
1st Reading

February 5, 2009 18:2 01247

Surface Review and Letters, Vol. 16, No. 1 (2009) 1–4
c© World Scientific Publishing Company

FIRST PRINCIPLES STUDY OF BORON SEGREGATION
ON THE Si(111)(

√
3 × √

3)R30◦ SURFACE

V. G. ZAVODINSKY
Institute for Materials Science,

Far Eastern Branch of the Russian Academy of Sciences,
153 Tikhookeanskaya Str., Khabarovsk 680042, Russia

E. N. CHUKUROV and I. A. KUYANOV
Institute for Automation and Control Processes,

Far Eastern Branch of the Russian Academy of Sciences,
5 Radio Str., Vladivostok 690041, Russia

Received
Revised

Segregation of boron on Si(111)(
√

3 × √
3)R30◦ surface has been studied using the periodical

calculations within the local density approximation. The obtained segregation energy (enthalpy)
of about −1.9 eV is close to the published data of experimental studies and previous cluster
semiempirical calculations. The influence of plane-wave basis set cutoff energy and the slab unit
cell depth on the value of segregation energy has been investigated.

Keywords:

1. Introduction

Dopant segregation near the semiconductor surfaces
and interfaces is frequently investigated because
of its fundamental and technological importance.
According to the classical McLean model,1 the seg-
regation process is controlled by the value of the
segregation free energy ∆G, which is the difference
of free energies for the dopant being at the surface
and in the bulk. In this model, the surface (Cs) and
bulk (Cb) dopant equilibrium concentrations are con-
nected by the following expression:

Cs/(1 − Cs) = Cb/(1 − Cb) · exp(−∆G/kT ).

It is well known that boron exhibits a segrega-
tion at (111) silicon surface2–4,9 leading to the
Si(111)

√
3×√

3-B reconstruction. In the Si(111)
√

3×√
3-B structure, boron atoms occupy S5 sites substi-

tuting of the second-layer silicon atoms. This site

was independently proposed by Headrick et al.,5

Bedrossian et al.,6 and Lyo et al.7

de Frésart et al.2 experimentally studied boron
surface segregation on Si(111). Using the Auger elec-
tron spectroscopy data, they obtained the value of
Gibbs free energy of segregation Gs = −0.33 ±
0.02 eV in the temperature range of 750◦ ≤ T ≤ 900◦.

Thibaudau et al.9 investigated boron segrega-
tion on Si(111) using scanning tunneling microscopy
(STM) in the temperature range of 1045–1245K.
To model the segregation process, they performed
Monte Carlo simulations at 1245K within the frame-
work of a nearest neighbor model. The segregation
free energy Gs has been written as a sum of a con-
stant term G0 and a local term nBw:

Gs(nB) = G0 + nBw,

where nB is the number of boron first neigh-
bors surrounding the considered site, and w is
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an interaction energy. They obtained −0.52 and
−0.093 eV for G0 and w, respectively. In the sub-
sequent paper,10 these values have been corrected to
G0 = −0.48 eV and w = −0.1 eV using more sophis-
ticated simulation.

In spite of intensive investigations, there is a lack
of quantitative information on the boron energetics
near the silicon surface. The segregation theory usu-
ally operates with the free energy.1,11 However, the
free energy depends on temperature:

∆G = ∆H − T∆S,

where H and S are the total enthalpy and entropy,
respectively. Therefore, the free energy is hardly
comparable with results of total energy calculations
in which temperature effects are not present. To
make this comparison, the enthalpy fits better.

The boron segregation enthalpy of −2 eV for the
Si(111)–

√
3×√

3-B surface has been found by Thibau-
dau et al.9 using the STM technique and counting
the B-S5 atoms. It is curious that the authors have
obtained this value (−2 eV) from the linear depen-
dence of the Arrhenius plot of Cs/(1 − Cs); however,
they mistakenly supposed that it was the free energy
(not the enthalpy) and, being surprised of its rather
high value, have performed Monte Carlo calculations
to find the value of −0.52 eV. The last value was
really the free segregation energy, but the origin of
the −2 eV value was not discussed at all.9

Zavodinsky et al.12,13 performed semiempirical
cluster modeling of boron segregation on Si(111).
Using large cluster including seven B-S5 sites (the
central B-S5 site and six surrounding sites), they
obtained segregation enthalpies of about −1.8 eV (for
isolated boron atom) and −2.1 eV (for boron atom
surrounded by six nearest borons in S5 position).
Thus, segregation enthalpy depends on the number
of nearest neighbors, which agrees with the STM
observations.9

Shi et al.14 recently presented modeling of boron
segregation on Si(111) using cluster and periodical
ab initio simulations without taking into account
temperature effects. The predicted values of segre-
gation enthalpy are equal to −0.77 eV for periodical
and −0.48 eV for cluster calculations. It is difficult
to understand, however, why the authors14 com-
pared calculated values of segregation enthalpy with
segregation free energy found experimentally.2,9,10

It should be noted that the value of segregation

enthalpy was obtained within the framework of
periodical slab calculations by using incorrect pro-
cedure (we discuss this procedure below).

2. Method of Calculations

To find the segregation enthalpy, we have performed
ab initio plane-wave total-energy calculations
using the fhi96md package15 in which the Car–
Parrinello-type of electronic structure calculation16

was used. The local density approximation (LDA)
after Ceperley–Alder17 in the Perdew–Zunger
parametrization18 for the exchange and correla-
tion functional was employed. Norm-conserving
Hamann20 (for silicon) and Troullier–Martins19 (for
boron) pseudopotentials were employed. The pseu-
dopotentials were constructed using the fhi98pp
package21 and were verified to avoid ghost states and
to describe the basic experimental characteristic of
bulk materials.

The surface was simulated by a periodic slab
geometry with a

√
3 ×√

3 surface unit cell contain-
ing eight silicon atomic layers. The dangling bonds
of the bottom slab layer were saturated by hydrogen
atoms. The hydrogen atoms and bottom bilayer sil-
icon atoms were fixed and the rest atoms were free
to move. A vacuum region of approximately 9 Å was
incorporated within each periodic unit cell to prevent
interaction between adjacent surfaces. The energies
cutoff Ecut of 18, 24, 30, and 40Ry were applied in
calculations presented. A number of simulations were
conducted using 24-layer

√
3 × √

3 surface unit cell,
vacuum gap of 9 Å, and Ecut = 18Ry. The silicon
bulk was simulated using 64-atomic unit cell. Accord-
ing to previous modeling of boron behavior in bulk
silicon,22 this volume unit cell is large enough to pre-
vent boron interaction.

3. Results and Discussion

First we have carried out test energy calculations of
the Si(111)

√
3×√

3-B system using the slab periodic
cell. We substituted silicon atoms by boron atoms
layer-by-layer. The energies in relation to the sys-
tem with boron in T4 position are shown in Table 1.
A number of cutoff energies employed to study the
influence of plane-wave basis set on the total energy.
Results of Shi et al. are included in Table 1 for com-
parison.
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Table 1. Relative energies (in eV) of the Si(111)
(
√

3×√
3)R30◦-B system for a boron atom occupying

sites in different layers for a number of Ecut.

Ref. 14 Present results

Layer 18Ry 18 Ry 24 Ry 30 Ry 40Ry

0 (T4) 0.00 0.00 0.00 0.00 0.00
1 −0.09 −0.11 −0.13 −0.14 −0.15

2 (S5) −1.04 −1.12 −1.18 −1.20 −1.21

3 −0.62 −0.63 −0.66 −0.68 −0.68

4 −0.27 −0.30 −0.34 −0.36 −0.37

One can see that the results of Shi et al. are
close to ours. That is predictable, since we employed
essentially the same code, the same approximation
(LDA), and the same unit cell. Insignificant distinc-
tions can be explained by differences in parametriza-
tion of pseudopotentials.

Difference in energy of B-S5 and B-T4 configura-
tions was calculated by a number of authors. Accord-
ing to early simulations with cutoff energy of 12Ry
by Bedrossian et al.6 and Lyo et al.,7 the relative
energy of B-S5 equals −0.93 and −1.0 eV, respec-
tively. Kaxiras et al.8 demonstrated that B-S5 rela-
tive energy changes from −0.4 to −1.0 eV when the
cutoff energy increases from 6 to 12 Ry. According to
our calculations, weak dependence of relative energy
on Ecut is at least observed up to 30Ry. Test calcu-
lations for 24-layer silicon slab show that the depen-
dence of relative energies (for boron atoms in 1–4
layer) on the depth of the

√
3 ×√

3 surface unit cell
is negligible.

To obtain the segregation energy (enthalpy), we
should compare the energies of boron atom in bulk
silicon and in S5 position of Si(111)

√
3 × √

3-B sys-
tem. Using the cluster approach, we can substitute
single silicon atom by boron layer-by-layer. It is obvi-
ous that at the appropriate depth of boron atom its
position can be considered as a bulk one.

That was the approach employed by Zavodinsky
et al.12,13 for cluster systems. The obtained segrega-
tion enthalpies of −1.8 eV (for isolated boron atom)
and −2.1 eV (for boron atom surrounded by six near-
est borons in S5 positions) are in good agreement
with the experimental data of Thibaudau et al.9

Moreover, segregation enthalpy depends on the num-
ber of nearest neighbors, which agrees with the STM
observations.9

The same method was employed by Shi et al.14 to
find the segregation energy within the framework of
periodical slab calculations. The authors14 calculated
the total energy of system with boron atom placed in
subsurface layers. However, using this method within
the framework of periodical calculations leads to the
artificial

√
3 × √

3 periodicity in (111) plane in the
depth of crystal. Physically it looks like the dis-
placement of ideal boron-doped δ-layer and makes
no sense in finite-temperature bulk systems.

Again, method of segregation energy calculation
used by Shi et al.14 is applicable for cluster simula-
tions only, in which a single atom can be displaced.

To find the correct value of segregation energy, we
have to calculate energies of bulk (Ebulk,Si) and sur-
face (Esurf,Si) silicon systems without dopant atom
and those (Ebulk,B and Esurf,Si) with B atom in sub-
stitutional positions. Then segregation energy Es is
defined as

Es = (Ebulk,Si + Esurf,B) − (Ebulk,B + Esurf,Si).

The calculated value of segregation energy does
not depend on the cutoff energy (in the range of 18–
40Ry) and is equal to −1.91 eV. The dependence of
Es on the unit cell depth is negligible, for 24-layer
slab and Ecut = 18Ry the segregation energy does
not essentially change (Es = −1.93 eV).

The obtained segregation energy (enthalpy) of
about −1.9 eV is close to published data of experi-
mental studies (−1.93 eV)9 and cluster semiempirical
calculations (−1.83 and −2.1 eV).12,13

4. Conclusion

Segregation of boron on Si(111)(
√

3 × √
3)R30◦

surface has been studied using the periodical cal-
culations within the LDA. The obtained segrega-
tion energy (enthalpy) of about −1.9 eV is close
to the published data of experimental studies and
cluster semiempirical calculations. The influence of
plane-wave basis set cutoff energy and the unit cell
depth on the value of segregation energy has been
investigated.
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