Available online at www.sciencedirect.com

sc.sncs@p.“w

applied
surface science

Applied Surface Science 237 (2004) 206-212

www.elsevier.com/locate/apsusc

Theoretical investigations of adatom behavior on
non-planar surfaces with GaAs(n 1 1)A

Koichi Asano®, Yoshihiro Kangawab, Hirotoshi Ishizaki®,
Toru Akiyama®, Kohji Nakamura®, Tomonori Ito™*

2Department of Physics Engineering, Mie University, Tsu 514-8507, Japan
*Department of Applied Chemistry, Tokyo University of Agriculture and Technology, Koganei 184-8588, Japan

Available online 6 August 2004

Abstract

The behavior of Ga and As adatoms on non-planar surfaces consisting of GaAs(0 0 1)-(2 x 4)B2 top and GaAs(n 1 1)A (n=
2, 3 and 4) facet surfaces are investigated by empirical interatomic potentials with the aid of ab initio calculations. The calculated
results imply that Ga adsorption energies strongly depend on the surface orientation, whereas As adsorption energies keep
almost constant. The difference in adsorption energies can be interpreted by considering strain energy. In particular, Ga adatom
is stabilized on the (3 1 1)A surface by the smallest strain energy forming interatomic bonds with three As atoms located at the
regular fcc sublattice. Furthermore, we roughly simulate resultant surface profile of GaAs thin films on non-planar surface
consisting of the (0 0 1)-(2 x 4)B2 top and (n 1 1)A facet surfaces based on the rate equation. The simulated results reveal that
the non-planar surface consisting of the (0 0 1)-(2 x 4)2 top and (3 1 1)A facet surfaces forms unique surface profile because of
preferential Ga adsorption on the (3 1 1)A and Ga migration from the (0 0 1)-(2 x 4)B2 toward (3 1 1)A. Consequently, growth
on the (3 1 1)A facet surface exhibits a unique cross sectional surface profile compared with that on the non-planar surfaces
consisting of (2 1 1)A and (4 1 1)A facet surfaces.
© 2004 Elsevier B.V. All rights reserved.

PACS: 81.15.Hi; 81.15.Aa; 71.20.Nr

Keywords: GaAs; Computer simulation; Adsorption; Migration; Growth; Molecular beam epitaxy

1. Introduction QW tunneling devices, have been significantly
improved by better-defined epitaxial layers grown by

Recently, semiconductor quantum well (QW) molecular beam epitaxy (MBE). These QW devices can
devices, e.g., a surface emitting diodes, lasers and be fabricated using the high index GaAs(n 1 1)A (n=1,

2,3 and 4) substrates because of their possibility of high
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fax: +81 592319726, high efficiency, there have been many experimental
E-mail address: tom@phen.mie-u.ac.jp (T. Tto). studies for fabricating thin films with smooth surface.
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Asai and co-workers extensively investigated surface
profile of MBE grown GaAs/AlGaAs thin films on non-
planar surfaces using atomic force microscopy and
found that the substrate surface orientation affects the
surface profile [1-3]. Zhou et al. examined the influence
of substrate surface orientation on InAlAs/AlGaAs
quantum dots (QDs) grown on (00 1) and (n 1 1)A (n
= 3 and 5) GaAs substrate by MBE [4]. In particular,
Notzel et al. found that the GaAs(3 1 1)A surface had a
unique growth mechanism [3], and fabricated the GaAs
sidewall QWs, QDs and coupled wire-dot arrays by
functional self-organized epitaxy on patterned
GaAs(3 1 1)A [5]. Despite these successful applica-
tions, the mechanism of the dependence of surface
profile on orientation is still unclear.

In the present paper, we theoretically investigate
the behavior of Ga and As adatoms on non-planar
surfaces consisting of GaAs(0 0 1)-(2 x 4)B2 top and
GaAs(n 1 DA (n = 2, 3 and 4) facet surfaces using
empirical interatomic potentials [6,7] with the aid of ab
initio calculations. The calculated results for migration
and adsorption energies are discussed in terms of the
number of electrons in Ga dangling bonds and strain
energy contributions. Moreover, we roughly simulate
resultant surface profile of GaAs thin films on non-
planar surfaces consisting of the (0 0 1)-(2 x 4)B2 top
and (n 1 1)A facet surfaces using rate equation [8]. In
the calculation procedure, the migration potentials and
adsorption energies on these surfaces are used.

2. Computational methods

We construct non-planar surface systems consist-
ing of GaAs(0 0 1)-(2 x 4)B2 topand (n 1 1)A (n =2,
3 and 4) facet surfaces to calculate the system energy
difference between the case of Ga and As attached to
the (0 0 1)-(2 x 4)B2 top and that to the (n 1 1)A facet
surfaces. The calculated system energy difference
corresponds to the value of adsorption energy differ-
ence between the surfaces. The system energy E is
represented by the following equations [9-12]:

E = Epona + AEbonda (D
1

Evond =5 D, Vi )

AEbond = C‘AZL (3)

where Epong 1S the cohesive energy estimated by
empirical interatomic potential Vj; [6] which incorpo-
rates the contribution of strain energy, and AEy,q the
correction term due to the charge redistribution
between dangling bonds on the surface. AZ is the
number of electrons remaining in Ga dangling bonds
and the coefficient C has a value of 0.40 eV/electron.
This simple energy formula have been successfully
applied to the migration and adsorption energy calcu-
lations on the non-planar surfaces in addition to those
on flat surfaces [10-13].

The empirical interatomic potential Vj; [6,7] in Eq.
(2) is written by:

Vij = Aexp{—B(rij — R))"}

B
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where r; is the distance between the atoms, Z;
the effective coordination number of atom i, R; the
minimum distance between neighbors and G(7) the
bond bending term for tetrahedrally bonded atom
pairs. The potential parameters A, By, 0, A, o, B, ¥
and n were determined using the cohesive energy, bulk
modulus and relative stability among various struc-
tures obtained by ab initio calculations and experi-
ments.

In order to obtain surface profile of GaAs thin films,
we employ the rate equation [8]. This equation is given
by

Anjox — ni(N — n,-ﬂexp{%}
—ni(N — ”i+l)exp{%}
x (N — ni)niJr]exp{%}
R )

where N is the number of atoms, E;_;, E; and E;, | are
the cohesive energy at each lattice site (i—1, i and i +
1), k is Boltzmann’s constant and 7 the temperature. In
this equation, the first and second terms indicate
migration of adatoms from the lattice site i. The third
and fourth terms indicate migration of adatoms from
the lattice site i— 1 and i + 1.
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Results and discussion

Fig. 1 shows the calculated adsorption energy
differences between the case of Ga and As attached
to the preferable lattice sites on (0 0 1)-(2 x 4)B2 top
and that on the (n 1 1)A facet surfaces. The computa-
tional systems are employed for each non-planar sur-
face consisting of the (00 1)-(2 x 4)B2 top and
(n 1 1)A facet surface shown in Fig. 2. Here, we let
the system energy when the Ga and As attached to the
(00 1)-(2 x 4)B2 top surface such be the energy
origin. The calculated results imply that Ga adsorption
energies strongly depend on the surface orientation,
whereas As adsorption energies keep almost constant.
In particular, it should be noted that the Ga adsorption
energy when it adsorbs on (3 1 1)A [14] is the largest
amongst all the other surfaces. This suggests that the
Ga adatom on (31 1)A surface is the most stable
compared with that on the other surfaces. In order
to check the feasibility of our approach, we also
performed ab initio pseudopotential calculations for
Ga adsorption energies of Ga adatom on the (0 0 1)-(2
x 4)B2, 211)A and (4 1 1)A [15] surfaces. The
calculated results imply that adsorption energy differ-
ences for non-planar surfaces including (2 1 1)A and
(4 1 1A have a value of 1.4 and 0.0 eV, respectively.
These values can be favorably compared with the
values of 0.9 and 0.0 eV for non-planar surfaces

248

including (21 1)A and (41 1)A obtained by our
interatomic potential calculations, respectively. This
implies that our interatomic potential calculations are
feasible to estimate the adsorption energy difference
for non-planar surfaces considered in this study.
The preferable lattice sites for Ga adatom and As
adatom on each surface are illustrated in Figs. 3 and 4.
It is found that the Ga adatom on the (31 1)A and
(2 1 1)A surfaces stably resides in the lattice site
forming interatomic bonds with surface atoms without
any strain, since these surface atoms are located at the
regular fcc sublattices. On the other hand, Ga adatom
on the (00 1)-(2 x 4)B2 and (4 1 1)A surfaces is
strongly stretched by As-dimers. This increases Epong
and destabilizes the Ga adatom on the (0 0 1)-(2x4)32
and (41 1)A surfaces compared with that on the
(21 DA and (31 1)A surfaces. Similar qualitative
trend in relative stability is also found in As adatom
as shown in Fig. 4, although the stable lattice sites for
As adatom on the (001)-(2 x 4)B2 and (41 DA
surfaces are different from those for Ga adatom. It
should be noted that energy difference among the
surfaces is smaller than that for Ga adatom. This is
because As adatom mainly forms weak As—As intera-
tomic bonds with surface atoms, which do not sig-
nificantly increase strain energy due to As-dimers.
Based on these findings, we roughly simulate resul-
tant surface profile of GaAs thin films on non-planar

adsorption energy difference [eV]

@21DA

(BIDA

B Ga

(41DA

Fig. 1. Ga and As adsorption energy difference in the case of that on GaAs(0 0 1)-(2 x 4)B2 top and on (n 1 1)A facet surfaces, where the
adsorption energy on (00 1)-(2 x 4)B2 is energy origin. The results were obtained by interatomic potential calculations.
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side view

Fig. 2. Computational model of the non-planar surface consisting of GaAs(00 1)-(2 x 4)B2 top and (2 1 1)A facet surfaces used in the
interatomic potential calculations, where periodic boundary conditions are imposed in the x—y plane. Similar systems are employed for the other

non-planar surface with (n 1 1)A.

surfaces consisting of the (00 1)-(2x4)B2 top and
(n 1 1)A facet surfaces based on the Eq. (5). And we
simulate in assumption that As adatom naturally adsorbs
when Ga adatom stuck to non-planar surfaces consisting
of the (0 0 1)-(2 x 4)B2 top and (n 1 1)A facet surfaces
because of the behavior of Ga adatom was dominant.
Here, we listed the values of Ga migration potentials
near the boundary between (0 0 1)-(2 x 4)B2 top and
(n 1 1)A facet surfaces and adsorption energies on these
surfaces used in this study in Table 1. The value of Ga
migration potentials was obtained by averaging the
energies along [0 1 1] direction at each cross sectional
lattice points on each surface. This implies that Ga
adatom preferably adsorbs on the (31 1)A and also
easily migrates from (00 1)-(2 x 4)B2 to the 3 1 1)A
in contrast with Ga adatom on non-planar surface con-
sisting of the (00 1)-(2 x 4)B2 top and (4 1 1)A facet
surfaces.

Fig. 5 shows the calculated surface profile of GaAs
thin films on non-planar surfaces consisting of the
(00 1)-(2 x 4)B2 top and (n 1 1)A facet surfaces at
893 K.

Here, thick solid line is unit cell of non-planar
surface, where step-like periodic boundary condition
is imposed in the x—z plane. The form of the (n 1 1)A
facet surfaces was arranged 45° because of the surface
profile does not depend on substrate form but it greatly
depends on the parameter of E and the deposited
number of atoms N on each site from Eq. (5). The
simulated results reveal that the GaAs growth on non-
planar surface consisting of the (0 0 1)-(2 x 4)B2 top
and (31 1)A facet exhibits unique surface profile,
where the growth predominantly proceeds to fill up
the (3 1 1)A facet surface. This is because Ga adatoms
predominantly adsorb on the (3 1 1)A and Ga adatoms
impinging on the (0 0 1)-(2 x 4)B2 surface preferen-
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Fig. 3. Schematic of top view of GaAs (a) (0 0 1)-(2 x 4)pB2 surface.
And schematic top view of GaAs facet surfaces such as (b) (2 1 1)A,
() 31 1A, (d) (41 1)A. Bold lines show the bonds around the Ga
adatom.

tially migrate toward (3 1 1)A due to the adsorption

and migration energy differences as shown in Table 1.
On the other hand, the growth on the non-planar surface

Table 1

© 2nd layer Ga

T1] Q As adatom
O top layer As
o 2nd layer Ga
O 3rd layer As
@ 4th layer Ga
O 5th layer As

@ oth layer Ga
© 7th layer As

Fig. 4. Schematic of top view of GaAs (a) (0 0 1)-(2 x 4)B2 surface.
And schematic top view of GaAs facet surfaces such as (b) (2 1 1)A,
() (31 1A, (d) (4 1 1)A. Bold lines show the bonds around the As
adatom.

consisting of (00 1)-(2 x 4)B2 top and (2 1 1)A facet
surfaces forms GaAs thin films with homogeneous
film thickness. This results from the competition
between preferential adsorption on the (2 1 1)A and
migration toward (0 0 1)-(2 x 4)B2. Similar results are

Ga adsorption energy difference on the (n 1 1)A surfaces relative to that on the (0 0 1)-(2 x 4)82 top surface, and Ga migration energy difference

at boundary between (0 0 1)-(2 x 4)82 top and (n 1 1)A facet surfaces

Surface Adsorption energy difference [eV] Migration energy difference at boundary [eV]
21DA 0.89 —0.35
B1DHA 1.98 1.56
“41DHA 0.00 0.80

A negative value of the migration energy difference at boundary indicates the difficulty of Ga migration from (0 0 1)-(2 x 4)82 toward (n 1 1)A.
While a positive value indicates the ease of Ga migration from (00 1)-(2 x 4)B2 toward (n 1 1)A.
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Fig. 5. Calculated surface profile of GaAs thin films on the non-
planar surfaces consisting of (00 1)-(2 x 4)B2 top and (n 1 )A
facet surfaces using the rate equation. The surface profile of GaAs
thin films such as (a) (2 1 1)A, (b) (3 1 1)A, (c) (4 1 1)A. Thick solid
lines are the substrate with (n 1 1)A, and solid line is the calculated
surface profile.

found in the surface profile on non-planar surface
consisting of the (00 1)-(2 x 4)B2 top and (4 1 1)A
facet surfaces. These results are consistent with ex-
perimental results [2,3], where the non-planar surface
with (3 1 1)A facet surface forms smoother convex

curved shape than the other non-planar surface with
(n11)A (n =2, 4 and 5). Thus, according to these
results, Ga adatom behavior plays an important for the
growth mechanism on non-planar surfaces consisting of
the (00 1)-(2 x 4)B2 top and (n 1 1)A facet surfaces.

Conclusion

We have theoretically investigated the behavior of
Ga and As adatoms on the non-planar surfaces con-
sisting of GaAs(001)-2 x 4)B2 top and
GaAs(n 1 1)A (n = 2, 3 and 4) facet surfaces using
empirical interatomic potentials with the aid of ab
initio calculations. The calculated results imply that
Ga adsorption energies strongly depend on the surface
orientation, whereas As adsorption energies keep
almost constant. In particular, Ga adatom on
(31 DA is the most stable amongst all the other
(n11)A and (00 1)-(2 x 4)B2 surfaces because the
strain around the Ga adatom is the smallest in the
systems. Furthermore, we roughly simulate resultant
surface profile of GaAs thin films on non-planar
surfaces consisting of the (0 0 1)-(2 x 4)B2 top and
(n 1 1)A facet surfaces based on the rate equation. The
simulated results reveal that the non-planar surface
consisting of (0 0 1)-(2 x 4)B2 top and (3 1 1)A facet
surfaces forms the unique surface profile because of
preferential Ga adsorption on the (31 1)A and Ga
migration from the (0 0 1)-(2 x 4)B2 toward (3 1 1)A.
Consequently, Ga adatoms play an important role for
the unique surface formation of GaAs thin films on the
non-planar surface consisting of GaAs(00 1)-(2 x
4)B2 top and (3 1 1)A facet surfaces. These theoretical
predictions are consistent with previously reported
experimental results. Although these results should
be checked from various viewpoints including ab
initio calculations in detail, the hybrid approach using
the simple energy formula and rate equation is feasible
for predicting resultant surface profile for the nano-
structure formation.

References

[1] K. Asai, J.M. Feng, P.O. Vaccaro, K. Fujita, T. Ohachi, Appl.
Surf. Sci. 159-160 (2000) 301.

[2] G.Biasiol, F. Reinhardt, A. Gustafsson, E. Kapon, Appl. Phys.
Lett. 71 (1997) 1831.



212 K. Asano et al./Applied Surface Science 237 (2004) 206-212

[3] R. Notzel, M. Ramsteiner, J. Menniger, A. Trampert, H.P.
Schonherr, L. Diweritz, K. Ploog, Appl. Phys. 80 (1996)
4108.

[4] W. Zhou, ZM. Zhu, F.Q. Liu, B. Xu, Z.G. Wang, J. Cryst.
Growth 200 (1999) 608-612.

[5] K.H. Ploog, R. Nétzel, Physica E11 (2001) 78-88.

[6] T. Ito, J. Appl. Phys. 77 (1995) 4845.

[7] T. Ito, K. Shiraishi, Jpn. J. Appl. Phys. 36 (1997) 1525.

[8] K. Shiraishi, T. Ito, in: Proceedings of the Third Symposium
on Atomic-Scale Surface and Interface Dynamics, 1999,
pp. 285-290.

[9] T. Ito, K. Shiraishi, Surf. Sci. 357-358 (1996) 486.

[10] T. Ito, K. Shiraishi, Jpn. J. Appl. Phys. 35 (1996) L949.

[11] T. Tto, K. Shiraishi, H. Kageshima, Y. Suzuki, Jpn. J. Appl.
Phys. 37 (1998) L488.

[12] T. Ito, K. Shiraishi, Jpn. J. Appl. Phys. 37 (1998) 4234.

[13] Y. Kangawa, T. Ito, A. Taguchi, K. shiraishi, T. Ohachi, J.
Cryst. Growth 237-239 (2002) 223-226.

[14] M. Wassermeier, J. Sudijono, M.D. Johnson, K.T. Leung, B.G.
Orr, L. Daweritz, K. Ploog, Phys. Rev. BS1 (1995) 14721.

[15] T. Yamada, H. Yamaguchi, Y. Horikoshi, J. Cryst. Growth 150
(1995) 421-424.



	Theoretical investigations of adatom behavior on �non-planar surfaces with GaAs(n11)A
	Introduction
	Computational methods
	Results and discussion
	Conclusion
	References


