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Hydrogen adsorption on phosphorus-rich„2Ã1… indium phosphide „001…
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Hydrogen adsorption on the InP (001)-(231) reconstruction has been characterized by vibrational spec-
troscopy andab initio calculations with density functional theory. The (231) surface is covered with a
complete layer of phosphorus dimers. The clean and hydrogen-terminated dimers have been modeled by
In5P4Hx clusters with the proper number of covalent and dative bonds to accurately represent the surface of
interest. The optimized molecular cluster of the unreacted dimer reveals that it has one filled and one partially
filled dangling bond. Hydrogen atoms attack the P-P dimers forming terminal and coupled phosphorus-
hydrogen bonds, and the predicted vibrational frequencies of these species are in excellent agreement with the
infrared spectra. All the observed vibrational modes can be assigned to species containing one, two, and three
hydrogen bonds~i.e., PH, HP-PH, and PH1PH2! per surface dimer.

DOI: 10.1103/PhysRevB.65.075318 PACS number~s!: 31.15.Ar, 78.55.Cr, 68.35.Bs, 78.30.2j
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I. INTRODUCTION

Compound semiconductors are an interesting class of
terials that are widely employed by the electron
industry.1–5 An important application of these materials is
optoelectronic devices, owing to their direct band gap a
high carrier mobility that set them apart from silicon.6 It is
well known that the performance of a compound semic
ductor device strongly depends upon the vapor-phase gro
process.7,8 In particular, the structure and composition of t
surface during epitaxy translate directly into the struct
and composition of the bulk film. Therefore, a thorough u
derstanding of the surface physics of compound semicon
tors can help in further optimizing the processes used to
ricate devices.

The ~001! plane of III-V compound semiconductors ma
be terminated with either group-III or group-V atoms, d
pending on the preparation method. In the ideal case, e
exposed atom has two dangling bonds. However, to m
mize the total surface energy, one of the dangling bond
eliminated by forming dimers between neighboring atom
which gives rise to long-range ordering on the surface.9–14

Scanning tunneling microscopy~STM! is one of the princi-
pal methods used to investigate the surface structure of s
conductors. Nevertheless, difficulties can arise in interpre
STM images, because geometric and electronic effects
folded together in the voltage trace measured by
instrument.15 To overcome this drawback, it is important
complement this technique with other surface probes, suc
infrared spectroscopy of adsorbed hydrogen.11,16–21 Defini-
tive assignments of theM -H vibrational modes is accom
plished by building cluster models of the adsorption sites
then optimizing the cluster structure usingab initio calcula-
tions with density functional theory~DFT!.19–27

Over the past several years, we have been studying
atomic structure of indium phosphide~001! surfaces pro-
duced by metalorganic vapor-phase epita
~MOVPE!.11,28–30 The most stable phosphorus-rich reco
struction is (231), which consists of a single monolayer
0163-1829/2002/65~7!/075318~6!/$20.00 65 0753
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phosphorus dimers.11 The phosphorus termination was co
firmed by the infrared spectrum of adsorbed hydrogen, wh
contained a series of bands between 2350 and 2200 c21

due to P-H stretching vibrations, and not In-H stretching
brations. The large number of bands observed indicates
hydrogen forms a variety of different chemical bonds to t
exposed P atoms.

In this paper, we analyze the structure and vibratio
properties of the clean and hydrogen-terminated phosph
dimers with the aid of molecular cluster calculations. T
unreacted dimer exhibits an electronic structure with
presence of one half-filled and one filled dangling orbit
Hydrogen atoms attack the dangling bonds as well as
phosphorus dimer bonds, generating several PH and PH2 ad-
sorbate structures. The predicted vibrational modes of th
species are in excellent agreement with the experimenta
sults.

II. EXPERIMENTAL METHODS

Indium phosphide films, 0.5mm thick, were grown on InP
~001! substrates by organometallic vapor-phase epitax11

The following conditions were used durin
growth: 600 °C, 20 Torr of hydrogen, 6.531024 Torr of
tri-isopropyl indium~TIPIn!, 0.13 Torr of tertiarybutylphos-
phine~TBP! ~V/III ratio of 200!, and a total flow rate of 2.5
1/min at 25 °C and 760 Torr. After shutting off the TIPI
supply, the TBP and hydrogen flows were maintained u
the samples were cooled to 300 and 40 °C, respectively. T
the crystals were transferred directly to an ultrahigh-vacu
chamber without air exposure. In vacuum, the samples w
annealed in 131025 Torr of phosphine for 30 min at 300 °C
to obtain the (231) reconstruction. After cooling the
samples to 25 °C, the surface structure was characterize
low-energy electron diffraction~LEED! and STM.11 The im-
ages obtained with the latter analytical technique were of
filled states at a bias of23.0 V and with a tunneling curren
of 0.5 nA.

The infrared spectra were recorded by multiple inter
reflections through a trapezoidal InP crystal, 40.0310.0
30.64 mm3. This crystal provided for 31 reflections off th
©2002 The American Physical Society18-1
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front face. Two substrate orientations were examined:
with the long crystal axis parallel to the@ 1̄10# direction and
one with the long crystal axis parallel to the@110# direction.
Hydrogen was introduced into the chamber at
31027 Torr and dissociated to atoms by a tungsten filam
located 4 cm from the sample face. The flux of H ato
relative to H2 molecules was estimated to be 0.1%.18 The
surface was saturated following a continuous hydrogen d
ing for 30 min ~900 L H2 or ;1 L of H, 1 L51026

Torr•S!. A series of vibrational spectra was collected befo
and during hydrogen adsorption with a BIORAD FTS-40
spectrometer. These spectra were recorded at 8 cm21 resolu-
tion and by co-adding 1024 scans. The spectra presente
this paper show the change in reflectance~per reflection! that
results from taking the ratio of the sample spectrum w
adsorbed hydrogen to that of the clean surface. In additio
the infrared measurements, LEED patterns were recor
during hydrogen dosing.

III. THEORETICAL METHODS

The quantum chemistry calculations were performed
molecular clusters having one phosphorus dimer in its imm
diate bonding environment. In particular, the clusters c
tained a single phosphorus dimer tethered to five ‘‘bulk’’
atoms and two ‘‘bulk’’ P atoms. This is analogous to t
cluster containing nine silicon atoms that has been use
represent a single dimer on the Si~100! surface.22 Typically,
the truncated bulk bonds in the clusters are terminated w
hydrogen atoms to eliminate artifacts due to excess spi
charge. However, the situation is more complicated with
dium phosphide due to the presence of both covalent
dative contributions to the bonding. The four bonds arou
each In or P atom can be considered as composed of t
covalent bonds and one dative bond. While a truncated
valent bond can be terminated with hydrogen, a differ
procedure is needed to terminate the dative bonds.

In previous work on GaAs~001! surfaces, the dative
bonds were ignored by making some of the gallium ato
threefold coordinated.19 However, this is unsatisfactory an
leads to unphysical bridging hydrides in bulk atom positio
In this work, the truncated dative bonds at bulk indium ato
are replaced by dative bonds to PH3 groups. Two datively
bonded groups per cluster result in a physically realis
model, where charge neutrality is achieved while mainta
ing each atom in fourfold coordination. More details abo
this procedure will be discussed in a future publication. H
drogen atoms are then added to the surface phosphoru
oms resulting in different PH and PH2 species.

The GAUSSIAN98 quantum chemistry suite was used
optimize the structure of each In5P4Hx cluster and predict its
vibrational properties.31 These calculations were made utili
ing density functional theory with the Becke three-parame
exchange functional and the Lee-Yang-Parr correlation fu
tional ~B3LYP!.32,33 We chose the (18s/14p/9d)/@6s/5p/3d#
contracted basis set for indium, the Dunning-Huzina
(11s/7p/1d)/@6s/4p/1d# contracted basis set (D95** ) for
phosphorus, the D95** polarized double-z basis set for the
surface hydrogen atoms, and the D95 double-z basis set for
07531
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the terminating hydrogens.34,35 No geometric constraints
were placed on the optimization process, and no nega
vibrational frequencies were observed for the final structu
It should be noted that the predicted values have been sh
down by 110 cm21 to correct for systematic errors, such
the neglect of anharmonicity, deficiencies in the dens
functionals, etc. This provides a self-consistent method
comparing the vibrational modes exhibited by each type
bond. Weldonet al. have used this same approach with
similar shift to characterize the hydrogen bonds formed
silicon surfaces.36

IV. RESULTS AND DISCUSSION

To interpret the vibrational spectra, we must now consi
the atomic structure of the (231) reconstruction. A filled-
states scanning tunneling micrograph of the P-rich (231)
surface is shown in Fig. 1.11 A series of zigzagging rows o
gray spots is seen extending along the@110# crystal direction.
The white and black patches interspersed throughout the
ture are due to small areas located two atomic layers ab
and below the primary surface plane. Decreasing the con
reveals that these patches have the same (231) structure.

A ball-and-stick model of the (231) reconstruction is
presented in Fig. 2. The surface is terminated with a co
plete monolayer of phosphorus dimers.11 The valence elec-

FIG. 1. Filled-states scanning tunneling micrograph of the
31) reconstruction~Ref. 6!. The image area is 1903190 Å2. The
contrast from black to white corresponds to a height change
5.8 Å2.

FIG. 2. Ball-and-stick model of the (231) reconstruction. The
small dots represent the valence electrons in the dangling orbi
8-2
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tron distribution of the (231) can be understood as follow
In the unit cell, there are two top-layer P atoms and t
second-layer In atoms. The second-layer atoms contrib
half their valence electrons~3! to the bonding, while the
top-layer atoms contribute all their valence electrons~10! to
the bonding. Out of the 13 total electrons, the 4 In-P ba
bonds and the surface dimer bond consume 10 electr
Thus three valence electrons are distributed between the
dangling bonds on each dimer. These are indicated by
black dots in the model.

An optimized molecular cluster of the dimer, In5P4H10
~with two dative PH3 groups!, is shown as structure0 in Fig.
3. Interestingly, this structure has two equivalent P atoms~no
buckling! with the unpaired electron being shared by the t
surface atoms. However, asymmetric environments aro
the two surface atoms do lead to buckling. For example
slightly different isomer where one of the two dative PH3
groups is attached to a fourth-layer In atom shows buckli
In addition, attachment of a single hydrogen atom to
surface dimer leads to buckling~cluster1 in Fig. 3!. In such
cases, the phosphorus atom containing the lone pair of e
trons is pushed up and out of the surface plane, while
phosphorus atom containing the single electron is pu
down. This is consistent with the STM image in Fig.
showing buckled dimers alternating to the left and right
one proceeds along the row in the@110# direction. Presum-
ably, the alternating direction of the buckling along the ro
relieves some of the strain on the In-P backbonds. La
cluster calculations containing multiple dimer units may
necessary to fully resolve the electronic structure associ
with the phosphorus dimer.

In our previous paper on the (231), we measured a sur
face bandgap of 1.260.2 eV by scanning tunneling
spectroscopy.11 This was explained by electron correlatio
between the singly occupied states. A more accurate des
tion of this surface may be that of a Mott insulator, due to
large separation between the unpaired electrons,;6 Å.37,38A

FIG. 3. Models of the optimized molecular clusters, illustrati
the different ways hydrogen atoms coordinate to a phosph
dimer. The P, In, and H atoms are black, gray, and white sphe
respectively. The open valences at the second layer In atoms d
dative bonding to PH3 groups~see text!.
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semiconducting local density of states is observed beca
the Coulomb repulsion experienced by the electrons creat
Hubbard gap~in the range of 1.0 eV!. It is interesting to note
that our small cluster containing a single surface dimer ha
low-lying electronic excitation from the filled to the partiall
filled dangling orbital at 1.4 eV~with time-dependent B3LYP
density functional theory!.39

Hydrogen atoms were dosed onto the InP~001! (231)
surface in the UHV chamber at 531027 Torr. As the hydro-
gen dosing proceeds, the (231) LEED pattern gradually
converts to (131), indicating that the hydrogen atoms rea
with the phosphorus dimers, breaking some of the P-P bo
and disrupting the surface ordering. Shown in Fig. 4 ar
series of infrared reflectance spectra for different hydrog
coverages on the (231) at 298 K. Also shown in the figure
is the deconvoluted infrared spectrum corresponding to s
ration coverage. Five overlapping but clearly resolved pe
are observed at 2338, 2317, 2301, 2265, and 2225 cm21. In
addition, weak shoulders may be present at 2292 and 2
cm21. No features are seen in the region between 1700
1200 cm21, where indium hydride stretching vibration
occur.11 The assignment of each band to a specific adsorb

us
s,
ote

FIG. 4. Infrared reflectance spectra of adsorbed hydrogen
(231) InP~001! at 25 °C:~a! as a function of H2 dosage and~b! at
full coverage showing the deconvolution of the bands.
8-3
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structure can be made by comparison to the cluster mod
as discussed below.

Presented in Fig. 5 are polarized infrared reflectance s
tra of hydrogen adsorbed at saturation coverage on the
31) surface for two orientations of the indium phosphi

FIG. 5. Polarized infrared reflectance spectra of hydrogen
sorbed on the (231) surface, with the long crystal axis parallel

~a! the @110# direction and~b! the @ 1̄10# direction.
07531
ls,

c-
(2

crystal. The inset diagrams in the figures show the direct
of the polarization relative to the crystal directions. The P
vibrational bands are more stronglyp polarized when the

long axis of the crystal is parallel to the@ 1̄10#, whereas they
are more stronglys polarized when the long axis of the crys
tal is parallel to the@110#. This optical anisotropy is consis
tent with a situation where most of the P-H bonds are o

ented primarily in a plane swept out by the@001# and@ 1̄10#
axis. Although poorly defined, the intensities of th
s-polarized spectrum in Fig. 4~b! are not zero. This mean
that the transition dipole moments of the P-H bonds ha
some residual value in the@110# direction.

Figure 3 shows a sequence of molecular clusters~Nos.1,
2, and3! that represent the addition of one, two, and thr
hydrogen atoms to a phosphorus dimer on the indium ph
phide~001! (231) surface. Note that atoms numbered 1 a
2 in clusters1–3 represent the phosphorus dimer atoms
the surface, while the other atoms constitute the ‘‘bulk cr
tal’’ to which the dimer is tethered. Although not shown
the models, the dangling bonds on atom 2 in cluster1 and
atom 1 in cluster3 are each filled with a lone pair of elec
trons. Examination of the figure reveals that one H atom
be added to the dimer to yield a single P-H bond. As m
tioned earlier, this asymmetry in the surface environm
causes this dimer to buckle. The addition of a second hyd
gen leads to a symmetric structure with a coupled H-P-P
species and an elongated P-P bond. Finally, the addition
third hydrogen atom breaks the dimer bond, yielding a sa
rated cluster with a PH and a PH2 group.

The P-H vibrational modes calculated for clusters1–3 are
listed in Table I. Also shown in the table are the frequenc
and intensities of the infrared bands observed for hydro
adsorption on the (231) reconstruction. Excellent agree
ment is achieved between the theory and the experime
The P-H bond in~1! exhibits a single mode with medium
intensity at 2301 cm21. This mode requires no P-P bon
breakage and is assigned to the experimentally obse
peak at 2302 cm21. The coupled monohydrogen structure~2!
exhibits asymmetric and symmetric stretching vibrations
2256 and 2260 cm21. The asymmetric stretch is of weake
intensity and produces a dipole moment parallel to the ph
phorus dimer bond~i.e., the@ 1̄10# crystal axis!. On the other

d-
TABLE I. Vibrational modes observed for the hydrogen-terminated (231) surfaces. as5asymmetric, s
5symmetric.

Assignment

Theory Experiment

Frequency
~cm21! Intensity Clustera

Frequency
~cm21! Intensity

P1-H3 2302 m 1 2301 m
H3-P1P2-H4

as 2256 m 2 2265 s
H3-P1P2-H4

s 2260 s 2 2265 s
:P1-H3 2238 s 3 2225 s
H4-P2-H5

s 2315 m 3 2317 m
H4-P2-H5

as 2333 m 3 2338 s

aRefer to Fig. 5.
8-4
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hand, the symmetric stretch is strong in intensity and ha
dipole moment perpendicular to the surface plane. This m
corresponds closely to the broad band recorded at 2265 c21

on the H-(231) surface. Measurements made with pol
ized light agree for the most part with the predicted dipo
moments. For example, if the infrared beam travels para
to the@ 1̄10# axis, the 2265 cm21 band is very intense withp
polarization.

The saturated cluster containing the PH and PH2 groups
~3! has a strong monohydrogen mode at 2238 cm21 and ex-
plains the experimental band at 2225 cm21. Its low fre-
quency is due to the presence of the lone pair and is con
tent with its slightly longer P-H bond length, as seen in Ta
II. The di-hydrogen modes are split by about 18 cm21 with
the asymmetric stretch being higher in frequency. The p
dicted positions 2315 and 2333 cm21 are in excellent agree
ment with the experimental infrared peaks seen at 2317
2338 cm21. The fact that the modes from2 and3 are seen at
higher hydrogen exposure is consistent with their requir
P-P bond breakage.

Dielectric screening by the semiconductor surface redu
the intensity of vibrations normal to the crystal plane.19,21,39

We estimate that this should decrease by about fourfold
intensity of the modes perpendicular to the surface, wh
are the symmetric vibrations of the coupled H-P-P-H a
PH2 species. This may explain the weak intensity of t
mode at 2317 cm21. After accounting for the impact of di-
electric screening, the band intensities predicted by
theory are in good qualitative agreement with the expe
ments.

Listed in Table II are some of the bond lengths and bo
angles obtained for the optimized clusters1–3. On cluster0,
before hydrogen adsorption, we calculate a phospho
dimer bond length of 2.165 Å. Adsorption of hydrogen on

TABLE II. Bond lengths and bond angles for the phosphoru
rich clusters~bond length in Å!.

Parameters

Cluster No.

1 2 3

P1¯P2 2.259 2.977 4.056
P1-H3 1.418 1.425 1.429
P2-H4 1.425 1.417
P2-H5 1.418
/H3-P1¯P2 102.6° 124.9° 160.7
/H4-P2-H5 99.5
res

n
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the terminal site of the phosphorus dimer, as in1, causes the
P-P bond to lengthen to 2.259 Å. The P1-H3 bond length for
the fourfold-coordinated P atom in1 is 1.418 Å. This may be
compared to the phosphorus-hydrogen bond on cluste3,
where a lone pair of electrons remains in the dangling bo
In the latter case, the P1-H3 bond length is 1.429 Å. The
shortening of the P-H bond on the fourfold-coordinated
oms is primarily due to the mixing ofs andp atomic orbitals,
which eliminates electron screening. Conversely, the lo
pair of electrons on the threefold-coordinated P atoms po
lates the unmixed 3s orbital and effectively screens th
nucleus from the H atom. In cluster3, the/H3-P1-P2 bond
angle of 161° puts the P-H bond at nearly a right angle to
In-P backbonds, as expected for the use of predominatelyp
orbitals in bond formation. Our results agree with the stu
of the H3Al-PH3 adduct by Davy and Schaefer.40 These au-
thors demonstrated that removing the lone pair of electr
on phosphine by dative bonding with AlH3 shortens the P-H
bond length by 0.012 Å.

It is interesting that for PH2, the asymmetric stretch is
predicted at a frequency 18 cm21 higher than the symmetric
stretch. By contrast, the asymmetric stretch of the coup
H-P-P-H group is predicted to occur 4 cm21 lower than the
symmetric stretch. A similar reversal has been seen pr
ously for SiH2 ~asymmetric stretch higher! and H-Si-Si-H
~symmetric stretch higher!.

V. CONCLUSIONS

We have characterized the adsorption of hydrogen on
InP (001)-(231) surface by vibrational spectroscopy an
ab initio cluster calculations with density functional theor
The series of infrared bands observed for H:(231) can be
explained by an attack of hydrogen atoms at the dang
bond and dimer bond sites, generating both PH and P2
bonds. Moreover, the quantum chemistry calculations pre
that the unreacted phosphorus dimer exhibits partially fil
and filled dangling orbitals, which is consistent with th
STM results. We have found that to accurately simulate
dimer chemistry on III/V compound semiconductor surfac
using DFT, one must account for the covalent and dat
bonding among the group-III and V atoms.
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