech SE401 laser ellipsometer. The presence of the
underlying SiO2 layer dividing the deposited Si from the silicon
substrate enabled to determine quite accurately the parameters of
the Si layer.

While the measurements from both ellipsometers matched,
the laser ellipsometry data were used only to determine the sput-
tered thickness as a change in the film thickness during the
process. The instrumental measurement accuracy of the thickness
change was about ±0.5 Å and of time was ±0.5 s. An example of
laser ellipsometry measurements is shown in Fig. 8. These measure-
ments were repeated several times during the experimental study:
each time with another sample to catch all possible uncertainties.
Thus, error bars in graphs for sputtering rates consist of all the
errors above and the standard deviation.

III. RESULTS AND DISCUSSION

A. Sputtering

1. Sputtering yields

a. Experimental parameters. Plasmas’ parameters applied for
the sputtering are shown in Table IV.

b. Sputtering yield calculation. Calculations of the sputtering
yield Y were made using measured ion flux Fion and sputtered
thickness Δd over time Δt. The shape of the IFEDFs for each
sputtering regime was considered in the yield calculation’s
algorithm:

(1) at first, sputtering yield, Y(Ei), was roughly calculated assuming
all ions at the energy of high energetic pick, using the formula
Y ¼ Sρ/Fion, where Y is the sputtered yield (atoms/ions),
S ¼ Δd/Δt is the “sputtering rate” (cm/s), equal to the ratio of
the film thickness change Δd to the sputtering process duration
Δt (Fig. 8), ρ is the atomic density calculated from a mass

FIG. 6. Scheme of the silicon samples.
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FIG. 7. Three- and two-dimensional AFM images of (a) pristine, after sputtering of top 20 nm by (b) argon and (c) xenon ions with 200 eV energy.
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density of 2.32 g/cm3 and a silicon atomic mass of 28 amu, and
Fion is the ion flux [ions/(cm2 s)];

(2) Y(Ei) was linearly approximated at each energy interval to
provide a new yield for all energies corresponding to real
IFEDF’s shape;

(3) sputtering yields were recalculated using yields from the previ-
ous step and the normalized IFEDFs; and

(4) steps (2) and (3) were repeated until the difference between the
corresponding rates of two consequent iterations was less than
0.001% of the latest rate for all sputtering regimes.

c. Results. The obtained Si sputtering yields, Y(Ei), for Ar+,
Kr+, and Xe+ ions are shown in Fig. 9. As expected, the sputtering
yield drops with decreasing ion energy. However, the slopes of
Y(Ei) are significantly changed below the energy of about 75 eV.
Thus, the Y(Ei) curves are visually divided into two parts: high-
energy sputtering for the energies above ∼75 eV and low-energy
one—below ∼75 eV.

Data for the high-energy sputtering for all studied ions dem-
onstrate linear dependency on ion energy, while their extrapolation
produces physical sputtering thresholds of about 70 ± 5 eV. The
dependency slope is minimal for most heavy Xe+ ions and
maximal for most light Ar+ ions, which mass is closer to the
silicon atom mass. The low-energy sputtering also has linear
dependencies of the sputtering rate on ion energy. However, the
slope of the dependencies is significantly less than the high-
energy sputtering ones.

Decreasing rather slowly, sputtering yields do not drop to zero
at energies below the physical sputtering threshold, mentioned in
the previous paragraph. Linear extrapolation of the Y(Ei) low-
energy parts to zero energy seems to show no sputtering thresholds.
At least, the thresholds are too low to identify, since the magnitude
of the error is comparable with the Y(Ei) values in this energy
range. The distinct change in the Y(Ei) slope and very low thresh-
olds indicate the change in the sputtering mechanism from “classi-
cal” kinetic or physical sputtering to a new one, which may be
similar to so-called “chemical sputtering”27 or “potential sputter-
ing.”27,28 In plasma, in addition to ion kinetic energy, ion neutrali-
zation energy and metastable atoms’ excitation energy, as well as
vacuum ultraviolet (VUV) photons from plasma, may promote the
material atom removal directly or indirectly, through the surface
modification and excitation relaxation. The flux of metastable
atoms,29–31 as well as VUV photons’ flux,32,33 is approximately of
the ions’ flux under the considered conditions. While the ion
kinetic energy greatly exceeds the atom excitation energy, the classi-
cal physical sputtering (i.e., purely kinetic) is dominant. However,

FIG. 8. The laser ellipsometry data from the sample sputtering by Ar+ ions at
different energies. Sputtering rates S determined by the slopes of the lines.

TABLE IV. Plasma parameters for the sputtering. Eion—ion energy, Udc—dc bias potential, Fion—ion flux, P—gas pressure, and ne—plasma electron density.

Eion (eV)

Ar Xe Kr

P = 10mTorr P = 5mTorr P = 10mTorr

ne = 1.47 × 1010 cm−3 ne = 1.15 × 1010 cm−3 ne = 1.25 × 1010 cm−3

Udc (V) Fion (cm
−2 s−1) Upl (V) Udc (V) Fion (cm

−2 s−1) Upl (V) Udc (V) Fion (cm
−2 s−1) Upl (V)

18 … … … 0 5.29 × 1014 11.5 1 6.61 × 1014 12

22 3 1.01 × 1015 15.5 … … … … … …
25 −1 1.01 × 1015 15.5 −4 5.30 × 1014 11.5 −3 6.63 × 1014 12
50 −28 1.07 × 1015 15.5 −31 5.34 × 1014 12.5 −30 6.67 × 1014 13.5
75 −53 1.14 × 1015 16 −59 5.53 × 1014 13.5 −57 6.86 × 1014 14.5
100 −75 1.22 × 1015 16.5 −84 5.72 × 1014 14.5 −81 7.05 × 1014 15.5
125 −98 1.26 × 1015 17 −109 5.91 × 1014 15.5 −105 7.24 × 1014 16
150 −120 1.29 × 1015 17.5 −135 6.10 × 1014 16 −129 7.43 × 1014 17
175 −140 1.31 × 1015 18 −166 6.29 × 1014 17.5 −154 7.51 × 1014 18
200 −163 1.33 × 1015 19 −184 6.48 × 1014 18 −180 7.62 × 1014 18.5
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at ions’ energies below the kinetic sputtering threshold, the impact
of other factors can also impact on the surface, modifying and
reducing surface bonds and promoting atom removal due to other
mechanisms, different from the kinetic one. Thus, we suggest that
low-energy sputtering is a product of the complex impact of not
only kinetic collisions but also ion neutralization, quenching of
metastable excited atoms, and VUV photon absorption.

2. Comparison with other experiments and TRIM
calculations

The comparison is presented in Fig. 10. The TRIM curve was
obtained on SRIM 2003, assuming the silicon surface binding
energy to be 4.73 eV.34 At the chosen ions’ energy region, a varia-
tion in the first decimal of the binding energy noticeably affects the
calculated sputtering yield; thus, TRIM calculations presented in
different studies may noticeably differ. In addition, the TRIM
model had not been optimized for such low energies (mostly due
to the lack of experimental data for this range); hence, the observed
deviation of the obtained results from the TRIM curve is quite
expected.

While there are plenty of systematic studies of silicon35 (most
of them with ion beams), only a few of them can be considered to
have been made under reliable conditions for ion energy below
200 eV and none of them in plasma. For comparison, we selected
only the experiments that had been made (a) in the similar ion
energy range, (b) in a relatively clean environment (i.e., without
specially added chemically active gases), and (c) with reliable and
precise enough in situ measurements of material thickness’ dynam-
ics. Thus, it allows us to focus on comparison with the results of
only two works: Varga et al.36 and Balooch et al.37

In the first study,36 no information of the ions’ flux measure-
ments was presented. Therefore, it is impossible to validate exactly

their yield in absolute values. In the second study,37 the experimen-
tal setup removes ions with energies below selected cut-off values.
The cut-off energies were slightly less than IEDF peaks, which
increases mean ion energies; however, in yield calculations, the
cut-off energy was considered the ion energy. At the same time, the
setup may also unpredictably increase the ion angular distribution,
which, together with the previous issue, could lead to the overesti-
mation of the yields.

Accurate absolute measurement of the yield is most often dif-
ficult in experimental studies. It is one side of the “big scatter
problem” for the yield at low ion energy. The other side is the
possible modification of the surface due to ion bombardment.
This surface modification depends on the sort of ions, ion flux, and
total doze as well as ion energy and, surely, the structure of the
target material. To insight somehow into this issue, we carried out
a series of AFM and XPS measurements of the treated samples.

B. Surface layer

The top surface layer of pristine and sputtered by Ar+ and Xe+

ion samples was inspected by AFM and XPS, more detailed parame-
ters of which are given in Sec. II C 1. AFM measured roughness of
the pristine surface is about ±2–3 nm, while the surface roughness of
the samples sputtered by Ar+ and Xe+ ions is essentially low, being
about ±0.5 and ±0.75 nm, respectively, which clearly demonstrates
the “flattening” of the material surface under ion bombardment.

To make the results more descriptive, we added the approxi-
mate depth axis together with the sinus of the angle of incidence.
The approximate depth was estimated assuming the maximum
XPS analysis depth of about ∼4 nm from the Kratos Analytical
Axis Ultra DLD specifications (i.e., x-ray photoelectron free
path length).

FIG. 10. Comparison of this work silicon sputtering yields by Ar+ ions with
other works and SRIM calculations.

FIG. 9. Silicon sputtering yields’ dependencies on ion energy by argon,
krypton, and xenon ions.
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The ex situ XPS data demonstrate a noticeable quantity of
contaminants in all the samples. The XPS data at the normal angle
of incidence for the pristine silicon samples show about ∼14% of
carbon and ∼26.7% of oxygen, while the treated samples contain a
few percent of aluminum (∼5.4% and ∼6.4% for Ar+ and Xe+

treated, respectively) and corresponding noble gas (∼1.5% of Ar
and ∼1.1% of Xe), as well as higher concentrations of O (∼37.7%
for Ar+ treated and ∼40.4% for Xe+ treated) and C (∼30.3% for
Ar+ treated and ∼24.2% for Xe+ treated). The oxygen and carbon
contaminations are the result of the samples’ exposure to the room
atmosphere, while argon, xenon, and aluminum were deposited
during sputtering. Angular analysis provides sufficient data to dis-
tinguish composition changes in the material bulk from the com-
pounds deposited on top of the samples. The percentage of Si, O,
Ar, and Xe decreases with the decrease in the angle of incidence,
while Al and C concentrations essentially grow (up to two times).
Considering the above, one can suppose that aluminum was partly
redeposited on top of silicon from the aluminum electrode during
sputtering, while carbon appeared on top of the material due to
exposure to different carbon compounds (mostly organic ones)
during transfer from the experimental chamber to XPS.

The material bulk contamination ( just under the surface
boundary) provides additional information about the modification
of the silicon top layer during sputtering. Pristine and the treated

samples were approximately at the same time under atmosphere
exposure; however, the percentage of O, as well as the change in
the Si 2p peak intensity (Figs. 11 and 12), demonstrates a signifi-
cant increase in the oxidized layer in the sputtered samples. Indeed,
the sputtered samples demonstrate almost full conversion of Si–Si
bonds into Si–O in the topmost layer and a significant content of
oxygen in the depth, where Ar and Xe are also observed. At the
same time, pristine samples demonstrate the lower content of
oxygen on top, while oxygen is almost absent in the depth. It corre-
sponds to the well-known process of silicon oxidation in the room
atmosphere, i.e., so-called native oxide ∼2 nm (Fig. 12). It is known
that defects in silicon strongly promote oxidation. The higher the
density of defects, the stronger and deeper the oxidation. Therefore,
it is quite reasonable to suppose that the energetic ions penetrating
into the Si bulk create defects, which then promote stronger Si oxi-
dation under exposure to atmospheric oxygen.

The ratio of Ar and Xe to Si atoms’ XPS spectra vs sinus of
the angle of incidence for Ar+ and Xe+ ions sputtered samples,
respectively, is shown in Fig. 13. The results can be interpreted as
Ar and Xe relative to Si concentration vs depth.

The areal density Ns of Ar and Xe atoms provides additional
qualifying information about possible modification of the top layer.
It was estimated from the XPS data as follows: Ns ¼ NA(ρh/μ)*na,
where NA is the Avogadro constant, ρ is the material density, h is

FIG. 11. Modification of Si–2p after sputtering. XPS data for different angles of incidence.
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the maximum XPS analysis depth, μ is the molar mass, and na is
the relative XPS peak intensity of implanted atoms. Estimated
areal densities are ∼9.2 1014 and ∼5.4 × 1014 atom/cm2 for Ar
and Xe, respectively. At such doses without sufficient heating
(∼900–1500 °C) in standard implantation techniques (with
keV–MeV ions), implanted atoms tend to form agglomerates.38

The analogous phenomenon is well known for high-energy (thou-
sands of eV) ions in plasma, when high doses of the implanted
ions lead to the formation of blisters under the surface.39,40 It is
also observed in nanometer multilayer structures exposed to low-
energy (tens and hundreds of eV) ions.40,41 We suppose that
during sputtering, the formation of some sort of clusters of noble
gases can happen on the structural irregularities, appearing due to
damage by bombarding atoms of the pristine material. In this
sense, the implantation of ions can lead to decreasing the sputter-
ing yield.

IV. CONCLUSION

Sputtering of thin amorphous silicon films by Ar+, Kr+, and
Xe+ ions at normal incidence of ions was studied in the energy
range of 20–200 eV under the plasma conditions. The experiments
were carried out in a low-pressure ICP discharge (∼10 mTorr),
respectively, in pure argon, krypton, and xenon at a plasma density
of 1 × 1010–1.5 × 1010 cm−3. The samples were placed on a ther-
mally stabilized electrode, with applied RF bias to control the
energy of the ions arriving at the electrode. In this case, the compo-
sition, energy spectrum, and ion flux on the electrode surface were
measured. The sputtering rate was measured in situ with a laser
ellipsometer.

These measurements made it possible to accurately determine
the sputtering yield Y(Ei) of amorphous silicon under plasma con-
ditions in the range of 20–200 eV. As far as we know, these are the
first systematic data on Y(Ei) in plasma for such low ion energies,
especially for less than 70 eV. It is shown that at high ion energy,
above the threshold of ∼70 eV, the “classical” kinetic sputtering
mechanism prevails, where Y(Ei) rapidly grows with increasing ion
energy. In this case, the sputtering yield is the lowest for heavy Xe+

ions and the highest for Ar+ ions, the mass of which is closest to
the mass of target Si atoms.

As the ion energy decreases below the threshold, Y(Ei)
becomes low in the absolute value, but the character of the Y(Ei)
dependence changes. Y(Ei) slowly decreases with lowering ion
energy down to an energy of ∼20 eV. This indicates a significant
contribution from another “potential” sputtering mechanism.
Plasma treatment including additional sources of ion surface neu-
tralization, fluxes of excited metastable atoms, and VUV photons
onto the surface may affect the surface state and, therefore, change
the sputtering rate. The XPS analysis made under different angles
indirectly confirms the essential modification of the Si top layers.

Thus, under plasma conditions, when large fluxes of energetic
particles, in addition to the ions themselves, arrive at the surface of
the treated material, it is possible to sputter the material at very low
ion energy due to the modification and excitation of the surface by
these particles. So, for example, the authors observed the gradual
shifting of the threshold of fast “kinetic” sputtering in Ar plasma to
the low energy (up to 30 eV) due to essential increasing discharge
power, i.e., plasma density and fluxes of active particles on a
surface, which can be indirect confirmation of such an impact. In
principle, the mechanism of low-threshold potential ion sputtering
may be possible without plasma itself. Anyway, it, as well as the
low-energy sputtering in plasma, requires a careful study in the
context of atomic layer plasma technologies.

FIG. 12. Changes in the Si–O to Si–Si ratio extracted from Si 2p.

FIG. 13. Relative to silicon atom concentrations of argon and xenon atoms in
the samples after sputtering by Ar+ and Xe+ ions, respectively. The surface
roughness for each sample, obtained in the AFM study, is illustrated together
with the XPS dependencies.
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