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Indium phosphides001d surfaces were exposed to 0.61-mTorr trimethylantimony in a metalorganic
vapor-phase epitaxy reactor. The antimony surface composition increased rapidly with dosage and
saturated at 22.0 at. % for temperatures between 450 and 600 °C. The results indicate that a thin
layer of InSb formed on the surface,,6.8 Å thick. Strain from the lattice mismatch caused faceting
in the f110g direction, whereas the formation of Sb dimer bonds relieved the strain in thef−110g
direction. As a result, narrow ridges formed that ranged from 4 to 10 nm wide and from
3.0 to 18.0 Å high, depending on the antimony coverage. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1897485g

I. INTRODUCTION

Antimonide-based materials on indium phosphide have
attracted attention due to their potential device applications.
The type-II band alignment between InP and GaAsSb and the
narrow band gap energy of GaAsSb make it well suited for
the base layer in heterojunction bipolar transistors.1–3 In ad-
dition, antimony can act as an electrical passivation layer for
InP,4–6 and as a surfactant in the epitaxial growth process.7–9

Metalorganic vapor-phase epitaxysMOVPEd is widely
used to fabricate III/V compound semiconductors containing
antimony and phosphorus.10–14 During the growth of hetero-
junctions, e.g., GaAsSb on InP, the group-V source must be
switched from phosphorus to antimony and arsenic. The lack
of common elements in this material system makes the het-
erojunction growth challenging, as simultaneous adsorption,
desorption, and bulk diffusion of antimony, arsenic, and
phosphorus may occur, leading to intermixing at the
interface.15 Precise switching procedures and growth inter-
ruptions are used to control these phenomena, but they have
been met with limited success.16–19Cross-sectional transmis-
sion electron micrographs have shown that GaAsSb/ InP su-
perlattices exhibit a diffuse and strained interface for
GaAsSb growth on top of InP.11,12

In this work, we have characterized InPs001d surfaces
that have been exposed to trimethylantimonysTMSbd in a
MOVPE reactor at 450–600 °C. The antimony quickly satu-
rates the surface and does not appear to diffuse into the bulk
crystal. The strain induced by Sb adsorption leads to face-
ting, and the formation of narrow ridges, 4–10 nm in width,
that extend along thef−110g direction.

II. EXPERIMENTAL METHODS

Indium phosphide films, 0.10mm thick, were grown on
n-type, vicinal InP s001d substrates in a Veeco D125
MOVPE reactor. The reactor was maintained at 60 Torr with
a total flow of 37.0-standard-liter/min ultrahigh-purity hy-

drogen. The H2 was passed through a SAES Pure Gas, Inc.
purifier smodel PS4-MT3-Hd which removed any remaining
oxygen, nitrogen, or carbon species to below a few ppb.
Antimony was dosed onto the indium phosphide surface by
exposing the crystal to 6.1310−4 Torr of TMSb at
450–600 °C for 10–600 s. After exposure, the samples were
cooled to 30 °C in a H2 ambient at a rate of 1°C/s.

After the TMSb exposure, the samples were analyzed by
x-ray photoelectron spectroscopysXPSd, low-energy electron
diffraction sLEEDd, and scanning tunneling microscopy
sSTMd. Core-level photoemission spectra of the Sb 3d, P 2p,
and In 3d lines were collected by a PHI 3057 XPS spectrom-
eter, using aluminumKa x raysshy=1486.6 eVd. All spectra
were taken in small area mode with a 7° acceptance angle
and 23.5-eV pass energy. The takeoff angle with respect to
the surface normal was 25°. The STM micrographs were
obtained using a Park autoprobe/VP scanning tunneling mi-
croscope. The sample bias was −2.8 V and the tunneling
current was 0.5 nA.

III. RESULTS

Shown in Fig. 1 is a scanning tunneling micrograph for
an InPs001d film, 0.1 mm thick, after transferring the sample
from the MOVPE reactor to the ultrahigh-vacuumsUHVd
system. The surface contains atomically flat terraces with an
average width of 80 nm. This terrace width corresponds to a
substrate miscut of,0.2°. The step edges are not straight
because the miscut orientation is 8.3° away from thef110g
direction as detected by x-ray diffraction. A sharps231d
low-energy electron-diffraction pattern is exhibited by this
surface, indicating that it is well ordered.20

Dosing the indium phosphide surface with TMSb led to
a rapid increase in the antimony coverage on the surface.
Shown in Fig. 2 is the dependence of the Sb at. % on the
exposure time and temperature. The Sb at. % is determined
from the integrated intensities of the Sb 3d, In 3d, and P 2p
peaks, excluding C 1s and O 1s peaks which were small. A
rapid uptake of antimony was recorded over the first 50 s,
after which the coverage remained constant at 22.0 at. %.
For all the temperatures studied, the uptake curves are the
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same to within experimental error. Note that it takes only
2.5 s for the reactor to respond to a step change in the inlet
feed composition.

Listed in Table I are the at. % of In, P, and Sb atoms in
the near surface region following exposure to different doses
of TMSb. The Sb/ In ratio is shown in column 4. The trend in
the changes of these numbers is the same as those of Sb
at. %, since In at. % varies only slightly. To convert from Sb
at. % into Sb/ In ratio, multiply the former value by
1.96±0.07. The P/ In ratio is also tabulated in column 5. It is
seen that this ratio decreases monotonically as Sb adsorption
increases. Evidently, the Sb replaces the P in the topmost
layers of the crystal.

After covering the InPs001d surface with 22.0 at. % Sb,
a streakys23nd LEED image is obtained, as shown in Fig.
3sad. This picture was taken after exposure to TMSb for 90 s
at 500 °C in the MOVPE reactor. All the antimony-treated
samples have a LEED pattern similar to the one shown in the
figure. No other lattice structures were observed. There are
faint half streaks in thef−110g direction and the diffraction
spots in thef110g direction are diffused and distributed un-
evenly. The spacing between spots ranges from 1/6 to 1/3 of
the reciprocal-space lattice. For comparison, the LEED pic-
ture for an In-rich InPs001d−s234d surface is presented in
Fig. 3sbd. This structure is obtained after annealing a clean
InP crystal in H2 for 90 s at 500 °C. It is seen that the34

spots are clearly discerned as opposed to those found in Fig.
3sad. Note that the dashed boxes correspond to thes131d
reciprocal-space lattice.

In the following paragraphs, the morphological evolu-
tion of the film will be examined by scanning tunneling mi-
croscopy. It was found that the surface morphology goes
through the same trend with Sb coverage regardless of the

TABLE I. Composition of the InP surface after different TMSb exposures,
excluding carbon and oxygen.

Sb at. % In at. % P at. % Sb/ In P/ In

0.0 53.5 46.5 0.0 0.87
5.4 52.8 41.8 0.10 0.79

10.8 51.9 37.3 0.21 0.72
14.1 51.1 34.8 0.28 0.68
22.0 48.1 29.9 0.46 0.62

FIG. 1. Scanning tunneling micrograph of the clean InPs001d surfacesim-
age size=0.630.6 mm2d.

FIG. 2. The dependence of the antimony uptake on time and temperature of
exposure to 0.61-mTorr TMSb, corresponding to 610 L/s.

FIG. 3. Low-energy electron-diffraction patterns ofsad antimony-terminated
and sbd clean, In-rich InPs001d surfaces. Electron energy=60 eV.
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treatment temperature. Surfaces with equivalent amounts of
Sb exhibit identical scanning tunneling micrographs. This is
consistent with the XPS results presented in Fig. 2, where the
uptake of Sb in the film is independent of temperature and
saturates at the same level.

Deposition of 5.4 at. % Sb on the InP surface signifi-
cantly changes the structure, as can be seen in the STM
image in Fig. 4sad. The step structure can still be discerned,
but it has been smeared out by the incorporation of antimony.
The terraces contain white ridges that are absent on clean InP
s001d. Shown in the inset of Fig. 4sad is a picture that is 53
353 nm2 in size. Here, one sees rows running along the
f−110g crystal axis. The white, gray, and black ridges indi-
cate that some rows are missing, while others have grown on
top of the main terrace plane. The height scan across the line
shown in the inset is presented in Fig. 4sbd. It shows that the
rows are 16.0±0.5 Å apart, which corresponds to the length
of four surface unit cells. This indicates that thes23nd
LEED pattern is derived froms234d surface unit cells. It is
seen that the height difference between the black trenches
and the white ridges is 6.0 Å, corresponding to two bilayers.

When 14.1 at. % Sb is deposited on the InP surface, it
undergoes further changes, as shown in Fig. 5sad. The steps
associated with the original terraces are no longer observed.
Instead, the surface is covered with ridges or nanowires that
extend long distances in thef−110g direction. The structure
is further resolved in the small image in the lower left corner.
The diagonal dotted line through this image is presented as a
height scan in Fig. 5sbd. This scan indicates that the ridges
are 9.0±2.0 nm in width, corresponding to 23±4 surface
unit cells, and for the most part, are either 3.0 or 6.0 Å in

height, i.e., one to two bilayers. Due to the roughness of the
surface, we were unable to achieve atomic-scale resolution.

The InP surface saturated with 22.0 at. % Sb is shown in
Fig. 6sad. This surface is also terminated with a series of
ridges of nanoscale dimensions that extend along the
f−110g crystal axis. The inset shows a small image of 130
3130 nm2 in size. A height scan shown in Fig. 6sbd across

FIG. 4. sad Scanning tunneling micrograph of the InP surface with 5.4 at. %
Sb simage size=0.630.6 mm2; inset=53353 nm2d. sbd Topological scan of
the straight line in the inset.

FIG. 5. sad Scanning tunneling micrograph of the InP surface with
14.1 at. % Sbsimage size=0.430.4 mm2; inset=86386 nm2d. sbd Topo-
logical scan of the dotted line in the inset.

FIG. 6. sad Scanning tunneling micrograph of the InP surface with
22.0 at. % Sbsimage size=1.631.6 mm2; inset=1303130 nm2d. sbd Topo-
logical scan of the dotted line in the inset.
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the diagonal dotted line in the inset reveals that the surface
corrugation has increased, resulting in a 12–18-Å change in
height from the top of the ridges to the valleys. The deepest
valleys are spaced,25 nm apart. The ridges exhibit a saw-
tooth structure with smaller terraces that are 6.1±2.0 nm
wide and 5.8±2.3 Å in height. These data demonstrate that
the degree of faceting in thef110g direction increases as
more antimony is deposited on the surface.

The root-mean-squaresrmsd roughness of the surfaces
along the faceting direction has been calculated and is plot-
ted in Fig. 7 versus the antimony uptake. The dashed line is
a fit of a power-law function to the data, using an exponent
equal to 3.0. These results show that the surface roughening
accelerates with the Sb coverage.

We have found that if the MOVPE reactor was contami-
nated due to previous growth of GaAsSb films, then the InP
surface would become covered with,20 at. % Sb without
introducing any TMSb into the process. This surface exhib-
ited a sawtooth structure just like that shown in Fig. 6sad.
Even though the reactor was contaminated with both arsenic
and antimony, very little As was detected on the InP surface.
The same trend of Sb and As contamination was observed by
Wang et al. using time-resolved reflectance difference
spectroscopy.21 Baking the system at 700 °C for 1 h and
coating the sample platter with InP only slightly decreased
the antimony uptake on the InP film. In order to completely
eliminate this contaminant, the platter had to be chemically
etched, baked at 700 °C, and coated with InP.

IV. DISCUSSION

The constant Sb saturation level for TMSb exposure
from 450 to 600 °C suggests that antimony desorption can
be neglected, since the rate of this reaction would strongly
depend on temperature through the Arrhenius relationship.
Thus, antimony adsorption may be described by the follow-
ing equation:22

duSb

dt
=

1
4vNTMSbS0

N
s2 − uSbd, s1d

whereuSb is the antimony coverage,n is the mean molecular
speed of TMSb moleculessm/sd, S0 is the initial sticking
coefficient of TMSb on InP,NTMSb is the number concentra-
tion of precursor molecules in the gassm−3d, andN is the site

concentration on InPs001d, i.e., 5.831018 m−2. This equa-
tion assumes that adsorption is rate limiting and follows a
Langmuir isotherm with a saturation coverage of 2.0. Inte-
grating Eq. s1d yields the following function for the anti-
mony coverage:

uSb= 2F1 − expS−
1
4vNTMSbS0

N
tDG . s2d

The dotted line in Fig. 2 is the best fit of Eq.s2d to the data
and it yields an initial sticking coefficient of 1.9±0.4
310−4. This value is within the range of sticking coefficients
observed for the adsorption of group-V precursors on com-
pound semiconductor surfaces.22

Since phosphorus and antimony atoms are so different in
size with covalent radii of 1.00 and 1.45 Å, respectively,
alloys of InPSb exhibit a large enthalpy of mixing.23,24 This
results in a miscibility gap with a critical temperature of
1319 K.25 The region of immiscibility covers more than 95%
of the solid composition range at temperatures from
450 to 600 °C.25 Therefore, it is not surprising to observe a
fixed uptake of antimony on indium phosphide without inter-
mixing of the group-V elements.

The results presented above indicate that antimony dis-
places phosphorus from the topmost layers of the crystal,
forming a skin of indium antimonide. The overlayer thick-
ness,T, may be estimated from the P 2p/ In 3d peak intensity
ratios using the following model:26,27

Y =
sP2p/ln 3dd with Sb

sP2p/ln 3dd without Sb
= exps− T/Ld. s3d

This model assumes a uniform in-depth excitation, and an
exponential decay in the intensity of the photoemission with
L=l cosa, wherel is the escape length of P 2p photoelec-
trons, equal to 22.0 Å,28 anda is the takeoff angle, equal to
25°. Equations3d indicates that the P/ In ratio decays expo-
nentially with the InSb thickness.

Figure 8 presents a plot of the left-hand side of Eq.s3d
versus the antimony coverage, which is proportional to the
InSb thickness.29 The solid line in the figure is a least-

FIG. 7. The surface rms roughness along thef110g direction as a function of
antimony uptake on InPs001d.

FIG. 8. The dependence of Y from Eq.s3d on the Sb uptake and the calcu-
lated InSb film thickness.
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squares fit of the data to an exponential decay function, with
an R-squared value of 0.99. The calculated overlayer thick-
ness is shown on the upperx axis. For a saturation coverage
of 22.0 at. % Sb, a thickness of 6.8 Å is obtained, which
corresponds to two bilayers of InSb.

An asymmetrics133d LEED pattern has been reported
for reconstructed InSbs001d surfaces.30–32 Scanning tunnel-
ing micrographs indicate that the surface is covered with
short, “wormlike” chains.30 It has been suggested that this
structure is composed of a mixture of several antimony-rich
s234d reconstructions, resulting from the dimerization of
the Sb atoms.31,32 The exact positions of then spots in the
LEED are determined by the details of the sample prepara-
tion method. Thes23nd LEED pattern found in this work is
consistent with the results reported in the literature, i.e., that
the spacing between the diffraction spots varies in thef110g
direction. In addition, the STM micrograph in Fig. 4sad
shows34 periodicity along thef110g axis, consistent with a
s234d-like structure.

A large amount of strain must be accommodated by the
epitaxial InSb film on InP, since the lattice constants of these
materials differ by 10.4%.33 The strain energy is released in
the f110g direction by faceting, which accelerates with the
thickness of the InSb layer, as seen in Fig. 7. By contrast, in
the f−110g direction, elongated islands are formed most
likely because the strain is relieved by dimer bond formation.
The equilibrium Sb–Sb bond distance has been calculated to
be 2.9 Å.34,35 This is well short of the 4.0-Å spacing of the
InP s001d lattice, and should be sufficient to counteract the
tensile stress caused by the lattice mismatch.

V. CONCLUSIONS

We have investigated the decomposition of TMSb on InP
in the MOVPE environment. For temperatures from
450 to 600 °C, a thin InSb film,,6.8 Å thick, is deposited
on the surface. The layer facets in thef110g direction due to
lattice strain. This produces a sawtooth structure with ridges
of 4–10 nm wide and a height corrugation in the facet direc-
tion of one to six bilayers. Evidently, Sb–Sb dimer bond
formation relieves the strain in thef−110g direction, so that
the film remains two dimensionals2Dd along this axis.
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