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Abstract

Phosphine and tertiarybutylphosphine adsorption on the indium-rich InP (001)-(2 · 4) surface at 25 �C have been studied by internal
reflection infrared spectroscopy, X-ray photoelectron spectroscopy, and low energy electron diffraction. Both molecules form a dative
bond to the empty dangling bonds on the In–P heterodimers and the second-layer In–In dimers and vibrate symmetrically at 2319
(2315) and 2285 (2281) cm�1 and asymmetrically at 2339 (2339) and 2327 (2323) cm�1. A fraction of these species dissociate into
adsorbed PH2 with the hydrogen and tertiarybutyl ligands transferring to nearby phosphorus sites. The calculated energy barriers for
desorption (<11 kcal/mol) of these molecules is less than that for dissociation (>17 kcal/mol) and explains their low sticking probabilities
at elevated temperatures under InP growth conditions.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metalorganic chemical vapor deposition (MOCVD) is
one of the essential technologies for manufacturing opto-
electronic devices such as light emitting diodes, solid-state
lasers, high efficiency multijunction solar cells, and hetero-
junction bipolar transistors [1–5]. The performance of these
devices is affected in a major way by the deposition process.
For example, the emission intensity of long wavelength
InGaAsP/InP lasers depends highly on the interface
abruptness during epitaxial growth [6]. The most important
factors influencing this abruptness is the mass transport in
the boundary layer coupled with the chemical reactions
taking place on the film surface [6,7]. A better understand-
ing of the heterogeneous reaction chemistry could lead to
further improvements in the MOCVD process.
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Phosphine (PH3) and tertiarybutylphosphine (TBP) sup-
ply the group V sources to the semiconductor crystal dur-
ing MOCVD growth [8–12]. Using in situ monitoring of
the phosphorus coverage by reflectance difference spectros-
copy (RDS), Sun et al. [13,14] measured the reaction kinet-
ics of PH3 and TBP with the InP (001) surface. They
observed that the sticking probability of TBP decreases
from 0.007 to 0.001 with increasing temperature from 420
to 520 �C; whereas the sticking probability of PH3 is
approximately equal to 0.001 over the same range. Based
on the kinetic measurements, Sun proposed the following
mechanism for the decomposition of the group V sources
on indium phosphide (using TBP as an example):

�
In þ TBPðgÞ $ �

InTBP ð1Þ
�

P þ �InTBP! �
PLþ �InPL2 ð2Þ

�
InPL2 ! �

P þ products ð3Þ

where L is an alkyl group or a hydrogen atom. Initially, the
TBP molecule is believed to form a dative bond with the
empty dangling orbital on an exposed indium atom. This
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reaction is reversible. Then, TBP undergoes dissociative
adsorption and decomposes to form phosphorus dimers.
Sun and coworkers did not explain why the sticking prob-
ability of the group V precursors is so low on InP (001). In
addition, the datively bonded state has not been observed
experimentally.

In this report, we present a study of phosphine and ter-
tiarybutylphosphine adsorption on the indium-rich InP
(001)-(2 · 4) surface. Using vibrational spectroscopy, we
have identified the reaction intermediates, and have shown
that the datively bonded molecule plays a significant role in
the adsorption process.
Table 1
The percentages of In and P atoms observed by XPS on the clean, PH3

and TBP covered InP surfaces

Surface In % P % P/In hp (ML)a

InP (001)-(2 · 1) 49.9 50.2 1.00 1.00
InP (001)-(2 · 4) 54.0 46.0 0.85 0.13
PH3: InP (001)-(2 · 4) @ 25 �C 45.3 54.7 1.20 2.20
TBP: InP (001)-(2 · 4) @ 25 �C 48.7 51.3 1.05 1.30
PH3: InP (001)-(2 · 4) @ 180 �C 50.0 50.0 1.00 1.00
PH3: InP (001)-(2 · 4) @ 270 �C 55.1 44.9 0.81 0.13

a Based on linear extrapolation.
2. Experimental and theoretical methods

An indium phosphide film, 35 nm thick, was grown on
an InP (001) substrate by MOCVD. The following
conditions were used during growth: 530 �C, 60 Torr of
hydrogen, 6.7 · 10�4 Torr of trimethylindium (TMIn),
7.9 · 10�3 Torr of TBP (V/III ratio of 117), and a total
flow rate of 33 L/min (at 25 �C and 760 Torr). Once the
growth was completed, the TBP and the hydrogen flows
were maintained until the sample was cooled down to
300 and 24 �C, respectively. Then, the sample was trans-
ferred to an ultrahigh vacuum chamber without air expo-
sure. In vacuum, the sample was annealed at 500 �C for
15 min to obtain the (2 · 4) reconstruction.

After cooling the samples to 25 �C, the surface structure
and composition were characterized by low energy electron
diffraction (LEED) and X-ray photoelectron spectroscopy
(XPS). Core level photoemission spectra of the P 2p and
In 3d lines were collected with a PHI 3057 spectrometer
using magnesium Ka X-rays (hm = 1286.6 eV). All XPS
spectra were taken in small area mode with a 7� acceptance
angle and 23.5 eV pass energy. The detection angle with re-
spect to the surface normal was 25�. The P and In atom%
were determined from the integrated intensity of the P 2p
and In 3d photoemission peaks, dividing by their sensitivity
factors, 0.49 and 4.36, respectively. The P/In ratio was ob-
tained by dividing the P atom% by the In atom%.

The infrared spectra were recorded by multiple internal
reflections through a trapezoidal InP crystal, 40.0 ·
10.0 · 0.64 mm3. The long crystal axis was parallel to the
[110] direction. This crystal provided for 31 reflections
off the front face, which significantly enhanced the signal-
to-noise ratio. The group V molecules were introduced into
the UHV chamber at 5.0 · 10�6 Torr through a leak valve.
Dosing was continued for up to 45 min to ensure that the
InP (001)-(2 · 4) surface was completely saturated with
TBP or PH3. A series of infrared spectra was collected be-
fore and during TBP and PH3 adsorption. These spectra
were recorded by taking 1024 scans at 8 cm�1 resolution.
The spectra presented in this paper show the change in
reflectance (per reflection) that results from taking the ratio
of the sample spectrum after dosing to that of the clean sur-
face. During these experiments, all of the filaments in the
chamber were turned off in order to avoid exposing the sur-
face to dissociated radicals.

The calculations were performed using density func-
tional theory (DFT) with the Becke three-parameter ex-
change functional and the Lee–Yang–Parr correlation
functional (B3LYP). We chose the (18s/14p/9d)/[6s/5p/
3d] contracted basis set for indium, the Dunning–Huzinaga
(11s/7p/1d)/[6s/4p/1d] contracted basis set (D95**) for
phosphorus, the D95** polarized double-f basis set for
the surface hydrogen atoms and the D95 double-f basis
set for the terminating hydrogen atoms. In previous work
on hydrogen adsorption on P-rich indium phosphide sur-
face, Fu et al. have successfully applied a single frequency
shift for each mode to map the calculated vibrational fre-
quencies onto those observed by experiment [15]. We have
used the same approach here: the predicted P–H stretching
frequencies have been uniformly shifted down by 110 cm�1

to correct for systematic errors in the calculations due to
deficiencies in the cluster models, neglect of anharmonicity,
and so forth.
3. Results

3.1. Phosphine adsorption

Shown in Table 1 are the atomic percentages of indium
and phosphorous measured by XPS on the clean and cov-
ered InP (001) surfaces. Since the InP (001)-(2 · 1) and
InP (00 1)-d(2 · 4) surfaces have known phosphorus cover-
ages of 1.00 and 0.125 [16], we used the atomic % of In and
P on the clean surfaces to estimate the coverages on those
dosed with PH3 and TBP. Phosphine adsorption onto the
InP (001)-(2 · 4) surface at 25 �C caused the P/In ratio
measured by XPS to increase from 0.85 to 1.20. This sug-
gests that the surface contains over 2.0 monolayers of ad-
sorbed phosphorus. At the same time, the (2 · 4) LEED
pattern gradually converted to a (1 · 1), indicating that
the phosphine molecules reacted with the exposed In–P
and In–In dimers and disrupted the local ordering.

Shown in Fig. 1 are a series of infrared reflectance spec-
tra for different phosphine dosages on the (2 · 4) at 25 �C
(1 L = 1 · 10�6 Torr s). In these spectra, there is a set of
sharp peaks between 2350 and 2200 cm�1 and several
broad bands between 1750 and 1000 cm�1. The higher fre-
quency peaks are due to P–H stretching modes, while the
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Fig. 1. Infrared reflectance spectra of adsorbed phosphine on InP (001)-
(2 · 4) at 24 �C and different phosphine dosages.
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Fig. 2. Infrared reflectance spectra of adsorbed phosphine on InP (001)-
(2 · 4) showing the deconvolution of the bands.
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Fig. 3. Infrared reflectance spectra of adsorbed phosphine on the InP
(001)-(2 · 4) surface at different temperatures.
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Fig. 4. Infrared reflectance spectra of adsorbed tertiarybutylphosphine on
InP (001)-(2 · 4) at 24 �C and different TBP dosages.
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bands at lower frequency result from indium hydrides [15–
19]. The intensity of the In–H vibrational modes is small
compared to the P–H peaks. Shown in Fig. 2 is the decon-
voluted infrared spectrum of the phosphorus–hydrogen
stretching modes at saturation coverage. Nine overlapping
peaks are observed at 2339, 2327, 2319, 2301, 2285,
2262, 2242, 2226, and 2219 cm�1. The full-width-at-half
maximum (FWHM) of these bands varies from 9.0 to
18.0 cm�1.

Phosphine adsorption experiments were also performed
at 180 and 270 �C. In the former case, the (2 · 4) LEED
pattern gradually converted to a weak (1 · 2) whereas in
the latter case, the (2 · 4) pattern remained but the spot
intensity became weaker. The P/In ratio calculated from
the XPS spectra was 1.00 and 0.81 at 180 and 270 �C,
respectively. As shown in Table 1, these P/In ratios indicate
that the phosphorus coverage is 1.00 ML at 180 �C and
0.13 ML at 270 �C. Evidently, phosphine does not stick
to the surface at 270 �C and a PH3 partial pressure of
5.0 · 10�6 Torr.
Presented in Fig. 3 are infrared reflectance spectra taken
after dosing 20,000 L of phosphine at 25 and 180 �C, and
their difference in peak intensity. Note that larger dosages
do not change the spectra. Inspection of the figure reveals
that the intensities of the P–H bands are reduced at ele-
vated temperature. Among these, the peaks at 2319 and
2285 cm�1 have decreased by the largest amount, indicat-
ing that the adsorbed species corresponding to these peaks
are the most sensitive to changes in temperature. No
absorption bands were observed at 270 �C as expected.
3.2. Tertiarybutylphosphine adsorption

Upon dosing indium phosphide with 25,000 L tertia-
rybutylphosphine at 24 �C, the (2 · 4) reconstruction was
replaced by the (1 · 1), and the P/In ratio obtained from
the XPS spectra increased from 0.85 to 1.05. The latter
P/In ratio yields an estimated phosphorus coverage of
1.3 ML. Shown in Fig. 4 are a series of infrared spectra
taken at different dosages of TBP at room temperature.
In these spectra, there are five main sets of bands appearing
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Fig. 5. Infrared reflectance spectra of adsorbed tertiarybutylphosphine on
InP (001)-(2 · 4) showing the deconvolution of the bands.

Fig. 6. (a) Filled-states STM image of the InP (001)-(2 · 4) reconstruction
(440 · 440 Å2; (inset) 40 · 40 Å2) and (b) ball-and-stick model [16,17].
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in the following frequency ranges: 3000 to 2800 cm�1, 2350
to 2200 cm�1, 1480 to 1435 cm�1, 1385 to 1350 cm�1, and
1230 to 1000 cm�1. The peaks in the frequency range be-
tween 2350 and 2200 cm�1 are due to P–H stretching
modes [15–19]. The bands between 3000 and 2800 cm�1 re-
sult from CH3 stretching modes, while those between 1480
and 1435 cm�1, and 1385 and 1350 cm�1 are due to CH3

bending modes [20–22]. Finally, the peaks between 1230
and 1000 cm�1 are assigned to C–C skeletal vibrations.

Shown in Fig. 5 is the deconvoluted infrared spectrum
of the P–H stretching modes obtained at saturation cover-
age. Individual peaks are observed at 2339, 2323, 2315,
2301, 2281, 2261, 2242, 2226, and 2212 cm�1. Their
FWHM varies from 7.0 to 16.0 cm�1. The number of peaks
seen for TBP adsorption is the same as that seen for PH3

adsorption (refer to Fig. 2). Moreover, the position and
relative intensities of the peaks recorded for TBP are only
slightly different from those seen for PH3.
4. Discussion

4.1. Peak assignments

To interpret the vibrational spectra, we must understand
the atomic structure of the (2 · 4) reconstruction. A filled-
states scanning tunneling micrograph of the In-rich (2 · 4)
surface is shown in Fig. 6 [16,17]. In this reconstruction,
uniform gray rows extend along the [�110] direction,
and the step edges lie straight along the rows. In the inset
picture, a close up of the (2 · 4) unit cell is highlighted with
a white rectangle. Within each cell, one can see three bright
spots forming an equilateral triangle. These spots result
from the filled phosphorus dangling bond and the two
In–In back-bonds of each In–P dimer [17]. A ball-and-stick
model of the (2 · 4) is presented in Fig. 6b. A single In–P
heterodimer straddles four In dimers located in the next
lower layer, with a phosphorus coverage of 0.125 monolay-
ers (ML). In addition, each set of four indium dimers is
separated by a trench that is parallel to the [�110] direc-
tion. In this reconstruction, the empty dangling bonds
associated with indium on the In–P heterodimer and the
second-layer In–In dimers are available for chemical bond-
ing [16,24].

In order to assign the vibrational modes to specific bond
configurations, molecular cluster calculations using the
GAUSSIAN 03 quantum chemistry suite have been per-
formed. To mimic the (2 · 4) reconstruction, cluster 1

was assembled as shown in Fig. 7. It contains one In–P
mixed dimer connected to two indium dimers in the next
layer. The two In–In dimers are tethered to eight ‘‘bulk’’
P atoms and three ‘‘bulk’’ In atoms. The cluster termina-
tions have been carefully chosen to achieve a proper bal-
ance between covalent and dative bonding appropriate
for compound semiconductors [18,26]. Note that cluster 1

represents roughly one half of the (2 · 4) unit cell and is
of sufficient size to investigate the adsorption mechanisms
of PH3 and TBP.

To simulate phosphine adsorption on the indium-rich
(2 · 4) reconstruction, phosphine was added to cluster 1.
Ab initio calculations were performed to determine the
optimum configurations and the optimized molecular clus-
ters, 2, 3, 4, and 5, are presented in Fig. 7. Cluster 2 reveals
the initial stage of phosphine adsorption onto the empty In
dangling bond in the heterodimer. In this case, a lone pair



Fig. 7. Ball-and-stick models of the optimized clusters illustrating the different ways phosphine molecule coordinate to adsorption sites and surface species
during dissociative adsorption of phosphine. The In, P, and H atoms are the large red, large green, and small white spheres, respectively.
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of electrons from the phosphine molecule is donated to
form a weak dative bond between phosphine and the in-
dium atom. In cluster 3, the phosphine molecule has disso-
ciatively adsorbed onto the InP heterodimer, forming
phosphorus dihydrogen and monohydrogen species. Note
that the phosphorus atom associated with the PH2 species
contains a lone pair of electrons.

The phosphine molecules also may form dative bonds to
the empty dangling bonds on the In–In dimers in the next
layer. This is illustrated by cluster 4. Two phosphine mol-
ecules are shown datively bonding to the indium atoms
(second dashed line is omitted for ease of viewing). The da-
tively bonded phosphine molecules in cluster 4 may disso-
ciate into phosphorus dihydrogen species and transfer the
hydrogen to the bridging position between the In dimer
atoms. This configuration is illustrated in cluster 5 for
one of the PH3 molecules. The PH2 species is covalently
bonded to the indium atom and the P atom still retains



Table 2
Comparison of the P–H vibrational frequencies and relative intensities
determined by experiment and theory

Assignments Theory Experiment

PH3 TBP

m I Modela m I m I

PHs
3 (In–P heterodimer) 2318 0.7 2 2319 0.7 2315 0.6

PHas
3 2338 0.3 2 2339 0.2 2339 0.1

P–H 2319 0.4 3 2301 0.8 2301 0.7
PHs

2 2245 0.7 3 2242 0.8 2242 0.9
PHas

2 2255 0.8 3 2262 0.9 2261 0.9

PHs
3 (In–In dimer) 2296 1 4 2285 1 2281 1

PHas
3 2329 0.2 4 2327 0.3 2323 0.2

PHs
2 2233 0.8 5 2226 0.3 2226 0.5

PHas
2 2242 0.7 5 2242 0.8 2242 0.9

m = frequency (cm�1).
I = relative intensity.
as = asymmetric, s = symmetric.

a Refer to Fig. 7.
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its lone pair of electrons. The H atom is predicted to form a
3-center-2-electron bond with the In dimer atoms.

The P–H vibrational modes calculated for clusters 2

through 5 are listed in Table 2 along with the P–H vibra-
tional modes observed in the experiments. Also shown in
the Table is the relative intensity of each infrared band,
which is defined as follows:

I ¼ jImðP�HÞj=jIMax
mðP�HÞj

where Im(P–H) and IMax
mðP–HÞ are the heights of the given P–H

band and the most intense P–H band, respectively. A com-
parison of the theory to experiment reveals that good
agreement has been achieved in most cases. Datively
bonded PH3 adsorbed onto an In–P heterodimer (cluster
2) is predicted to yield symmetric and asymmetric stretch-
ing modes at 2318 and 2338 cm�1, respectively. These
modes correspond to the experimentally observed peaks
at 2319 and 2339 cm�1. Dissociative adsorption of PH3

on the In-P heterodimer (cluster 3) generates P–H and
PH2 species. The cluster calculations predict a stretching
vibration at 2319 cm�1 for the isolated P–H bond, and at
2245 and 2255 cm�1 for the symmetric and asymmetric
stretching modes of the PH2 group. The last two modes
most likely correspond to the experimental infrared peaks
at 2242, and 2262 cm�1, respectively. The isolated P–H
mode calculated at 2319 cm�1 is tentatively assigned to
the experimental peak at 2301 cm�1 (vide infra).

Cluster 4 exhibits symmetric and asymmetric stretching
modes for PH3 datively bonded to the In–In dimer at 2296
and 2329 cm�1, respectively. The corresponding peaks ob-
served by experiment occur at 2285 and 2327 cm�1. Disso-
ciative adsorption of phosphine at this site results in a PH2

group and bridging indium hydride as illustrated by cluster
5. According to the theory, the symmetric and asymmetric
stretching modes of the PH2 groups are at 2233 and
2242 cm�1, whereas the experiment yields frequencies of
2226 and 2242 cm�1, respectively.
Although the theory predicts the symmetric and asym-
metric stretching modes of PH3 and PH2 species on the sur-
face very well within a difference of a few wavenumbers, it
predicts the isolated P–H stretching mode on the adatom
dimer with a difference of 18 cm�1. This is clearly an arti-
fact of our present cluster model, since it does not include
the effect of the In–In dimers on the other side of the In–P
adatom dimer. More detailed calculations are needed with
larger cluster models to assign this mode more definitively.
The 2219 cm�1 frequency mode has not been assigned thus
far. While it is close enough to the 2226 cm�1 mode to be
assigned to the symmetric stretch of a PH2 group, its low
frequency may also be due to a longer P–H bond associ-
ated with the presence of a lone pair on the phosphorus
atom. It should be noted that a similar stretching mode
has been observed previously in the case of hydrogen
adsorption on the P-rich InP surface [15].

The assignment of the peaks at 2319 and 2285 cm�1 to
the symmetric stretching modes of datively bonded PH3

and TBP is further supported by the annealing experi-
ments. Since this bond is weak, the molecule should desorb
at a relatively low temperature. As seen in the difference
spectrum in Fig. 3, the intensities of the peaks at 2285
and 2319 cm�1 decrease significantly more than the other
P–H peaks as the temperature is raised from 25 to 180 �C.

4.2. Adsorption sites

The adsorption mechanism proposed by Sun et al. [13],
reactions (1)–(3) in the Introduction, is consistent with the
results obtained in the present study. Shown in Fig. 8 is a
potential energy diagram for phosphine adsorption, ob-
tained from molecular cluster calculations [26]. In reaction
(1), the group V precursor makes a dative bond to the
empty dangling orbital of the indium atom with a binding
energy of �11 kcal/mol. In reaction (2), the molecule disso-
ciates into adsorbed PH2 by transferring hydrogen or a t-
butyl ligand to a nearby phosphorus adsorption site.
According to the theory, this reaction requires activation
energy of 17 kcal/mol. In order to conserve electrons, the
PH2 group will have a lone pair of electrons attached to
the P atom. This gives rise to the stretching modes at
2242 and 2262 cm�1. The cluster calculations further pre-
dict that dissociation of the PH2 species is not possible at
room temperature. The reader is referred to Ref. [26] for
a detailed discussion of the reaction mechanism.

During the dissociative adsorption of PH3 on the In–In
dimer, the hydrogen ligand is predicted to insert into the in-
dium bridge bond. However, here the calculated activation
energy is 30 kcal/mol [26]. This energy barrier is too high
for the reaction to occur at room temperature. However,
vibrational modes ascribable to PH2 bound to the In–In di-
mer are observed experimentally, i.e., at 2219 (2212) and
2226 cm�1. Surface diffusion of the PH2 species from the
In-P heterodimer to the In–In dimer could explain this
result, as this process would have a much lower energy
barrier. Similarly, hydrogen atoms may diffuse from



Fig. 8. Potential energy diagram for phosphine adsorption and dissociation into PH2.
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phosphorus adsorption sites to In–In bridging sites and
produce indium hydrides band with vibrational frequencies
between 1750 and 1000 cm�1. These bands can be observed
in the infrared spectra presented in Fig. 1.

Listed in Table 1 are the estimated percentages of P and
In atoms observed by XPS following phosphine and tertia-
rybutylphosphine adsorption on InP (001). A comparison
of the P/In ratio indicates that the saturation coverage of
PH3 is higher than that of TBP. The calculated van der
Waals diameters from the critical pressures and tempera-
tures for PH3 and TBP are 4.41 and 6.01 Å, respectively
[23,25]. With a fixed InP unit cell dimension of
4.0 · 4.0 Å2 for the (1 · 1), more phosphine molecules
should be able to adsorb than TBP molecules, as observed.
Nevertheless, we do not believe that the phosphorus cover-
age is truly 2.2 for phosphine adsorbed on the InP (001)-
(2 · 4) surface. Since the number of photoelectrons
detected by XPS decreases exponentially with depth, the
datively bonded phosphine molecules protruding out of
the surface would tend to over-emphasize the abundance
of these species relative to P and In in the lower layers.
For example, with an escape depth of 12 Å, photoelectrons
from the 4 top most P layers and the 4 top most In layers of
the (2 · 1) surface will be detected by XPS. By contrast, for
the phosphine covered (2 · 4) surface, photoelectrons from
the 4 top most P layers and 3 top most In layers will be
detected.

The infrared study presented here provides solid evi-
dence for the formation of datively bonded phosphine
and tertiarybutylphosphine on InP (00 1). This reaction is
reversible with molecular desorption increasing rapidly
with surface temperature. At the same time, a portion of
the adsorbed PH3 and TBP undergo dissociative adsorp-
tion on the In–P heterodimer. Molecular desorption com-
petes effectively with sequential dissociation adsorption,
so that at elevated temperatures the sticking probability
of the group V molecules is low, i.e., between 0.001 and
0.007 [13,14]. The calculated binding energy of TBP on
the indium phosphide surface is about 3–4 kcal/mol higher
than that of PH3, consistent with the slightly higher stick-
ing probability of TBP.

5. Conclusions

We have characterized the adsorption of phosphine and
tertiarybutylphosphine on the indium-rich InP (001)-
(2 · 4) surface by vibrational spectroscopy, X-ray photo-
emission, and low-energy electron diffraction. The group
V molecules first form dative bonds to exposed indium
atoms on the surface, and then undergo dissociation into
PH2, with transfer of the H or tertiarybutyl ligands to adja-
cent phosphorus sites. The weakly held molecular state
provides an explanation for the low sticking probability
of PH3 and TBP under MOCVD growth conditions.
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