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The kinetic and thermodynamic properties of adsorption and desorption of Sb onto a Si(111) surface are
analyzed by mass spectrometry and ab initio calculations. Two domains of temperature are evidenced. At T
<600 °C there is an irreversible adsorption involving a subtle competition between sticking, adsorption, then
dissociation of Sb, tetramers associated to a partial reflection of Sb, molecules on the Sb-covered surface. At
T>800 °C, Sby molecules are dissociated close to the surface leading to a simple reversible adsorption/
desorption of Sb monomers. In this temperature range, adsorption/desorption isotherms can be recorded for
various temperatures, which reveal a surprising behavior since quasi-Langmuir isotherms appear to be the
consequence of a two-dimensional (2D) phase transition. More precisely, as shown by ab initio calculations,
during the submonolayer adsorption process, the adsorption site evolves (as a function of coverage) from
ternary towards on-top position and the character of the Sb-Sb effective interactions changes from repulsive
towards attractive. The 2D phase transition close to §=0.7 ML seems to be associated to characteristic
signatures in many other experiments. Then for high enough supersaturations, it is possible to overpass =1
ML by the formation of dimers, first partially located on top sites which repel one another, up to a second phase
transition around #=1.3 ML in which dimers leave the on top sites and stand up to occupy almost vertically the

hollow ones for building the second Sb layer. Lastly surfactant effect is quantified.
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I. INTRODUCTION

Due to the role played by antimony both as a doping of
silicon' and a surfactant in molecular beam epitaxy,” there
has been a wide interest in the study of the Sb-Si interaction.
Most of the older experimental results concern the kinetics of
the adsorption on Si(001) surfaces.>~ However, some experi-
ments concerning Si(111) surfaces have been reported. More
precisely Metzger et al.® evidenced two adsorption modes: a
two-dimensional (2D) one at T>600 °C and a 3D one at
T<500 °C, respectively, characterized by a first order and a
zero order desorption. Later, Andrieu et al.” focused on the
study of the 2D adsorption mode, which appears to be typical
of a monomer Sb adsorption at temperatures higher than
725 °C but proceeds by Sb, physisorption followed by dis-
sociation on the surface at lower temperature. More recent
studies are focused on scanning tunneling microscopy (STM)
studies of the various 2D phases that may appear according
to the experimental conditions of temperature and surface
coverage.®12

All these studies open new questions. It is in particular the
case of the nature of the relevant entities (monomers, dimers,
trimers, or tetramers) which, according to the temperature,
can play different roles on the sticking coefficient and on the
adsorption and desorption mechanisms (from both kinetics
and thermodynamic points of view). It is also the case of the
link between the various superstructures described in the lit-
erature and the true equilibrium phase diagram. Last but not
least, the nature of the antimony adsorption (molecular or
dissociative adsorption) as well as the nature of the adsorbed
Sb particle interactions has still to be understood. The better
way to explore the diversity of the mechanisms and to estab-
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lish a link between kinetics, thermodynamics, and the vari-
ous superstructures described in the literature was to perform
a systematic study of the adsorption and desorption proper-
ties in a large domain of temperature and in- and out-of-
equilibrium conditions.

Our first steps in the study of this system concerned the
incorporation properties of Sb in bulk silicon with the simple
idea to use vicinal Si surfaces to facilitate the Sb incorpora-
tion at the step edges. Surprisingly, we found just the reverse,
the antimony incorporation being more difficult at the step
edges than on the terraces.! The interpretation was found by
a first thermodesorption approach coupled to quenched
molecular-dynamics calculations: there was a molecular
(dimers) adsorption at the steps instead of a dissociative
(monomers) one on the terraces.'* We thus decided to go
beyond these preliminary results (obtained with partially in-
adequate description of the Sb-Si potential) that means: (i)
revisit the adsorption and desorption kinetics in a large tem-
perature range,' (ii) measure the Sb/Si(111) isotherms for
having access to all the thermodynamic properties of this
system, ¢ (iii) use ab initio calculations to obtain more accu-
rate atomic potentials and thus a more accurate description of
the atomistic mechanisms that occur at the Si surface, and
(iv) use the so-obtained potential and Monte Carlo simula-
tions to analyze the whole behavior in the presence of a Sb
vapor.

In this paper are summarized the results corresponding to
the points (i)—(iii) (the results corresponding to the last point
(iv) will be published elsewhere!”). Our results evidence that
the physics of the adsorption and desorption mechanisms of
Sb/Si(111) is much more rich than expected. In particular, it
is found that the nature of the atomic interactions change
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FIG. 1. (a) Thermodesorption spectrum recorded for the §= 0.7 ML antimony monolayer deposited at 400 °C on the Si(111) surface and

(b) typical mass spectrometry experiment.

with the surface coverage (from vanishing toward attractive
interactions in experiments, from repulsive toward attractive
interactions in calculations).

The paper is divided into five sections: Section II is de-
voted to the description of the specific experiments, Sec. III
deals with the description of the adsorption and desorption
mechanism (with a particular emphasis for the kinetics), in
Sec. IV the equilibrium properties are studied via adsorption
and desorption isotherms, Sec. V concerns the structural
study of the 2D equilibrium phases, and lastly, Sec. VI is
devoted to ab initio calculations. Lastly, a short conclusion
gives some perspectives.

II. DESCRIPTION OF THE EXPERIMENTS

A. Experimental description

Adsorption and desorption properties of antimony on a
Si(111) surface can be obtained by mass spectrometry mea-
surements completed by reflection high energy electron dif-
fraction (RHEED) studies giving access to the crystallo-
graphic structures of the structural phases existing in and out
of equilibrium conditions. For this purpose we use an experi-
mental setup described elsewhere.'8

The mass spectrometer (MS) we use is a quadrupolar
Balzers QMG 420 spectrometer which, because of the exci-
tation energy, partially dissociates the Sb, molecules in Sb,
dimers and Sb monomers. The MS calibration of the disso-
ciation coefficient is measured by directly sending Sb, mol-
ecules from the Knudsen cell in the MS chamber, then mea-
suring the so-induced Sb,, flux. It is found that a pure Sb,
flux is characterized by a ratio Zgy/ Zsp,, =~ 1.5+ 0.1 where Zg;,
and Zsp,» respectively, are Sb and Sb, recorded flux. In our
experimental conditions (and after correction of a calibration
factor), it means that, when a Sb, molecule is collected by
the MS, it is dissociated in 3.44 monomers and 0.56 dimer
atoms.

The silicon wafer we use is of p type (boron doped) with
a resistivity p~1  cm™'. The samples are introduced in the

experiment chamber after standard cleaning procedure (alco-
hol then acetone and ultrasonic bath) then cleaned in the
ultrahigh vacuum chamber by a thermal flash (1250 °C dur-
ing a few seconds) then annealed (1000 °C during half an
hour) in order to favor the appearance of large terraces be-
tween step bunches. Antimony is a commercial one (purity
99.9999%). It is evaporated from a Knudsen cell situated at
2 cm from the silicon surface. In the so-used conditions, the
impinging flux essentially contains Sb, tetramers.

B. Experimental procedure

Two kinds of mass spectrometry experiments can be per-
formed: thermodesorption or steady state measurements.
Two typical spectra are reported in Fig. 1.

(1) For thermodesorption spectrometry (TDS) measure-
ments, antimony is deposited at T=T,, (in fact at low tem-
perature), then the substrate is heated using a linear tempera-
ture ramp (heating rate: 4 K/s). In Fig. 1(a) is reported the
TDS spectrum recorded for 0.7 ML of Sb deposited at RT.
There is no desorption before T=600 °C, then the desorbed
signal reaches its maximum for roughly T=775 °C. More
precisely, the desorption peak (labeled 7) that exists for 6
< 0.7 ML splits into two components at #=0.7 ML. The
relative intensities of both components then vary versus the
excess coverage from 1 (at #~0.7 ML as seen in Fig. 1(a)
where the splitting is just beginning) to 1/2 at #~ 1 ML (not
shown). Furthermore, notice that even if most of the des-
orbed signal consists of Sb species, a very weak amount of
Sb, species also contributes to the desorption. In this peculiar
case, we have shown that these additional Sb, species origi-
nate from step edges.'*

(2) Steady-state experiments consist of measuring the mo-
lecular flux leaving the surface at a fixed temperature 7 in
the presence then in the absence of an impinging antimony
flux. In Fig. 1(b) is sketched a typical curve furthermore
obtained in reversible adsorption/desorption conditions.
More precisely, we report the flux ZT leaving the surface
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FIG. 2. (Color online) Intensities Zg, and Zsp, of Sb and Sb, species leaving the crystal versus the substrate temperature. The impinging
flux is Z| =5.80 X 102 at s! cm™2 in Fig. 2(a) but Z| =5.80 X 10'? at s™! cm™2 in (b). Notice that the position of the crossing point slightly

varies with the impinging flux.

versus the deposit time 7. Let us describe the general form
of this curve. At =1, the shutter in front of the Knudsen
cell is opened so that the leaving flux abruptly increases to
(1-ay)Z| which corresponds to the fraction of the incident
flux Z| reflected on the surface («, thus is the sticking co-
efficient at zero coverage). After a transitory period (r=1,),
the leaving flux reaches a steady state where the impinging
flux balances the leaving flux (Z] =Z1). Then when the
shutter is closed (r=1,), there is an abrupt decrease of the
recorded signal to (1-ay)Z| (where now ay is the sticking
coefficient for the surface coverage 6 in the steady state) and
after a transitory period the signal vanishes (r=13) since the
(1-ayZ| fraction of the reflected flux can no longer be
reflected in the absence of the impinging flux Z|. In such a
reversible adsorption/desorption regime, the steady state is a
true equilibrium state so that the shaded areas in Fig. 1(b) are
proportional to the adsorbed (6,,) and desorbed (6,,,) quan-
tities with furthermore, since equilibrium, 6,,=6,,,= 6. The
steady-state signal Z,,=Z] =Z| gives access to the equilib-
rium pressure Peq=ZEq\e“'27rka. A single experiment thus
gives access to the adsorption and desorption kinetics (signal
evolution versus time during the transitory parts), to the sur-
face coverage 6,, (at equilibrium), and to the equilibrium
pressure P,,.

III. DESCRIPTION OF THE ADSORPTION AND
DESORPTION MECHANISM

A. Characterization of the desorbed species: Evidence for
three temperature domains

Thanks to the knowledge of the dissociation coefficient of
our MS (a ratio Zg,/ Zsp,~ 1.5%0.1 is recorded for a pure
Sb, flux), it is possible to identify the various desorbed or

reflected Sb, species versus the substrate temperature. For
this purpose, the surface is submitted to an impinging Sby
flux and the Sb,, signals are recorded by the MS in the pres-
ence of the incoming flux. In Fig. 2 we report the intensities
Zsy,, and Zgy, (arbitrary units) of the steady-state signal mea-
sured by the MS for Sb, molecules and Sb atoms. We never
detect Sb;y molecules. More precisely, we report in Figs. 2(a)
and 2(b) the data obtained for two different impinging fluxes.
For both fluxes, three temperature ranges are put in evidence.
In the low temperature range [LT in Figs. 2(a) and 2(b)] the
Sb, signal has a maximum constant value while the Sb signal
remains minimum. In the intermediate temperature range [IT
in Figs. 2(a) and 2(b)], the Sb, signal decreases while the Sb
signal increases. Then in the high temperature range [HT in
Figs. 2(a) and 2(b)] the Sb signal reaches a maximum con-
stant value while the Sb, signal vanishes. These complemen-
tary results for Sb and Sb, species can be easily understood.
Indeed, in the low temperature range, the measured ratio
Zsy! Zgp,,~1.5%0.1 is characteristic of a pure Sb, flux (see
Sec. II) that means that only Sb, species leave the surface. In
the high temperature range, only Sb atoms are detected, so
that (since there are no Sb monomers in the incident flux)
only Sb monomers leave the surface. This behavior is con-
sistent with the TDS experiments [see Fig. 1(a)]. At T
<600 °C there is no desorption while at 7>600 °C the
deposited layer is desorbed.

In the following we will work in conditions of Fig. 2(b) so
that 7<600 °C is the low temperature range and T
>800 °C the high temperature range. Notice that the cross-
ing point between Sb and Sb, signals slightly depends upon
the intensity of the impinging flux.

B. Kinetics study

The MS signals versus time have been recorded for vari-
ous temperatures. We identify three temperature ranges
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FIG. 3. (Color online) MS signal (arbitrary units) versus time
recorded during the deposition at Z|=4.8X10'" ats™' em™: (a)
T=450 °C, (b) 700 °C, and (c) 800 °C. The coverage in the sta-
tionary state corresponds to (a) 6=1 ML, (b) #=0.8 ML, and (c)
6=0.5 ML.

where kinetics curves are different. The three main behaviors
are reported in Fig. 3, at low temperature [T <600 °C in Fig.
3(a)], high temperature [T >800 °C in Fig. 3(c)], and inter-
mediate temperature [600<<T <800 °C in Fig. 3(b)].

1. Low temperature range: Evidence for irreversible adsorption
mechanism

In the low temperature range, two main characteristics
have to be underlined: (i) there is a short latency period
between the shutter opening and the MS species detection,
and (ii) there is an abrupt decrease of the MS signal as soon
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as the shutter is closed. Such behavior can be explained by
considering that at low coverage (low deposit time), Sby
molecules are adsorbed, then dissociated into Sb monomers
that cannot desorb [see again Fig. 1(a)] since T<600 °C.
For increasing coverage, more and more Sb, impinging mol-
ecules can no longer be dissociated and thus are immediately
reflected by the surface. When the coverage reaches the
monolayer, all the impinging Sb, molecules are immediately
reflected by the surface so that when the flux is shut, the
signal abruptly goes down to zero.

Such a mechanism implies that the sticking coefficient
a(6) (defined as the ratio between the reflected Sb amount
and the incident Sb amount) varies from unity to zero for
increasing coverage in the submonolayer range. This mecha-
nism can be checked by measuring the sticking coefficient
versus the surface coverage for T<<600 °C. For this purpose
we send a calibrated (by a quartz oscillator) antimony
amount 6., on the Si(111) surface maintained at room tem-
perature. Then we put the sample in front of the MS and
measure the leaving flux when the so-covered surface is
again exposed to an incoming flux. A sketch of Z1(¢) curves
obtained for initial coverages is given in Figs. 4(a) and 4(b).
More precisely, in Fig. 4(a) the initial coverage before fur-
ther exposition is roughly #=0.8 ML while in Fig. 4(b) it is
0=~ 1 ML. Following the procedure described in Fig. 1(b), it
is thus easy to measure the sticking coefficient on such pre-
covered surfaces via the abrupt increase observed at the shut-
ter opening (r=t,). It is found a(6=0.8)=0.8 and a(6=1)
~(.2. In Fig. 4(c) are reported the so-measured sticking co-
efficients recorded for various precoverages at 450 °C. No-
tice that, since the sticking coefficient varies with coverage,
the true adsorbed amount 6,,; does not coincide with the sent
amount 6., In Fig. 4(c) are reported the a(6,,) values ob-
tained after numerical correction of the 6., values. As ex-
pected, the so-recorded sticking coefficient abruptly varies
when approaching the monolayer. Notice that although
a(6,,) vanishes for a monolayer, it does not completely can-
cel so that Sb coverage can overpass #=1 ML for giving
birth to thick islands that sit on the underlying mono- or
bilayer.'>!'# Though the «(6,,) behavior reported in Fig. 4
has only been recorded at T=450 °C, it is representative of
what happens for T<<600 °C.

The sticking coefficient behavior can be understood by
revisiting the Kisliuk model'® for which the sticking coeffi-
cient reads

(1-9"

a(ﬁ)=m,

(1)

where P=P,/P, is an adjustable parameter describing the
ratio between the desorption probability P, of Sb, species
and the probability P, for a Sb; molecule to be chemisorbed
before desorption or surface migration towards another ad-
sorbed site. The scaling coefficient n roughly is 4 for tetram-
ers. The continuous line in Fig. 4(c) is the fit obtained for
P=1073 and n=4.

It is then possible to use this sticking coefficient expres-
sion to simulate the kinetics behavior. For this purpose, it is
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FIG. 4. (Color online) Sticking coefficient measurement: (a) MS signal recorded after predeposition of a 0.8 ML, (b) MS signal recorded
after predeposition of roughly 1 ML. The abrupt signal increase (1— agscm)Zi immediately gives the value of the sticking coefficient ag for
the antimony amount sent on the surface. (c) Synthesis of the results showing the sticking coefficient versus coverage. The continuous line

corresponds to the best-fit using Eq. (1).

enough to write the following equations giving the Sb and
Sb, amount on the surface.

dnSb/dt = 4Zl a( 0) N

dngy /dt =0, (2)

where Z| is the impinging flux (expressed in Sb, species)
and ng, the number of adsorbed Sb atoms so that 6
=ng,/Ng again is the Sb coverage expressed as a fraction of
the monolayer [with Ng the number of adsorption sites on the
Si(111) surface].

In this model, the signals recorded by the MS simply read
(for a perfect MS in which there should be no dissociation at
all) Zg,=0 for monomers and Zg, =Z | [1-a(6)] for tetram-
ers. Taking into account the dissociation phenomenon, the
so-simulated results perfectly fit the experimental results [see
continuous curve in Fig. 3(a)] which completely validates
our kinetic model.

2. High temperature range: Evidence for reversible adsorption
and desorption mechanism

At high temperature range [Fig. 3(c)] as soon as the shut-
ter is opened, the mass spectrometer detects an increasing
signal essentially corresponding to Sb species leaving the
surface since ZSbZ%O. After the steady state has been
reached then the shutter closed, the Sb signal continuously
vanishes. Since we only detect Sb monomers, the interpreta-
tion is quite simple: all the Sb, impinging tetramers are dis-
sociated close to the surface so that the kinetics corresponds
to a usual reversible adsorption/desorption mechanism. It can

thus simply be described by the following kinetic equation
giving the Sb amount on the surface:

dngy/dt = 4Z) ()  ksynsy (3)

where kg, is the desorption rate of Sb species which did not
exist in the first equation (2) since at T<<600 °C there is no
Sb desorption at all as shown in the TDS experiment [see
again Fig. 1(a)].

The solution of Eq. (3) thus is ZSb:%(l —e7ksot) for the
adsorption and Zgy=4Z| / kg,e~*s* for the desorption (charge
and discharge of a condensator). It is thus easy to fit the
experimental curves obtained at different high temperature
[continuous curve in Fig. 3(c)] to obtain the unknown param-
eter kg, whose temperature variation gives the activation en-
ergy for desorption. We find E=2.9 eV in excellent agree-
ment with other experimental results.!?

3. Intermediate temperature range

Obviously, in the intermediate temperature range the ki-
netics is a mix of the two previous behaviors with partial
reflection of Sb, species and partial desorption of Sb mono-
mers, the ratio between both scenarios depending upon the
actual temperature. Moreover, in Fig. 3(b) a stationary state
also appears before and after the true equilibrium between
the impinging and the leaving flux. This plateau exists as
soon as T>600 °C (when desorption is active) in the inter-
mediate as well as in the high temperature range, but only for
coverages greater than 6~0.7 ML.
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FIG. 5. (Color online) Set of experimental isotherms (a) and the deduced adsorption energy versus coverage (b). The dotted line
corresponds to the mean approximation with ®g,g,=-2.95+0.03 eV and Pgpg,=—0.02 = 0.006 eV, the continuous line put in evidence the

two-adsorption regimes.

4. Description of the intermediate kinetics steady state close
to 6=0.7

According to their shapes, the quasistationary states that
appear on the adsorption and desorption parts of kinetic
curves can be interpreted as the condensation of a 2D phase
on the Si surface.’?! More precisely, beyond some critical
density (§=0.7 ML), a 2D condensation occurs. The quasis-
tationary adsorption state thus corresponds to the condensa-
tion of a 2D phase from the 2D gas (construction of 2D
islands by surface diffusion of the Sb adatom before incor-
poration in the island edges) whereas the quasistationary de-
sorption state corresponds to the reverse process of dilution
of the 2D dense phase (the island edges reject Sb atoms in
the 2D gas phase before desorption), as described in Ref. 21.
A simple kinetics model enables one to capture the essential
of the physics of this 2D phase formation. For this it is
enough to consider three populations: a 2D gas on the bare
silicon surface (n, atoms), a 2D island (containing N atoms),
and a 2D gas lying on the 2D island (n; atoms), so we can
write the coupled equations

dno/dt=Z| (1 ~NIN,) - klz’lo\w"' kzl\w— king,
dN/dt = kyng\N = ky \N = ko \N,

dnl/dt=ZlN/NS—k1pnl,

where we consider a net flux from the 2D gas lying on the
bare surface towards the island edges (the number of edge
sites being proportional to \N) with the kinetic rate k, and a
back flux (with a kinetic rate k,;) from the island edge to-
wards the 2D gas as described by Refs. 20 and 21. Further-
more, we consider that the impinging flux divides into two
parts. A fraction Z | (1-N/N,) impinging on the bare silicon
surface, the other Z| N/ N, impinging on the 2D island where
N, again is the number of surface sites on the base Si surface.
The fraction of upper 2D gas lying on the 2D island desorbs
with the kinetic rate k;,. These coupled differential equations

can be numerically solved from a critical density of 2D gas
0.=ny./N;. The value of 6. is an adjustable parameter. The
recorded signal thus reads I, =k ng+k; 1, +k,\N. The best fit
(obtained with 6.=0.5 ML) is superimposed on Fig. 3(b).

IV. THERMODYNAMIC STUDY OF THE ADSORPTION/
DESORPTION EQUILIBRIUM

We have seen in Sec. III that beyond 600 °C, reversible
adsorption/desorption of Sb monomers occurs. For such a
reversible adsorption/desorption regime, mass spectrometry
measurements allow one to obtain, in an equilibrium situa-
tion, the adsorbed coverage (6,,= 6,.,,= 6,,) and the equilib-
rium pressure (P,,=Z,,N27mkT). A set of such experiments
for various antimony gas pressures enables us to build an
isotherm 6,,(P,,) that we will write 6(P) for the sake of
simplicity. Performing identical experiments for various sur-
face temperatures is enough to build a set of isotherms for
750 °C<T <850 °C (beyond the higher temperature the de-
sorption is too quick, beneath the lower one there is a Sb,
reflected part as shown in Fig. 4). Such an isotherms set is
plotted in Fig. 5(a).

At first sight, these isotherms are sigmoid curves and thus
behave as Langmuir isotherms resulting from noninteracting
molecules adsorbed on definite surface sites. However, let us
use the mean field expression of the isotherms obtained in a
first nearest-neighbor model and known as the Bragg Will-
iams isotherm:

6/(1 — 6) = KP exp[(Pgps; + 20Pgps)/ kT, 4)

where K is a constant, g, is the mean vertical interaction
between adsorbed Sb and Si underlying atoms, Pgg, the
lateral interaction between antimony adatoms in the surface
plane, and z6 the mean number of Sb-Sb neighbors in the
surface plane (z=6 is the coordination number in the surface
plane). It is thus possible to write the isotherms (4) as 6/(1
—0)=KP exp[®,,/kT] and thus to plot the quantity d,,
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=kT|In(KP)—-1In ﬁj as a function of the surface coverage.
The result is given in Fig. 5(b). It is thus easy to see that for
0<<0.7 ML there is a perfect Langmuir adsorption (with
(I)ad:(I)SbSi:_3'0 eV and (I)Sbszo), while for 6>0.7 ML
there is a Bragg-Williams adsorption since now ®,,=Pgg;
+Z0(bSbSb Wlth (bSbSi=_2-65 eV and (I)SbSb=_0‘08 eV. ThuS
beyond #=0.7 ML there is an attractive interaction between
Sb adatoms. Though the error bars are important, the transi-
tion from a regime without mean lateral interaction towards a
regime with attractive interaction is meaningful, as will be
proved without ambiguity in Sec. VI.

Let us recall that this peculiar behavior close to 8=0.7
ML could be linked to the critical coverage at which kinetics
curves exhibit a 2D condensation [see again Fig. 3(b) and
Sec. III B 4] and to the TDS experiments where beyond 6
=~ (.7 ML the desorption peak splits in two components [see
Fig. 1(a)]. For completeness, notice that in the work by Slijk-
erman et al.?? it is also reported, but for Sb/Si(001), a pecu-
liar behavior close to #=~0.7 ML. In this case it seems to be
associated to a blockage of the Sb, dissociation process.

V. CONNECTION WITH SURFACE STRUCTURES
AND PARTIAL CONCLUSION

A. Phase diagram

The 2D condensation due to attractive interactions beyond
60=0.7 ML could be associated to peculiar surface structures
so that it is natural to study those which appear for the
Sb/Si(111) system. A large number of structural studies have
been published in the desorption regime (a Sb monolayer has
been deposited then the surface structures are followed dur-
ing desorption) and many phases have been identified as
(5V3%5y3)R30°, 2% 1, (V3 X \3)R30°, (73X 743)R30°,
diffuse 7 X 7, etc... .2 27 However, since working in equilib-
rium conditions, one has to only consider 2D equilibrium
phases. In this context, the most important work is the one
published by Andrieu’® who shows that the surface phases
that appear during adsorption are different from that one ap-
pearing during the desorptlon His results essentially show
that during adsorption a (5 V3x5 \3)R30° 2D structure is
observed for T>725 °C in a weak coverage domain close to
0~0.7 ML, whereas during desorption this phase is ob-
served for a larger coverage domain (0.5 ML <6< 0.8 ML).
This difference between adsorption and desorption is now
well-understood since it has been recently shown that the
(5\3 X 5\3)R30O phase does not conserve its stoechiometry
during desorption, where Si atoms can substitute to Sb
atoms.?” The equilibrium diagram (with equilibrated adsorp-
tion and desorption fluxes) could be obtained as the intersec-
tion between the two Andrieu kinetic diagrams. However, we
tried here to directly build a true phase diagram (working in
equilibrium conditions). For this purpose we have identified
(by RHEED) the 2D surface structures that exist in equilib-
rium conditions (for the steady state in adsorption and de-
sorption curves). Here, since from the adsorption/desorption
experiments we know the equilibrium pressure at which ap-
pears the different 2D phase structures, we will present the
main results under the form of a 1D equilibrium diagram.
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FIG. 6. (Color online) 1D phase diagrams for the three phases
that exist in equilibrium conditions.

For this purpose, we calculate the thermodynamic supersatu-
ration Au=kT In(P,,/ P..) at which appears then exists a spe-
cific RHEED pattern characteristic of a peculiar reconstruc-
tion existing in equilibrium conditions. Notice that if P, is
the equilibrium pressure at which exists the surface recon-
struction, P, is the vapor pressure of a 3D antimony crystal
calculated from Ref. 30 at the working temperature. Thus Au
is the antimony supersaturation with respect to a 3D infinite
antimony reservoir. The results are shown in Fig. 6 for T
>600 °C where reversible adsorption is possible.

The main results are (i) all the 2D equilibrium phases
grow at undersaturation (with respect to the infinite phase)
as it should be for a Frank-van der Merwe or 2D growth,
(ii) at equilibrium only the (5 V3x5 \E)R30°, 2X1, and
(V3% \3)R30° 2D phases are observed, (iii) the
(5V3%543)R30°, 2 X 1 phases coexist in a large domain of
undersaturation in agreement with all the recent STM obser-
vations, and (iv) the (5V3 X5 \3)R30° superstructure can
only be formed in a weak undersaturation domain. STM
measurements show that the 2 X 1 phase develops at the edge
of (5 3% 5y 3)R30° reconstructed islands.

B. Partial conclusion

The previous results enable us to perfectly describe the
adsorption mechanisms in irreversible (T <600 °C) as well
as in reversible (T > 600 °C) conditions. These mechanisms
result from a subtle temperature dependent competition be-
tween sticking, adsorption, and dissociation of Sb, molecules
on one hand and Sb, reflected flux or Sb desorbed flux on the
other hand. Moreover, a peculiar behavior appears close to a
critical coverage §=0.7 ML. Beneath this coverage the ad-
sorption takes place as a Langmuir adsorption (the Sb spe-
cies adsorbed on the surface do not interact and thus ignore
each other), while close to this critical coverage the nature of
the Sb-Sb abruptly change towards attractive interactions
which leads to a 2D condensation that can clearly be seen on
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FIG. 7. Variation of the adsorption energy (E,,, in €V/at) for Sb and Sb, adsorbed species as a function of the number of Sb/Sb, first
neighbors N,,(Sb,,). For the monomers, the Sb adatom is located on fop (full line with dots, @), T4 (dashed line with up triangles, A), and
H3 (dotted line with down triangles, V) positions. For the dimers (small dashed lines), the Sb atoms occupy, respectively, rop-H3 (©), top-T4
(X), or H3-T4 (<) positions. The most stable superstructures for monomers and dimers in the two limit cases (isolated, monolayer) are
schematized in the insets (gray large dots: Sb adatoms, small black dots: Si surface atoms, and line intersections: Si first underlayer atoms).
(For the inset: O: Si atoms, @: Sb atoms). Notice that in our ab initio calculations for dimers, N,(Sb,)=0 corresponds to #=0.5 ML and

N,(Sb,)=6 corresponds to §=2 ML.

the adsorption and desorption kinetics but is partially hidden
in the adsorption/desorption isotherms where no correspond-
ing step has been evidenced. Moreover, close to this critical
coverage a specific (5V3 X5y3)R30° 2D surface structure
also appears, as well as splitting of the TDS peak.

Beyond the experimental questions, essentially due to the
error bars and some experimental details described in Ref.
31, the main question is the origin of the change of the nature
of the Sb-Sb interaction (from zero interaction to attraction)
close to #=0.7 ML. A complete understanding of this phe-
nomenon needs an atomistic modelization of the adsorption/
desorption phenomena, and thus a realist atomic potential
that enables us to describe the Sb-Sb and the Sb-Si interac-
tions. We have thus performed an ab initio study of the
Sb/Si(111) adsorption. Nevertheless we will simplify the
problem by ignoring the real surface superstructures for two
main reasons: (i) from a general viewpoint the energy differ-
ence between surface structures is weak so that we believed
that the driving force for changing the nature of the interac-
tion has a more “robust” origin, and (ii) the (5v3
><5v§)R30° phase that appears close to the transition is in
fact a “soft” phase which may admit important stoichiometry
modifications without any structural change.?® A second sim-
plification will be to ignore the temperature effect and thus to
work only at zero K. Such a simplified ab initio simulation
of the Sb/Si(111) system is the goal of the next section.

VI. AB INITIO STUDY OF Sb/Si(111) ADSORPTION

As summarized at the end of the previous section, the
experimental results collected on the Sb/Si(111) interface
have raised many questions, particularly about the influence
of Sb coverage on:

(1) The nature of Sb adsorption at the surface: molecular
or dissociative adsorption?

(2) The nature of adsorbed Sb particle interactions: attrac-
tive or repulsive?

(3) The organization of the various Sb superstructures
identified by RHEED-STM?

To answer these questions, we have performed ab initio
calculations of the energy of the Sb/Si(111) system for ad-
sorption of Sb,, species (here n=1 for monomers and n=2 for
dimers) in the two limit cases of isolated Sb, species and
completion of a Sb, monolayer. Let us explain that our aim
here is not to describe the kinetics of the adsorption (which
among others would require one to include Sb, molecules)
but to characterize the thermodynamic equilibrium state,
which has been experimentally shown to involve only Sb and
Sb, species.

The calculations have been performed using the WIEN97
full-potential linearized augmented wave planes (FP-LAPW)
package in the local density approximation (LDA) for the
exchange potential. The Sb/Si(111) system has been simu-
lated by a periodic slab of Si layers, with Sb atoms on each
side, separated by vacuum layers in order to avoid interac-
tions between the covered layers. The Si surface is a perfect
(111) surface with three main adsorption sites: the fop site
and two ternary sites occupying respectively, fcc (hollow site
H3) and hep (ternary site T4) positions (see insets of Figs. 7
and 8). The unit cell used for describing intermediate cover-
ages between isolated Sb,, entities and full Sb, monolayers is
the 2 X2 unit cell described in Fig. 7. In view of the size of
this unit cell it has been necessary to reduce the thickness of
the slab to get reasonable computational time. We have
checked that three Si bilayers separated by six vacuum layers
was enough to recover the same energy in the midlayer of
the slab for all the adsorption configurations under study.?' In
what concerns the computational parameters it was essential
to properly determine both the cutoff of the plane waves
(kmax), Which controls the size of the plane-wave basis, and
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FIG. 8. Variation of the Sb-Si distance [d(Sb-Si) in A] for Sb
adsorption as a function of the number of Sb first neighbors N,,(Sb),
depending on that the adatom occupies the rop (full line with dots
®.0), T4 (dashed line with up triangles A,A), or H3 (dotted line
with down triangles ¥,V positions. For the sake of comparison the
Sb-Si average bulk interatomic distance d,(SbSi) is also recalled.
The different coordination numbers are given in parenthesis. In the
inset the three adsorption sites are schematized.

N, the number of k points used for the integration in the
Brillouin zone. The parameter k,,, has to be sufficiently
large to ensure convergence but not too much in order to be
not too time consuming. The same problem arises for N,
which has also to be sufficiently large to account properly for
the evolution of the local density of states but still not too
much. Thus varying N, between 10 and 1000 and the adi-
mensional parameter R, k... (Where R,, is the muffin-tin
radius) between 6 and 9, we have checked that N,=100 and
R, k=7 are sufficient to reach convergence of the total
energy in the Brillouin zone.?! In practice, the criterion used
to compare the respective stabilities of the various entities
present at the surface (Sb monomers adsorbed on one of the
three adsorption sites: top, T4, and H3 sites or Sb, dimers
adsorbed in mixed situations, the two Sb adatoms occupying
different adsorption sites: top-H3, top-T4, H3-T4) for a given
coverage (here isolated or monolayer) is to minimize the
adsorption energy per Sb atom defined as
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_ Elot(Sb/Sl) - Elot[SI(l 1 1)]
Nsp

ads - Eisol(Sb) > (5)

where E,,(Sb/Si) and E,,[Si(111)] are the total energies of
the Si(111) slabs, respectively, covered or uncovered by Sb
atoms and E,,(Sb) the energy of the isolated Sb atoms cal-
culated as the asymptotic value of the bulk energy when the
interatomic distances are sufficiently expanded. Notice that
within this definition, the initial state is the same for both
monomers and dimers, namely a gas of isolated Sb atoms.
Indeed this is the only way to properly determine the respec-
tive stabilities of adsorbed Sb and Sb, from the direct com-
parison of their adsorption energies (per atom). Let us under-
line that our problem being essentially two-dimensional, here
we will only relax the vertical distances Sb-Si. This means
that the Si substrate is frozen during all the procedures. Then,
for the Sb, dimers, the adsorption energies have been calcu-
lated by a n-step process in which the Sb-Si distance of both
Sb adatoms have been alternatively relaxed until an energy
minimum has been reached. We have checked in a few cases
that allowing slight horizontal displacements with respect to
the three ideal positions do not change quantitatively the
main results.

The adsorption energies for Sb, monomers and dimers
either isolated [no Sb, neighbors: N,(Sb,)=0] or organized
in a (1X1) condensed phase [six Sb, neighbors occupying
the same adsorption lattice N,(Sb,)=6] are synthesized in
Fig. 7 and Table I. Note that these two limit cases have
already been reported elsewhere for Sb monomers,'# but that
they have been completed here by calculations for interme-
diate coverages corresponding to N, (Sb,)=2,4, and by those
for dimers. This figure deserves many comments. The first
one concerns the respective stabilities of Sb monomers and
dimers. One can see that, whatever the coverage [at least
below completion of Sb monolayer, §=1 ML which corre-
sponds to N,,(Sb=6)], the adsorption is dissociative since the
minimum value for monomers is, in all cases, below that for
dimers. However, thanks to the fact that the Si(111) surface
is not a close-packed plane, the Sb coverage can now vary
from 6=0 to 2 ML. Then, for #>1 ML, this figure shows
that additional Sb adatoms are incorporated in first neighbor
positions of the Sb atoms already present at the surface, lead-
ing to organized Sb, structures. A more compact ad-layer
(=2 ML) is thus reached for a mixed situation in which
only H3 and T4 sites are occupied.

TABLE 1. Adsorption energies (in eV/atom) for the three possible positions of Sb monomers and Sb,
dimers in both limits: isolated entities or full monolayer.

Monomers Dimers
Top T4 H3 Top-T4 Top-H3 T4-H3
N,(Sb,)=0 -4.17 -5.67 -5.77 -4.73 -4.98 -4.46
Isolated n-mers
N,(Sb,)=6 -5.62 -4.56 -4.83 -4.84 -4.70 -5.13
Full n-mers
monolayer
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The second comment concerns the coverage dependence
of the adsorption energy for each species first, and then from
one to the other species. Let us first describe the case of Sb
monomers (which corresponds to the most stable situation
for #<<1 ML). In that case, one observes a spectacular rever-
sal of the adsorption site from ternary towards on top site as
a function of increasing coverage, the transition occurring
around 6=~0.7 ML [N,(Sb,) ~3]. The difference between
the H3 and T4 site is very weak so that it could be inversed
by simple entopic considerations at nonzero temperature.
The existence of such a transition is closely linked to the
different nature of Sb interactions depending on that they are
observed on ternary or on top sites. Indeed, these interactions
are found repulsive (positive slope) in the former case
whereas they are found attractive (negative slope) in the lat-
ter case. Then, beyond #=1 ML, dimers begin to be stabi-
lized on the surface. There again, the nature of the interaction
between Sb, dimers strongly depends on their location: re-
pulsive for top-H3 dimers, vanishing for top-T4 ones, and
finally attractive for H3-T4 ones. Note that the situation is
somewhat reversed with respect to the case of monomers
since now, dimer interactions are repulsive for those involv-
ing one on top position whereas they are attractive for those
adsorbed on ternary positions only. This behavior obviously
leads to a site reversal from mixed (top-ternary) sites at low
dimer coverage to pure ternary ones for a higher one, the
transition taking place at about #=1.3 ML [corresponding to
N,,(Sb,) ~3]. The global scenario of adsorption as a function
of coverage suggests that two phase transitions can be ex-
pected for this system. These results enable us to describe the
adlayer structure versus coverage. For weak coverages, the
adsorption is dissociative and Sb monomers repel one an-
other in ternary sites. A structural transition towards on top
sites on which monomers now attract one another occurs at
6~ 0.7 ML. This transition explains the two regimes derived
from the measured isotherms, as well as the formation of
condensed phase beyond the transition coverage. Then for
high enough supersaturations, it is possible to overpass 6
=1 ML to form dimers. After a short range in which dimers
partially located on top sites repel one the other, a second
transition occurs around #=1.3 ML towards condensed
phases of dimers occupying both H3 and T4 sites.

Let us add that, despite the natural tendency towards
phase separation of the bulk SbSi alloys, we have also
checked the possible Sb incorporation (by substitution) in the
first Si layer. For this purpose we have calculated the substi-
tution energy as the difference between the energy of the
system in which Ng, silicon atoms have been replaced by Sb
atoms and the initial system constituted by the Si(111) layer
and Sb species only in the vapor. The Si atoms, after substi-
tution, have been considered to incorporate kink position and
thus have the same energy as that in the bulk. We have found
that incorporation energies have the same order of magnitude
as the adsorption energies, so that a possible competition
between adsorption and incorporation is possible. However,
because the reference energies are not the same for adsorp-
tion and substitution, they cannot be directly compared.
Moreover, the incorporation energies decrease with coverage
(the result is not shown here but can be found in Ref. 31). It
means if incorporation occurs, it takes place without any
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change in the nature of the Sb-Sb interactions. However no-
tice that, within error bars, experiments show that there is, at
equilibrium 6,,~ 6,,,= 0, so that, in practice, incorporation
seems to play only a second role.

Coming back to adsorption, it is obvious that all these
situations lead to geometrically different situations. Let us
now consider the variation of the vertical Sb-Si distance ver-
sus coverage, first for monomers (Fig. 8), then for dimers
(Fig. 9). In the latter case, the Sb-Sb length of the molecule
is also reported in Fig. 9. All these distances are the ones
calculated for the minimal adsorption energies. Let us first
comment on the evolution for Sb monomers. It is easy to see
in Fig. 8 that the equilibrium distance changes with the na-
ture of the adsorption site, that in all the cases the vertical
distance increases with coverage, and that the smallest Sb-Si
distance is the apical one whatever its stability with respect
to the ternary situation. All these features can be easily un-
derstood. The Sb-Si distance globally increases with cover-
age because of the weakening of the vertical bonding due to
the increase of the number of lateral bondings (the electrons
being shared among more neighbors). Considering the num-
ber of Sb neighbors for various coverages in each adsorption
lattice, it is also easy to understand that the driving force for
the selection of the adsorption site in fact is the maximiza-
tion of the number of Sb neighbors. More precisely, the Sb
atom which prefers to be surrounded by six nearest neigh-
bors (in fact three shorter and three larger distances) in Sb
bulk crystal tries to minimize its number of Si neighbors
when already surrounded by six Sb atoms (6=1 ML, on top
position) and on the contrary to maximize it when isolated
(weak @ values in the ternary position). All along the adsorp-
tion from the isolated Sb towards the Sb monolayer, the equi-
librium distance remains close to the average distance be-
tween Sb and Si bulk.

The situation is a little bit more complex in what concerns
the geometrical structure adopted by Sb, dimers. Figure 9
illustrates how the length [d(Sb-Sb)] of the dimer and its
distances to its first Si neighbors [d(Sb-Si)] evolve with both
its adsorption sites [top-H3 (a), top-T4 (b), and H3-T4 (c)]
and coverage (from isolated dimers to full monolayer). More
precisely, the completion #=2 ML is reached when the most
stable dimer (H3-T4, see Fig. 7) recovers a distance close to
the equilibrium Sb-Sb distance in Sb bulk (note that it is also
the case for the top-T4 dimer). Moreover, following the
variation of the Sb-Si distances from the isolated dimer to
the full monolayer for the two corresponding stable modes
[see shaded areas in Figs. 9(a) and 9(c)] brings information
on the mechanism by which the site transition occurs from
top-H3 for low coverages (1 ML<#<1.3ML) toward
H3-T4 at completion (=2 ML). This is more clearly illus-
trated in the top part of Fig. 9, in which one can see that
when the coverage increases the Sb, molecule stands up,
keeping one atom located in a quasiunchanged hollow (H3)
position, while the other changes from a top toward a more
higher T4 position. In other words, the second Sb monolayer
starts to grow at #=1.3 ML to achieve a perfect bilayer at
0=2 ML. As already noticed, the interatomic Sb-Sb distance
in the final quasivertical Sb, molecule is equal to that in Sb
bulk. In fact, at #=2 ML, the Sb, molecule can been consid-
ered as sitting quasiperpendicularly to the surface in the hol-
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mechanism from the horizontal to vertical position is schematized in the inset. Let us recall that for dimers, N,(Sb,)=0 corresponds to

=0.5 ML and N,(Sb,)=6 corresponds to §=2 ML.

low site, as in the case of adsorption at steps,'>'* which
could indicate a more complex situation in the latter situation
than previously thought.

From the point of view of the electronic structures, one
also observes drastic changes, which are at the origin of the
structural transitions described above. In particular, a look at
the local densities of states'>3! shows that the stability of the
on-top site for the monomer at completion originates from
the disappearance of the surface state which appears in the
bulk gap for a clean Si(111) surface on this site whereas it
persists for complete adsorption in ternary sites. This passi-
vation thus enhances the stability of on-top sites. Adsorption
on ternary sites (not shown) does not lead to the disappear-
ance of the surface states. Our calculations also allow us to
calculate the charge transfer. For this purpose, thanks to the
“muffin-tin” geometry we use for our LAPW calculations,
we can calculate the number of electrons at the Fermi level
inside the atomic spheres and in the interstitial zone for Si
and for Sb in the various considered configurations. In all
cases, we find an electron transfer from Si towards Sb atoms,
larger for on-top positions (An~ 0.6) than ternary ones (An
~0.4), which could allow one to discriminate between these
sites in core level photoemission experiments.

VII. CONCLUSION

The adsorption mechanisms result from a subtle tempera-
ture dependent competition between sticking, adsorption,
and dissociation of Sb, molecules from one hand and Sb,
reflected flux or Sb desorbed flux on the other hand. The
leading term strongly depends upon the temperature range.
At high enough temperature, there is some critical coverage
0=0.7 beyond which the nature of the Sb-Sb interaction
abruptly changes and thus leads to a 2D condensation char-
acterized by a specific kinetics signature but hidden in the
adsorption/desorption isotherms. The ab initio study of the
Sb/Si(111) adsorption provides us with a deep understand-
ing of the underlying mechanisms. The nature of the adsorp-
tion site changes versus coverage from ternary towards the
on-top position and the character of the Sb-Sb effective in-
teractions changes from repulsive towards attractive. More-
over, it allows us to make some predictions. In particular it is
possible to overpass #=1 ML by the formation of dimers,
first partially located on top sites, up to a second phase tran-
sition around #=1.3 ML in which dimers leave the on top
sites and stand up for building the second Sb layer.

Beyond these specific results, which illustrate the richness
of this system and allow us to have a good understanding of
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the adsorption and desorption mechanisms, we would like to
point out some discrepancies and/or perspectives.

(1) Though experimental and theoretical results perfectly
agree, some weak discrepancies between experiments and
theoretical calculations still exist. This essentially concerns
the fact that if experiments evidence a transition at 6=0.7
from zero Sb-Sb in-plane interaction towards attractive inter-
action, it is not exactly the case in calculations which predict
a transition (also at #~=0.7), but from repulsive to attractive.
We believe that this discrepancy originates from the fact that
the transition in fact is quite continuous so that on the surface
for #<<0.7 domains coexist with adsorption on ternary sites
and adsorption on top sites. The mean interactions thus re-
main more or less zero from an experimental point of view.
Such a scenario implies that from a statistical viewpoint, the
local fluctuations of coverage can lead to a local dense island
(with on-top adsorption) coexisting with a 2D diluted phase
(ternary sites). Such a scenario can only be checked by
Monte Carlo simulations in the grand canonical ensemble. It
will be our future task. The Monte Carlo simulations will
also give new information concerning the second phase tran-
sition expected for #>1.3 ML. This second transition could
also be experimentally studied by using higher antimony
pressure and thus higher supersaturation.

(2) From the viewpoint of the applications, the set of iso-
therms enable us to obtain the surface energy variation Ay as
a function of the antimony coverage 6. More precisely, a
simple integration of the isotherms gives, by using the Gibbs
isotherms formulation, Ay(6) given in Fig. 10. The pure sur-
factant effect of antimony onto Si growth is thus quantified.
Obviously, as theoretically shown from a general viewpoint
in Ref. 32 and experimentally observed for Sb/Si(111) in
Refs. 33 and 34, the surface stress variation with the anti-
mony coverage may also contribute to the surfactant effect.

(3) From a fundamental viewpoint it is believed that the
situation in which the nature of the adsorbate-adsorbate in-
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FIG. 10. (Color online) Variation of the surface energy density
of the Si(111) surface as a function of the antimony coverage ob-
tained by integration of the isotherms.

plane interactions strongly changes with coverage should be
a more general behavior. It could be observed for all the
systems where the adsorbed species do not present a close-
packed bulk structure, so that the tendency of the systems to
maximize or not their bonds with the substrate evolves with
coverage. More generally, such a behavior could be the rule
more than the exception each time that chemical (adsorption,
segregation) and structural (reconstructions, adsorption lat-
tice) segregations interplay, as recently shown, for instance,
in the Ag/Cu system.?
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