
VOLUME 80, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 APRIL 1998
Oscillatory Nonmetal-Metal Transitions of Ultrathin Sb Overlayers on a GaAs(110) Substrate
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Based on first-principles calculations, an Sb film on GaAs(110) is found to be nonmetallic at 1 and 3
monolayer (ML) coverages, and metallic at 2, 4, and higher ML coverages. These unusual oscillatory
nonmetal-metal transitions are explained in terms of a generalized Wilson rule, constrained by the
relative magnitudes of the separation and width of the subbands derived from the quantum-well states.
The present study also establishes the existence of magic stability of the film at the odd numbers of
monolayers, and strong interlayer spacing oscillations. [S0031-9007(98)05878-5]

PACS numbers: 73.50.–h, 68.55.–a, 68.60.–p
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Metallic overlayers on semiconductor substrates cons
of an important class of heteroepitaxial growth system
In such systems, the common growth mode is by th
formation of three-dimensional (3D) islands on top o
a few or zero wetting layers, leading to rough film
[1–3]. However, controlled manipulation of the growth
processes can result in the formation of flat metal film
as demonstrated in a recent study of Ag growth o
GaAs(110) [4]. Here atomically flat silver films have
been obtained, but only if the film thickness is abov
some critical thickness. This striking observation o
the existence of such a reversed critical thickness h
motivated the development of a phenomenological grow
model [5], showing that the confined motion of the
conduction electrons can be important in the stabilizatio
of many metal overlayers on various substrates. With
this model, a metal film of any thickness can be stablize
by quantum confinement, while it can also be destabliz
by charge spilling from the metal to the substrate; the
competition may define the critical thickness as observe
Several earlier theoretical studies have also explor
various different manifestations of quantum size effects
either freestanding metal films [6] or metallic overlayer
on metal substrates [7].

As a prototype nondisruptive metal-semiconductor in
terface system, the growth of Sb on GaAs(110) has a
been investigated extensively [8–14]. Based on Aug
electron spectroscopy [8] and scanning tunneling m
croscopy (STM) studies [9,10], the growth pattern of S
has been found to follow as1 1 Md mode (or a modified
Stranski-Krastonov mode): a monolayer followed by se
of multilayers of a well-defined thicknessM (see Fig. 1).
Moreover,I-V measurements showed that the band g
at the Fermi energy decreases with increasing film thic
ness, suggesting a nonmetal-metal transition at a hig
coverage [10]. Theoretically, most previous studies ha
concentrated on the adsorption of 1 monolayer (ML) S
on GaAs(110) [11–14]. Our present study of the syste
in the multilayer regime aims in providing the physical in
sights into the understanding of those growth phenome
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In this Letter, we present what seems to be the fi
investigation of quantum size effects in the model sy
tem, SbyGaAs(110), within the first-principles density
functional theory. In our calculations, the effects o
quantum confinement and charge spilling are treated s
consistently, with inclusion of surface relaxation. W
find strong manifestations of quantum size effects,
both known and unexpected ways. As the film thick
ness increases, the adsorption energy per layer os
lates, thereby defining the existence of magic thicknes
for smooth growth. This finding provides the micro
scopic basis for thes1 1 Md growth mode. Furthermore,
there exist corresponding oscillatory nonmetal-metal tra
sitions, a surprising finding in contradiction with tra
ditional belief. We identify the underlying physica

FIG. 1. (a) Schematic diagrams of the side and top view
of the epitaxial continued layer structure model for th
1 ML -SbyGaAss110d-s1 3 1d system. (b) Schematic cross
sectional view depicting Sb multilayers on the GaAs(110
substrate.
© 1998 The American Physical Society
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reasons for the existence of the oscillatory nonmet
metal transitions, discuss the results in comparison w
existing experiments, and suggest new ways to test so
of the unique predictions made here.

In our calculations, we use norm-conserving sepa
ble pseudopotentials [15,16] together with the densi
functional theory within the local-density approximatio
(LDA) [17,18]. Partial-core corrections are included in th
pseudopotentials of Ga [19]. We model the SbyGaAs(110)
system by a periodic slab geometry. Each slab conta
seven GaAs substrate layers and a certain Sb overlaye
each side of the slab. The vacuum region between s
slabs has a thickness of about 10 Å. The Sb overlaye
modeled by the so-called epitaxial continued layer stru
ture [12–14], where the Sb atoms grow epitaxially in th
form of zigzag chains in thef110g direction on a nearly
bulklike GaAs(110) substrate (see Fig. 1). To optimize t
atomic structure, atoms in the overlayer and the substr
are relaxed along the calculated forces until the remain
forces are all within 6 mRyyÅ. We employ a plane-wave
basis with an energy cutoff of 10 Ry and take a unifor
grid of 24 k points within the (1 3 1) surface Brillouin
zone. The calculation scheme and its previous applicat
to the Sb monolayer on GaAs(110) are described in de
elsewhere [14].

In order to examine the relative stability of Sb adsor
tion on GaAs(110) with increasing Sb coverage, we c
culate the adsorption energy (Ead) per Sb atom from

Ead  fEsn 2 1d 1 4Ea
Sb 2 Esndgy4 , (1)

whereEsn 2 1d and Esnd are the total energy for a slab
with the Sb coverage,u, equal to (n 2 1) andn ML, re-
spectively, andEa

Sb is the total energy of a free Sb atom
In the case ofn  1, Esn 2 1d corresponds to the to-
tal energy of the clean GaAs(110) surface. The negat
of the adsorption energy with respect to the Sb cov
age is plotted in Fig. 2, showing strongly oscillatory siz
effects: The adsorption energies atu  1, 3, and5 ML
are larger than those at 2 and 4 ML. This energetic
formation indicates that the first Sb monolayer, at whic

FIG. 2. Negative adsorption energy as a function of the
coverage.
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the adsorption energy is the largest, binds most strong
to the GaAs substrate. A flat film atu  3 or 5 ML is
locally stable, but a flat film at 2 or 4 ML is unstable
against roughening. Therefore, one expects Sb growth
GaAs(110) to follow thes1 1 Md mode, with M  2.
This finding qualitatively explains the experimentally ob-
serveds1 1 Md growth mode in this system. However,
we note that on a quantitative level earlier experiment
suggestedM to be 3, estimated by using the constant bul
interlayer spacing for the Sb thin films [9,10]. As shown
below, this discrepancy can be resolved by considerin
the large deviations of the interlayer spacings in the S
thin films from the bulk value. Figure 2 also shows tha
the adsorption energy changes little above 6 ML of Sb
therefore, the double layer growth mode will no longer b
favored at such higher coverages.

In Table I, we summarize the calculated interlayer spac
ings of the Sb overlayers. It is worth emphasizing th
following aspects: (i) The topmost Sb-Sb interlayer spac
ing varies with the film thickness in an oscillatory way,
taking the values of 2.94, 2.77, 2.88, 2.79, and 2.81
as u increases from 2 to 6 ML. After 6 ML the oscilla-
tion disappears. Such variations in the topmost interlay
spacing should be observable, for example, by measuri
the height of sizable monolayer-high islands formed at th
growth front, as reported in a recent experimental study o
PbyGe(100) [20]. (ii) For a given coverage, the interlaye
spacing also oscillates from layer to layer.

The present results for the heights of double Sb lay
ers (dm1 anddm2 in Fig. 1) are given in Table II together
with those from experiments [9,10]. The values ofdm1 
6.2 Å and dm2  6.0 Å are in good agreement with the
STM measurements of Shih, Feenstra, and Mårtensson
(dm1  6.0 6 0.5 Å and dm2  6.0 6 0.5 Å) and Patrin
et al. [10] (dm1  6.4 6 0.5 Å anddm2  6.4 6 0.5 Å).
However, both STM studies estimated the coverages
the first and the second multilayers to be 4 and 7 ML, re
spectively, by using the bulk interlayer spacing of abou
2 Å. Our calculations show that the interlayer spacing
in the thin Sb overlayers are significantly larger than th
bulk value (see Table I), a prediction to be confirmed in
future experiments.

The oscillatory behavior of the interlayer spacing is a
consequence of the quantum size effect. The electron

TABLE I. Calculated interlayer spacings (in Å) for the Sb
overlayers on GaAs(110).

d01 d12 d23 d34 d45 d56 d67

1 ML 2.39
2 ML 2.54 2.94
3 ML 2.41 3.44 2.77
4 ML 2.44 3.28 2.99 2.88
5 ML 2.43 3.25 2.86 3.16 2.79
6 ML 2.44 3.28 2.87 2.97 3.02 2.81
7 ML 2.43 3.24 2.89 3.00 2.94 3.08 2.81
3583
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TABLE II. Calculated heights (in Å) of Sb multilayers in
comparison with experimental results. For the denotations
dm1 and dm2, see Fig. 1. The interlayer spacing between t
Sb layer and the GaAs substrate (d01) is given for comparison.

d01 dm1 dm2

Present study 2.4 6.2 6.0
STM Ia 2.5 6.0 6 0.5 6.0 6 0.5
STM IIb 2.5 6.4 6 0.5 6.4 6 0.5
aReference [9] (Shih, Feenstra, and Mårtensson, 1990).
bReference [10] (Patrinet al., 1992).

density in the quantum well has an oscillatory positio
dependence in the growth direction. It is natural to expe
similar adjustment of the ions to minimize the electron-io
interaction energy [6]. Here we like to emphasize only th
observation that the amplitude of oscillation is particular
large atu  3 ML, when the system is in the nonmetallic
state (see below). This can be explained qualitatively
the fact that in the nonmetallic state the charge dens
fluctuation is associated with one-dimensional screeni
while in the metallic state the magnitude of the fluctuatio
associated with three-dimensional screening is smaller

We have also obtained the band structures of the sys
at different Sb coverages, with those at 1 and 2 M
shown in Fig. 3. There are four subbands in the bu
gap atu  1 ML [12,13]; the lower two subbands are
fully occupied, and the higher ones are empty. Th

FIG. 3. Surface band structures of SbyGaAss110d-s1 3 1d at
two Sb coverages: (a) 1 ML; (b) 2 ML. The inset in (b) show
the surface Brillouin zone for the (1 3 1) unit cell.
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the 1-ML Sb overlayer is nonmetallic with a band gap
of 0.9 eV. The 2-ML Sb overlayer has two additiona
subbands in the bulk gap, which overlap across the Fer
energy, leading to a metallic state. Surprisingly, thes
overlapping subbands appear oscillatorily with increasin
Sb thickness: They disappear at 3 ML and reappear
4 ML. As a result, the 3-ML Sb overlayer has a band ga
of 0.1 eV, and the 4-ML Sb overlayer shows a metalli
state. Aboveu  5 ML the system is always metallic.
The calculated band gap with respect to the Sb covera
is summarized in Fig. 4. It is well known that the LDA
calculation underestimates the band gap. For example,
experimental band gap at 1 ML is about 1.3 eV [9,10
larger than the calculated value of 0.9 eV. Therefor
we expect that the real band gap at 3 ML is also larg
than the present LDA value of 0.1 eV. Because the 2
and 4-ML Sb overlayers show metallic behavior with th
presence of the two overlapping subbands at the Fer
energy, they are energetically unstable compared to the
and 3-ML Sb overlayers, consistent with the results show
in Fig. 2.

It is remarkable that the Sb overlayers on GaAs(110
show oscillatory nonmetal-metal transitions. For meta
overlayers on semiconductor substrates, the typical p
ture for nonmetal-metal transition is as follows [21]: The
overlayer is nonmetallic if the coverage is too low, be
comes metallic at some critical coverage, and is expect
to be more metallic if additional layers of metal are added
However, in the present study we find that a metallic ove
layer atu  2 ML will turn into a nonmetallic state if one
more layer of Sb is added.

The unusual oscillatory nonmetal-metal transitions ca
be explained by the classic Wilson rule [22], generalize
to the present case, and constrained by the quantum s
effect of the thin film. Because the dangling bonds o
the topmost Sb layer atoms are fully occupied, we ca
regard our quantum well to really start atu  2 ML.
At u $ 2 ML, because each Sb atom is tetrahedrall
bonded in the (1 3 1) structure, each unit cell of a
given Sb layer contains two nearly equivalent “free
electrons. Therefore, the total number of such electro

FIG. 4. Band gap as a function of the Sb coverage.



VOLUME 80, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 APRIL 1998

e

i.

.

.

.

per unit cell of the thin film is always an even numbe
2n, with n  1, 2, 3, . . . for u  2, 3, 4, . . . ML. On
the other hand, each additional Sb layer also contribu
two overlapping subbands, due to the confinement in t
vertical direction. For small enough film thicknesses
which different subbands originated from different S
layers do not overlap in energy, we expect metal-nonme
transitions according to a generalized Wilson rule: me
for oddn and nonmetal for evenn. Therefore, we have a
metallic system atu  2 ML, a nonmetal at 3 ML, and a
metal again at 4 ML. This oscillatory behavior will stop
however, if the film is above a critical thickness where th
spacing between the subbands contributed by neighbor
layers becomes smaller than the width of the subban
because then the different subbands overlap in ene
and only the metallic state prevails. Below the critica
thickness, we expect that the gap between the filled a
empty subbands of the nonmetallic state decreases w
the film thickness, as shown in Fig. 4. Based on th
above picture, we further infer that oscillatory nonmeta
metal transitions shouldnot be expected in alkali metal
films on semiconductors, because the subbands associ
with those simple metals are typically very broad. O
the other hand, for systems of metal overlayers wi
flatter subbands, oscillatory nonmetal-metal transitio
can persist to even higher film coverages.

In summary, our first-principles calculations have show
that, in the model metal/semiconductor growth system
SbyGaAs(110), quantum size effects can prevail in se
eral dramatic ways. The adsorption energy per layer h
been found to oscillate with the overlayer thickness, ma
ing flat films at 1, 3, and 5 ML coverages magicall
stable, and films at 2 and 4 ML unstable. This findin
qualitatively explains thes1 1 Md growth mode observed
in previous experiments, and calls for more precise det
mination ofM in future experiments. For films at differen
thicknesses, there exist strong oscillations in the topm
interlayer spacings; and for a film of a given coverag
the interlayer spacing within the film should also oscilla
from layer to layer. Finally, there should exist oscillator
nonmetal-metal transitions as the film thickness increas
a prediction to be confirmed in future experiments (for e
ample, by locally probing the band gaps using the scann
tunneling spectroscopy). All these oscillatory propertie
in the stability, interlayer spacing, and transport, are co
related at the fundamental level.
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