
Surface Review and Letters, Vol. 6, No. 1 (1999) 127–132
c© World Scientific Publishing Company

ENERGETICS OF BORON IN THE Si(111)-(
√

3×
√

3)-B
SURFACE PHASE AND IN SUBSURFACE SILICON LAYERS

V. G. ZAVODINSKY,∗†‡ 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., 690041 Vladivostok, Russia

‡Far Eastern State University, 8 Sukhanova Str., 690600 Vladivostok, Russia

Received 17 September 1998

The energetics of the boron substitution in the B/Si(111)-(
√

3×
√

3) surface phase and in subsurface
silicon layers has been studied using the semiempirical cluster method AM1. It has been found that the
boron energy in the second layer (the B-S5 site) is about 1 eV lower than in the adatom position (the
B-T4 site) and about 2 eV lower than in the fourth bulklike layer. The latter value may be interpreted
as the surface segregation energy (enthalpy). The barrier height for the B-T4–B-S5 transfer has been
found to be about 0.7 eV.

1. Introduction

It is well known that boron exhibits a segregation

at Si surfaces.1–4 According to the classical McLean

model,5 the segregation process is controlled by the

value of the segregation free energy ∆G, which is

the difference of free energies for the dopant at the

surface and in the bulk. In this model the surface

(Cs) and bulk (Cb) dopant equilibrium concentra-

tions are connected by the expression

Cs

1− Cs
=

Cb

1− Cb
· exp

(
−∆G

kT

)
.

Segregating boron induces
√

3 ×
√

3 reconstruc-

tion of the Si(111) surface.7,8 The majority of in-

vestigations are consistent with the model in which

the boron atom is below the surface in the fivefold-

coordinated substitutional site (S5) under a silicon

threefold-coordinated (T4) adatom.9–12 The ab ini-

tio calculations9,13 revealed that among other candi-

dates the B-S5 model corresponds to the lowest en-

ergy. However, there are experimental data showing

that in the real systems the boron atoms can be in

different positions, depending on the annealing tem-

perature. For instance, Cao, Yang and Pianetta14

have studied B/Si(111)-(
√

3 ×
√

3) structures pre-

pared by the B2O3 deposition and have found that,

as a function of annealing temperature (Tanneal), the

system goes from B-terminated structure (B occupies

T4 adatom sites, Tanneal ≈ 700◦C) to the sublayer

B-stabilized structure (B occupies S5 sites while Si

occupies T4 adatom sites, Tanneal ≈ 800◦C), and

finally to a pure Si stabilized structure (B diffuses to

the bulk; Tanneal ≈ 900◦C). Besides, some kinds of

defects may be present in the B/Si(111)-(
√

3×
√

3)

surface phase, the main ones being the Si-S5 sites

instead of the B-S5 sites.15

The segregation theory usually operates with

the free energy.5,6 The boron segregation free energy

for the B/Si(111)-(
√

3×
√

3) surface (∆G) was found

to be ≈ −0.5 eV16,4 (Monte Carlo simulation; T =

1245 K). However, the free energy depends on the

temperature:

∆G = ∆H − T∆S ,

where H and S are the total enthalpy and entropy,

respectively. (See, for instance, Refs. 17 and 18.)

Therefore, by studying the dependence of the segre-

gation process on the temperature, one can find the

segregation enthalpy.
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The boron segregation enthalpy of −2 eV for

the B/Si(111)-(
√

3×
√

3) surface has been found by

Thibaudau et al.4 using the STM technique and

counting the B-S5 atoms. It is curious that the

authors of Ref. 4 have obtained this value (−2 eV)

from the linear dependence of the Arrhenius plot of

Cs/(1−Cs); however, they supposed by mistake that

it was the free energy (not the enthalpy) and, being

surprised by its rather high value, have performed

Monte Carlo calculations to find the value of

−0.52 eV. This value was really the free segregation

energy, but the origin of the value of −2 eV was not

discussed in Ref. 4 at all.

The present work is devoted to the computer

investigation of the boron energetics at the surface

and in subsurface layers of the B/Si(111)-(
√

3×
√

3)

surface phase, and to studying the B-T4–to–B-S5

transfer.

2. Method of Calculations and
Its Verification

To study atomic geometry evolutions we used the

advanced semiempirical quantum-chemical method

AM1 (Austin model 1),19 a version of the modified

intermediate neglect of differential overlap

(MINDO),20–22 realized in the frame of the

CLUSTER-Z1 package.23 Optimizations of atomic

configurations were achieved by minimization of

the total energy gradients over atomic coordinates

like it was described by Khavryutchenko et al.24

Because the temperature is not presented in this

approach, calculated energies may be interpreted as

corresponding enthalpies.

Having a semiempirical chemical nature, the

AM1 method is parametrized to reproduce heats of

atomization and molcular geometries of many known

systems. However, its accuracy for some nonstan-

dard cases may be debatable. Although the method

was used successfully to study some Si, Si–Al, Si–

O and Si–B systems,24–27 we will present below its

additional verification for the B/Si(111)-(
√

3 ×
√

3)

system.

For test geometry calculations we used two clus-

ters of different sizes, modeling the Si(111)-(
√

3×
√

3)

surface — the Si109H78 and Si27H24 clusters shown

in Fig. 1. The first cluster had seven S5 sites and

the second cluster had one S5 site. In this test all

(a)

(b)

Fig. 1. Atomic schemes of clusters used for calculations:
(a) Si109H78; (b) Si27H24. The small black circles are H
atoms, the empty circles are Si atoms, and the vertical-
lined circles are Si adatoms.

those S5 sites were occupied by B atoms. Broken

Si bonds were saturated with H atoms. Initially all

Si atoms were placed in ideal bulk positions and

all Si–H distances were equal to equilibrium 1.46 Å

values. During the optimization procedure all H

atoms were fixed.

The B-S5 scheme of the atomic geometry is shown

in Fig. 2(a) and the optimized values of interatomic

distances are presented in Table 1 comparing with

the experimental12,11 and theoretical ab initio13 re-

sults. Results presented for the Si109H78 cluster cor-

respond to the central B-S5 site. All cited values (in

Å) were given as they were published except those

labeled by a star (∗). The last ones have been calcu-

lated by us using published displacement data. One

can see that our geometry results are in satisfac-

tory agreement with literature data. The cluster size

effect is not large and demonstrates a convergence to

experimental atomic geometry.
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(a) (b)

Fig. 2. (a) Scheme of atomic bonds near the optimized BS site; (b) scheme of the studied reaction path for the
B-T4–B-S5 transfer.

Table 1. Interatomic distances (Å) near the optimized BS site. The B1, B2, B3 and B4 notations
are clear from Fig. 2(a).

Present results Literature data

Si26H24B1 Si102H78B7 Ref. 13 calculation Ref. 12 experiment Ref. 11 experiment

B1 2.00 2.02 2.14∗ 2.15 2.18∗

B2 1.94 1.96 2.04∗ 2.19 2.00

B3 2.10 2.02 2.22∗ 2.32 1.98∗

B4 2.46 2.42 2.39∗ 2.34∗ 2.21∗

Then, using the same clusters, we have carried

out the test calculations of the total cluster energy

for the B-S5 and B-T4 cases. (In this test, only the

central B atom of the Si109H78 cluster was moved;

the other six B atoms were in B-S5 positions ev-

ery time during calculations.) The lowest energy has

been found for the B-S5 case, and the B-T4 value is

higher by 1.1 eV for the Si27H24 small cluster and by

1.05 eV for the large Si109H78 cluster. Those differ-

ences (∆E) are in good agreement with the ab initio

calculations of Kaxiras et al.13 (∆E = 1 eV) and

Bedrossian et al.9 (∆E = 0.93 eV). Therefore, we

can conclude that our semiempirical simulation gives

us a good energetic representation of the B–Si(111)

surface (with an accuracy of 0.1 eV), and that the

cluster size energy effect is not significant.

3. Results and Discussions

3.1. Layer-by-layer boron energetics

Layer-by-layer energy calculations were fulfilled us-

ing the Si109H78 cluster. This cluster has six atomic

layers, and its fourth layer atomic positions may be

considered as bulklike ones. As far the B/Si(111)-

(
√

3 ×
√

3) surface phase has different amounts of

boron atoms at different segregation temperatures,4

so we studied two extreme cases:

(A) The Si108H78B1 cluster. The only B atom

is placed in the central adatom site or in the first-

to-fourth atomic layers below the central adatom as

it is labeled in Fig. 1(a). The other six S5 sites are

occupied by Si atoms.

(B) The Si102H78B7 cluster. One of the B atoms

is placed in the same way as was described above;

the other six B atoms are in their B-S5 sites.

Results are presented in Table 2. One can see

that the lowest energy corresponds to the case in

which boron substitutes a Si atom in the second

atomic layer (B-S5 site). Calculated values of the

second-to-fourth-layer difference (−1.8 eV for the A

case and −2.1 eV for the B case) are very close

to the experimental segregation enthalpy (−2 eV4).

Moreover, the detailed analysis of the data published

in Ref. 4 allows us to conclude that the absolute

value of the experimental segregation enthalpy also

has a tendency to increase when the boron surface
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Table 2. Energetics of a single B atom in
the Si108H78B1 cluster (A case) and in the
Si102H78B7 cluster (B case). Energies (in eV)
are given with respect to the fourth bulklike
layer.

Layer A case B case

adatom −0.82 −1.05

1 −0.75 −0.84

2 −1.83 −2.10

3 −0.21 −0.32

4 0.00 0.00

concentration increases. In other words, we can here

explain not only the value of the segregation enthalpy

but also its dependence on the dopant concentration.

3.2. B-T4 B-S5 transfer

The B-T4–B-S5 transfer means that the boron

adatom and the underlying Si atom of the second

surface layer exchange their positions. Obviously,

there must be an energy barrier for this process and

the barrier height must depend on the transfer direc-

tion and path. In the general case one must study all

possible reaction paths to find the minimum barrier.

In the present case we limited the boron movements

by the T4-S5 neighborhood and did not take into

account any more extended paths.

Our simulation does not lead the system to the

global energy minimum but to a local one only. In

order to transfer the system from one local minimum

(B-T4) to another (B-S5), we artificially moved the

boron atom by some small steps. In each calculation

step the boron position was kept but coordinates of

all Si atoms were optimized. The space step for the

boron movement was 0.1 Å and about 500 atomic

configurations were studied. Our computers were

Pentiums-133, so we had no possibility of studying

the B-T4–B-S5 transfer using the Si109H78 cluster.

In order to fulfill the barrier calculations in a reason-

able time, we used here the Si27H24 cluster. It seems

to be acceptable, due to the small cluster size effect

for the B-T4 and B-S5 states obtained above.

Our analysis had testified that there are three

identical minimum energy paths (reaction paths) for

the boron transfer from the B-T4 to the B-S5 po-

sition, and each of these paths passes between one

of three symmetrical pairs of surface silicon atoms.

One of the reaction paths is shown in Fig. 2(b) by

the solid curve arrow. The dashed curve arrow re-

presents the self-moving path of a substituted silicon

atom.

The boron moving along the reaction path has

two stages. In the first stage the B atom transfers

from the B-T4 position to one of the intermediate

surface positions situated between a pair of the sur-

face silicon atoms (some kind of bridge sites). This

bridge position (T′4) is marked in Fig. 2(b) by a cross.

The T′4 site is 0.2 eV higher than the T4 one, and the

barrier height between them is 0.6 eV. In this trans-

fer stage silicon atoms almost do not move from their

start positions. The T′4 site is situated 0.9 Å from

the T4 site and 0.2 Å under the line connecting the

nearest Si atoms of the first silicon layer.

The second stage of the boron transfer consists

of the boron penetrating into the silicon bulk and,

simultaneously, of the silicon being forced out of the

Si-S5 position to the Si-T4 adatom position. The

barrier height of this transfer is about 0.5 eV and

the energy of the final B-S5 state is lower than that

of the initial B-T4 state by 1.1 eV. A view of the

total barrier is shown in Fig. 3, and the total height

of this two-humped barrier is 0.7 eV.

One should note that all silicon movements were

results of the optimization procedure. The boron

atom was moved “by hand” from the T′4 site into

the “bulk” of the cluster until it reached the bar-

rier top (the arrowed point in Fig. 3). As soon as

the boron atom had penetrated through the barrier

top, the Si-S5 atom jumped impetuously up to the

Fig. 3. Barrier shape for the B-T4–B-S5 transfer along
the reaction path that is shown in Fig. 2(b).
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T4 position and the boron atom substituted it. The

barrier top point was found at 0.7 Å just under

the T′4 site (approximately 0.15 Å under the second

silicon layer).

Thus, we have found that the activation energy

of the B-T4–B-S5 transfer is about 0.7 eV. Correctly

speaking, the value of 0.7 eV is to be considered

as the highest limit for the activation energy, be-

cause we did not study all possible paths of the reac-

tion. (For example, any long paths were not studied.)

However, the nearest environments of the T4 adatom

and S5 sites were studied rather carefully, and it is

doubtful that some long paths have lower barriers

than short ones.

There are no published data on the activation

energy of the B-T4–B-S5 transfer in the B/Si(111)-

(
√

3 ×
√

3) surface phase. There is only the in-

formation on the bulk diffusion activation energy

for boron in silicon (3.7 eV7) and on the energy

of the B/Si(111)-(
√

3 ×
√

3) phase formation from

the HBO2 source (1.2 eV28). However, results of

Kumagai et al.28 have been obtained at rather

low substrate temperatures (600–744◦C), so they

most probably correspond to the B-T4 kind of the

B/Si(111)-(
√

3 ×
√

3) phase and are not to be com-

pared with our results.

4. Conclusion

Our calculations show that boron prefers to be in

the second atomic layer of the Si(111)-(
√

3 ×
√

3)

surface phase. The energy difference between the

second layer and the bulklike fourth layer depends

on the surface boron concentration. It is −1.8 eV

for the initial stage of the Si(111)-(
√

3×
√

3) surface

phase formation (a B-S5 site has no nearest B-S5

neighbors), and it goes down to −2.1 eV when the

Si(111)-(
√

3×
√

3) surface phase is saturated (a B-S5

site has six B-S5 nearest neighbors). Those values

are close to the experimental segregation enthalpy

(−2 eV 4).

The simulation of the B-T4–B-S5 transfer in the

B/Si(111)-(
√

3 ×
√

3) surface phase has shown that

the transfer has two stages. In the first stage the B

atom transfers from the T4 adatom position to one

of the bridge surface positions (T′4) situated between

a pair of the surface silicon atoms. This bridge state

is 0.2 eV higher energetically than the T4 adatom

state, and the barrier height between them is 0.6 eV.

The second stage of the boron transfer consists

of the boron penetrating into the silicon bulk and,

simultaneously, of the silicon being forced out of the

S5 position to the T4 adatom position. The barrier

height of this transfer is about 0.5 eV and the energy

of the final B-S5 state is lower than that of the initial

B-T4 state by 1.1 eV. The total barrier height of the

B-T4–B-S5 transfer is predicted to be about 0.7 eV.
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