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Surface phase transition and interface interaction in the a-Sn/InSb j111)system
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Thin films of a-Sn were epitaxially grown on InSb(111)A and InSb(111)Bsubstrates at room tempera-

ture. %'e studied growth modes and phase transitions of the films by using refiection high-energy elec-

tron diffraction and Auger electron spectroscopy. The films on InSb(111)A grew in biatomic layer-by-

layer modes. Characteristic growth features for Sn/InSb(111)B were due to the segregation of Sb to the
a-Sn film surface. Thus, we used the Sn/InSb(111) A system to examine the stability of the films as a
function of Sn coverage. The as-grown film surfaces changed irreversibly from the (3X 3) structure, to
the (2 X2), and, subsequently, to the (1X 1) structure, and finally to melting while going to elevated tem-

peratures. The transition temperatures for the thinner film were more than 10'C higher than for the
thicker film. Finally, to study the role of an interface in the stable growth of a-Sn on InSb(111)A, we

performed discrete variational Xa cluster calculations.

I. INTRODUCTION

The semiconducting a phase of Sn is thermodynami-
cally stable below 13.2'C, but it is transformed to the me-
tallic P phase above this temperature. Farrow et a/. ' ini-
tially found a-Sn (a =6.489 A) to grow heteroepitaxially
at room temperature on lattice-matched crystals of InSb
(a =6.4798 A) and CdTe (a =6.4829 A). a-Sn is a non-
polar semiconductor and has a band gap nearly equal to
zero (0.08 eV at 300 K}, while both InSb and CdTe are
polar semiconductors and have wider band gaps (0.17 eV
for InSb, 1.56 eV for CdTe at 300 K). Thus, a hetero-
structure of a-Sn/InSb, CdTe might have a great poten-
tial for light-emitting and far-infrared laser devices.

Menendez and Hochst reported that a-Sn films
several hundred angstroms thick grown on InSb(100)
transformed to the P phase at —115 'C, while on
InSb(111) surfaces a-Sn changes to the P phase at a lower
temperature. We found from reflection high-energy
electron-diffraction experiments that 30-monolayer (ML)
films of a-Sn grown on InSb(111}B are stable beyond
115'C, and that they melt at 170'C directly, without the
transition to the P phase. Furthermore, if the degree of
cleanliness in the substrate surface was not sufficient, P-
Sn and not a-Sn was observed to grow on it, even though
the (2X2) reconstructed surface characteristic of
InSb(111) was observed on the initial surface. From these
reports, we consider some significant factors that contrib-
ute to the stable growth of u-Sn on InSb at temperatures
considerably higher than room temperature. The ex-
tremely small lattice misfit between the substrate and the
film (0.14%), strong interfacial chemical bonding between
them, and a film thickness not much exceeding 30 ML.
However, it has not been understood yet which of these
factors, or perhaps all of them, are important for the sta-

bility. The purpose of this paper is (i) to study the
growth mode in both systems and how the phase transi-
tion of heteroepitaxially grown a-Sn films on both
InSb(111)A and InSb(111)B substrates occurs with an in-

crease of the film thickness and the substrate temperature
using re6ection high-energy electron diffraction
(RHEED) and Auger electron spectroscopy (AES}, and
(ii) to discuss the effects of the interfacial chemical bonds
on the phase transition of the a-Sn films by simulating
the bond features with use of the discrete variational Xa
(DV-Xa) molecular orbital method.

II. EXPERIMENTAL

The experiments were performed on a molecular-beam
epitaxy (MBE} system equipped with a RHEED system
(EIKO, MB-1000) and an Auger electron spectrometer
(ULVAC-PHI, 10-155), with a cylindrical-mirror
analyzer. The MBE chamber was evacuated by a 300-1/s
turbomolecular pump and a 140-1/s ion pump. The ulti-
mate pressure and the pressure during evaporation of Sn
onto InSb substrates were, respectively, 3X10 ' Torr
and 6 X 10 ' Torr. Before being loaded into the
chamber, the InSb substrates were rinsed in tri-
chloroethylene and ethanol and were etched in a lactic
acid —HNO3 (10:1)solution for 30 min.

The first cleaning of the substrate surface was done by
heating for 10 min at 400'C with an impingement of Sb4
molecules at a rate of 3.8 X 10' atoms/cm s. The second
treatments were as follows: Molecular beams of In& and
Sb4 were impinged on both InSb(111)A and InSb(111)B
substrates at a temperature of 330 C with present fluxes
of In& (4.6X 10' atoms/cm s} and Sb4 (5.95 X 10'
atoins/cm s). The In, and Sb~ beam sources were Knud-
sen effusion cells composed of high-purity pyrolytic bo-
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ron nitride. Finally, the respective substrates were an-
nealed at 400 C for 20 min. High-purity (99.9999%) Sn
was evaporated by using a tungsten basket heater onto
the room-temperature substrate of InSb(111)A and
InSb(111)8 at a rate of 9X 10' atoms/cm s, correspond-
ing to 1 ML/min. The evaporation rate and film thick-
ness were monitored with a quartz-crystal microbalance
and were estimated from the bulk density of a-Sn. In or-
der to follow changes in the phases of the Sn films with
film thickness, temperatures of the as-grown films having
a given thickness were raised at a rate of 3'C/min. The
substrate temperatures were measured by a Chromel-
Alumel thermocouple and were calibrated by melting the
InSb substrate at 525'C (the bulk melting point). RES
measurements were performed in the first-derivative
mode at a primary beam energy of 2 kV and at a total
electron current of 1.0 pA, and the peak-to-peak distance
of a specific line was taken as its intensity.
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B. Growth mode of a-Sn films on InSb f 111[

Figure 2 shows normalized Auger peak intensities for
the a-Sn films on the InSb(111}A and InSb(111)8 sub-

strates as a function of the film thickness. As can be seen
in this figure, all the signals change exponentially with a

&110&
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FIG. 1. RHEED patterns of the InSb(111)A-(2X2) (a) and
InSb(111)8-(2X2) (b) reconstructed surfaces at room tempera-
ture.

III. RESULTS AND DISCUSSION

A. The f 111J surfaces of InSb substrates

Figures 1(a) and 1(b) show typical RHEED patterns
taken along the ( 110) azimuth of InSb(111)A and
InSb(111)B, at room temperature. From these figures
both surface structures were identified to have a (2X2)
reconstruction. The (2X2) reflections were distinguished
by observing the (2X2)~(2X6) and the (2X2)~(3X3)
transition characteristics of the InSb(111)A and the
InSb(111)8 surface, respectively, with changes of the sub-

strate temperature and the Aux ratio.
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Sn Coverage (ML)

7 8

positive slope for the deposit and with a negative slope
for the substrate. For Sn/InSb(111)A, there are breaks,
marked with arrows, in the changes of the Auger peak in-
tensities for Sn and In, as one would expect for biatomic
layer-by-layer (BL) growth, although those for Sb are not
clear. This growth mode is also confirmed from a distinct
RHEED oscillation profile observed under the 222 on-

Bragg condition: As shown in Fig. 3, during Sn growth
on InSb(111}A, a single oscillation with a period corre-
sponding to BL growth is observed. Details associated
with the oscillation profile will be published elsewhere.
On the other hand, changes in the intensities for
Sn/InSb(111)B are rather different from those for
Sn/InSb(111) A; lower decay for Sn, much higher rise for
Sb, and slightly higher rise for In. Two of these devia-

tions, associated with Sb and Sn, are probably due to the
segregation of Sb into the Sn overlayer. It has been re-

ported that a similar behavior occurs for Sn on the InSb
(110) (Ref. 5) and (100) (Ref. 6) surfaces, and that, in vari-

ous combinations of InSb with metals such as Au, Al,
and Cu, Sb segregates to these metal surfaces. As seen
in Fig. 2, the segregation becomes noticeable for Sn cov-
erages above 1 ML, and then increases with the Sn cover-
age. Since the surface structure of InSb(111)8-(2X2)
used as a substrate consists of 0.75 ML of Sb trimer ad-
sorbed on the Sb outermost layer, it is likely to play an

FIG. 2. Auger peak intensities for the Sn, In, and Sb MNN

lines plotted as a function of Sn coverage on both the
InSb(111)A and InSb(111)B surfaces. The breaking lines (ar-

rows) represent the intensities expected for the biatomic layer-

by-layer (BL) growth of Sn on InSb(111)A, whereas the intensity

profiles for Sn/InSb(111)B show deviations from the BL growth

lines. The deviations indicate the presence of surface-

segregated Sb.
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range of 140 to 180'C, there exists only the (2X2)
reflection, shown in Fig. 4(b}, although it is not clear
whether the (2X2) reflection is generated from a single
domain or from a three-domain having a (2X1) recon-
struction. Beyond 180'C, (1X1) reflections of a-Sn ap-
peared, as seen in Fig. 4(c), and the (1X 1) intensity clear-
ly decreased at -200'C. Above 240'C, as shown in Fig.

8 12 16 20

Sn Coverage (ML)

FIG. 3. RHEED intensity oscillation obtained while Sn

grows on InSb(111)A under the 222 on-Bragg condition at an
azimuthal angle of -7' from the (211) direction.

240'

important role in the segregation to the Sn film surface.
However, the reasons why the Sb profile for

Sn/InSb(111)A does not exhibit breaks and why the In
profile for Sn/InSb(111)8 has higher values than for
Sn/InSb(111) A still remain unexplained. The former can
be explained by considering that, of the constituent atoms
in Sn/InSb(111) A, it is possible to move Sb atoms more
easily at the interface. Indeed, we found that, during Sn
deposition at a substrate temperature not much higher
than room temperature, e.g., 50'C, surface segregation of
Sb occurred also for Sn/InSb(111)A, although segrega-
tion never occurred while annealing the as-deposited film
at temperatures much higher than 50'C (see Fig. 5

below). The latter can be explained by the vacancy-
buckling model for InSb(111)A-(2 X 2), in which 0.25 ML
of In is missing at the outermost surface. Taking into
account this model, the In intensity profile for
Sn/InSb(111) A is in good agreement with that for
Sn/InSb(111)8.

C. Changes of a-Sn films with film thickness
and substrate temperature

At the initial stage of Sn growth on InSb(111)A, i.e.,
below 3 ML coverage, the as-grown surface always exhib-
its the (1 X 1}structure which emerges at 0.25 ML depo-
sition of Sn. The (3X3}surface reconstruction charac-
teristic of clean, well-defined a-Sn(111) is initiated with 4
ML coverage of Sn. This means that the lattice forma-
tion of a-Sn starts from this coverage.

Figure 4 shows a series of RHEED patterns taken
along the (110) azimuth of 8-ML as-grown films on
InSb(111)A, while annealing from room temperature to
some maximum temperature. Shown in Fig. 4(a} is the
(3 X 3) streak pattern at room temperature. The (3X3)
reflections began to coexist with the (2X2}reflections at
about 70'C, and continued up to below 140 C. In the

200'C

140 C

&110&
FIG. 4. Changes in RHEED patterns of the 8-MI. as-grown

a-Sn alms on InSb(111)A taken at several substrate tempera-
tures; the surface phase transition of (3 X 3)—+(2 X 2)
~(1X1)~ melting is seen.
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4(d), the halo pattern prevails, although the (1 X 1)
reflection is still seen. On the other hand, the 30-ML film
experienced almost identical phase transitions as the 8-
ML film ranging from room temperature to 140'C. The
(3X3) reflection, however, suddenly weakened at
—100'C, and this was followed by an increase of the
background intensity in the RHEED pattern. These situ-
ations last until the (2X2) reflection emerges. Other
than this, the important difFerence between the 30-ML
and the 8-ML films is the temperature range where the
(2 X 2) and (1 X 1) structures are stable; in the 30-ML film
the (2X2) and the (1X1) reflections appear in the nar-
rower ranges 140—150'C and 150-160'C, respectively
(see Fig. 6 below). Above 200'C, all the reflections disap-
peared, leaving the halo pattern alone.

In the a-Sn/InSb(111)B system rather different surface
features were observed. For example, the surface of the
8-ML film exhibited the (1X1) structure and not the
(3 X 3) structure at room temperature, while the 30-ML
film showed a sharp (3 X 3) RHEED pattern. When both
films were heated to 240'C, reflections of the (2 X 2) type
were not observed in any temperature range. Additional-
ly, the 8-ML and 30-ML films underwent the (1X1)
~melting and the (3X3)—+(1X1)~melting transitions,
respectively, each melting at the same temperature as in
each case for Sn/InSb(111)A. We conclude that (a) the
surface layers of the thinner a-Sn films ( & 8 ML) accumu-
late a significant amount of Sb to form the (1 X 1) struc-
ture, (b) the sufficiently thick films ()30 ML) have an al-
most Sb-free surface, which exhibits the (3X3) recon-
struction, and (c) the (3X3)~(2X2) transition, seen in
the a-Sn/InSb(111)A system, occurs on the completely
contamination-free cz-Sn surface alone, because of the ab-
sence of the (2 X 2) structure in Sn/InSb(111)B.

We obtained further interesting results about the e-
Sn/InSb(111) A system as follows. Shown in Fig. 5 is the
temperature dependence of the Auger peak intensities
from the as-deposited a-Sn films on InSb(111)A. Two
types of decay in the intensity curves of Sn MEN peaks
are apparent: One (dashed line, 8 ML) starts abruptly at
220'C and the intensity becomes constant at 270'C; the
other (solid line, 30 ML) goes more slowly from 100 to
230'C. These intensity drops are due to the emergence of
disordered states in the 8-ML and 30-ML film surfaces,
presumably a melting, because such states often close a
channeling path of the emitted Auger electrons to cause
their random emission. This is also supported by the em-
ergence of halo patterns in both film surfaces. The
difFerence in the substrate temperature at which the
Auger peak intensity begins to drop is indicative of
higher stability for the 8-ML film when compared to the
30-ML film. The rapid drop of the intensity curve for the
8-ML film reveals that the surface which is more sub-
strate stabilized is transformed sharply from a solid phase
to a liquid.

As seen for the 30-ML film in Fig. 5, the temperature
where the Sn MNN signals begin to drop is several tens of
degrees lower than where the In MAN and Sb M%X sig-
nals rise. This temperature lag can be explained as fol-
lows: As the substrate temperature is raised, the melting
of the as-deposited film surface advances inward toward
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FIG. 5. Changes in the Auger peak intensities of the as-
grown a-Sn films on InSb(111)A, which are observed with
elevated substrate temperatures. It should be noted that for 8-
ML films the intensity curve drastically changes at about 220'C,
while for 30-ML films a slower intensity drop as compared to
the 8-ML films is seen from 100'C, indicating that surface melt-

ing is being partially initiated from this temperature.

200-

~ 150

I- 100

(2X 2)

{3X3) + {2X2)

50

{3X3)

I I I I

10 20 30 40
Sn Film Thickness {ML)

I

50

FIG. 6. Changes of the surface structures of a-Sn films on
InSb(111)A as a function of film thickness with substrate tem-

peratures. Arrows are indicative of irreversible transitions for
the n-Sn surface layers.

the interface, causing the Sn Auger peak intensity drop.
When the melting reaches the interface, the a-Sn film is
converted into a liquid droplet so as to minimize the en-
ergies of the system. At that time the bare surface of the
substrate emerges here and there, so that the In MNN
and the Sb MNN Auger electrons can be readily emitted
from the substrate surface, as shown by the In and Sb
Auger peak intensity rises. On the other hand, in the 8-
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ML film the Auger electron signal for Sn changed almost
concurrently with those for InSb at about 220'C. This
means that the surface melting of the 8-ML film results in

rapid exposure of the interface because of the thinner film

thickness, leading to concurrency for the two Auger elec-
tron signals. In Fig. 6, we summarize changes of the sur-
face features of the a-Sn films on InSb(111)A with film

thickness and substrate temperature. Each surface struc-
ture in this figure has been written in for coverage above
8 ML, enough to make it possible to clearly observe the
corresponding RHEED patterns.

D. Chemical bonding states at the a-Sn/InSb(111) A interface

As described in the Introduction, there are some fac-
tors which dominate the formation of a-Sn films on InSb.
One of them, a chemical bond at the a-Sn/InSb interface,
appears to be the most important factor. Another factor
is a lattice misfit, which seems secondary judging from
the following experimental result. We prepared a single-
crystalline KBr„C1, „block (300 mm long, 100 mm in

diameter) by the Bridgman method to use as a substrate.
Sn was evaporated onto the KBr„C1, „substrate cleaved
in ultrahigh vacuum, which had a lattice constant
(a =6.504 A for x =0.69) nearly equal to that of a-Sn at
room temperature. We found that only the P-Sn grew ep-
itaxially onto the substrate. This implies that in this sys-
tem a small misfit is probably a necessary but not a
sufficient condition for the onset of a-Sn.

To study the role of interfacial bonding in the stable
formation of a-Sn, we performed DV-Xa calculations'
employing a cluster model for the Sn/InSb(111) A system,
which is less complicated than the Sn/InSb(111)B system.
Figure 7 shows the geometry. We adopted a substrate
with an unreconstructed structure as the model of
InSb(111)A, because 0.25 ML Sn deposition gives the
(1X1)surface, as mentioned in the opening paragraph of
Sec. III C. The deposit of a-Sn was pseudomorphically
placed in registry with the (1X1)structure, because the
AES and RHEED results showed that a-Sn films grew on
InSb(111)A with a BL growth mode. In the present cal-
culation, all interatomic distances in the inodel, Sn-Sn,

TABLE I. Mulliken overlap populations for the employed
clusters.

In-Sb

0.529

In-Sn(2)

0.593

Sn(1)-Sn(2)

0.574

0
Sn-In, and In-Sb, were taken to be 2.8058 A, correspond-
ing to that of bulk InSb. All the atoms located at the
edges of both the substrate and the deposit were saturat-
ed with hydrogen atoms so as not to leave any unsaturat-
ed dangling bonds in the model.

Table I shows the calculated Mulliken overlap popula-
tions which refer to the strength of the chemical bond.
The numerical values in this table indicate that strong
chemical bonds are produced at the interface and that
their strength is comparable to that between the substrate
atoms (In-Sb) or between the deposited atoms (Sn-Sn).
Figure 8 shows a contour map of the difference charge
density hp=p(Sn/InSb(111)A )—gp(atoms), which is
drawn for the (110) plane normal to the substrate sur-
face. In this figure, the buildup of charge is seen halfway
between the respective nearest neighbors of Sn(2) and In
and Sn(1) and Sn(2) (Fig. 7). The chemical bond origi-
nates from the hybridization of 5s and Sp orbitals (sp hy-
bridized orbitals) and would enable thin films of Sn to
grow with a diamond structure on InSb(111)A.

As Sn grows with its a phase on InSb(111)A, an inter-
face should be formed. An excess charge at the interface
can be caused by a difFerence in the number of valence
electrons of the constituent atoms. According to the sim-
ple bond-charge picture, " ' the charge of the Sn-In
bond is depleted by Qi„=e(Zs„—Z,„)/4=0.25e, where
Zs„and Z,„represent the valences of Sn and In, respec-
tively. This leads to the formation of a substantial dipole
at the interface, which creates a high electric field, to
make the a phase unstable. In order to neutralize the
charge at the polar surface, therefore, redistributions of
the charge and/or atomic rearrangements are inevitable.
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FIG. 7. Schematic drawing of the Sn/InSb(111) cluster in
which the Sn epilayer is arranged in accordance with the un-
reconstructed surface structure of InSb(111)A.

FIG. 8. Contour map of the difFerence charge density
hp=p(Sn/InSb(111) A )—gp(atoms). The contours are drawn
for the (110}plane perpendicular to the substrate surface.
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On one hand, taking account of the redistribution of the
charge, the results calculated by emj&loying the
reconstruction-free interface model are Zs'„'=3.87 and
Z,„"'=2.94, leading to the interface charge of Sn-In,
Qi„"'=0.233e. This implies that charge redistribution
contributes somewhat to weakening the dipole field. On
the other hand, regarding the contribution of atomic
rearrangement, we introduce a model for the actual inter-
face which can suppress the dipole. The InSb(111)A-
(2X2) surface has the vacancy-buckling structure where
one surface In atom per unit cell is missing and the spac-
ing between the surface In and subsurface Sb layers con-
tracts remarkably. On the basis of the result that 0.25
ML Sn deposition gives the (1 X 1) structure, the inter-
face structure can be a complete fit such that the 0.25 ML
Sn completely buries the In-vacancy site. For this case,
because the number of Sn-In bonds equals that of Sn-Sb

bonds [three bonds per one (2X2) unit], charge neutral-
ization is achieved, to stabilize the interface of this sys-
tem.

(3) Different surface phase transitions between the as-
grown films on these two substrates were found. Far a-
Sn/InSb(111) A, with an increase of the substrate temper-
ature, the (3X3)~(2X2)~(1X1) transition followed
by melting was exhibited, although these transition tern-
peratures were higher for thinner films. For a-
Sn/InSb(111)B, the 8 ML a-Sn and the 30 ML a-Sn films
experienced the (1X1)~melting and the (3X3)
—+(1X1)~melting transitions, respectively, as the sub-
strate temperatures were increased. This is due to the de-
gree of Sb segregation.

(4) We presented quantitative interpretations for the
growth initiation of a-Sn films on the InSb(111)A surface.
We show by use of the DV-Xa method that as a Sn atom
buries the In-vacancy site in the vacancy-buckled surface
of InSb(111)A-(2X2), a coherent diamond-type interface
becomes more stable.
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