Formation of a two-dimensional oxide via oxidation of a layered material
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ABSTRACT. We investigate the oxidation mechanism of the layered model system GeAs. In situ X-ray photoelectron
spectroscopy experiments performed by irradiating an individual flake with synchrotron radiation in presence of oxygen show
that while As leaves the GeAs surface upon oxidation, a Ge-rich ultrathin oxide film is being formed in the topmost layer of the
flake. We develop a theoretical model that supports the layer-by-layer oxidation of GeAs, with a logarithmic kinetics. Finally,
assuming that the activation energy for the oxidation process changes linearly with coverage, we estimate that the activation
energy for As oxidation is almost twice that for Ge at room temperature.

A Introduction

Lately, ultrathin oxide films have been emerging as a
promising new class of two dimensional (2D) materials.
Among them, silica or germania single- and bi-layer have
attracted much attention as they show tuneable
crystallinity, ranging from a highly ordered crystal state to
a complete amorphous one, depending on the growth
characteristics®. In particular, the structure of the
amorphous state has been widely investigated at the
atomic level revealing interesting information on the
structure and the dynamics of glassy and disordered
materials at low dimensions?3. The preparation of these
films is rather challenging and still not scalable, and
although there is a report where 2D silica has been
obtained on graphene, in the other cases the ultra-thin
oxide films have been grown on metallic surfaces (like
Ru(0001) or Mo(112))*®. Furthermore, it is still unclear
whether this method could be used to form 2D oxides of,
for example, transition metals, for the synthesis of which
other processes can be used”2. In this work, we explore a
possible alternative approach for the formation of an
ultra-thin 2D oxide film, namely the oxidation of a parent
layered material. Indeed, excluding graphene and
hexagonal boron nitride, most layered materials are
somewhat unstable at environmental conditions. Some,
like black phosphorus for example, if left in air will quickly
and severely degrade®; others, like GeAs and GeS,, will
form an ultra-thin oxide passivating layer on their surface
that eventually prevents oxidation of the inner layers?®.
Even transition metal dichalcogenides, which have long
been thought to be stable in air, will react with oxygen
over time, starting at chalcogen vacancy sites'%!?. Despite
this, detailed information about the atomistic mechanism
leading to two-dimensional oxidation of layered
materials is still lacking.

In this study, we try to fill this knowledge gap by taking
GeAs as layered model system. Notably, we focus on the
first stages of the oxidation process that leads to the
formation of a 2D oxide layer, and provide novel and
detailed insights into its mechanism and kinetics. The
oxidation experiment has been performed at in situ
conditions on a single GeAs flake using synchrotron

radiation, which allowed us to gain accurate chemical
information about the sample surface at the single flake
level via X-ray photoelectron spectromicroscopy (that is,
spatially resolved X-ray photoelectron spectroscopy,
XPS). The data show that the oxidation process is rather
slow and confined to the topmost GeAs layer. Notably, As
in this layer abandons the surface as gas upon reacting
with oxygen, whereas a solid Ge-rich 2D film is being
formed. Furthermore, we have developed a theoretical
model that explains well the time dependence of Ge and
As XPS intensity signals, hence providing useful insights
into the kinetics of the oxidation reaction.

B Experimental

GeAs flakes were deposited from a single crystal (2D
Semiconductors) using scotch tape method on a 2-nm-
Au-coated Si/SiO2 substrate with index marks. The XPS
experiments were carried out at the ESCA Microscopy
beamline at Elettra®® (Trieste, Italy) with photon energy
of 647.95 eV, pass energy of 20 eV, detection angle of 30°
with respect to the sample surface and an X-ray beam of
130 nm diameter. To avoid any contamination of the
sample, the exfoliation was carried out in the UHV
chamber (p < 7x1071° mbar). Photoelectron maps of Ge 3d
were acquired to localize suitable, isolated flakes (Figure
1). Prior to starting the oxidation experiment, a survey
spectrum was acquired to confirm the absence of oxygen
and other contaminants on the flake’s surface. Next, a
small amount of oxygen was let into the chamber via a
leak valve (oxygen partial pressure being 1.75x10°® mbar),
while Ge 3d and As 3d core levels were collected
continuously to follow the formation of the ultrathin
oxide layer at in situ conditions. Being relatively close in
binding energy, Ge 3d and As 3d were both collected
within a single spectrum-sweep. This simple choice
guarantees that the two spectra are always normalized to
each other. All spectra shown here are energy calibrated
with respect to the position of Au 4f7;; photoelectrons
(binding energy, BE = 84.0 eV) of an Au reference sample.
After the experiments at Elettra, the same flakes were
characterized ex situ by optical microscopy and atomic
force microscopy (AFM) (Figure 1).
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Figure 1. (a) Ge 3d map of a flake selected for the in situ
oxidation experiment. (b) Optical image and (c) AFM image
of the same GeAs flake. (d) Thickness profile along the white
line in the AFM image in (c).

C Results and discussion

Figure 2a shows the different behaviour of Ge and As in
GeAs upon exposure to oxygen. The intensity of As 3d
peak displays only a continuous intensity reduction,
without any apparent change of the line shape, while the
Ge 3d peak shows also a broadening due to the formation
of a shoulder at higher binding energy. The spectra have
been fitted using two components for As 3d and five
components for Ge 3d*!° as reported in Figure 2b.
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Figure 2. (a) Ge 3d and As 3d spectra of GeAs flake during an
oxidation experiment. (b) Fitted spectra of Ge 3d and As 3d

at the beginning and at the end of the oxidation. (c)

Evolution of the ratio of the area of individual components in
Ge 3d and As 3d (insert) to the total area of the peak during
the oxidation. (d) Evolution of the total area of the Ge 3d
and As 3d peaks normalized to the peak area before the
oxidation. The error bars represent the uncertainty in the fit.

The five components of germanium are the characteristic
doublet of GeAs (BE = 29.9 eV), followed by the different
oxidation states of Ge, that is Ge'* (BE = 30.5 eV), Ge?* (BE
= 31.5 eV), Ge3 (BE = 32.4 eV), Ge* (BE = 33 eV)!; the
two components of As are instead the one from As-Ge
bond (As?, BE = 41.3 eV) and the one from As-As (As®, at
BE = 42.1 eV)™!% The evolution of the individual
components in Ge 3d and As 3d core levels are reported
in

Figure 2c. Prior to introducing oxygen in the chamber,
germanium shows only the components characteristic of
GeAs (notice the sharp peak in the upper spectrum of
Figure 2b), whereas, upon oxidation, new components
appear at higher binding energy, as a result of bonds with
oxygen. It is worth noting that in our experiments
germanium never reaches the oxidation state of Ge**
characteristic of bulk GeO: (note the intensity of the
yellow, solid line in Figure 2b). Also, after about 7000
Langmuir (L) of oxygen a plateau is reached, and the area
of the unoxidized Ge component has decreased to 45% of
its initial value. On the other hand, the two As
components — that is, As? and As® — show only a minor
change over time, with As? intensity slowly decreasing
and As® slowly increasing (note the Inset in Figure 2c),
possibly indicative of As dimerization?’. Lastly, Figure 2d
reports the evolution of the total area of Ge 3d and As 3d
core levels throughout the experiment (after
normalization with the peak area before oxidation). By
looking at this graph it is possible to have a better
understanding of what is happening in the sample. The
total Ge area, apart from small fluctuations, remains
constant during the experiment, indicating that the total
amount of germanium inside the sample is not changing
over time. Simply, some of the Ge in GeAs is now forming
new bonds with oxygen. The As area is instead clearly
decreasing (as it was already visible in Figure 2a),
revealing that arsenic is being lost during the oxidation of
GeAs. A similar behaviour was also observed during
oxidation of As-terminated silicon!’. Notably, at the end
of the experiment, approximately 17% of As in the
sampled volume has been lost. Considering the kinetic
energy of the Ge 3d and As 3d photoelectrons and the
detection angle in our experimental setup, we can
estimate the escape depth in our experiments as to 2.22
nm (the escape depth if defined as 3 times the effective
IMFP, see Supplementary Information), which provides a
sampling thickness of a bit more than 3 GeAs layers (the
interlayer distance in GeAs being 0.66 nm). By taking into
account the exponential attenuation of the XPS intensity
with respect to the distance from the surface, from our
data we can infer that almost all of the Ge atoms in the



first GeAs monolayer have reacted with oxygen (see
Supplementary Information).

The experimental data presented in Fig. 2 give us the
possibility to propose a model for both oxidation kinetics
and attenuation of the photoelectron intensity in the
sample. In particular, the photoelectron intensity from
oxidized (unoxidized) components are estimated by
summing up the contributions arising by each layer and
considering an attenuation factor depending on the
electron mean free path, which has been taken as a
constant over the whole oxidation reaction. Following
the experimental data, we assume that the total number
of Ge atoms in the sample is conserved during oxidation
(see Fig. 2d), whereas As leaves the sample at a rate that
is equal to its oxidation rate, namely r, with r being the
rate of the reaction As + (x/2) O, = AsO,. Within the
framework of this model, we simplify the arrangement of
Ge and As atoms in each GeAs monolayer (ML) as
displayed in Figure 3. Namely, we consider each GeAs ML
to be made up of five layers, two of As, the topmost and
bottommost, and three of Ge, in the middle. Thus, we
introduce two characteristic distances, d and 6, with a =
d+6 being the distance between two consecutive GeAs
MLs. To simplify the mathematical computation, in the
following treatment the distance between two successive
layers within the GeAs ML is taken equal to d: = d/4. The
distance of each layer from the top layer, is then given by:

Ge —layers: d;, =(m—1a+l1ld; 1 =123 (1)

As —layers: djy =(m—1)a+{—-1)d; =12 (2)

In these equations m = 1,2,3... is the ML index, while /
enumerates the Ge and As layers within the m-th GeAs
ML. In what follows, the density of Ge (As) atoms in each
layer of Ge (As) is assumed to be the same.
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Figure 3. Sketch highlighting the geometrical parameters used
for developing the kinetic model; m stems for the GeAs ML
index, 4 is the space between two consecutive MLs, d the ML
thickness and a the distance between two consecutive GeAs
ML. We approximate each GeAs ML with 5 layers (1 to 5);
the topmost and bottommost layers are made of As (blue

dots), the three middle ones by Ge (orange dots). More details
can be found in the main text. a = 0.66 nm; d = 0.48 nm; 6 =
0.18 nm.

The photoelectron intensity from an oxidized Ge layer at
dim is attenuated by a factor of e~ %m/% Therefore, the
whole photoelectron intensity, due to n oxidized MLs
plus j Ge layers underneath (j < 3), reads:

n—1 3
Ioeox = Iy (Z e—ka/l)( e—ml//1>
k=0 =1

-

+ e—na/i e—ldl/l (3)

=1

with /o the intensity from a single layer of Ge in the oxide
placed at d = 0. The first term of the square bracket
accounts for the three Ge layers (thus, the sum over /) of
the fully oxidized n GeAs MLs. In the first round-bracket,
each term in the sum over k refers to the distance
(including &) of the (k+1)st fully-oxidized ML from the
flake surface (that is, the distance ka). The second term
of the equation considers, instead, the partially oxidized
GeAs ML within the (n+1)st ML. Obviously, when none
of the GeAs MLs is fully oxidized, then n = 0 and the first
contribution in the square bracket vanishes. From eqgn.
3, it stems that the photoelectron intensity is a function
of nand j: Ige ox = I(n,j), where I(n,3) = I(n + 1,0).

Eqn. 3 can be rewritten as

n

loear = o [(5=5 ) 4 + X7 FO)|

(4)

with X = e~ %4, F(j) = X1_ e/ and A= F(3) =
¥3_, e~!1/% The thickness of the oxide, expressed in
number of Ge-layers, is equal to J = 3n + j, where Jis to
be considered time dependent (see eqn. 8 below).

Considering the same cross-sections for the oxidized and
unoxidized components, the intensity from the
unoxidized Ge (Ge(®) is
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k=n+1

where the first term of the squared bracket accounts for
the yet unoxidized Ge (thus the sum over /+1) in the last
oxidized GeAs ML (that is, the n+1 layer), whereas the
second term accounts for the signal from the unoxidized
GeAs MLs.

Eqgn. 5 can be rewritten as

n+1

Lo = I [XM(A=F()) + A (6)

1-X

To interpret the experimental data, we normalize the
intensities according to I';,0) + I'geox = 1. From egns. 4

and 6 it follows that I; o) + Ige,ox = %. Accordingly, the
intensities are divided by the factor %. For the Ge®

component the normalized intensity is

. y __yj+1
IGe(o) :Xn—Xn(l—X)W '
—xn—xna—x0Y o
1-y3

where y = e~41/%_Eqn. 7 gives the number of oxidized

layers within the (n+1)-th ML:

j= = | Eee@ = X"

a4 m(l—y3)+1 . ®

Eqn. 8 can be used for determining the time
dependence of the number of oxidized layers from the
experimental XPS intensities, with the parameter values
being A = 0.75nm, d:=0.12 nm and a = 0.66 nm. The
“kinetics” has been computed by assuming n =0,1,... full
oxidized MLs.¥

The outcome of the computation shows that n is equal
to zero in the considered time interval (0 — 120 min).
The whole number of layers, J, increases up to a
maximum of 2.8 (Figure 4). Therefore, the present
analysis is confirming that the whole oxidation process

involves just one GeAs ML, approximatively. It is worth
to point out that also in a previous study of ours, in
which we exploited the spontaneous oxidation of GeAs
(as well as of GeSz) in environmental conditions to
develop a layer-by-layer thinning technique?®, only the
top GeAs monolayer was involved in the oxidation
reaction.

A similar approach is also applied to As. In this case, As
photoelectron intensity from the sample decreases over
time, as explained above. The normalized photoelectron
intensity can be written with an equation similar to eqn.
7 above (see Supplementary Information for more
details):

1-X
I o = [TX"(B —G6()) + X"“], ©

where B=1+2z2z=e Y andG(j) = YJ_ e ¢-D/% =

- ; g
Y1 2™ with j < 2. By using the identity % = 1_;, the
number of oxidized layers of As within the (n+1)-th ML

(hence, removed from the surface) is given by

j==2m Iy —X™

7 Xn(l_X)(1—22)+1 .

(10)

Using the experimental XPS intensity of As 3d core level,
eqn. 10 can be employed to obtain the number of As
layers removed from the GeAs flake. In this case we get
a value of J that is lower than one (Figure 4). This
outcome should be interpreted in the framework of a
kinetic approach; specifically, the ratio between an
increment of J and the elapsed time, AJ/At, gives the
mean oxidation rate expressed in As-layer per unit time.
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Figure 4. Time evolution of the number of Ge and As layers
involved in the oxidation process. The points (dots for Ge
and diamonds for As) in the graph are the experimental data
of the non-oxidized Ge (already shown in Fig. 2c) and of the
total As photoelectron intensity (already shown in Fig. 2d)
properly modified. The dashed lines are the best fit obtained
with a logarithmic kinetic law (see main text for more
details). For Ge, J = 3n + j with n being the number of GeAs
MLs in which all Ge atoms have reacted with oxygen, and j <
3; for As, J = 2n’ + j with n” being the number of GeAs MLs in
which all As atoms have reacted with oxygen, and j < 2

Therefore, we next attempt to describe the oxidation
kinetics. Kinetic data on the oxidation of GeAs are
lacking in literature at odds with the oxidation of
Germanium that has been investigated in a certain
detail. In ref. 18, for example, the oxidation of Ge was
studied in a wide interval of temperature and oxide
thicknesses. It was demonstrated that in the early stage,
the oxidation is in accord with the logarithmic law up to
two monolayer thickness. At this point oxidation stops
for an extended interval of time (which is temperature
dependent). The logarithmic rate is derived by
considering a process with activation energy that
changes linearly with coverage. Integration of the rate
equation provides the kinetics: q(t) = aIn[1 + St]
where g(t) is the number of oxidized atoms per unit
surface with o and 8 depending on temperature$. The
logarithmic kinetics is usually satisfied in the very early
stage of metal-oxide formation at low and intermediate
temperatures?®. The best fit of the logarithmic kinetics
to the data is shown in Figure 4 for Ge and As. The fitting
parameters are dge = 2.2, aas = 0.37, Bge = 0.023 min?!

and Bas = 0.014 min™t. From the logarithmic kinetics®, we
YasQas _ Bas ;4 YAs _ GGe \\hich allows one to
YGeQsGe Bge YGe XAs

estimate the difference between the activation energies
for oxidation of Ge and As:

(Bg a5 = Eo o) = kpTIn (352) = kyTln (222552) = 2.28k, .

aasPas

obtain

If we assume an activation energy for Ge oxidation of
1580 cal/mol of O atom?8, the activation energy for As

oxidation in our experimental conditions turns out to be
approximately twice that for Ge at room temperature.

Conclusions

We have studied the oxidation of an individual GeAs flake
of 66 nm thickness. The oxidation experiment has been
carried out in situ at oxygen partial pressure of 1.75 x 10
6 mbar inside the ESCA microscopy beamline at ELETTRA
(Trieste, Italy), while the spatially-resolved XPS signals of
As 3d and Ge 3d were continuously collected. The data
show that some of As leaves the GeAs as gas upon
oxidation, while a Ge-rich oxide layer is being formed. We
have constructed a model that replicates the evolution of
the photoelectron intensities with time. By fitting
experimental photoelectron intensities with the
theoretical equations, we conclude that the oxidation
involves only the very first GeAs ML (that is, the topmost
one), where all the Ge atoms and much of the outmost
As atoms have been reacting with oxygen. Although the
model is very simple, and based on several
approximations (for example, structural changes in GeAs
due to oxidation are not taken into account and the mean
free path is kept constant), the given interpretation —
namely, formation of a ultrathin 2D oxide layer — finds
support in light of previous studies performed in
environmental conditions!®. Moreover, by assuming that
the activation energy for the oxidation process changes
linearly with coverage, we estimate that the activation
energy for As oxidation is almost twice that for Ge in our
experimental conditions. 2D oxides have been recently
emerging as new class of 2D materials with potential
applications ranging from catalysis to energy generation,
and the controlled oxidation of a layered material is
potentially an alternative method for obtaining ultra-thin
2D oxide films. In this framework, the results reported
here, providing novel insights into oxidation mechanism
and kinetics of GeAs (and by extension, possibly of other
layered materials too, such as GeS>'°) will be highly
beneficial.
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Notes and references

¥ In eqn. 8, because of the time dependence of /'(t), j =
j(t,n). The total number of oxidized layers at time tis J(t) =
> o[Bn +j(t,m]H(3 — j(t, M)H (i(t,n)), with ~ H()
being the Heaviside step function (H=0forx<0, H=1/2
forx=0and H =1 for x> 0).

§ The rate is given by dq/dt = K(T,q) = vo exp(-E*(q)/ks T), where g
is the number of oxidized atoms and E*(qg) the activation energy.
A linear dependence of E* with g implies dg/dt = vo exp(-(Eo"(q)
+yq)/kgT), with solution q(t) = (ksT/y)In(1 + (Qy/kBT)t), where Q
=vo exp(- Eo’(q) / ksT).
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