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Reconstructions of the InP„111…A surface
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Indium phosphide was deposited on InP(111)A substrates by metalorganic vapor-phase epitaxy. Then, the
surface was characterized by scanning tunneling microscopy, low-energy electron diffraction, and x-ray pho-
toelectron spectroscopy. Two reconstructions were observed: the (232) and the ()3))R30° with phos-
phorus coverages of 0.25 and 1.0060.05 ML ~monolayers!, respectively. The (232) was found to adopt an
indium-vacancy structure such as that observed on the (232) phase of GaAs (111)A. The ()3))R30°
reconstruction has not been seen previously on III/V semiconductor surfaces. The experimental evidence
suggests that this surface is terminated with a complete layer of phosphorus trimers.
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ar
To

ic
e
h
a
x

to

,

he

s

-
-
-

e

n

o
e

u
n

y-

sur-

any
ri-

d
en
to
as

20
hen
the
nts
as
2
s

a

ode
25°
ed.
e

5

r
ttern
ed
uc-

ell
g
g

r 20
en
res
I. INTRODUCTION

The~111! surfaces of cubic compound semiconductors
of interest for both scientific and technological reasons.
gether with wurtzite GaN~0001!, they form a family of sur-
faces in which one can investigate the nature of the chem
bonds formed between the group IIIA elements and nitrog
phosphorus, and arsenic. On the technological side, it
been reported that strained heterostructures on GaAs
InP~111! exhibit inherent piezoelectric fields that may be e
ploited in several device applications.1,2 In addition, laser
structures grown on~111! substrates have been shown
yield lower threshold currents than those grown on~001!
substrates.3–5

The surface reconstructions of gallium arsenide~111!
have been investigated by scanning tunneling microscopy6–9

x-ray photoemission spectroscopy,9,10 electron-diffraction
techniques,11,12 and total-energy calculations.13,14 The
gallium-terminated (111)A surface forms a (232) lattice
with one Ga vacancy in each unit cell. By contrast, t
arsenic-terminated (111)B surface forms a (232), (A19
3A19), and a (131) reconstruction with decreasing A
coverage. The (232) reconstruction on the (111)B face is
terminated with one As trimer per unit cell on top of a com
plete layer of As atoms.6 To our knowledge, no investiga
tions have been made of the~111! surfaces of indium phos
phide.

In this paper, we present a study of the atomic structur
InP(111)A using scanning tunneling microscopy~STM!,
low-energy electron diffraction~LEED!, and x-ray photo-
electron spectroscopy~XPS!. Two reconstructions have bee
observed depending on the coverage, the (232) and the
()3))R30°. Atomic structures are proposed for both
these reconstructions that are consistent with the experim
tal results.

II. EXPERIMENTAL METHODS

The experiments were conducted in an ultrahigh vacu
~UHV! surface analysis system interfaced to a metalorga
vapor-phase epitaxy~MOVPE! reactor.15 Single-crystal
InP~111! films were deposited at 575 °C, 9.431024 Torr tri-
methylindium, 0.12 Torr tertiarybutylphosphine, 20 Torr h
0163-1829/2003/68~8!/085320~5!/$20.00 68 0853
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drogen, and a space velocity of 30 cm/s over the wafer
face~relative to 0 °C and 760 Torr!. The H2 carrier gas was
passed through a SAES Gas hydrogen purifier to remove
remaining oxygen, nitrogen, and carbon containing impu
ties. The substrates were epi-ready InP~111! wafers ~AXT,
Inc., Fremont, CA! that were doped with 3
31018 S atoms/cm3. After growth, the crystals were coole
to 300 °C in tertiarybutylphosphine and hydrogen, and th
to 150 °C in H2 only. Finally, the samples were transferred
the UHV system through an interface chamber that w
maintained at 1028 Torr.

Once in vacuum, the InP crystals were annealed for
min at temperatures between 200 and 470 °C, and t
cooled back down to 30 °C. The long-range order on
surface was characterized with a Princeton Instrume
LEED. Then the chemical composition of the surface w
determined by recording photoemission spectra of the Pp,
In 3d, C 1s, and O 1s lines using a Physical Electronic
3057 x-ray photoelectron spectrometer equipped with
hemispherical analyzer, multichannel detector, and AlKa
x-ray source. All XPS spectra were taken in small area m
with a 7° acceptance angle and 23.5 eV pass energy. A
take-off angle with respect to the surface normal was us
Finally, STM were obtained with a Park Scientific Autoprob
VP at a sample bias of13.1 V and a tunneling current of 0.
nA.

III. RESULTS

Two reconstructions were found on InP(111)A: the ()
3))R30° and the (232). The LEED patterns observed fo
these structures are presented in Fig. 1. The overlayer pa
and the (131) spots are indicated by dotted and dash
parallelograms, respectively. Note that for the former str
ture, the reciprocal-space unit cell is 1/) in length and ro-
tated 30° with respect to the (131). Both patterns exhibit
sharp diffraction spots, indicating that the surfaces are w
ordered. The ()3))R30° was observed after removin
the InP~111! crystal from the MOVPE reactor and annealin
the sample for 20 min at 250 °C in vacuum. The (232), on
the other hand, was obtained by annealing the crystal fo
min at 400 °C. Following heating at temperatures betwe
250 and 400 °C, the surfaces were found to contain mixtu
©2003 The American Physical Society20-1



t

o
er

ro
in
a

he
le
os

-

nic
was
. In
ith a

e
ge
face

fo

LI, SUN, LAW, VISBECK, AND HICKS PHYSICAL REVIEW B 68, 085320 ~2003!
of the ()3))R30° and the (232) phases. If the (232)
was exposed to 131025 Torr phosphine for 15 min a
250 °C, the surface would revert back to the ()
3))R30° reconstruction.

In Fig. 2, a large-scale scanning tunneling micrograph
the ()3))R30° phase is presented. Three atomic lay
can be seen separated by bilayer steps 3.560.3 Å in height.
The top, middle, and bottom layers cover areas ranging f
several hundred to several thousand square angstroms,
cating a two-dimensional growth mode. The island edges
kinked, but locally run along the@110#, @011#, and @101#
directions, consistent with the threefold symmetry of t
~111!. The roughness of the step edges varied from samp
sample with the slowest cooling rate producing the m
kinks.

Shown in Fig. 3~a! is an atomic-resolution scanning tun

FIG. 1. Low-energy electron diffraction patterns recorded
the InP(111)A surface:~a! ()3))R30° at 40 eV and~b! (2
32) at 80 eV.
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neling micrograph of the ()3))R30° surface. This image
was taken at a positive bias, probing the empty electro
states on the surface. Many attempts were made, but it
not possible to achieve stable tunneling at negative bias
the figure, one sees a hexagonal pattern of gray spots w
distance between nearest neighbors of 7.060.3 Å. This
agrees with the ()3)) periodicity recorded by LEED.
One unit cell is highlighted in the smaller image with th
white dashed parallelogram. Also present in the STM ima
are depressions that are randomly distributed over the sur

r

FIG. 2. Scanning tunneling micrograph of the ()3))R30°
surface~image size51.031.0mm2).

FIG. 3. ~a! Atomic resolution image of the ()3))R30° struc-
ture ~image size52163216 Å2, inset564364 Å2). ~b! Line scan
across five spots in~a! as indicated by white stripe.
0-2
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~three examples are circled!. The coverage of these feature
is '3%.

Shown in Fig. 3~b! is a line scan through five of the gra
spots on the surface, corresponding to the white line in
STM picture. The corrugation from the bottom to the top
the spots averages 0.460.1 Å, which is much less than th
atomic layer height of InP(111)A, i.e., 1.7 Å. One of the
dark spots has also been scanned and it appears 0.6 Å l
than its neighbors. This difference in height suggests
these depressions are not due to vacancies, but rather t
purity atoms or adsorbates.

An empty-states scanning tunneling micrograph of
(232) phase is presented in Fig. 4. Three bilayers of
surface are seen in this picture. The contrast has been
creased to reveal the reconstruction on the middle terr
The magnified image on the right shows the (232) pattern
of gray and black spots. One of the unit cells is highlight
with white dashed lines. The length along the edge of
unit cell is 8.160.3 Å. Within this distance, one can disce
a row of three gray spots, although the resolution is not h
enough to clearly resolve these features. The image
sented in the figure is basically the same as that seen fo
(232) reconstruction on GaAs (111)A.8,9

Shown in Table I are the normalized indium and pho
phorus compositions of the ()3))R30° and (232) sur-
faces obtained by excluding the contributions from carb
and oxygen. The concentration of these impurities was
than 10.0 and 2.0 at. %, respectively. As the struct
changes from ()3))R30° to (232), the atomic concen
tration of phosphorus falls from 42.7% to 37.8% with a sta
dard deviation of61.0%. Also shown in the table for com
parison are the XPS results recorded for the InP~001! (2
31) andd(234) phases.16 Note that the atomic concentra
tion of phosphorus on the ()3))R30° is the same as tha
on the (231). On the other hand, the P atomic percent
the (232) is higher than that on thed(234).

The phosphorus coverage on the~111! surface can be de
termined from a quantitative analysis of the XPS data. T
photoemission process is described by the follow
equation:17–19

FIG. 4. Atomic resolution image of the (232) surface~image
size52163216 Å2, inset564364 Å2).
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I P}expS 2 l

l cosa D , ~1!

whereI P is the P 2p peak intensity for the InP surface,l is
the distance from the surface into the bulk,l is the P 2p
photoelectron inelastic mean free path, which equals 26 Å20

anda is the take-off angle, 25°. The normalized intensity
the P 2p photoemission line for InP is

I P/InP5~NP/NT!expS 2 l

l cosa D . ~2!

Here, NT and NP are the total atom and phosphorus ato
concentrations per centimeter cube, respectively. An an
gous expression can be derived for indium, knowing that
l of the In 3d photoelectrons is 24 Å.20

To calculate the phosphorus atomic percentage, one h

P~atomic percentage!5

*0
`NP3expS 2 l

l cosa Ddl

NT*0
` expS 2 l

l cosa Ddl

. ~3!

This equation may be solved by summing the expressi
inside the integrands over the first 20 atomic layers of
film or about 35 Å. On an InP(111)A sample, the only vari-
able is the first atomic layer, while the rest of the 20 bu
layers remain the same. The phosphorus coverage appea
the value ofNp for the first atomic layer. Consequently, E
~3! yields a nearly linear dependence of the P atomic perc
on the phosphorus coverage. It should be noted that the
atomic layer accounts for only 19.1% and 20.2% of the m
sured P 2p intensities for the InP~001! and (111)A surfaces,
respectively. Using the XPS data for InP~001! to calibrate the
phosphorus coverage, we obtain a P coverage of
60.05 ML ~monolayers! on the ()3))R30° and 0.25
60.05 ML on the (232). These results are tabulated in th
last column of Table I.

IV. DISCUSSION

The In-rich (232) observed for InP(111)A most likely
exhibits the same vacancy structure that has been prop
for the Ga-rich (232) on GaAs (111)A.8,9 A model of this
reconstruction is presented in Fig. 5. One indium atom
missing in every (232) unit cell, yielding an In coverage o
0.75 ML. The top layer indium atoms each have an em

TABLE I. Normalized In and P composition for InP surfaces.

Surface Structure Atomic percent Phosphoru

In P
Coverage

~ML !

InP(111)A ()3))R30° 57.3 42.7 1.00
(232) 62.7 37.3 0.25

InP~001! (231) 57.5 42.5 1.00
d(234) 63.4 36.6 0.13
0-3
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dangling bond, which is consistent with the pattern of gr
spots seen in the empty-states scanning tunne
micrographs.8,9 Furthermore, total-energy calculations ind
cate that this structure is the most stable configuration for
group III-rich surfaces.13,14

For the As-rich GaAs (111)A surface, it has been pro
posed that a (232) reconstruction should be observed whi
is terminated with arsenic trimers.13,14 This model is pre-
sented in Fig. 6~a!. Each unit cell contains one As trimer an
one exposed Ga atom in the second layer with an em
dangling bond. The arsenic coverage is 0.75 ML. Kaxi
and co-workers13 calculated that this surface is 1.7 eV mo
stable in energy than other possible As-rich reconstructi
of GaAs (111)A. It was therefore somewhat surprising
them that the arsenic trimer reconstruction was not recor
in the experiments.6–12

FIG. 5. The indium vacancy model for the (232) reconstruc-
tion.

FIG. 6. ~a! The arsenic trimer model for the (232) GaAs
(111)A surface~Ref. 13!. ~b! The phosphorus trimer model for th
()3))R30° InP(111)A surface.
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On InP(111)A, we observe a ()3))R30° reconstruc-
tion with a phosphorus coverage of 1.00 ML. A model f
this phase is proposed in Fig. 6~b!. It is based on Kaxiras’
structure@Fig. 6~a!#, with the only difference being that th
phosphorus trimers are closest packed, i.e., every sec
layer In atom is fourfold coordinated. The proposed struct
is consistent with the STM picture in Fig. 3. The gray spo
associated with each phosphorus trimer exhibit a hexag
arrangement with a separation of 7.0 Å. Moreover, the c
rugation measured in the image is only 0.460.1 Å, indicat-
ing that it is unlikely for any lower layer indium atoms to b
exposed on this surface. To be consistent with the mod
proposed for GaAs~111!, the phosphorus trimers have bee
placed at theT4 sites, i.e., directly above the third-layer
atoms.6,13,14

As Kaxiras and co-workers13,14 pointed out, the group V
trimer is very stable on the (111)A surface, resulting in only
a minor distortion of the surface charge density. Nearly v
tical bonds are formed between the In and P atoms, yield
the preferredsp3 hybridization with minimal compressive
stress on the underlying layer. Evidently, the InP(111)A sur-
face forms the ()3)) trimer over the (232) trimer so
that it can accommodate 33% more P-P bonds. These b
are quite strong, with energies of'5 eV.22 Moreover, the
phosphorus-rich growth conditions used in the MOVPE
actor would tend to favor a higher packing density of t
trimers on the indium phosphide surface.

The ()3))R30° P-trimer structure does not follow th
electron counting rule presented by Pashley twelve ye
ago.21 Each phosphorus atom contributes5

4 electrons to the
indium back bonds and two electrons to the two P-P bond
the trimer. Thus, each phosphorus dangling bond is left w
7
4 electrons. In order to completely fill the phosphorus da
gling bonds, it is necessary to spread the trimers apart,
ating a (232) reconstruction with a trimer and an emp
group III dangling bond in every unit cell@cf., Fig. 6~a!#.
However, this is not the structure observed. Although
proposed trimer structure for the ()3))R30° does not
obey the electron counting model, this is not sufficient re
son for ruling it out. There are several examples in the
erature of compound semiconductor surfaces having part
filled dangling bonds.23–26

One possible way to fill the phosphorus dangling bond
to adsorb three hydrogen atoms onto every four ()3))
unit cells. This would be similar to the structure that has be
recently proposed for the phosphorus-rich InP~001!
surface.27 Here a~231! reconstruction is observed in whic
the surface is covered with a complete monolayer of ph
phorus dimers.28,29 In order to obey the electron countin
model, every other P atom should be bonded to an H atom27

While we cannot rule out the presence of hydrogen on
InP(111)A surface, one would expect the adsorbed H ato
to alter the LEED pattern or the STM image in some disce
able way. No evidence for this can be seen in the experim
tal data. The dark spots in the STM image are at 3% cov
age, well below the 25% H coverage needed to saturate t
dangling bonds. Nevertheless, further work should be d
to explore whether hydrogen is adsorbed onto the ()
3))R30° reconstruction.
0-4
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In summary, we have observed two stable reconstruct
on the InP(111)A surface: the (232) and the ()
3))R30° with phosphorus coverages of 0.25 and 1
60.05 ML, respectively. The former structure contains o
indium vacancy per unit cell, while the latter structure
most likely terminated with a complete layer of phospho
trimers.
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