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Migration of Si atoms on W(100) in surface tungsten silicide formation
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Surface diffusion of silicon atoms on the W(100) surface was studied using Auger electron spectroscopy and
thermal desorption methods in a wide range of coverages and temperatures. It was shown that the activation energy
of migration changes from E, > 1.8 eV at low Si coverages to En = 0.5eV under WSi surface silicide formation.
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1. Introduction

Adsorption of Si on tungsten surfaces was extensively
studied [1-11]. However, the most studies were focused
on a behavior of Si adatoms on the W(110) face [1-6].
Tsong and Casanova [1,2] have studied adsorption of the Si
atoms on the surface W(110) using a field ion microscope,
Sault and Goodman [5,6] have studied a silicon superlattice
formed on the surface W(110) depending on the Si
coverage, using temperature-programmed desorption, Auger
electron spectroscopy and low-energy electron diffraction
(LEED). Diffusion of silicon into a tungsten bulk was
studied by an atomic-probe method [7]. Adsorption of Si
on polycrystalline tungsten surfaces was also studied by a
thermal desorption method [8]. Diffusion of silicon into
the tungsten bulk, migration over the surface for three low-
index faces W(100), (110) and (111) was studied in the
paper [11] using a density functional theory.

The silicon coverage makes it possible to significantly
change adsorption and catalyst properties of tungsten.
Thus, adsorption of CO, hydrogen and benzol was studied
at 120K on the silicon-covered surfaces W(110) [6]. The
CO coverage decreased from ¥ = 0.80 in saturation on
the pure surface W(110) to ¥ = 0.40 with 0.30 monolayer
(ML) of silicon and to ¥ = 0.21 with 0.56 ML of silicon.
Dissociation of hydrogen, CO and benzol was significantly
suppressed by silicon adsorbed on the tungsten surface.
When annealing the silicon layers to 7 = 1050K, a growth
of tungsten silicide was observed, that resulted in an
increase of catalyst activity of the surface. The Si—W system
is considered to be a promising one in a technology of future
nuclear fusion reactor, where tungsten acts as a diverter,
while silicon is considered to be an element that protects
walls from erosion [12,13].

In our previous studies we have investigated interaction
of silicon with the surface W(100) by methods of Auger
electron spectroscopy and thermal desorption [9,10]. It
was shown that formation of a monolayer coverage with
the concentration of silicon adatoms N =1-10!°cm—2

(the WSi surface silicide) at the temperatures 1100—1400 K
resulted in active dissolution of newly arriving Si atoms
in the substrate, which almost did not dissolve in it
at the lower coverages. We have also determined an
activation energy of desorption of silicon, which strongly
depended on the coverage, varying form 6.1 to 4.7eV
when the coverage increased from g = 0.1 to ¥gi = 1.0.
It can be expected that migration characteristics of the
adatoms will also strongly vary when the coverage is
changed, in particular, when reaching the concentration that
corresponds to the surface silicide. The present study is
aimed at determining the migration energy characteristics
of silicon on W(100) within the coverage interval from
a submonolayer one to formation of surface tungsten
silicide.

2. Experimental methodology

Surface migration was investigated in the present study
by simultaneously using two methods: the Auger electron
spectroscopy (AES) allowing the detection of silicon ad-
sorbed on the surface, but not dissolved in the bulk, and
a method of temperature-programmed desorption (TPD),
which provides information about the total concentration of
silicon in the system both on the surface of tungsten and in
its bulk.

The measurements were performed in ultrahigh vacuum
of about 1-107'°Torr; thermal desorption of Si from
W was recorded by a time-of-flight mass-spectrometer
described in the study [9]. The electron Auger spectra
were measured using a high-resolution prism electron Auger
spectrometer (AE/E =~ 0.1%) allowing measurements to
be carried out at the high (up to 2500K) temperatures
of the sample [10]. The samples were textured tungsten
ribbons measuring 0.01 x 1 x 30 mm with predominant exit
of the (100) face to the surface, which were heated by
direct current. The ribbons were purified from impurities
by a standard procedure: in the oxygen atmosphere at the
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pressure of ~ 107> Torr and the temperature of 1500 K
and then in ultrahigh vacuum at 7 = 2500 K. Only Auger
peaks of tungsten were recorded after such purification.
A rolling texture was replaced by a recrystallization one
and the (100) face appeared on the surface. According
to the X-ray diffraction data, a face orientation degree
was ~ 99.5%. A surface work function was ep = 4.65¢V,
which corresponded to the facet (100) W, and the surface
was homogeneous in the work function with accuracy
of £0.05eV. The time of sample heating from 300 to
2000K or its cooldown to 300K was below 1s. In the
TPD method, the sample was linearly heated at the rate
of 200 Ks~1.

The temperature of the samples at 7 > 1100K was
measured using an optical micropyrometer, and by linear
extrapolation of the temperature dependence on the ribbon
filament current to the room temperature in the range of the
lower temperatures.

Silicon was deposited onto W(100) from rods of the
sizes 1 x 1 x 30mm that were arranged in parallel to the
tungsten ribbon symmetrically at its both sides, thereby
making it possible to apply the coverages both to a working
and a back side of the sample directly in ultrahigh-vacuum
conditions. The chamber included collector systems for
measuring thermal emission currents at both sides of the
ribbon, this made possible to compare fluxes of silicon
atoms falling on the front and the back side of the ribbon
by change in the work function on them. The silicon
fluxes were absolutely calibrated by a quartz microbalance,
which is based on a phenomenon of shift of the resonance
frequency of the quartz vibrator in deposition of thin films
of a foreign substance onto it. The measurement procedure
was as follows: silicon was deposited on the W ribbon at
some temperature Ty = const (on one side or both sides).
Then the Si sputterers were switched off, the ribbon was
cooled down to T = 300K, which was followed by high-
temperature flash or recording of the Auger spectra of
silicon (Es; = 92eV) and tungsten (E = 163—179¢V). The
intensity of the Auger signals was measured ,,peak-to-peak®.
An amount of desorbed silicon was determined by an area
of thermal desorption spectra on the mass number 28.

Deposition of silicon on both sides of the ribbon (the front
and the back side, Figure 1, the insert) simplified correct
interpretation of the experimental results.

3. Experimental results and discussion

Figure 1 shows a dependence of intensity of the Auger
signals of silicon and tungsten on the silicon deposition time
at T = 1300K on both the sides of the ribbon with equal
fluxes. It is clear that up to ¢t =~ 50s there is the linear
dependence of increase of intensity of the Auger signal
of silicon on time, wherein the concentration of silicon
Ns; = vsit. Reaching a plateau on the graph corresponds
to formation of the WSi surface compound (SC) with the

Physics of the Solid State, 2025, Vol. 67, No. 8

[\
(=
(=]

—_
W
(=)

100}

Auger signal, arb. units

(2]
(e

0- L 1 L 1 L 1 L 1 L 1 L l L l L
0 20 40 60 80 100 120 140

f,s

Figure 1. Variation of intensity of the Auger signals of silicon
and tungsten on time when depositing the Si atoms to the W tape
at both the sides when 7' = 1300K. The density of the silicon
flux was ¥si = 1.7 - 102 ecm? - s, The insert includes a scheme
of arrangement of the sputterers and the sample in the analytical
chamber: / — the silicon sputterers; 2, 3 — the silicon sputterers;
4 — the inlet of the AES analyzer or the mass-spectrometer.
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Figure 2. Dependences of the number of the desorbed silicon
atoms on time of deposition at the various tungsten temperatures
by the constant flux ¥ ~ 1.3 - 10 em™2-s~!. The curve  —
both sides deposition at 300 and 1300K; 2, 3,4 — front-side
deposition at 1300, 1400 and 1600 K, respectively.

concentration of the silicon atoms, equal to the monolayer
Ngi=1- 10 cm—2 [10].

When ¢ > 60s, no accumulation of arriving silicon above
Nsi = 1-10" cm~2 is observed on the surface, and, conse-
quently, the silicon atoms are either desorbed or dissolved
in the substrate bulk, or both the processes occur.

These questions can be answered by the TPD method.

Figure 2 shows the dependences of the amount of silicon
detected by temperature-programmed desorption method
on time of its deposition on the tungsten surface. The
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graph [ that corresponds to deposition of silicon on both
ribbon sides with the equal fluxes at 7 = 1300K, is
approximated by a straight line and coincides with the
similar dependence obtained by deposition at 7 = 300 K.
This supports an assumption of absence of noticeable
thermal desorption of silicon at 7 < 1300 K. Consequently,
after reaching the surface concentration Ng; = 1 - 101 cm—2
(formation of the WSi SC) the whole deposited silicon is
dissolved in the metal bulk. It results in a continuous
increase in the area of the thermal desorption spectra with
unchanged surface coverage, which is confirmed by the AES
method (Figure 1).

When depositing silicon only on the front side of the
ribbon at the same temperature 7 = 1300K (the curve 2,
Figure 2), it is clear that within the time range 0 < < #;
the dependences / and 2 coincide — the WSi SC is formed
on the surface. When ¢ > ¢;, there is a deviation of the
curve 2 from the curve /. Since no desorption of Si from W
is observed at this temperature, this fact of ,loss* of silicon
can be explained only by migration of the silicon atoms to
the back side of the ribbon. At the higher temperatures,
one can expect ,,Jloss* of silicon during its deposition on the
front side of the ribbon not only due to migration to the
back side, but due to desorption of the Si atoms from the
surface as well (the curves 3 and 4 in Figure 2). In order to
separate these two processes, silicon was deposited with the
equal fluxes on both the sides of the ribbon, which allowed
the migration fluxes to be balanced.

Figure 3 shows graphs of the dependences of the number
of the desorbed silicon atoms on time of its deposition at
the various temperatures of the substrate [9]. It is clear
that when 7' = 1400K (the curve 2) there is a deviation of
the dependence of the amount of recorded silicon Ng;(t)
from the linear one Ng; = vsit (for 1300K), which can

5
Si deposition on both sides
1300 K
4 1
o 1400 K
5 3f
=
=21 3 1520K
Z
I E— 1600 K
4
0 L 1 L 1 L 1 L 1 L 1 L
0 1 2 3 4 5 6

¢, min

Figure 3. Dependences of the number of the desorbed silicon
atoms on time of deposition on both the sides with the equal
fluxes ¥s; ~ 1.3-10% cm™2-s~! at the various temperatures of
tungsten 7,K: the curve I — 1300, 2 — 1400, 3 — 1520, 4 —
1600.
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Figure 4. Schematic representation of the processes that occur
in deposition of the silicon atoms only on the front side at
T =1300K.

be explained only by thermal desorption of the silicon
atoms during deposition. It is obvious that the higher the
temperature of the sample, the more effective desorption
and the less silicon accumulated in the system (compare
the dependences /—4, Figure 3).

We note that during deposition of Si on the W ribbon at
T = 1600 K, the concentration of the silicon atoms on the
surface does not exceed Ng; = 0.8 - 10 cm—2. The same
results are provided by the AES method. At the same
time, in case of deposition on the front side (the curve 4,
Figure 1) and on both the sides (the curve 4, Figure 3) the
dependences Ng;(r) almost coincide. It seems to be related
to the fact that the desorption flux at such temperatures and
surface silicon coverages significantly exceeds the migration
flux and the flux of dissolution of the silicon atoms into the
tungsten bulk.

A simplified physical picture of the processes on the
surface W(100) in deposition of the silicon atoms is shown
in Figure 4 (for clarity, geometrical sizes of the ribbon with
a section of 1072 x 1 mm are highly distorted).

The dependence Ng;i(f) (the curve 2) in Figure 2, which
is taken when 7' = 1300K, has tow inflection points that
correspond to times of deposition #; and #,. Three sections
can be distinguished on it: the first one, at 0 < < 11,
corresponds to a linear increase of the concentration of
silicon on the surface to Ng; = 1- 103 cm~=2 (formation of
the WSi surface compound, Figure 4). Its formation is
followed by a simultaneous start of active dissolution of the
silicon atoms in tungsten and of migration of the Si atoms
to the back side. The second section, at t; < t < t,, exhibits
Si migration to the back side of the ribbon and increase of
the silicon coverage there to Ng; = 1- 10" cm~2 (formation
of the surface silicide on the back side), Figure 4. After its
formation, at t > 1,, silicon starts being actively dissolved in
the substrate not only from the front side, but from the back
side as well. After some time, a stationary mode is set. The
concentration of the Si atoms along the entire surface of the
W ribbon remains unchanged (Ns; =~ 1 - 1013 cm™2) and the
rates of all the processes do not depend on time. Indeed,
the points of the dependence 2 in the third section, t > 1;,
fit well with the straight line (Figure 2). At the time of
setting of the stationary mode, silicon in the concentration
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Figure 5. Dependence of Si loss due to migration to the back

side of the ribbon N, on the number of the silicon atoms N; fallen
on the front side at 7 = 1300K; ds; = 1.3 - 10 cm ™2 - s~ L.

Ngi = 1- 10" cm~2 migrated to the back side of the ribbon
at T = 1300 K, which corresponds to the proposed model.
One should note a similar behavior of the dependence Ng;(¢)
taken at 7 = 1400 K (Figure 2, the graph 3) — the linear
increase of the concentration to Ng = 1-10"%cm~2, two
inflection points at ¢; and #3 with subsequent linear increase
of the concentration of silicon (the stationary mode). In
this case, all the above-described processes are somewhat
long in time as compared to 7 = 1300 K, which is related
to beginning thermal desorption of silicon (Figure 3), which
results in loss of a part of the substance.

We reconstruct the graphs / and 2 (Figure 2) for
T =1300K in the following coordinates: the abscissa axis
includes the total number of the silicon atoms that arrived on
the front surface of the sample N (in units of cm~2), and
the ordinate axis includes the number of the atoms trans-
ferred to the back side of the ribbon N,, in units of cm—2
as well (Figure 5). It is clear that first all the adatoms
remain on the front surface and when approaching the
concentration of silicon Ng; = 1-10'> cm~2 start migrating
to the back side of the ribbon. When N; ~ 3 - 10 cm™2,
silicon with Ny = 1- 10" cm~2 is transferred to the back
side of the ribbon to form the surface silicide there as well.
Then silicon in the concentration: Ny—2N, = 1 - 10" cm—2
diffused into the tungsten bulk from its front side. Thus,
experience shows that the number of the silicon adatoms
migrated to the back side of the ribbon is commensurable
with the number of those dissolved in the tungsten bulk.
This fact indirectly indicates that lifetimes of the Si adatoms
relative to dissolution are similar to the times of migration
of the atoms to the back side of the ribbon. These
processes correspond to graph 2 in Figure 2 for the time
t) = 4min.

The experiment shows that after formation of the WSi
SC, both on the front surface of the tungsten ribbon and

Physics of the Solid State, 2025, Vol. 67, No. 8

its back side the migration processes actively continue —
see Figure 2 (the curve 2 for 7 > 1,; the curve 3 for ¢t > 13)
and Figure 5 for Ny > 3.2-10cm~2  Only a slope of
the straight line is changed, which seems to be related to
completion of formation of the WSi SC on the back side of
the tape.

The average length x of adatom migration in the direction
perpendicular to a ribbon butt end over a certain time ¢
is determined by the formula x = (2D¢)!/? [14], in which
D = Dyexp|—En/(kgT)] — the surface diffusion coeffi-
cient, £, — the activation energy of migration over the
tungsten surface, kg — the Boltzmann constant. The value
Dy = A3kgT /h, where A9 — the migration jump length [15].
If 20 = 3 A, then Dy~ 2.7-1072cm? - s~ ! at T = 1300 K.
Thus,

x = 2Dt exp|—En/ (kgT)]"/?. (1)

Let us evaluate the activation energy of migration for
Osi > 1, using the AES method. For this purpose,
silicon was additionally adsorbed at 7 = 300K on the
WSi surface silicide formed on the front side, to the
concentration Ng; = 0.3 - 10 cm~2 and the temperature
was raised to 7 = 1300 K. As follows from Figure 2, after
formation of the surface silicide on the W surface, processes
of dissolution and migration begin at 7 = 1300 K, wherein
the fluxes of these processes are commensurable. The
AES method has shown that ,,extra“ silicon leaves the front
surface due to dissolution and migration for the time ¢ ~ 5.

Thus, when T = 1300 K the Si adatoms migrate over the
WSi surface silicide (from the front side of the ribbon to
the back side) for the time ¢ & 5, passing the distance x
that is equal to a half of the ribbon width //2 = 0.05 cm.
Then it is possible to find that £, =~ 0.5 £0.1eV from the
formula (1).

This magnitude is close to a value calculated in the
study [11] using the density functional method for migration
of the silicon atoms in the second layer on the facet W(100):
En =0.62¢V.

We have evaluated the activation energy of Si migration
over the surface W(100) Ey, = 0.5eV, when ¢ > 1. Migra-
tion of silicon to the back side of the ribbon for the cov-
erages U < 1 was not observed by us at any temperatures.
Nevertheless, a lower limit of the activation energy of Si
migration over the surface W(100) for these coverages can
be evaluated from tests of desorption of Si from W using the
AES method. Figure 6 shows, as an example, the desorption
curve of silicon from tungsten with the initial state Jg = 1
at T = 1835K, where the intensities of the Auger signal
of silicon are recalculated into the degree of coverage. It
is clear that when reaching a plateau i = 0.38, neither
desorption, nor dissolution, nor migration of silicon to the
back side of the ribbon is observed for 1 min (Js; = const).
Let us set a parameter x, which is a length of migration of
the Si adatom for the test time of 60s. Experimentally, it
is easy to note possible losses of silicon due to migration
of the adatoms in the amount of 10% (taking into account
the two butt ends of the ribbon). It means that in our
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Figure 6. Dependence of silicon coverage on tungsten ¥ on
the ribbon annealing time at 7 = 1835 K. ds; = 1 corresponds to
the WSi SC when Ns; = 110" em ™.

Dependence of the activation energy of surface migration of the
silicon atoms on the coverage. The estimates were done by the
results obtained at the temperatures specified in the second column
of the table

Usi T,K Em, eV
> 1 1300 0.5
0.56 1600 > 1.5
0.44 1700 >1.6
0.38 1765 > 1.65
0.30 1835 > 1.7
0.16 1900 >1.75
0.05 1965 > 1.81

example x < 5-1073cm (the length of migration through
one butt end of the ribbon). In this case, by substituting
the values t = 60s; Dg = 1072cm? -s™'; T = 1835K, it is
possible to find by the formula (1) that E, > 1.7eV. The
experience shows that the higher the annealing temperature,
the smaller coverage of silicon corresponding to the plateau.
With a decrease of the coverage, the activation energy of
desorption and a dissolution activation energy increase and
it is logical to expect that the activation energy of migration
will increase, too.

The table shows a typical plateau temperature for certain
coverage Us;i and the estimate of the value E, which is
calculated in the same way as in the above-considered
example for T = 1835 K.

It is clear that E,, when Usi < 1 is significantly higher
than for the coverages vsi > 1. It is related to the fact
that all the strongly-bound centers are already occupied
by the silicon adatoms and further migration is essentially
migration of silicon over the WSi surface silicide. It should

be noted that the obtained estimates agree with values
of the energy of activation of migration of the Si atoms
on W(100), which are calculated by the density functional
method: E, =1.94eV when g < 1 and E,, = 0.62¢V
when Vg > 1 [11].

An abrupt decrease of the activation energy of silicon
migration in the second layer after formation of the surface
silicide to Ey, =~ 0.5e¢V seems quite reasonable and fit
well into general energetics of the processes on the sur-
face W(100) with involvement of the silicon atoms. Indeed,
after formation of the WSi SC (¥; = 1) the activation
energy of desorption of the silicon adatom from tungsten
decreases from 6.1eV at ¥g < 1 to 47eV [9]. At low
coverages, silicon is not dissolved in the tungsten bulk even
at the temperatures 1800—1900 K, whereas after formation
of the WSi SC the newly arriving Si atoms are quickly
dissolved already at 7 = 1100K [10].

4. Conclusion

It is shown that the value of the activation energy
of silicon atoms migration over the tungsten surface sig-
nificantly depends on the coverage and varies from the
valueE,, > 1.8eV at the low submonolayer coverages to
the value of about 0.5eV under formation of the surface
silicide. Qualitatively, similar changes in the energies of
dissolution and desorption were also observed previously
when approaching a state of the surface chemical compound
for the various adsorption systems M —X, where M — the
metal substrate, and X — the element of the group 3—6 of
the Periodic table. Thus, for the system C—W (100) at the
low coverages carbon started to dissolve in the metal bulk at
T > 1900 K, but after formation of the WC surface carbide
(Nc = 1-10' cm™2) the dissolution temperature decreased
to 700—800 K. It seems that reaching this saturated adsorp-
tion state similarly affects the activation energy of migration
and the similar behavior can be expected for the other
adsorption systems as well.
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