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Abstract—The silicon oxide thin films obtained by thermal SiO, treatment in hydrogen electron cyclotron
resonance plasma at various exposure times are investigated. Using X-ray photoelectron spectroscopy, we
have established that such treatment leads to a significant oxygen depletion of thermal SiO,, the more so the
longer the treatment time. The atomic structure of the SiO, ., films obtained in this way is described by the
random bonding model. The presence of oxygen vacancies in the plasma-treated films is confirmed by com-
paring the experimental valence band photoelectron spectra and those calculated from first principles, which
allows the parameter x to be estimated. We show that thermal silicon oxide films treated in hydrogen plasma
can be successfully used as a storage medium for a nonvolatile resistive memory cell.
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1. INTRODUCTION

Oxygen-depleted silicon oxide (SiO, .,) films are a
promising candidate for the active medium of resistive
memory elements (memristors), whose principle of
operation is based on the reversible switching of the
oxide layer in a metal—insulator—metal (MIM) struc-
ture between the high and low resistance states (resis-
tive random access memory, RRAM) [1, 2]. The resis-
tive states in memristors based on silicon oxide are
believed to be switched through the electrodiffusion of
oxygen vacancies in the insulating layer that leads to
the formation/breaking of a conducting filament [3,
4]. The advantage of SiO, over other insulators suitable
for use as an active RRAM medium is its compatibility
with the standard technological processes of modern
microelectronics.

At present, the technologies for the synthesis of
thin stoichiometric oxide films have been well devel-
oped. One promising method of obtaining nonstoi-
chiometric oxygen-depleted films is the treatment of a
stoichiometric oxide in hydrogen electron cyclotron
resonance (ECR) plasma. The merit of the hydrogen
ECR plasma is a high degree of ionization at a rela-
tively low ion temperature and a low burning pressure
(up to 1073 Pa), so that the thermal effect on the film
surface is small during its treatment. This method
proved to be good during partial V,05 reduction [5]. In
addition, it was established that the treatment of HfO,

films in hydrogen plasma leads to their oxygen deple-
tion (the formation of HfO, .,) and an improvement of
the storage characteristics of memristors based on this
oxide [6]. Using a nonstoichiometric oxide as the
active layer of a memristor is interesting, in particular,
as a way of solving the forming problem, which neces-
sitates a high voltage for the first memristor switching
from the initial state to a low-resistance one. The
forming is currently one of the key problems in design-
ing RRAM arrays. The RRAM structures based on
HfO, with x = 1.8 were shown in [7] to be forming-
free. The possibility of an oxygen depletion of SiO,
films by their treatment in hydrogen ECR plasma has
not been investigated previously.

The goal of this paper is to study the atomic and
electronic structure of thermal SiO, thin films treated
in hydrogen ECR plasma, to verify this treatment as a
way of obtaining nonstoichiometric oxygen-depleted
SiO, ., films, and to ascertain whether the films
obtained are suitable for use as the active medium of
an RRAM cell.

2. SAMPLES AND METHODS

Stoichiometric SiO, films 20 nm in thickness were
obtained by thermal Si (100) oxidation; KDB p**—Si
was taken to use the silicon substrate as the lower elec-
trode of a MIM structure thereafter. The SiO, films
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Fig. 1. Schematic view of the ECR plasma facility. The
loader includes a sample holder and a shutter to control the
exposure time.

were treated in a vacuum chamber assembled on the
basis of an exhaust unit with a turbo-molecular pump
(a residual pressure in the chamber less than 10~ Pa)
into which an antenna-type hydrogen ECR plasma
source with a multipole magnetic system was built
(Fig. 1). The operating frequency of the source is
2.45 GHz. The ECR plasma was excited at a hydrogen
pressure in the vacuum chamber of 1.8 x 102 Pa. The
power pumped into the plasma was 76 W at a magne-
tron current of 20 mA (the empirically established
optimal value). A bias potential of -300 V was fed to
the copper sample holder. The temperature of the sub-
strate when exposed to the plasma increased by no
more than 17°C. A series of SiO, films was obtained
with various exposure times in the hydrogen ECR
plasma: 2, 6, and 14 min.

To measure the current—voltage characteristics
(CVCs), a layer of Ni contacts 0.2 X 0.2 mm? in size
was deposited on p™"-Si/SiO, structures by electron-
beam evaporation. The CVCs were measured with a
Keithley 6517a electrometer at room temperature.

The X-ray photoelectron spectra (XPSs) were
measured with a VG ESCALAB HP spectrometer
(Great Britain) using a non-monochromatic AlK,
emission (1486.6 eV, 150 W). The full width at half
maximum (FWHM) of the Au4f; , line at an analyzer
transmission energy of 20 eV was 1.1 eV. The samples
were fixed to double-sided copper scotch tape. The
method of an internal standard with the Cls line
(binding energy E = 284.8 eV) was applied to calibrate
the photoelectron peaks. The spectra were measured
at an analyzer transmission energy of 20 eV. The O-to-
Si atomic concentration ratio (parameter x) was deter-
mined from the integrated intensities of the Ols and
Si2p photoelectron lines after the Shirley background
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subtraction by taking into account the corresponding
atomic sensitivity factors (ASFs) of the elements.

Our—quantum-chemical simulations were per-
formed within the density functional theory in the
model of periodic cells in the Quantum ESPRESSO
software package [8]. We used the hybrid exchange-
correlation parametrization functional B3LYP, which
provides the proper band gap of the oxides [9, 10]. The
cutoff energy of plane waves was taken to be 950 eV;
the core was taken into account via norm-conserving
pseudo-potentials. The oxygen vacancies in SiO, were
simulated by the removal of oxygen atoms in the o-
SiO, supercell followed by structural relaxation. The
computational technique was validated for SiO, previ-
ously [11]. The valence band XPSs were calculated by
summing the spectra of the projected density of states
(PDOS) Si3s, Si3p, O2s, and O2p with weight factors
of 3.061, 0.842, 0.964, and 0.128, respectively, derived
from agreement between the calculation and experi-
ment for stoichiometric SiO, with their smoothing by
a Gaussian with ¢ = 1.3 eV.

3. RESULTS AND DISCUSSION

SiO, treatment in hydrogen ECR plasma for more
than 2 min leads to a broadening of the Si2p XPS into
the low-energy spectral range, the more so the longer
the treatment time (Fig. 2). For the original film and
the one treated for 2 min the FWHM of the peak is
1.9 eV; for the films treated for 6 and 14 min it is 2.0
and 2.05 eV, respectively. Deconvolution of the Si2p
XPS into individual spectral components shows that
the spectrum of the untreated film is described by a
single peak with £z = 103.5 eV typical of silicon in the
charge state 4+ (Si*"). An additional peak at E, =
102.5 eV typical of Si** [12] appears when deconvolv-
ing the spectrum of the sample with 6-min treatment.
The contributions of the Si*" and Si3* states to this
spectrum are 94 and 6%, respectively. Two additional
peaks at Ep = 102.5 eV (from Si**) and Ez = 101.6 eV
(from Si?*) [12] are observed in the decomposition of
the Si2p spectrum for the SiO, film treated for 14 min.
The contributions from Si**, Si**, and Si** to the Si2p
XPS for this sample are 87, 11, and 2%, respectively.

The noticeable signal from Si** and Si** in the Si2p
XPS suggests a high concentration of oxygen vacancies
(Si—Sibonds) in the investigated samples. The param-
eter x = [O]/[Si] for the films treated in the plasma for
6 and 14 min with respect to the atomic concentrations
of oxygen and silicon is estimated to be 1.9 and 1.85,
respectively. For the original SiO, sample the ratio
[O]/]Si] = 2. Since the mean free paths of the photo-
electrons from the Si2p (3.7 nm) and Ols (2.8 nm) lev-
els in Si0O, are fairly close, the influence of the adsor-
bates (the screening of the signal intensity from silicon
and oxygen) was disregarded when determining the
ratio [O]/[Si].
Vol. 131
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Thus, thermal SiO, treatment in hydrogen ECR
plasma gives rise to a nonstoichiometric oxygen-
depleted silicon oxide SiO, .,, with x being smaller the
longer the treatment time.

The atomic structure of SiO,.., can be described
either by the random bonding (RB) model, when the
Si—Si and Si—O bonds are distributed statistically ran-
domly over the oxide structure, or by the random mix-
ture (RM) model, when Si separates into clusters, and
a combination of these models [13, 14]. According to
the XPS data, there are no clusters in the plasma-
treated Si films. In the RB model the atomic structure
of SiO, is described by five sorts of Si—O(v)Si(4 — v)
tetrahedrons, where v =0, 1, 2, 3, 4 (the charge states
of the central silicon atom Si°, Si'*, Si%*, Si**, and
Si**, respectively), with the fraction of tetrahedrons of
a given sort in SiO, being defined by the statistic

w03 o

Using this formula, it is easy to calculate that 94%
of the Si—0O(4) tetrahedrons and 6% of Si—0O(3)Si in
the SiO, structure correspond to x = 1.97 (the fraction
of Si—O(v)Si(4 — v) tetrahedrons withv=2, 1, 0 for a
given x is 0.131% in total. It is this ratio of Si*" and Si**
that was derived for the film with 6-min treatment
and, hence, x = 1.97 for this film. SiO, with x = 1.94 in
the RB model consists of 88% of Si—0(4), 11% of Si—
0O(3)Si, and 1% of Si—0(2)Si(2) (the contribution of
Si—0(1)Si(3) and Si—Si(4) is 0.01%). This ratio of the
fractions of tetrahedrons is close to the estimated ratio
of the contributions from Si**, Si**, and Si*" to the
Si2p XPS for the film treated in the plasma for 14 min.
Thus, x = 1.94 for this film. The values of the parame-
ter x that are given by the description of the atomic
structure of the investigated SiO, films by the RB
model qualitatively agree with those derived from the
experimental Ols and Si2p XFS data. The quantitative
discrepancy is explained by a low accuracy of the latter
method (the typical error is about 5%).

The Ols XPS for all our SiO, samples has a maxi-
mum at Ez = 532.5 eV and gives almost coincident
bulk plasmon energies, 22.5 + 0.2 eV (Fig. 3). This is
consistent with the weak dependence of 7im; on x for
SiO, at 1 <x < 2 established previously [15]. Since the
Ols XPS also reflects the spectrum of the photoelec-
tron energy loss due to interband transitions, the oxide
band gap E, can be estimated by a linear interpolation
of the edge of this spectrum to the background level
(Fig. 4). In this way we obtained E, = 8.3, 8.0, and
7.8 eV, respectively, for the original sample and the
samples treated in the ECR plasma for 6 and 14 min.
Despite the low accuracy of the method related to the
arbitrariness in choosing the energy range for the lin-
ear interpolation, we revealed the proper trend of the
dependence E,(x) for SiO,. E, also decreases with
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Fig. 2. Deconvolution of the Si2p XPS for the measured
SiO, and SiO,, samples into individual components. The
symbols represent the experiment; the blue, red, and green
lines indicate the decomposition components; the violet
line indicates the sum of the decomposition components.
The deconvolution was performed by taking into account
the asymmetry of the Si2p peak with an asymmetry coeffi-
cient of 8%.

decreasing x. For stoichiometric SiO, the derived E, is
consistent with the well-known data [16].

The valence band XPSs for the original film and
the film treated in the plasma for 14 min are well
described by the XPSs calculated within the density
functional theory, respectively, for stoichiometric
SiO, and SiO, with oxygen vacancies (Fig. 5). Both
calculated and experimental spectra demonstrate a
broadening of the upper edge of the valence band E,
which is clearly seen in the corresponding difference
spectra. The broadening in the calculated spectra is
attributable to the defective layers in the band gap
from oxygen vacancies (Si—Si bonds), with this broad-
ening being greater the high the concentration of
vacancies [11]. We can select such a concentration of
oxygen vacancies in the modeled structure at which
the calculated broadening (or the difference peak) will
coincide with the experimental one. This gives an
independent method of estimating the parameter x in
SiO, [17]. Thus, we established that the experimentally
observed broadening of the valence band XPS after 14-
min film treatment is well described by the calculated
one when simulating one oxygen vacancy in a 32-atom
supercell, corresponding to an atomic ratio [O]/[Si] =
1.92.

The accuracy of this method is limited by the fairly
low signal-to-noise ratio of the experimental valence
Vol. 131
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Fig. 3. Ols XPSs for the original SiO, and after its treat-
ment in the plasma for 6 and 14 min. The inset shows the
maxima of the spectra corresponding to the bulk plasmon
energy.

band XPSs measured with the spectrometer without a
monochromator. In particular, big noise (and a small
deviation of x from 2) did not allow this method to be
applied to estimate the parameter x in the SiO, film
treated in the plasma for 6 min. The parameter x for
the film with 14-min plasma treatment derived by
comparing the calculated and experimental valence
band XPSs is close to its value deduced from the
description of the atomic structure of this sample in
the RB model, x = 1.94. This confirms the conclusion
that the film structure is described by the RB model
and that the method of estimating the parameter x
from the ratio of the Ols and Si2p XPSs gave underes-
timated values.

To ascertain whether the SiO, ., films obtained are
suitable for use as the active medium ofan RRAM cell,
we measured the CVCs of three p**-Si/SiO,/Ni struc-
tures in which the oxide layer was treated in the hydro-
gen ECR plasma for 2, 6, and 14 min (Fig. 6). It can be
seen that the structures where the oxide layer was
treated for more than two minutes have a typical CVC
for a memristor: they are able to switch between the
high (HRS) and low (LRS) resistive states in a revers-
ible way. The memory window, i.e., the ratio of the
LRS and HRS currents, increases as the treatment
time of the functional layer in the plasma increases.
On the CVCs of the structures with oxide layer treat-
ment times of 2, 6, and 14 min the ratio of the LRS and
HRS currents at a voltage of 2 Vis 2, 10%, and 2 x 107,
respectively. A detailed study of the memristor proper-
ties of the structures obtained is the subject of further
investigations.
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Fig. 4. Spectra of the Ols photoelectron energy loss and an
estimate of E, for the original SiO, and after its treatment
. g .

in the plasma for 6 and 14 min.

Thus, the treatment of thermal SiO, thin films in
the hydrogen ECR plasma gives rise to nonstoichio-
metric SiO, ., that can be used as the active medium of
memristors. However, our data do not allow the
degree of homogeneity of the SiO, films obtained to be
ascertained. This question remains open.

4. CONCLUSIONS

In this paper we studied the atomic and electronic
structure of thermal SiO, thin films treated in hydro-
gen electron cyclotron resonance plasma for various
times. An analysis of the X-ray photoelectron spectra
showed that such treatment leads to an oxygen deple-
tion of thermal SiO,, with the degree of depletion
being higher the longer the treatment time. We estab-
lished that the atomic structure of the nonstoichio-
metric SiO, ., films obtained by plasma treatment is
described by the random bonding model, in which the
Si—Si and Si—O bonds are distributed statistically ran-
domly over the oxide structure. We estimated the
parameter x by three different methods: from the inte-
grated intensity of the O2s and Si2p XPSs; from the
deconvolution of the Si2p XPS into individual compo-
nents and the description in the RB model; from a
comparison of the experimental valence band XPSs
and those calculated from first principles. The band
gap was estimated by analyzing the spectra of the Ols
photoelectron energy loss; 8.3, 8.0, and 7.8 eV were
obtained, respectively, for the original sample and the
samples treated in the plasma for 6 and 14 min. We
established that the CVCs of the p**-Si/SiO,/Ni
No. 6
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Fig. 5. Experimental (symbols) valence band XPSs and those
calculated from first principles (lines) for SiO, and SiO,. The
inset shows the corresponding difference spectra.
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Fig. 6. CVCs of p*"-Si/SiO,/Ni structures with various
treatment times of the functional layer in the hydrogen
plasma.

structures where the oxide layer was treated in the
1 hydrogen ECR plasma have a typical CVC for a mem-
ristor. In this case, the memory window of the mem-
ristors increases with exposure time in the hydrogen
plasma. Thus, the treatment of stoichiometric thermal

SiO, in hydrogen ECR plasma is an efficient method
of obtaining nonstoichiometric SiO, . , films suitable
for use as the active medium of an RRAM cell.
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