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We perform first-principles calculations on P and Bi nanofilms and clarify the atomic
and electronic structures of these films. The energy gap of the two-atomic layer film of P
has the band gap of 1.2 eV, and as the thickness becomes large, the band gap becomes
close to that of the bulk, which is a semiconductor. The most stable structure of the
two-atomic-layer Bi film has the energy gap of 0.2 eV and two atoms on the surface are
buckled. The nonbuckled structure is metallic and is metastable and its energy is slightly
(12meV) higher than the buckled structure. We argue why the P films are nonbucked
and the stable Bi films are buckled.
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1. Introduction

It is well established that metals grow on semiconductor surfaces preferentially via
the Stransky-Krastanov growth mode, i.e., due to stress energy relaxation, growth of
three-dimensional islands follows the initial formation of the flat wetting layer.'™ This
growth mechanism is a severe drawback for achievement of flat well ordered films which
are expected to be suitable for nano electronics applications. However, exceptional cases
were reported:*®) For example, flat films of Pb and Ag on Si(111) surfaces were observed.
Stable flat films having specific thicknesses, which are called magic thicknesses, contributes
to this novel growth.? This stability of magic-thickness films observed at low temperatures
was explained by an argument based on the quantum size effect, which originates from the
electron confinement in the film-thickness direction. Very recently, the magic thicknesses
were observed even at room temperature for Bi films on Si (111) surface,'?) i.e., the even-
number atomic-layer-film is very stable. This novel stability of the flatness is found to be
mainly due to the fact that the even-number-layer film takes the paired layer structure
and is thus relatively less affected by the electron confinement.'%™) By utilizing the novel
flatness, Bi films are used as a template of the pentacene crystal,'® so the films attract
technologically interests.

In the initial stage of the Bi growth on Si(111) surface, rugged wetting layers are
constructed on the Si(111) surface, then the crystalline Bi ultrathin films are grown.
Since the Bi crystal forms arsenic structure, the film having a substantial thickness forms
the arsenic structure. However, when the thickness is small, the film forms a different
structure, i.e., the structure is similar to the black phosphorus structure, which is taken
by P under the room temperature and ambient pressure. This peculiar structure of the
Bi thin film is due to the fact that the surface energy of the black phosphorus structure

is lower than that of arsenic structure.!%)

It is well known that among the V elements,
only P takes the black phosphorous structure while As, Sh, and Bi take arsenic structures.
Then a question arises as to what is the structures of nanofilms of group V elements. To

answer this question, we perform first-principles calculations on the atomic structures of

P and Bi films and compare the atomic and electronic structures of these two kinds of



films.

2. Method

We perform density functional calculations within the generalized gradient approxima-
tion. The repeating slab model is used to simulate P and Bi films. The norm conserving
pseudopotential is used for P and the cutoff energy of the plane wave basis set is taken to
be 9Ry. For Bi, an ultrasoft pseudopotential and the plane wave basis set whose maximum
kinetic energy is 12 Ry are used and the cut off energy for the charge mesh is taken to
be 100 Ry. In the optimized geometry of the Bi crystal, the calculated lattice constants
differ within 0.9% from the experimental values. The evaluation of the validity of our
calculation on the P crystal is done in the next section. In the total energy calculations,
the 6 x6 mesh points are used as the sampling point in the two-dimensional Brillouin zone

integration in the film calculations.

3. Results and discussion

We start from calculations on P crystal. In the optimized structure of the crystal(Fig.
1), the lengths of the a and ¢ axes are 4.40 A and 3.40 A, respectively (Table I), which are
close to the experimental values( 4.39 A and 3.31 A).'® The lattice length of the b axis
in the stacking direction is 11.21 A, which is slightly larger than the experimental value
(10.48 A). This difference is expected to originate from the fact that the density functional
theory gives some error in the case of the van der Walls interaction. The calculated lengths
of the horizontal bond(l;) connecting the two top atoms is 2.27A and that of the vertical
bond connecting the top and second top atoms (I3) is 2.29A. The distance between the
atoms in the neighboring layer is 3.88A, which is much longer than the above horizontal
and vertical bonds, corresponding to the fact that the layer interaction is of the van der
Waals type. The calculated two bond angles, 6, and 65 are 97.2 ° and 103.7°, respectively.
As shown in Table I, the calculated bond lengths and angles are close to the experimental
values. The calculated bond angles(f; and 6 ) are rather close to that of the sp®(109.5°)
angle, which is due to the fact that P atom favors sp hybridization. As the total electron
charge in Fig. 2(a) shows, each P atom has three chemical bonds and also has the dangling

bond characterized by sp? hybridization. This dangling bond is due to the fact that the
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P bond angles are close to the sp® bond angle.

We next perform calculations on 2, 4, and 6-layer films (The atomic configuration of
the two-layer film is shown in Fig. 2(b)). We optimize the cell lengths and find that the
lengths along the a-axes of the crystal are 4.64 A, 4.61 A, and 4.60 A, respectively, for the
2,4,and 6 layer films(Table I). The cell lengths of the c-axis are 3.37A, 3.38Aand 3.38A,
respectively. Therefore the length of the a-axis decreases and that of the c-axis increases
as the layer thickness becomes large (Table I). However, the difference among the lattice
constants of the three kinds of films is rather small and the values are close to those of
crystals. This is due to the fact that the layer interaction is van der Waals type and is
thus very weak. The density of states (DOS) of these films shown in Fig. 3 indicate that
the band gap becomes small as the layer thickness becomes large. The band gaps of the
two-layer, four-layer, and six-layer films are found to be 1.24 eV, 0.51 eV, and 0.49 eV,
respectively. Experimental studies show that the P crystal is a semiconductor having the
energy gap of 0.3 eV.' The above calculational results on P films suggest that the band
gap decreases and becomes close to the crystal value as the thickness increases.

We now study the Bi film. When the film thickness is small, the black phosphorus
type structure, which is different from the crystal one (arsenic structure) is known to

10) Here, we focus on the two-layer films and compare them with the P films.

be grown.
We find two optimized geometries(Fig. 4). In the most stable structure, the two top
atoms are buckled and the amplitude of buckling is found to be 0.5 A. In the metasable
structure, the two atoms are nonbuckled and thus they are equivalent. The calculated
DOS shown in Fig. 5 indicates that the most stable structure has the gap of 0.2 eV while
the metastable structure has no band gap.

In the nonbuckled structure, the value of l; and I, are 3.06A and 2.97A, respectively.
The bond angles 6, and 65, respectively, are 95.9° and 93.8°, which are close to the p?
bond angle(90°). These bond angles are in sharp contrast with the P films where the bond
angles are rather large and are close to that of the sp® bond angle. The total density map
in Fig. 6(a) shows that the p orbital mainly contributes to the chemical bonding charge.
This charge density is in sharp contrast with that of the P black phosphorus crystal which

has the component of the sp? dangling bond. As the DOS of this structure in Fig. 5 shows,

4



the film having this structure is metallic, i.e., the substantial DOS appears at the Fermi
energy. The electron charge at the Fermi energy shows that the orbital mainly consists
of the p orbital, due to the fact that the covalent bond type is p3.

In the most stable buckled structure, the two top atoms are inequivalent, so #, defined
in Fig.1 has two different values. The values of 65 of the top and the second atoms are
84.0° and 105.2° jrespectively. while that of 6; is 93.8°. Therefore, the bond angle of the
second top atom is rather large, indicating that the sp hybridization of the second top
atom is enhanced. The values of [; and I, are 3.08A and 2.99A, respectively, so the bond
lengths are enlarged in the buckled structure.

The electron charge of the valence top shown in Fig. 6(b) indicates that the surface
chemical bond charge mainly consists of the sp® hybridized orbital of the second top and
the component of the top atom is small. On the other hand, the charge distribution of the
conduction band bottom mainly consists of the component of the top atom(Fig. 6(c)).
Therefore we conclude that there is charge transfer from the top atom to the second top
one and this charge transfer is the origin of the opening of the band gap.

The above mentioned charge transfer is due to the fact that the energy of the second
atom orbital along the surface bond is lowered by buckling that makes the increses the
bond angle of the second top atom (Since the increses of the bond angle enlarges the s
component of the orbital, the orbital energy is lowered). This charge transfer found in
the Bi film is in sharp contrast with that of the Si (001) surface having buckled dimers,
i.e., the top (second top) atom forms sp® (sp?) hybridization and thus the 7 electrons are
transferred from the second top atom to the top one.'®

We finally discuss the difference between the P and Bi films. The P atom favors sp
hybridization while Bi atom does p® bond. The inhibition of the sp hybridization of Bi
is due to the fact that the s orbital is shrinked in the real space compared with the p
orbital, so the contribution of the s component to the chemical bond is very small. It is
known that as the element number becomes large, the contribution of the s orbital to the
chemical bond decreases.'® Since the P atom favors sp hybridization, the calculated bond
angles of the P crystal and P nanofilms are rather close to the sp? bond angle(109.5°) as

is seen from Table I. As a result, the charge contains sp® hybridized dangling bond (Fig.
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2). Since this dangling bond is rather stable, the P film is not buckled.

On the other hand, since the Bi atom does not favor the sp hybridization, it tends to
form p? bond without the s component. As a result, the nonbuckled two-layer film forms
the bond angles of 93.8° and 95.8°, which are close to the p? bond angle(90°). Due to
the buckling, the second top atom forms sp® bond angle and its atomic orbital energy is
lowered since the s component increases. This is the reason why the buckled structure is
more stable than the nonbuckled structure.

The electron transfer from the top atom to the second top atom induces inequivalent
charge distribution which is similar to that in the case of the charge density wave (CDW).
Since the nonbuckled and buckled structures have the same unit cell, however, the present
system is not classified into the CDW system. In any case, the electron-lattice interaction
is the origin of the buckling structure having the substantial gap.

Experimentally four-layer films are observed.'” This film originates from stacking of
the two two-layer films having the paired structure and the interaction between the two
parts is weak. Our previous calculation indicated that the two surface atoms in the most
stable structure are buckled and this film has DOS of semimetal.'® This buckled structure
is observed by an scanning tunneling microscopy(STM) experiment.'® An STM image of
the nonbucled structure, which is metastable, may be observed under some experimental

condition.

4. Summary

We performed first-principles calculations on P and Bi nanofilms. The band gap of the
two-layer film of P is 1.2 eV and the value decreases and is expected to become close
to that of crystal as the thickness becomes large. The two-layer Bi film has the most
stable buckled structure with the band gap of 0.2 eV. On the other hand, the nonbuckled
structure is metasable and metallic. The opening of the band gap in the buckled structure
is found to be induced by the charge transfer from the top atom to the second one.
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Table I. Table I. Crystal parameters of P crystal and P nanofilms. The values in parentheses are

experimental ones. The unit of the lengths of a, b, ¢, [; and I, are A.

a b c [ Iy 0, )

crystal 4.40 11.21 3.40 2.27 2.29 97.2 103.7

(4.37) (1048) (3.31) (2.22) (2.24) (96.3) (102.1)

2-layer film  4.64 3.37 2.26 2.32 96.4 103.5
4-layer film  4.61 3.38 2.26 2.29 96.6 103.4
6-layer film  4.60 3.38 2.26 2.29 96.9 103.4
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Figure captions

Fig. 1. The unit cell of the P crystal indicated by the rectangular parallelepiped.

Fig. 2. Total electron charges of the P crystal (a) and the two-layer P film (b).

Fig. 3. The DOS of P films. The DOS of the two-layer (a), four-layer (b), and six-layer
(c) films are shown. The energy is measured from the valence band top.

Fig. 4. Stable (a) and (b) metastable atomic structures of Bi two-layer films.

Fig. 5. DOS of the Bi two-layer film having the stable (a) and metastable (b) structures.
The energy is measured from the valence band top (a) and the Fermi energy (b).
Fig. 6. Partial electron charge at the Fermi energy of the metastable structure (a) and

those of the valence band top (b) and condcuction band bottom (c) of the stable

strucrture.

11






Fig.2(a)



Fig.2(b)



1.6

T T T T T T n
- Q- - . L L L L L L L ____ o
S
L
>
L qn D@
"o
C
(W]
o
- 1=
1
N
1 1 1 1 1 1 1 —
< N — 0 O < N o'
— — o o (] o

(A3/s91835) SOQ

Fig.3(a)



-10

1.6

1.4+

1.2+

1
8
6

0.4t

(A3/s91835) SOQ

-15

Energy (eV)

Fig.3(b)



-10

1.6
1.4+
1.2+

(A3/s91835) SOQ

:

Energy (eV)

Fig.3(c)



Fig4.(a)



Figd.(b)



1.6

14
1.2t
1
8
6
0.4+
0.2t

(A3/s91835) SOQ

-10

-15

Energy (eV)

Fig5.(a)



-10

1.6
1.4+
1.2+

(n3/s31€35) SOA

0.4+
0.2+

-15

Energy (eV)

Fig5.(b)



Fig6.(a)



Fig6.(b)



Figb.(c)



