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Abstract. The process of oxidation of the Bi, Te3 surface was investigated by x-ray photoelectron
spectroscopy (XPS). The oxidized surface layer was found to have a definite thickness, with
configurations where O is bonded with Bi and Te, and Bi and Te are bonded with three and
four oxygens, respectively. The oxidation time dependence of the oxidized layer thickness d(t)
estimated from the XPS behaved as /t — #p when d(¢) was smaller than the thickness of a single
oxidized quintuple atomic layer in our oxide model and behaved as r — #; when it was larger than
that. Experimental data were compared to our oxidation process model for the layered structure
with the van der Waals gap and very good agreement was found.

1. Introduction

The bismuth telluride Bi; Tes is known for its large thermoelectric figure of merit around room
temperature and, at present, is most used as a Peltier device material. Bi, Tes belongs to the class
of layer semiconductors with the Dg 4 symmetry group. The crystal structure of Bi,Te; consists
of five atomic planes in the sequence Te(1)-Bi—Te(2)-Bi-Te(1), where Te(1) and Bi occupy
the octahedral sites in the tetradymite structure (figure 1). The quintuple layers are stacked
under the influence of the van der Waals force. The electronic structure of Bi,Te; has been
investigated by, e.g., x-ray photoelectron spectroscopy (XPS) [1-3] and synchrotron-radiation
photoemission experiments [4], and by means of calculations [5, 6].

The Bi,Te; crystal is easily cleaved along the van der Waals gap. This feature is useful
for measurements requiring access to a fresh and flat surface such as tunnelling and XPS ones.
Among the many layered structure materials, graphite and the transition metal dichalcogenides
such as TaS; and MoS, are particularly well known for their stable flat surfaces when cleaved
along the van der Waals gap. They have been observed using scanning tunnelling microscopy
(STM) in the atmosphere at room temperature, and a clear image of the atomic arrays was
obtained [7]. Similarly, the cleaved surface of Bi,Tes; has been generally considered to be
stable and not to be oxidized in the atmosphere at room temperature, without a systematic
investigation on the surface oxidation. However, when we tried to observe the cleaved surface
of Bi,Te; by STM, we found that, contrary to the case for graphite and 1T-TaS,, the atomic
STM image began to be blurred in one day after cleaving the surface (figure 2).

In the present work, we have carried out systematic measurements of the time-dependent
process of oxidation of freshly cleaved surfaces of Bi,Te; single crystals by XPS, and the
results are explained by the proposed model of the oxidation process in this material.
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Figure 1. The crystal structure of BiyTes.

Figure 2. STM images of a3 x 3 nm? Bi, Tes surface in the atmosphere. Viip = 500 mV. (a) Just
after cleaving the surface. (b) 24 hours after cleaving.

2. Experimental procedure

Single crystals of Bi,Te; were grown by the Bridgman method from polycrystalline materials.
The starting polycrystalline materials were synthesized from SN-purity elements mixed at the
stoichiometric ratio in conical quartz ampoules. The Bi,Te; grown always showed a p-type
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conductivity. The typical value of the Hall coefficient at room temperature for the samples
investigated was 1-2 cm? °C~!. The crystals can be easily cleaved perpendicular to the trigonal
C;-axis, i.e. along the (0001) plane.

Samples for measurements were first cut by a spark erosion machine into parallelepiped
shapes (typically 4 x 4 x 1 mm?®). The surfaces were then cleaved with the help of adhesive
tape in the atmosphere. Immediately after the cleaving, the samples were put into a desiccator
box for oxidization, in which the humidity was controlled at 30% and the temperature at
24 °C. After a certain number of hours of this oxidization process, XPS measurements were
performed on these samples at (1-5) x 1077 Pa and at room temperature. After the XPS
measurements, the samples were kept again under the conditions described above for various
numbers of hours until the next XPS measurement was performed. This routine of oxidization
and XPS measurements was carried out for up to 5700 hours for several samples. The XPS
measurements were performed with a JEOL JPS-90 using Mg Ko (hw = 1253.6 eV) radiation
at the pass energy of 10 eV. The take-off angles ¢ of 0° and 60° relative to the normal of the
sample surface were chosen in order to obtain information about the oxidation profile in the
depth direction. The peak positions (binding energies) were calibrated using the Ag 3ds;, peak
(368.3 eV). The background was subtracted from the XPS spectra by the Shirley method [8,9].
The XPS spectra were decomposed into several Gaussian—Lorentzian peaks. The areas of the
decomposed peaks were used as the intensities for the calculations in the following section.
Though the intensities of Bi 4f7,, and Te 3ds, are stronger than those of Bi 4fs5,, and Te 3d3,,,
respectively, we used the latter in the analysis in order to avoid the influence of the satellite
peaks of Bi 4f5,, and Te 3d3,», which came from the satellite x-ray Mg Ko 4, on the peaks of
Bi 4f7, and Te 3ds/», respectively.

3. Results

Figure 3 shows a series of Bi 4f and Te 3d XPS spectra for ¢ = 0° and 60° for one Bi,Te;
sample. The series of XPS spectra for other samples showed similar time-dependent behaviour.

The C 1s peak was observed at the binding energy 284.5 eV as shown in figure 4. This
peak was usually observed in the XPS measurements when the sample surface was exposed to
the atmosphere, and was attributed to a surface contamination. The intensity of this C 1s peak,
which developed appreciably during the long oxidation time, did not increase so much as to
decrease the intensities of the Bi 4f and the Te 3d spectra appreciably during the oxidation
time. That is, the amount of carbon was below the level that would influence the XPS spectra
of Bi,Tes. At zero oxidation time (when the sample was set in the XPS vacuum chamber just
after the cleaving), there are only two peaks of Bi 4f7,, and Bi 4fs/, for the Bi 4f spectra and
two peaks of Te 3ds/, and Te 3ds, for the Te 3d spectra in Bi,Tes, without any peak for an
oxide, for both ¢ = 0° and 60°. As the oxidation time increased, new peaks with one type
of chemical shift grew in the Bi 4f and Te 3d spectra. We checked that the oxidation did not
proceed during the XPS measurements, but it did during the time in which the sample was
kept in the atmosphere. The intensities for ¢ = 60° for both Bi 4f and Te 3d spectra of the
oxidized layer are remarkably strong compared to those for ¢ = 0° throughout the oxidation
time. This shows that the depth of the oxidized layer is restricted to a few quintuple layers
throughout the measured oxidation time.

Figure 5 shows the O 1s XPS spectra measured at oxidation times of 0, 24 and 280 hours
for the Bi,Te; surface. As shown in figure 5, just one peak with binding energy 529.9 eV
grew with increasing oxidation time. The fact that the O 1s peak which grows with increasing
oxidation time is the only one indicates that the nearest neighbours of O atoms are of one kind.
Its binding energy lies between those for BiO3 and TeO,. These binding energies are listed in



5610 H Bando et al

(a) 4fé/2 4f%/2 (b) 4t5) 4f%/2

| Bi

_/

<

1]

(=)

[=]

L

T T
<

o !
o D
w <
jo
I I

893h

<

56h

Intensity (Arb. units)

Intensity (IArb Iunlts)
LU

L

cLcccoo

o
=y

i 1

A —— > =
170 165 160 155 150
Binding Energy (eV)

T
<
1l
S
IO

_|
(0]
ﬁ%
Intensity (Arb. units)

i
s B
1 1

%

UL

590 580 570 590 580 570
Binding Energy (eV) Binding Energy (eV)

Figure 3. One set of Bi 4f and Te 3d XPS spectra for ¢ = 0° and 60° for one Bi,Te; sample.
The oxidation was in the atmosphere, with humidity 30% and temperature 24 °C, for a series of
oxidation times: O (just cleaved), 4, 8, 12, 16, 56 and 893 h.

table 1. Table 1 indicates that the oxidized states of a Bi and a Te atom in the oxidized surface
are almost the same as those of Bi; O3 and TeO,, respectively. These results indicate that each
O atom forms a Bi—-O-Te configuration.
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Figure 4. The C 1s XPS spectra for the BipTe; surface  Figure 5. The O 1s XPS spectra for the BiyTes surface
for ¢ = 0° measured at oxidation times of 0, 24 and for ¢ = 0° measured at oxidation times of 0, 24 and
280 h. 280 h.

Table 1. Binding energies in eV observed by XPS.

BipTes  Oxidized layer  BipO3 [1]  TeO, [10]

Bidf;, 1572 1585 158.5 —
Bidfs, 1625 1638 — —

Te3ds;, 5720 575.7 — 5759
Te3ds, 5823 586.2 — —

O Is — 529.9 529.1 530.2

4. Discussion

In view of the above results, we assume that the surface of Bi, Te; has an oxidized layer with a
definite thickness in which each Bi atom is bonded with O atoms, each Te atom is bonded with O
atoms and each O atom is bonded with Bi and Te atoms. It is thus considered that the oxidized
layer has the atomic configuration shown in figure 6(b). These structures are connected to
each other to form an amorphous structure. In this model, the chemical environments around
Bi and Te atoms in the oxidized layer are similar to those in crystalline Bi,O3 and TeO,,
respectively, within the first-nearest-neighbour region. Though it is possible that defect states
such as —O-O- and dangling bonds exist in the amorphous structure, they are neglected in the
present model used in the estimation of the oxidation layer thickness, because the XPS spectra
show that their concentrations are low.

With the model shown in figure 6, we can estimate the thickness d of the oxidized layer
from the XPS intensities and the take-off angle ¢ by using the following equation [11]:

}LBizTe3 onide
)Lox1de [BlzTe3

d = 2% cos ¢ In |:a )
where 1827 and 7°%% are the intensities (i.e. peak areas) of the photoelectron peak of the

Bi,Tes and of the oxidized layer, respectively; AB2T and A°*9 are the inelastic mean free
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Figure 6. The model of the oxidized surface layer of BiyTes based on the XPS results. (a) The
oxidized surface layer of thickness d with amorphous structure. (b) The model assumed for
the atomic configuration in the oxidized layer. The interatomic distances and the bond angle of
oxygen are estimated by averaging the values for the respective crystals as (dpi—o) ~ 0.22 nm,
(dre—0) ~ 0.20 nm and (0) ~ 150°.

paths (IMFPs) of the photoelectrons in the Bi,Tes and the oxidized layer, respectively; « is
the ratio of the volume density of the Bi or Te atoms in the Bi,Te; to those in the oxidized
layer. The values of the IMFPs were approximated, by using the TPP-2M [12] equations, to be
2.36 nm for Bi 415/, peaks both in the Bi, Te3 and in the oxidized layer, and 1.65 and 1.67 nm
for Te 3d3/, peaks in the Bi,Te; and in the oxidized layer, respectively. Though the value of
a should be determined by further experiments, we estimated it to be ~1.3 using an average
Bi—O bond length of ~0.22 nm for Bi, O3 [13] and an average Te—O bond length of ~0.20 nm
for TeO, [14], and taking the Bi—O—Te bond angle to be ~150° [13,14]. By using these values,
the thickness of a single oxidized quintuple layer is estimated to be ~1.1 nm.

Figure 7 shows the oxidation time dependence of the oxidized layer thickness estimated
from the Te 3d spectra using equation (1) for several samples, where figure 7(b) shows the part
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Figure 7. The oxidation time dependence of the oxidized layer thickness d on a Bi,Te3 surface
derived from the Te 3d XPS spectra. Each set of symbols, except the ¢, denotes an oxidation series
for one sample. (a) Oxidation time range 0-5800 h. (b) The part representing the first 0-300 h
from (a).
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representing the first 300 hours from figure 7(a) on an expanded scale. In figures 7(a) and 7(b),
plots with a particular symbol denote an oxidation series for one sample, except that each ¢
denotes measurements for different samples.

The thicknesses similarly estimated from the Bi 4f spectra were about 1.1 times those
estimated from the Te 3d spectra. The difference in the estimated thickness is due to
the uncertainty in the approximated IMFPs. The discrepancy between the oxidized layer
thicknesses calculated for ¢ = 0° and for 60° was within the size of the symbols in figure 7 for
the results from both Te 3d and Bi 4f spectra. This agreement shows that the present model is
an appropriate one.

All series showed the behaviour d o« /f — fy during the period when the value of the
oxidized layer thickness d was less than ~1.1 nm, and they increased more and more slowly
with further increase in the oxidation time when the values of d exceeded ~1.1 nm (see
figures 7(b) and 8). Figure 7(b) shows that, except for one sample, there is an incubation time
of ~20 h before the oxidation starts.
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Figure 8. The square of the oxidized layer thickness (d?) versus oxidation time.

We can explain the oxidation time dependence of the oxidized layer thickness using the
following model.

(i) Process I: surface reaction. When the Bi,Tes crystal is cleaved along the van der Waals
gap, the Te(1) atoms on the cleaved surface are exposed to the atmosphere. In these
circumstances, one important surface reaction is often the water-catalysed formation of
carbonates originating from the reaction with atmospheric CO,. In order to check on
this possibility, the C 1s XPS measurements were performed for ¢ = 0° and the spectra
obtained are shown in figure 4. The dominant peak at 284.5 eV that originates from the
adsorbed carbon on the surface is often used as the reference for the binding energy. The
C 1s binding energies originating from carbonates distribute over 289-290 eV. Though
the C 1s signal observed for longer oxidation time (280 h) extends its tail toward 290 eV,
the fractional area of the 289-290 eV region is quite negligible. Thus, the concentration
of carbonates in the oxidized layer is indicated to be negligible. The incubation time of
the oxidation observed in figure 7(b) is connected with the initial surface reaction, and
further investigations are needed if we are to understand its mechanism.

(i1) Process II. Once the surface is oxidized, O, molecules in the atmosphere enter the oxidized
layer and diffuse through it. Though crystalline BiyTes consists of quintuple atomic
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layers, the oxidized layer is probably amorphous. Thus, we can treat the motion of the
0O, molecules in the oxidized layer as a continuous one, and describe it by the diffusion
equation. When an O, molecule reaches the oxide/Bi, Tes interface, it oxidizes the Bi, Te;
at the interface and thus the oxidized layer thickness increases. This oxidation process
continues until the first quintuple layer of the Bi,Tes surface is oxidized completely.

(iii) Process III. When the first quintuple layer of Bi,Te; is oxidized completely (d = d,),
the O, molecule at the end of the first quintuple layer jumps to the second one over the
van der Waals gap. In the second quintuple layer, the O, molecule oxidizes the Bi;Te;
by the same process as in the first quintuple layer. However, the oxidation in the second
quintuple layer may not be so uniform as that in the first one, because the O, molecules
arrive at the end of the first oxidized quintuple layer randomly by diffusing through it
and, moreover, the frequency of jumping over the van der Waals gap is very low. The
jumping process of the O, molecule perhaps occurs via intercalation sites in the van der
Waals gap rather than as direct jumps from the first quintuple layer to the second one.
These oxidation processes will proceed across the successive quintuple layers. However,
the oxidized layer thickness looks likely to attain a saturation for a long oxidation time,
because an O, molecule must jump over the van der Waals gap several times and this takes
a very long time.

Process 11, illustrated in figure 9(a), is expressed by the following equations [15, 16]:

dro() Py o
—dt = C_l (xXox () = di) 2
aC(x,t) _ BZC(x,t)
T ©)
ppiCln) “
ax
Fy = kC(xox, t) (5)

where: xox (1) and C(x, 1) (x > 0, t > t;) are the oxidized layer thickness and the concentration
of O, molecules in the oxidized layer, respectively; #; and d; are the initial time and the initial
oxidized layer thickness, respectively; F; and F; are the fluxes of the O, molecules in the
oxidized layer and at the oxide/Bi,Te; interface, respectively; D is the diffusion coefficient
of the O, molecules; & is the surface reaction rate constant at the oxide/Bi,Tes interface; C;
is the number of O, molecules in unit volume of the oxide. In the case of a steady state of
oxidation—that is, when F; = F,—equation (4) is expressed as F; =~ D[Cy — C (xox, t)]/Xox»
where C is the surface concentration of O, molecules, which depends on the pressure of the
O, molecules in the atmosphere for the first quintuple layer. In this case, one finds that

dxox DC()/ Cl

dr  xex+(D/K) ©)
and thus
x4+ Axoy = B(t — 1) (7)
where A =2D/k, B=2DCy/Ciand 1t = ¢ — (di2 + Ad;)/B. Equation (7) is solved by
A 4B
xox(l):E|:_1+ 1+F(t—t)] ®)

In process II (xox(t9) = O0—that is, T = 1), the oxidized layer is very thin. In this case,
the coefficient of diffusion in the oxidized layer is reduced by a compressive stress imposed
by the Bi,Tes, and thus the value of A is fairly small [16]. Therefore, equation (7) can be
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Figure 9. The oxidation process model. (a) Process II. (b) Process II1.

approximated as xgx(t) ~ B(t — ty). This behaviour is observed experimentally, as seen in
figure 8.

Process 11, illustrated in figure 9(b), is expressed by equations (2)—(5) and the following
equations:

F3 =h[C(dy,t) — C(da, 1)] )
Fy = _DM (10)
0x

where: h is the mass-transfer coefficient in the van der Waals gap; d, is the distance of the top
of the second quintuple layer from the surface. In the steady state, F} = F, = F3 = Fy (=F),
equations (4), (9) and (10) are expressed as Fy =~ D[Cy — Cq4,]1, F3 =~ h[Cq — C{] and
F, >~ D[Cy — C(xox, t)], respectively, where C,, and C;, are the concentrations of O, mol-
ecules at the bottom of the oxidized first quintuple layer and at the top of the second quintuple
layer, respectively. Therefore, x.x (¢) is expressed by the same form as equation (8) by replacing
B with B' = 2DC{/C, in process IIL In process III (xox > d; for t > t;), the source of O,
molecules for the second quintuple layer is the oxidized first layer, separated from it by the
van der Waals gap. The value of Cy, is at most Cy in the first oxidized layer. It is much smaller
than that in the atmosphere. Furthermore, the jumping frequency of the O, molecule is very
low. Therefore, C; for the second quintuple layer is much smaller than C for the first one.
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Hence, B’ is very small and equation (8) is written as x.x () >~ B’(t —t;)/ A +d, for the second
quintuple layer. In this process, the flux F is very small and C(x, ) ~ C in the first quintuple
layer (0 < x < d;). These behaviours of x.x(¢) agree with our experimental results; that is,
Xox OX 4/t — to at the beginning of the oxidation time (in figure 8) and xx o ¢t — #; for longer
oxidation time as in figure 7(a).

5. Conclusions

The binding energies of Bi 4f, Te 3d and O 1s core electrons of Bi, Te; surfaces were measured
by XPS for ¢ = 0° and 60° at various oxidation times up to 5700 hours. The oxidized layer
thickness was estimated from the XPS results on the basis of our structure model for the
oxidized layer. The oxidation time dependence of the oxidized layer thickness was explained
very well by our oxidation process model for the layered structure with the van der Waals
gap, in which the Deal-Grove diffusion model was applied to the oxidation process within the
quintuple atomic layer of Bi, Tes.
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