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The reconstructions on InP�111�A surface are systematically investigated using an ab inito–based approach,
which incorporates chemical potentials in the gas phase of P2 and H2 molecules as functions of temperature
and pressure. The calculated surface energy clarifies that the reconstruction depends on both hydrogen and
phosphorous chemical potentials. The surface phase diagram as function of temperature and P2 pressure
without taking account of passivating H atoms reveals that the stable region for the �2�2� surface with In
vacancy is located beyond 450–680 K depending on the pressure, consistent with the experimentally reported
temperature range ��670 K�. However, the stable temperature range for the ��3��3�R30° surface with P
trimer �below 290–430 K� is much lower than the experimental results ��530 K�. Considering a reconstruc-
tion partially passivated by H atoms, the stable region for the surface with P trimer expands toward higher
temperature by �200 K and reasonably agrees with experimentally reported temperature range. Furthermore,
comparisons of the calculated scanning tunneling microscopy images for the ��3��3�R30° surface containing
P trimer to the experimental data support the plausibility of the surfaces passivated by H atoms. The results
obtained thus suggest a possible explanation for the appearance of the ��3��3�R30° reconstruction on
InP�111�A surface.
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I. INTRODUCTION

Polar surfaces in group III-V semiconductors, such as
GaAs�111�, InAs�111�, and InP�111�, are of great importance
in fabricating optoelectronic devices. It has been suggested
that the reconstruction of group III-V semiconductor surface
satisfies the electron counting model �ECM� in which all
dangling bonds of cations �group III atoms� are unoccupied
and those of anions �group V atoms� are occupied by
electrons.1 The reconstructions on GaAs�111� surfaces
have been investigated by scanning tunneling microscopy
�STM�,2–6 x-ray photoemission spectroscopy �XPS�,6
electron-diffraction techniques,7,8 and total-energy
calculations.5,9–11 These studies have clarified that the Ga-
terminated GaAs�111�A surface forms a �2�2� lattice with a
Ga vacancy in each unit cell, where the ECM is satisfied.
The low-temperature STM observation and theoretical
calculations12 have also confirmed the same atomic configu-
ration on In-terminated InAs�111�A− �2�2� surface.

In contrast, the reconstructions on In-terminated
InP�111�A surface are somewhat different from those of
GaAs�111�A and InAs�111�A surfaces. Recent observations
using the STM, low-energy electron diffraction �LEED�, and
XPS have revealed two types of reconstructions on
InP�111�A surface fabricated by metalorganic vapor-phase
epitaxy �MOVPE�.13 The �2�2� reconstruction with In va-
cancy, as also seen in GaAs�111�A and InAs�111�A surfaces,
has been observed in In-rich condition at temperatures
around 400 °C. In P-rich condition around 250 °C, on the
other hand, the surface changes into the ��3��3�R30°
�“R30°” is omitted hereafter for simplicity� surface and is
proposed to form a reconstruction consisting P trimer in ev-
ery unit cell. Since the ECM is destroyed, this surface is
generally unstable against the surfaces satisfying the ECM.

Recent total-energy calculations14 for the �2�2� and ��3
��3� reconstructions with P trimer on InP�111�A surface
have clarified that the ��3��3� surface is stable compared
to the �2�2� surface and proposed several hydrogen passi-
vated structures satisfying the ECM. However, the relative
stability among various reconstructions including the �2
�2� surface with In vacancy and their counterparts with H
atoms is still unclear. Moreover, total-energy calculations15

have clarify that hydrogen atoms crucially affect the recon-
struction of InP�001� surfaces exhibiting the �2�1� recon-
struction under the MOVPE and chemical beam epitaxy
growth condition, implying that the reconstructions of
InP�111�A surface under the MOVPE growth are also af-
fected by hydrogen atoms.

In our previous study, we successfully clarified the recon-
struction on GaAs�001� and GaAs�111�B surfaces using ab
inito–based approach in which surface phase diagram de-
pending on temperature and pressure is described by com-
paring the calculated adsorption energy to chemical potential
estimated by quantum statistical mechanics.16–19 In this pa-
per, in order to discuss the structural change depending on
surface conditions, we extend the approach to investigate
surface phase diagrams on InP�111�A surface. Effects of hy-
drogen passivation on the appearance of the ��3��3�-type
reconstruction are examined using the calculated surface dia-
grams. In order to support the observed STM images, we
furthermore simulate the STM images of the stabilized re-
constructions and compare them to the experimental data.

II. CALCULATION PROCEDURE

For the reconstructions on the InP�111�A surface, we
adopt the �2�2� surfaces with P trimer and In vacancy, as
shown in Figs. 1�a� and 1�b�, respectively. The surface with
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In vacancy has been already observed on GaAs�111�A �Refs.
2–6� and InAs�111�A �Ref. 12� surfaces so that this recon-
struction is expected to appear on InP�111�A surface. It can
also be expected that the surface with P trimer appears for
P-rich condition because it satisfies the ECM. Indeed, the
�2�2� reconstruction with As trimer has been theoretically
proposed as a possible reconstruction on GaAs�111�A �Refs.
9 and 10� and InAs�111�A surfaces.12 For the reconstructions
under hydrogen ambient conditions, the surfaces passivated
by H atoms are also adopted. Furthermore, we consider their
counterparts for the ��3��3� surface based on the STM and
LEED observations which have reported the ��3��3�
lattice,13 as shown in Figs. 1�c� and 1�d�. Since these recon-
structions do not satisfy the ECM, we take account of the
surface satisfying the ECM and possessing similar periodic-
ity to the ��3��3� lattice. As possible reconstructions satis-
fying the ECM, as shown in Fig. 2, we adopt the �2�3
�2�3� surface in which some of P dangling bonds are ter-
minated by H atoms—all the H atoms terminate all of dan-
gling bonds in one of P trimers in Fig. 2�a�, whereas each H

atom does one dangling bond in three of four P trimers con-
sisting the �2�3�2�3� surface in Fig. 2�b�. This kind of
hydrogen-terminated surfaces is proved to be realized for the
MOVPE-grown InP�001� surface.15,20,21

In order to discuss the relative stability among various
surface reconstructions, we calculate surface formation en-
ergy according to the conventional thermodynamic
formalism11 wherein the difference in energies depends lin-
early on the chemical potentials of P and H atoms ��P and
�H, respectively�. The surface formation energy �surf is given
by

�surf��P,�H� = Etot − �InPNIn − �P�NP − NIn� − �HNH, �1�

where Etot is the total energy of in InP�111�A surface, NIn
�NP ,NH� the number of In �P, H� atoms, and �InP the chemi-
cal potential of bulk InP. The zero of �H is set to the energy
of H2 molecule �H�H2�. The allowable value for �P in this
study is

(a) (b) (c) (d)

FIG. 1. �Color online� Top and side views of the geometries of the �2�2� surfaces with �a� In vacancy and �b� P trimer and the ��3
��3� surfaces with �c� In vacancy and �d� P trimer. Large and small circles represent In and P atoms, respectively. The unit cell is enclosed
by dashed lines.

(a) (b)

FIG. 2. �Color online� Top and
side views of the geometries of
the �2�3�2�3� surfaces, where H
atoms passivate �a� one and �b�
three of four P trimers in the unit
cell. Large and small circles rep-
resent In and P atoms, respec-
tively. The H atoms passivating
dangling bonds are represented by
red �filled� circles. The unit cell is
enclosed by dashed lines.
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�P�bulk� − �Hf � �P � �P�bulk� , �2�

where �P�bulk� is the chemical potential of P in the con-
densed phase and �Hf�=�In�bulk�+�P�bulk�−�InP� the heat
of formation. For the bulk calculations, we calculate the en-
ergy of In �P� in face-centered tetragonal �orthorhombic�
structure and obtain the value of 0.87 eV for �Hf.

Furthermore, we apply an ab inito approach to study the
relative stability among various reconstructions and predict
phase diagrams depending on temperature and pressure of
molecular species. The phase diagrams are obtained by con-
sidering adsorption-desorption behavior of P �H� which can
be described by comparing the free energy of ideal gas per
one particle �chemical potential� �gas to the adsorption en-
ergy Ead. The chemical potential of molecule is expressed
as22–24

�gas = − kBT ln� kBT

p
� g � �trans � �rot � �vib� , �3�

where kB is Boltzmann’s constant, T is the gas temperature, g
is the degree of degeneracy of electron energy level, and p is
the pressure. �trans, �rot, and �vib are the partition functions for
translational, rotational, and vibrational motions, respec-
tively. Details of these partition functions are expressed
elsewhere.22,23 The adsorption energy Ead �per atom� is cal-
culated by the energy difference between two structures us-
ing total-energy electronic-structure calculations within the
density-functional theory. Relative stability between two
structures is determined by comparing �gas to Ead. That is,
the structure corresponding to adsorbed surface is favorable
when Ead is less than �gas, whereas desorbed surface is sta-
bilized when �gas is less than Ead. We note that the relation-
ship between In chemical potential �In+�P=�InP is applied
for the comparison between the surface with P trimer and
that with In vacancy.

The total-energy calculations are performed within the
generalized gradient approximation �GGA� �Ref. 25� in the
density-functional theory. We use norm-conserving
pseudopotentials26 with partial core correction.27 The
conjugate-gradient minimization technique is used for both
the electronic-structure calculation and the geometry
optimization.28,29 In the optimized geometries the remaining
forces acting on the atoms are less than 5.0�10−3 Ry /Å.
The valence wave functions are expanded by the plane-wave
basis set with a cutoff energy of 12.25 Ry, which gives
enough convergence of total energy to discuss the relative
stability. We take slab models consisting of eight atomic lay-
ers with pseudohydrogen atoms30 and a vacuum region
equivalent to nine atomic layer thickness. The atoms belong-
ing to bottom bilayer are fixed at their ideal positions. The k
points which correspond to 32 points in the irreducible part
of the �1�1� surface Brillouin zone are used throughout this
study.

III. RESULTS AND DISCUSSION

Figure 3 shows the stable reconstructions obtained by the
surface energy �per unit area� using Eq. �1�. The calculated
surface energy demonstrates that the reconstruction depends

on the chemical potentials of P and H. The ��3��3� surface
with P trimer and the �2�2� surfaces appear as stable recon-
structions for H-free case, while the �2�3�2�3� surface
shown in Fig. 2�b� and the �2�2� surface with In vacancy
emerge as H-passivated surfaces.

We find that the ideal �111�A surface, the ��3��3� sur-
face with In vacancy, and the �2�3�2�3� surface shown in
Fig. 2�a� are always metastable over entire chemical-
potential range considered in this study. The stable structure
for the surfaces without H atom can be interpreted in terms
of the deviation from the ECM. The �2�2� surfaces satisfy
the ECM and are semiconducting as shown in Figs. 4�a� and
4�b�. In contrast, the number of excess electrons �3/4 of an
electron per �1�1� unit� is quite large on the ideal �111�A
surface. As a result, the surface energy is much higher than
the most stable one �by �25 meV /Å2�. For the ��3��3�
surface with In vacancy, 3/4 of an electron �1/4 of an electron
per �1�1� unit� is lacking to satisfy the ECM. The band
structure around the Fermi level shown in Fig. 4�c� repre-
sents the electron deficit exhibiting metallic character. Due to
relatively small number of deficit electrons compared to the
ideal �111�A surface, the surface energy is slightly higher
than that in the �2�2� surface with In vacancy. The ��3
��3� with P trimer is also lacking by 3/4 of an electron, so
that this surface becomes stable only for very P-rich condi-
tion as discussed below. As seen in the ��3��3� with In
vacancy, the deficit of electrons can be recognized from the
band structure shown in Fig. 4�d�, but its electronic structure
is slightly different from that in the ��3��3� with In va-
cancy. The valence electrons in the ��3��3� surface with P
trimer partially occupy the localized states caused by p or-
bitals of P trimer normal to the surface, while the delocalized
�dispersive� p orbitals of surface P atoms parallel to the
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FIG. 3. �Color online� Calculated stable reconstructions as func-
tions of H chemical potential �H and P chemical potential �P.
Shaded area denotes the stabilized region for H-passivated surface.
Dashed lines indicate the approximate range of the thermodynami-
cally allowed values of �P. The chemical potential of hydrogen is
given with respect to that of H2 molecule. Right �top� axis shows
temperature of P2 �H2� gas corresponding to pressures at 1�10−5

�3�10−5� Torr, which is referred from the experimental condition
in Ref. 13.
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growth direction are partially occupied by electrons in the
��3��3� surface with In vacancy.

For the surfaces passivated by H atoms, the �2�3�2�3�
surface passivating three P trimers �Fig. 2�b�� is stable com-
pared to that passivating one P trimer �Fig. 2�a�� with an
energy gain of 1.92 eV, although both surfaces are found to
be semiconducting as shown in Fig. 5. We speculate that the
repulsive interaction among H atoms is prominent for the
surface passivating one P trimer because the distances be-
tween H atoms on this surface ��2.69 Å� are much smaller
than those on the other surface ��7.17 Å�. Our calculations
for H-passivated surfaces clarify that under plausible �H
condition in the MOVPE growth ��H�0 eV� the �2�3
�2�3� surface is stable over wide range of �P, indicating
that the �2�3�2�3� surface with H atoms is stabilized by
satisfying the ECM. Indeed, the adsorption energy of hydro-
gen in the �2�3�2�3� surface �−0.92 eV� is much smaller
than those in the �2�2� surfaces with P trimer and In va-
cancy �0.32 and 0.62 eV, respectively�. Consequently, the
stable region for the H-passivated �2�2� surfaces with P
trimer is corroded by the �2�3�2�3� surface passivated by
H atoms.

In the case of �H−�H�H2��0, which corresponds to the
molecular-beam epitaxy �MBE� growth condition, the sur-
face forms the reconstructions typical for the clean �111�A
surface. Trends in the stable structure on InP�111�A surface
reasonably agree with that in GaAs�111�A and InAs�111�A
surfaces,11,12 but are different from the results on InP�111�A
surface in Ref. 14, where the ��3��3� surface with P trimer
is more stable than the �2�2� surface with P trimer over
entire �P range. Although we are unable to determine the
origin of the discrepancy, it might be due to the difference in
exchange-correlation functional or treatment of In-4d elec-
trons. For In-rich condition ��P−�P�bulk��−0.02 eV�, the
�2�2� surface with In vacancy is stable and the �2�2� sur-
face with P trimer is favorable for P-rich condition. The
��3��3� surface with P trimer is stable only for very P-rich
condition ��P−�P�bulk�	0.42 eV�. Considering that the
energy range of �P in which the ��3��3� surface is stabi-
lized is much higher than the thermodynamically allowed
region, it is expected that the clean ��3��3� reconstruction
could not appear under the MBE growth condition.

For �H−�H�H2�	−0.92 eV, in contrast, the reconstruc-
tion with H atoms appears and the stable region for the
�2�3�2�3� surface passivated by H atoms increases with
increasing �H. This implies that under H-rich condition such
as the MOVPE growth the surfaces passivated by H atoms
could appear as stable phase. It should be noted that for
�H−�H�H2�	−0.48 eV the stable region for the �2�2� sur-
face with P trimer disappears and the �2�3�2�3� surface
changes directly into the �2�2� surface with In vacancy
with decreasing �P. Considering the difficulty to detect hy-
drogen and the possibility for attaching H atoms at P trimers,
the ��3��3� surface observed in the STM and LEED can be
regarded as a kind of H-passivated surfaces such as the
�2�3�2�3� surface shown in Fig. 2�b�. In this case, under
H-rich condition InP�111�A surface forms the �2�2� recon-
struction with In vacancy or the ��3��3� like surface on
which some of P trimers are passivated by H atoms. If we
assume that the �2�3�2�3� surface considered in this study
is a kind of hydrogen stabilized surface, there appear only
two types of reconstructions, qualitatively consistent with
experimental results.13

In order to clarify the reconstructions more quantitatively,
we calculate surface phase diagram as function of tempera-
ture and pressure using Eq. �3�. Figure 6�a� shows the calcu-
lated surface phase diagram corresponding to hydrogen ab-
sent condition.31 The figure demonstrates that the stable
region for the �2�2� surface with In vacancy is located be-
yond 450–680 K depending on the pressure of P2 molecule.
For low P2 pressure condition, the �2�2� surface is stabi-
lized beyond 500 K, reasonably consistent with the experi-
mental result where the �2�2� surface appears around 670 K
in vacuum.13 Our calculated phase diagram also implies that
the ��3��3� surface with P trimer appears below 290–430
K, but the stable region is much lower than the experimen-
tally reported temperature �520 K� after the exposure of
phosphine at 1�10−5 Torr. Moreover, the �2�2� surface
with P trimer, which appears between the ��3��3� surface
with P trimer and the �2�2� surface with In vacancy in the
present study, has never been observed in the experiments.13

The discrepancy between the calculated surface phase dia-
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FIG. 4. �Color online� Kohn-Sham band structure of the �2
�2� surfaces with �a� In vacancy and �b� P trimer, and the ��3
��3� surfaces with �c� In vacancy and �d� P trimer shown in Figs.
1�a�–1�d�, respectively. The origin of energy is set to the Fermi
energy. The projected bulk band structure is shown by gray area.
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FIG. 5. �Color online� Kohn-Sham band structure of the �2�3
�2�3� surfaces, where H atoms passivate �a� one and �b� three of
four P trimers in the unit cell, as shown in Figs. 2�a� and 2�b�,
respectively. The origin of energy is set to the Fermi energy. The
projected bulk band structure is shown by gray area.
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gram and the experiment implies that the observation ��3
��3� reconstruction cannot be explained by only consider-
ing hydrogen-free InP�111�A surface.

Taking account of the presence of H atoms, however, the
discrepancy can be resolved. Figure 6�b� shows the calcu-
lated surface phase diagram as function of temperature and
H2 pressure. Here, the pressure of P2 is taken to be one third
of H2 pressure, assuming that most of phosphines around
InP�111�A surface dissociate and then P2 and H2 molecules
are present according to the dissociation reaction 2PH3
→P2+3H2. The stable temperature range for the �2�3
�2�3� surface with H atoms is found to be �200 K higher
than that for the ��3��3� surface without H atom. This is
because the �2�3�2�3� surface satisfies the ECM and then

the Ead of hydrogen �−0.92 eV� in the �2�3�2�3� surface is
larger than that of phosphorus in the �2�2� surface with P
trimer �−0.53 eV�. For H2 pressure less than 1�10−5 Torr,
the stable region for the �2�2� surface is located beyond
550–650 K and the �2�3�2�3� surface is stabilized below
550–650 K. These temperature ranges reasonably agree with
the experimental observation of the �2�2� and the ��3
��3� surfaces �670 and 520 K, respectively�. The phase
diagram also indicates that due to the small energy difference
between these reconstructions both reconstructions could ap-
pear under the conditions corresponding to the phase bound-
ary. Indeed, the phase boundary �550–650 K� coincides with
the experimental temperature range for the observation mix-
ture of the ��3��3� and the �2�2� phases.13

Finally, we compare the calculated STM images to the
experimental data. Figure 7 displays the calculated STM im-
ages for the stable surfaces according to the Tersoff-Hamann
approach.32 A bias voltage of 3 eV is used to allow for a
comparison to the experimental data. As for the �2�2� sur-
face with In vacancy shown in Fig. 7�a�, the bright spots are
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FIG. 6. �Color online� Calculated surface phase diagrams of �a�
clean InP�111�A surfaces and �b� InP�111�A surfaces taking account
of H passivation as functions of temperature and pressure, along
with their geometries. Experimental temperature ranges �red line�
are attached to temperature axis. The positions of H atoms passivat-
ing surface dangling bonds are indicated by arrows.
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(c)

FIG. 7. �Color online� Calculated STM images of �a� the �2
�2� surface with In vacancy, �b� the ��3��3� surface with P tri-
mer, and �c� the �2�3�2�3� surface partially passivated by H at-
oms. The unit cells are also shown. The positions of H atoms pas-
sivating surface dangling bonds are indicated by arrows. A bias
voltage of +3 eV is used to allow for a comparison to the experi-
mental data.
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due to the unoccupied p orbitals of surface In atoms, as
indicated by the STM observation for empty electronic states
on InAs�111�A surface.12 Although the resolution of the ob-
served STM image for the empty states is not high enough to
clearly resolve the bright and dark spots, the bright spots in
the unit cell in Fig. 7�a� reasonably agree with the experi-
mental data.13

As shown in Figs. 7�b� and 7�c�, there is no significant
difference between their bright positions for the calculated
STM images of the ��3��3� and �2�3�2�3� surfaces. This
is because the antibonding states of P-P bonds which mainly
contribute the bright spots of the STM images are not af-
fected significantly by hydrogen passivation. Although the
bright regions of P atoms passivated H atoms �arrows in Fig.
7�c�� and those of the remaining pristine P trimer on the
�2�3�2�3� surface are slightly weak compared to those on
the ��3��3� surface, such an obscure difference might be
beyond the resolution of experimental STM images. If we
combine all bright spots of each P trimer together, the size of
combined bright region in both the ��3��3� and �2�3
�2�3� surfaces agrees well with that in the experiment.13

This implies that even if some of P trimers are passivated by
H atoms overall image of the surfaces is similar to that of the
��3��3� surface. The calculated STM images thus support
the presence of the surfaces with P trimer partially termi-
nated by H atoms.

IV. SUMMARY

We have systematically investigated the reconstructions
on InP�111�A surface using ab inito–based approach. We
have found that the stable reconstruction depends on the

chemical potentials of P and H—the �2�2� reconstruction
with In vacancy is stable for In-rich condition while the
��3��3� reconstruction with an P trimer is favorable for
very P-rich condition. The �2�2� surface with P trimer is
stabilized between the �2�2� surface with In vacancy and
the ��3��3� surface with P trimer. The surface phase dia-
gram as functions of temperature and P2 pressure also dem-
onstrates that the stable region for the �2�2� surface with In
vacancy is located beyond 450–680 K depending on the
pressure, consistent with the experimentally reported tem-
perature range ��670 K�. However, the stable region for the
��3��3� surface with P trimer �below 290–430 K� is much
lower than the experimental results ��530 K�. Taking ac-
count of a reconstruction partially passivated by H atoms, the
stable region for the surface with P trimer expands toward
higher temperature by 200 K and reasonably agrees with
experimentally reported temperature range for the ��3��3�
fabricated by metal organic vapor-phase epitaxy. Moreover,
our comparisons of the calculated STM images for the sur-
faces containing P trimer to the experimental data support the
plausibility of the surface passivated by H atoms. These re-
sults suggest a possible explanation for the appearance of the
��3��3� reconstruction with P trimer on InP�111�A surface.
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