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Microstructure of the relaxed (001) Si surface
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Abstract. MD computer simulation with the Stillinger-Weber potential have been performed 
to study a microstructure of silicon surface layers and relaxation processes induced by low 
energy ion beams. New peculiarities of relaxed (001) silicon surface were discovered by using 
the improved calculation scheme for diamond-like structure simulation. It was established 
that the relaxed microstructure of clean (001) Si surface is characterized by dangling bonds in 
the first three near-surface layers and by non-hexagonal polygons. Besides, the dimer forma­
tion was observed not only in the first layer. New space configurations of dimers were found. 
Ascertained were some conditions which lead to the effect of radiation-stimulated relaxation 
of surface layers under the ion bombardment in the energy region of the threshold of elastic 
atomic displacements in silicon.
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1. Introduction

The progress in understanding of Si (001) surface struc­
ture has been well described in a series of review papers 
and conference proceedings [1,2], This surface has two 
dangling bonds per surface atom which move towards 
each other in pairs leading to (2x1) unit cell formation. 
Higher-order periodicities have also been observed as 
well as disordered configurations. Ab initio theoretical 
analysis of relaxation processes in semiconductor sur­
face layers is limited by the great complexity of the phe­
nomena involved, and thus forcing the use of simulation 
tools. The Molecular Dynamics (MD) method gives a 
useful insight into the problem. Many results (for exam­
ple [3]) show that the M D method can provide a useful 
guide for exploring relaxation models for silicon surface, 
and what’s more the simulation scheme may be optimized 
by simultaneous electronic calculations [4],

Conditions for relaxation of atomic configurations in 
semiconductor surface layers are fundamentally differed 
from those in the volume. Since surface layers contain 
non-saturated chemical bonds, the predominant processes 
of their rehybridization and rebuilding proceed under 
free relaxation of clean semiconductor surface. Experi­
mental results show that oxide phase in clean silicon sur­
face penetrates to several layers and reproduces the struc­

ture of relaxed atomic configurations [5], New algorithm 
of simulation of relaxation processes is necessary for de­
scription of real structure of relaxed silicon surface lay­
ers. Such algorithm, which allows to study a wide spec­
tra  of structural and electronic defects under relaxation 
of surface layers of silicon, was worked out and applied 
for M D simulation of Si (001) real surface structure.

A widespread technological process in microelectron­
ics is radiation treatment of silicon surface. This process 
is used for surface cleaning and ion-assisted dry etching, 
but has the inherent drawback that the particle-surface 
interaction produces a distorted and disordered surface 
layers. It is of great interest to study destruction and re­
laxation processes induced by low-energy ion bom bard­
ment of silicon surface, in particular by self-ion implan­
tation [6], According to the ion energy, dose, dose rate, 
and the implantation temperature silicon surface layers 
can be damaged, amorphized and recrystallized [7], The 
problem is to clarify conditions of the ion irradiation and 
to determine parameters of ion beams which may stimu­
late relaxation processes leading to the best surface char­
acteristics.

In Sec. 2 we shall describe a scheme and details of 
calculations. Sec. 3, 4 and 5 contain the results of com­
puter simulation of silicon surface structure, including 
ion-induced relaxation processes.
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2. Calculation procedure

A M D code is applied, which is suitable to investigate 
both surface features and bulk properties of silicon. The 
Stillinger-Weber potential was used [8], The previous 
testing of the computer program has shown that with the 
time step 2.5T0'lssec the relative error on the total en­
ergy is about 10'3%, while the structural parameters are 
not affected.

A starting configuration was taken as a parallelepi­
ped containing 864 atoms. It were 12 layers with 72 at­
oms in each one. Periodic boundary conditions were ap­
plied in two dimensions. Relaxation processes were stud­
ied at the temperatures 290 and 1000 K.

By analogy to [9], the model is based on the assump­
tion that each atom in the relaxation process may change 
its neighboring atoms and create chemical bonds with 
new four nearest atoms. So the relaxation is accompa­
nied by rebuilding chemical bonds and their re-hybridi- 
zation. Such procedure leads to arising of non-hexago- 
nal polygons and dangling bonds.

The Table 1 illustrates a situation which leads to for­
mation of dangling bonds.

Table 1. Illustration of dangling bonds formation

The central atom The nearest neighboring atoms
1 2 3 4 5

a) 2 1 6 7 8

b) 2 9 6 7 8

For example, let us suggest that the atom 1 is bonded 
with atoms 2 ,3 ,4  and 5. In the process of relaxation, the 
following situations may occur:

a) atom 2 may have the atom 1 as one of its neighboring 
atoms, b) the nearest neighbors of atom 2 may not include 
the atom 1. Then in the case b) one bond of the atom 1 
appears unsaturated. In the last situation one dangling 
bond arises in the node with atom 1. An analogous situa­
tion in other nodes may lead to formation of two and 
three dangling bonds and also to formation of interstitial 
atoms. Computer programs allowed us to obtain radial 
distribution functions (RDF) and angle distribution func­
tions (ADF) for angles between chemical bonds.

Further, the influence of bombardment of silicon sur­
face by low energy neutral particles on relaxation proc­
esses was studied. The energies of bombarding particles 
were 10, 20, 30, 40 and 50 eV. In simulation procedure 
one impulse corresponded to 2-1012 particles/cm2-s.

3. Quasi-disordered phase

The results of computer simulation of Si surface relaxa­
tion processes have shown that a quasi-disordered phase 
(QDP) arises as a result of free silicon surface relaxa­
tion. Only four near-surface layers form the QDP. The 
model has emphasized that in particular the microstruc- 
tural constituents in silicon surface layers are nodes with

one or more dangling bonds. One can see that the R D F 
and A D F are similar to those for a-Si (Fig. 1). For the 
ADF the main difference between silicon surface and a- 
Si structure is situated in the region of 60°. As a result of 
relaxation non-hexagonal polygons and dangling bonds 
were discovered in silicon near-surface layers. The fifth 
layer does not differ practically from more deep layers.

Each of four layers which form the QDF has his spe­
cific structural characteristics. The third layer has less 
structural and electronic defects in comparison with other 
layers of QDP. Calculations have shown that this layer 
almost has not dangling bonds. But at the same time the 
third layer is the most distorted one. The Table 2 gives 
displacements upwards and downwards of atoms belong­
ing to different surface layers. As we see, atoms of the 
third layer are characterized by the largest displacements 
upwards relatively to the normal position of the corre­
sponding crystallographic plane (1.8712 A). Only for the 
first layer atom displacements are larger (1.1883 A), but 
it is naturally. In the Table 3 we can also see that the third 
layer on the whole has the largest displacements to the 
surface. As a result of relaxation the distance between the 
third and the fourth layers became 1.586 A and between the 
third and the second layers became 1.082 A. Analysis of 
microstructure of near-surface layers of silicon indicates 
that the third layer plays a special role in stabilization of 
QDP. It may be concluded that this layer is a transitional 
one between the crystal volume and the surface layers.

4. Structure of dimers in relaxed Si (001) sur­
face

Because of the structure of relaxed silicon surface layers 
contains dangling bonds, the conditions arise for forma­
tion of dimers not only in the first layer. In near surface 
layers new space configurations of dimers were obtained.

Table 2. Displacements of atoms in surface layers relatively to 
their position before relaxation

Displacement (A)
Layers Up Down

Min Max Min Max
1 0.2131 1.1883 0.1010 2.7905
2 0.0040 1.4798 0.0461 1.6952
3 0.1782 1.8712 0.0031 1.2565
4 0.0046 0.7731 0.0041 0.6137
5 0.0106 0.2653 0.0061 0.3874

Table 3. The mean distances between j  and j +1 surface layers 
after relaxation

Distances between j  and j+  layers (A)
1,2 2,3 3,4 4,5 5,6 6,7 7,8 8,9
0.535 1.082 1.586 1.328 1.345 1.347 1.346 1.346
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Fig. 1. Radial distribution functions (left) and angle distribution functions for angles between chemical bonds (right) in relaxed near­
surface layers of silicon. Dotted lines correspond to a-Si.

As a rule [10] dimers are investigated by moving only 
atoms of the first layer by equal and opposite distances 
along the given direction. By using the simulation tech­
nique which gives a full relaxation of the system and 
rehybridization of chemical bonds we obtained new dimer 
configurations besides those which are described in known 
works (for example [10,11] ).We have discovered dimers 
not only in the first layer and have observed their specific 
space orientations as well as size dispersion (Fig. 2 ).

Configurations of dimers correlate with the number 
and the type of structural and electronic defects in each 
surface layer. The density of dimers in the first layer is by 
the order of magnitude larger than in the second layer 
and become especially small in the third and in the fourth 
layers.

It was established that in the second and in the third 
layers there is a large part of dimers which dispose under 
large angles of inclination to the (001) plane. In the forth 
layer there are few dimers, and they almost all dispose in 
the (001) plane.

In the first layer the most of dimers is situated in the 
vicinity of direction J 0 ( 30 shows the direction of ideal 
dimers [3]). In the forth layer dimers dispose perpendicu­
lar to 30 .

The mean size of dimers for each layer is shown in the 
Table 4. For the first layer we obtained the dispersion of 
dimer sizes in the interval 0.217-0.250 nm. Experimen­
tal measurements give 0.220-0.247 nm [15],
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Fig. 2. The structure of the first silicon layer before relaxation 
(left) and formation of dimers after relaxation (right). Dimers are 
shown by the dotted lines.
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Table 4. The mean sizes of dimers in relaxed silicon surface 
layers

Number of the layer The mean dimer size, nm
1 0.232
2 0.229
3 0.228
4 0.236

The atom configurations of QDP sufficiently differ 
from initial unrelaxed near surface structure. Therefore 
speaking about some layer in relaxed QDP we imply the 
corresponding ideal layer before relaxation.

5. Radiation treatment of silicon surface

We investigated radiation effects in silicon surface lay­
ers caused by low-energy ion bombardment. The results 
were obtained for the transfered energies near the thresh­
old Ed for atom displacements in silicon lattice under the 
elastic collisions [12], For monoenergetic mono-isotopic 
ion bombardment the induced structural changes are de­
pended on the bombardment angle. Therefore, we have 
compared the results for different energies of ion beams 
at the same bombardment angles, ion doses and dose rates.

There are structural processes in this energy region 
of Ed which are known as “grasshopper effect” in dia- 
mond-like lattices [13], It was shown in [13] that the dis­
placement of atoms in silicon lattice in the (111) direc­
tion under the transfered energy E = E d leads to arising of 
metastable atom  configuration with unbroken chemical 
bonds. The relaxation of such configuration provides its 
displacement on the whole and stimulate migration of 
defects as well as a recovery of disordered regions.

We obtained a specific energy dependence of radia­
tion-stimulated relaxation processes. It was just estab­
lished that the ion irradiation of silicon surface in vicin­
ity of 2Q leads to extreme values of structural characteris­
tics of near surface layers. In Fig. 3a one can see the 
energy dependence of parameter D E  that characterizes 
the level of relaxation. This parameter gives a relative
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Fig. 3. Energy dependences (a) of the level of relaxation and (b) of the relaxation time (explanation is in the text)

difference between the full energies for the initial state of 
the system and the state after final relaxation. The larg­
est value of D E  corresponds to the transfered energy 
E  ~ Ed. The Fig. 3b shows the energy dependence of the 
relaxation time. For this parameter the optimum energy 
also lies in the vicinity of E d .

Thus, it was established that ion bombardment of sili­
con surface in the energy region of the threshold of elas­
tic displacement of atoms may allow to improve struc­
tural characteristics of surface layers and decrease the 
relaxation time.

Conclusions

M D simulation of atomic configurations in silicon sur­
face layers with using the Stillinger-Weber potential al­
lowed to study the real structure of free surface of silicon 
crystal at super high vacuum. The relaxation of the cal­
culated cluster on the whole was studied. Besides, a spe­
cial algorithm was used which included rebuilding of 
chemical bonds in to the relaxation process. As a result 
of such calculation procedure it was established that sili­
con surface layers under conditions of super high vacuum 
and full relaxation form QDP which is characterized by 
dangling bonds and non-hexagonal polygons. The QDP 
determines the structure of oxide phase which is formed 
on the natural silicon surface. These oxide films have a 
disordered structure and includes three-four surface lay­
ers [14],

Because of existing unsaturated bonds in near sur­
face silicon layers, dimers arise not only in the first layer. 
Dimers in different surface layers have some peculiari­
ties: their space orientations change from layer to layer.

Computer simulation of radiation treatment of sili­
con surface was performed for the case of bombardment

by neutral ions with energies in the region of threshold of 
defect form ation under elastic mechanisms. Energy 
dependences of radiation induced processes were ob­
tained, which show a possibility to improve the real struc­
ture of silicon surface and to accelerate the long term 
surface relaxation in microelectronic technology.
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