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Abstract. The AM1 semiempirical numerical method combined with the geometry optimization procedure
was used to study the energetics of active impurities (B, P) in substitutional positions at the Si(100)–2×1
surface. It has been found that phosphorus prefers to be in the first layer (in dimers). Boron has the lowest
energy in the second layer. Energy profits, counting from the fourth bulk-like layer, for B and P are 1.33 eV
and 0.56 eV, respectively. Comparing of the P-Si and P-P dimers energetics has shown that P-Si dimers
are more preferable energetically.

PACS. 82.20.Wt Computational modeling; simulation

1 Introduction

Dopant segregation near surfaces and interfaces of semi-
conductors is frequently investigated because of its funda-
mental and technological interest. According to the classi-
cal McLean model [1] the segregation process is controlled
by the value of the segregation free energy which is the dif-
ference of free energies for the dopant being at the surface
and in the bulk.

It is well-known that boron exhibits a temperature de-
pendent segregation at Si surfaces [2–4]. Boron induces
several kinds of Si(100) surface reconstructions (2 × 1,
2×2, 4×4) differentiated by B concentrations and atomic
geometries [5–7]. In all these surface phases boron has a
tendency to be in subsurface layers, substituting bulk Si
atoms. As for phosphorus, it does not induce any new
reconstruction on the Si(100)-2 × 1 surface [8]. However,
Hamers et al. [9,10] using scanning tunneling microscopy,
observed P-P and Si-P dimers on this surface. Thus the
behaviours of boron and phosphorus at the Si(100)–2× 1
surface are quite different.

The present work is a computational attempt to obtain
some quantitative information on the energetics of B and
P on the Si(100)–2× 1 surface and in subsurface layers.

2 Method of calculations and its verification

To calculate the total energy of silicon-dopant sys-
tems we used the advanced semiempirical quantum-
chemical method AM1 (Austin Model 1) [11], a ver-
sion of the Modified Intermediate Neglect of Differential
Overlap(MINDO) [12–14], realized in the frame of the
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CLUSTER-Z1 package [15,16]. This package allows to op-
timize atomic configurations by the minimization of the
total energy gradients over all atomic coordinates.

Semiempirical methods are significantly faster than ab
initio methods, but their accuracy is limited by the need to
choose the correct set of parameters. In particular, AM1
is usually parametrized to reproduce heats of atomiza-
tion and molecular geometries. Therefore, the ability of a
semiempirical method to describe an arbitrary configura-
tion of atoms must be verified.

The AM1 method was verified for silicon-boron sys-
tems in our recent work [17] where the B/Si(111)–
(
√

3×
√

3) system was studied comparing energies of the B-
T4, B-H3 and B-S5 cases. It has been found that the B-S5

case has the lowest binding energy per a B atom. Its abso-
lutely value is ≈ 6 eV, and the B-T4 and B-H3 values are
higher by 1.1 eV and 2.2 eV, respectively. These differences
(∆E) are in excellent agreement with the ab initio calcula-
tions of Kaxiras et al. [18] (∆ET4 = 1 eV, ∆EH3 = 2.1 eV)
and Bedrossian et al. [19] (∆ET4 = 0.93 eV).

3 Results and discussions

3.1 Single B and P atoms

For our calculations we used the Si83H64 cluster shown in
Figure 1a. This cluster consists of 83 Si atoms modeling
the Si(100)–2 × 1 surface with six atomic layers where
broken Si bonds are saturated with 64 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.

Without dopants, the stable Si(100)–2 × 1 geometry
was determined. Like the known cluster investigations
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Fig. 1. Atomic schemes of the Si83H64 (a) and Si45H40 (b)
clusters modeling the Si(100)–2 × 1 surface. White circles are
Si atoms; black circles are H atoms. Si atoms substituted by
dopants are shown as grey circles. They are marked by arrowed
numbers as it is described in the text.

Table 1. Energetics of B and P substitutional single atoms at
the Si(100)–2×1 surface and in subsurface layers. Energies are
given with respect to the fourth layer (4-1 site).

Si83H64 Si45H40

Layer (site) B P B P

1 −1.11 −0.56 −1.30 −0.39

2 −1.43 0.55 −1.41 0.22

3 (3-1) −0.35 −0.27 −0.33 −0.10

3 (3-2) 0.18 −0.14

4 (4-1) 0 0 0 0

4 (4-2) −0.10 0.25

[20–22] the symmetric dimer stable structure was obtained
(2 rows × 2 dimers in Fig. 1). It seems that the asymmet-
ric dimer structure, reported by numerous authors [23–28]
using zone methods, has a cooperative origin and can not
be obtained in a cluster approach. The dimer length was
found to be 2.15 Å for the singlet spin state and 2.40 Å
for the triplet one. (Experimental value is 2.3 Å [29].) The
triplet state was found to be more stable energetically
(Etripl − Esingl = −3.76 eV), thus this state was used
for the following calculations.

Then we placed B and P single atoms in substitutional
positions in the first, second, third and fourth layers as
it is marked in Figure 1. As it is clear from Figure 1a
there are nonequivalent sites in the third and fourth layers
of the studied cluster. We marked them as 3-1, 3-2, 4-1,
4-2 and studied them specially. The 3-1 and 4-1 sites are
situated directly under a dimer row, while the 3-2 and 4-2
sites lie between the dimer rows.

In order to study the size effect we have carried out
similar calculations using a small cluster (Si45H40) shown

in Figure 1b. This cluster consists of 45 Si atoms and has
two surface Si dimers.

Results of calculations are summarized in Table 1. The
main result is that the energetics of boron and phospho-
rus near the Si(100)–2 × 1 surface are rather different.
Boron has a possibility to substitute Si atoms in dimers,
however the most favour position is a substitution site in
the second atomic layer where the bulk-like surrounding is
present. This fact agrees with the model of the formation
of the boron-induced phases at the Si(100) surface [9,18],
in which boron atoms substitute into the first full atomic
layer of the Si lattice. This layer is then capped with Si-
Si dimers and/or dimer vacancies. The relative numbers
of Si-Si dimers and dimer vacancies can vary, resulting in
several related reconctructions.

Energetics of phosphorus does not permit a P atom to
be in the second atomic layer (the energy difference is pos-
itive). At the other hand phosphorus can substitute silicon
in the first layer and can form Si-P dimers in accordance
with experiments [9,10].

Table 1 demonstrates some dependence of results on a
cluster size. However one can see that the size dependence
is not principal and does not change above conclusions.
It is doubtful that results obtained with larger clusters
would be drasticaly different from present ones.

3.2 P-Si and P-P dimers

The formation of P-Si and P-P dimers was investigated
by Hamers et al. [9,10] using scanning tunneling mi-
croscopy. Counting statistics were used to study the equi-
librium between Si-Si, P-Si, and P-P dimers, showing that
the formation of P-Si heterodimers is more preferable.
Ab initio molecular orbital calculations [9] have shown
that the overall energy change for 2Si-P→ Si-Si + P-P is
+0.27 eV, or about +0.13 eV per P-Si dimer. Each dimer
(Si-Si, P-P or P-Si) was studied using a separate Si9H12

cluster (Fig. 2a) modeling the Si(100) surface (only 1 sur-
face dimer, all H atoms are fixed); then energies of two
clusters [(P-Si) + (P-Si) or (P-P) + (Si-Si)] were sum-
marized and the difference [(P-Si) + (P-Si)] - [(P-P) +
(Si-Si)] was calculated. In other words, the correlation be-
tween dimers was ignored and a small cluster approach
was used.

We have here a possibility to study correlated dimers
and to use large clusters. First of all we have carried out
the calibrate calculations using the same cluster and the
same methodics as it was used in [9]. The energy profit for
(P-Si)+(P-Si)→ (Si-Si) + (P-P) was found to be 0.35 eV,
or about 0.18 eV per P-Si dimer. The agreement with
ab initio results of Hamers, Wang and Shan [9] is rather
good. To study the cluster size effect for noncorrelated
dimers we repeated the above calculations using larger
clusters (Si19H28, Si22H32 with 2 dimers and Si35H44 with
4 dimers) shown in Figures 2b to 2d. These clusters had
three atomic layers (one dimerized and two bulk). Likely
the small cluster case, only one of the dimers may be a P-P
or P-Si dimer. The (P-P) + (Si-Si) or (P-Si) + (P-Si) ener-
gies were obtained as summs of energies of corresponding
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Fig. 2. Clusters used to compare the energetis of P-Si and P-P
dimers. White circles are Si atoms; black circles are H atoms.
Letters A, B, C, and D are used for marking the different
dimers as it is cleared in the text.

Table 2. Energy differences of the (P-Si) + (P-Si) and (P-P) +
(Si-Si) noncorrelated dimer systems at the Si(100)-2×1 surface.
Each dimer is on a separate cluster. The Si9H12 cluster has one
surface dimer; the Si19H28 cluster has one row with two dimers;
the Si22H32 cluster has two dimers in neighbouring rows; the
Si35H44 cluster has two rows with two dimers in each.

Si9H12 Si19H28 Si22H32 Si35H44

Hamers [9] Present

0.27 0.35 1.09 1.11 0.82

clusters. All results for noncorellated dimers are collected
in Table 2.

The correlation between P-Si dimers was studied plac-
ing two P-Si dimers at the same cluster (one of the
Si19H28, Si22H32, Si35H44 clusters shown in Fig. 2). Be-
cause P-Si dimers may be oriented by different ways we
studied the following different cases:

1) AB/PSi-PSi. Two P-Si dimers with identical orienta-
tions in the same row.

2) AB/PSi-SiP. Two P-Si dimers with opposite orienta-
tions in the same row.

3) AC/PSi-PSi. Two P-Si adjacent dimers with identical
orientations in different rows.

4) AC/PSi-SiP. Two P-Si adjacent dimers with opposite
orientations in different rows. Si atoms look out at the
same valley.

5) AC/SiP-PSi. Two P-Si adjacent dimers with opposite
orientations in different rows. Si atoms look out at differ-
ent valleys.

6) AD/PSi-PSi. Two P-Si nonadjacent dimers with iden-
tical orientations in different rows.

Fig. 3. Generalized atomic scheme of Si-Si, P-Si, and P-P
dimers. Grey cirles represent Si atoms which may be substi-
tuted by P. d is the dimer length; ∆h is the height difference of
dimer atoms; R1 and R2 are the bond lengths between dimer-
ized atoms and the underlaying Si layer; R3 is the bond length
between Si atoms of first and second bulk layers. In the P-Si
case, the lowest dimer atom is the P atom.

7) AD/PSi-SiP. Two P-Si nonadjacent dimers with op-
pozite orientations in different rows. Si atoms look out at
the same valley.

8) AD/SiP-PSi. Two P-Si nonadjacent dimers with op-
pozite orientations in different rows. Si atoms look out at
different valleys.

Letters A, B, C, and D are used for marking the
different dimers (see Fig. 2). For example, AC/SiP-PSi
means that this case includes a A/SiP dimer in the one
row and a C/PSi dimer in the second row. Orientations of
the dimers are opposite. Results for correlated dimers are
summarised in Table 3.

Analysing data of Tables 2 and 3 one can see that
the size effect for the noncorrelation approach is rather
large. The energy difference for the(P-Si)+(P-Si) → (Si-
Si) + (P-P) transition changes from 0.35 eV to 0.82 eV
as moving from Si9H12 to Si35H44. The 0.82 eV value,
obtained for the largest (Si35H44) cluster without taking
into account the P-Si–P-Si correlations, is very close to
the values (0.82 eV–0.86 eV) obtained for the P-Si–P-Si
correlated pairs situated in different dimer rows at the
same cluster. In the other words, speaking, the correlation
of P-Si dimers, which are situated in different rows, is
very small. At the other hand, energy of a P-Si–P-Si pair,
which is situated in the same row, depends on the mutual
orientation of P-Si dimers: Energy is lower for P-Si dimers
with the same orientation. For cases in which dimers are in
different rows the mutual dimer orientation is practically
negligible. Small increasing of energy up to 1.09–1.11 eV
for the middle clusters (Si19H28 and Si22H32) may be the
result of the known size oscillation effect.

It is interesting to compare our Si-Si, P-Si and P-P
dimer geometries with the data obtained by Wang, Chen
and Hamers [10]. The generalized atomic scheme of the
dimers is shown in Figure 3. Calculated geometry param-
eters are collected in Table 4. One can see that the dis-
crepancy between our results and results of Wang et al. is
rather small except the P-P dimer bond. We have found
this bond much shorter (of 0.21 Å) than Wang, Chen and
Hamers have published. However, it must be noted that
the data presented in [10] are not the real experimental
or numerical calculated data. They are the products of
some chemical qualitative speculations and must not be
considered as reliable quantitative results.
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Table 3. Energy differences of (P-Si + P-Si) and (P-P + Si-Si) correlated dimer systems at the Si(100)-2 × 1 surface.
Dimers of the studied dimer pair are situated at the same cluster. The numbers 1, 2, ..., 8 correspond to the cases described
in the text.

Dimers in the same row Dimers in different rows

Adjacent dimers Nonadjacent dimers

1 2 3 4 5 6 7 8

Si19H28 0.89 0.73

Si22H32 0.94 0.92 0.96

Si35H44 0.91 0.47 0.83 0.82 0.85 0.83 0.83 0.86

Table 4. Geometry parameters of Si-Si, P-Si and P-P dimers on Si(100). Details are described in the captions of Figure 3.

Wang et al. [10] Present

d ∆h R1 R2 R3 d ∆h R1 R2 R3

Si-Si 2.30 – 2.41 2.41 2.35 2.42 0 2.38 2.38 2.37

P-Si 2.25 0.30 2.25 2.35 2.35 2.16 0.31 2.13 2.41 2.37

P-P 2.25 – 2.20 2.20 2.35 2.04 0 2.27 2.27 2.35

4 Conclusion

In summary, the segregation of boron and phosphorus at
the Si(100)–2×1 surface may be described as a result of the
moving of dopants from high-energy substituted bulk sites
to low-energy surface and subsurface sites. The preferable
placement for boron is the second atomic layer counting
from the surface dimerized layer. Phosphorus can not sub-
stitute silicon in the second layer. It forms surface P-Si and
P-P dimers, and P-Si dimers are more preferable energet-
ically than P-P dimers.
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for helpfull discussions of results and to Prof. E.F. Sheka for
placing in our disposal the present version of the CLUSTER-
Z1 package. This work was supported by the Russian Research
Program “Physics of Solid State Nanostructures” through
Grant No. 96–1027.
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