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Reflectance difference spectroscopy of gallium phosphide „001… surfaces
D. C. Law, Y. Sun, and R. F. Hicksa)

Department of Chemical Engineering, University of California, Los Angeles, Los Angeles, California 90095.

~Received 16 May 2003; accepted 11 August 2003!

Gallium phosphide~001! surfaces have been prepared by metalorganic vapor-phase epitaxy, and
characterizedin situ by low-energy electron diffraction, x-ray photoemission spectroscopy, and
reflectance difference spectroscopy. Three stable phases were observed: (231), (131), and (2
34) with phosphorus coverages of 1.00, 0.67, and 0.13 ML, respectively. Reflectance difference
spectra obtained at coverages intermediate between these three values were found to be linear
combinations of the spectra of the pure phases. In particular,DR/R(mixed)5mDR/R(131)1(1
2m)DR/R(231) or (234) , where m is a weighting factor. The weighting factors were used to
estimate the phosphorus coverage, and these results agreed to within 5.0% of the values measured
by x-ray photoelectron spectroscopy. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1615699#
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INTRODUCTION

Gallium phosphide and related compounds are impor
semiconductor materials that are used in a variety of op
electronic devices.1,2 These devices consist of lattice
matched thin films that are deposited on GaP substrate
metalorganic vapor-phase epitaxy~MOVPE!.3 In this pro-
cess, the precursor molecules, e.g., trimethylgallium
phosphine, adsorb onto the hot crystal surface, decomp
and incorporate the Ga and P atoms into the film. The sur
structure of the film can play an important role in MOVP
by affecting the rates of decomposition of the precursor, d
ant, and impurity molecules. Therefore, it is useful to und
stand the stable reconstructions that occur on GaP in
growth environment.

Recent studies of GaP~001! have identified two recon
structions, the (231) and (234).4–8 These same structure
have been observed on InP~001!.9–12 In particular, scanning
tunneling micrographs of the (231) reveal that this surface
is terminated with rows of buckled P–P dimers, yielding
phosphorus coverage (uP) equal to 1.0 ML. Conversely, the
(234) is composed of rows of Ga–P heterodimers bon
to Ga–Ga dimers in the second layer. In this case, the p
phorus coverage equals 0.13 ML. Two studies of galli
phosphide~001! have noted the presence of a disordered s
face intermediate in composition between the (231) and
(234).5,13 However, it was not determined if this surfac
constitutes a stable phase.

Reflectance difference spectroscopy~RDS! is a useful
tool for real-time monitoring of compound semiconduct
surfaces.4–8,14–23 The optical spectra contain a series
bands arising from the orthogonal arrangements of group
and group-V dimer bonds, thus making this technique se
tive to the elemental composition of the surface.4,8,22,23Re-
flectance difference~RD! spectroscopy has been extended
the study of surface reaction kinetics, whereby the sig
intensity at a specific energy has been used as a measu
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the group-V coverage.16,17,19 Nevertheless, in making thes
measurements, it is essential to benchmark the RD spe
against other surface characterization tools, such as scan
tunneling microscopy and x-ray photoemission spectrosco
This benchmarking has been performed for GaAs a
InP~001!.14,15 By contrast, for gallium phosphide~001!, the
relationship between the RD spectra and the phosphorus
erage has not been determined.

In this article, we report on the phase diagram
GaP~001! prepared by metalorganic vapor-phase epitaxy.
addition to the (231) and (234), we observe a distinc
(131) phase with a phosphorus coverage of 0.
60.04 ML. Reflectance difference spectra have been
corded for each of these reconstructions, as well as for
faces at intermediate compositions. It has been found tha
spectra of the intermediate phases are linear combination
those of the pure phases. Moreover, the optical signals h
been benchmarked against the phosphorus coverage,
then used for real-time monitoring of the phosphorus deso
tion rate from GaP~001!.

EXPERIMENTAL METHODS

Gallium phosphide films, approximately 0.20mm thick,
were deposited on nominally flat S-doped GaP~001! sub-
strates in a horizontal MOVPE reactor. The films were gro
at 585 °C, 1.331024 Torr of trimethylgallium, 0.13 Torr of
tertiarybutylphosphine~TBP!, and 20 Torr of hydrogen. A
SAES pure gas hydrogen purifier, PS4-MT3-H, was used
remove any oxygen, nitrogen, or carbon-containing impu
ties from the H2 carrier gas. After deposition, the TBP an
H2 flows were maintained until the samples were cooled
300 and 40 °C, respectively. Then, the crystals were imm
diately transferred into an ultra-high-vacuum system for s
face analysis.

The long-range ordering on the GaP~001! surface was
characterized by a Princeton Instruments low-energy elec
diffractometer~LEED!. Reflectance difference spectra we
obtained with an Instruments SA J-Y Nisel spectrometer. T
5 © 2003 American Institute of Physics
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signal recorded by the instrument corresponded to the di
ence in reflected light along the@ 1̄10# and@110# crystal axes
divided by the average reflectance intensity,@(R[1̄10]

2R@110#)/^R&#.20 Base-line drift was subtracted from th
spectrum by taking the average of two RD spectra collec
with the polarizing axis oriented145° and245° relative to
the @ 1̄10# direction. Core level photoemission spectra of t
P 2p and Ga 2p lines were collected at approximately 133
and 1117.0 eV using a PHI 3057 x-ray photoelectron sp
trometer with aluminumKa x rays.24 All x-ray photoemis-
sion spectroscopy~XPS! spectra were taken in small are
mode with a 7° acceptance angle and 23.5 eV pass en
The take-off angle with respect to the surface normal w
25°.

RESULTS

Three stable phases have been found on the GaP~001!
surface. Annealing the out-of-reactor sample at 300, 500
550 °C for half an hour results in a (231), (131), or (2
34) surface reconstruction, respectively. Annealing un
these temperatures for 8 h does not change the long-r
ordering. This indicates that each structure is a thermo
namically stable phase. Figure 1 presents the LEED pat
of these surfaces after the sample has been cooled dow
25 °C. The (131) unit cell is designated by the dotted lin
The pictures were taken at electron energies of 48, 52,
50 eV, respectively. The sharp spots observed at low en
and the relatively dark backgrounds indicate that each
face is atomically smooth and the reconstruction is confi
to the topmost layers.

Figure 2 displays the reflectance difference spectra of
(231), (131), and (234) structures. The spectrum of th
P-rich (231) reconstruction contains a series of negat
bands between 1.8 and 2.7 eV, and positive peaks at 3.4
4.9 eV. The spectrum of the (131) exhibits several weak
negative bands between 1.8 and 2.5 eV, and two pos
peaks at 3.8 and 4.9 eV. On the other hand, the spectru
the Ga-rich (234) contains an intense negative peak at
eV with a shoulder at 2.5 eV, and positive bands at 3.2,
and 4.9 eV. The results obtained for the (231) and (234)
phases are in good agreement with previously publis
RDS data.4,5,8

To determine if the reflectance difference spectra of G
surfaces intermediate in composition between the (231),
(131), and (234) are a superposition of the line shapes
these pure phases, the following formulas were applied:

DR

R
~mixed!5x

DR

R
~231!1~12x!

DR

R
~234!, ~1!

DR

R
~mixed!5y

DR

R
~131!1~12y!

DR

R
~231!, ~2!

DR

R
~mixed!5z

DR

R
~131!1~12z!

DR

R
~234!. ~3!
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In Eqs.~1!, ~2!, and~3!: DR/R ~mixed! is the calculated RD
spectrum;DR/R (231), DR/R (131), andDR/R (234)
are the (231), (131), and (234) spectra presented in Fig
2; andx, y, andz are weighting factors. The weighting fac
tors are the fractional contributions of the (231), (131),

FIG. 1. Low-energy electron diffraction patterns of the~a! (231) phase,
electron energy548 eV; ~b! (131) phase, electron energy552 eV; and~c!
(234) phase, electron energy550 eV.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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6177J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Law, Sun, and Hicks
and (234) line shapes to the overall spectrum. For the G
(131) surface, we are not able to duplicate the optical s
nal using Eq.~1!. The intermediate spectrum is not a comb
nation of the (231) and (234) spectra. Moreover, Eq.~1!
fails to reproduce any observed mixed-phase spectra. In
trast, we have found that the mixed-phase spectra can
replicated with Eqs.~2! and~3!, and that they are in excellen
agreement with the recorded RDS signals. Examples of th
fits are shown in Fig. 3.

FIG. 2. Reflectance difference spectra of the GaP~001! reconstructions.

FIG. 3. Comparison of the measured RD spectra to those calculated
Eqs.~2! and ~3!.
Downloaded 01 Dec 2003 to 128.97.84.190. Redistribution subject to A
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Annealing (231) reconstructed GaP~001! crystals at
550 °C in ultra-high-vacuum results in phosphorus deso
tion from the surface. By varying the annealing time betwe
1 and 30 min, every intermediate coverage between the
31) and (234) phases could be obtained. Listed in Tabl
are the LEED, XPS, and RDS data recorded for this se
samples. As the LEED pattern changes from (231) to (2
34), the atomic concentration of phosphorus measured
XPS falls from 42.5% to 36.7%. These concentrations co
spond to the number of P and Ga atoms detected over
photoelectron escape depth, which obviously includes b
surface and bulk contributions.25,26 Below, a model is pre-
sented that relates the phosphorus atomic percentage t
surface coverage.

The photoemission process may be described by the
lowing equation:27,28

I P5expS 2 l

lPcosa D , ~4!

whereI P is the P 2p peak intensity for a GaP surface;l is the
distance from the surface into the bulk;lP is the P 2p inelas-
tic mean-free path~i.e., the escape depth!, which equals 25
Å;29,30 anda is the take-off angle, 25°. Since the photoele
trons are being ejected from a gallium phosphide film,
depth-dependent intensity must be multiplied by the fract
of crystal lattice sites occupied with P atoms. The normaliz
intensity of the P 2p photoemission line is

I P/GaP5~2NP/NT!expS 2 l

lPcosa D , ~5!

Here, NT and NP are the total atom and phosphorus ato
concentrations (atoms/cm3), respectively. To calculate th
phosphorus atomic percentage, we have:28
m

TABLE I. Summary of the LEED, XPS, and RDS measurements of
GaP~001! surfaces.

LEED
pattern

P atomic % by
XPS

P coverage
from

XPS data

Weighting
factor, y,
in Eq. ~2!.

Weighting
factor,z,
in Eq. ~3!.

P coverage
from

RDS data

(231) 42.5 1.00 0.00 1.00
(231) 41.3 0.82 0.30 0.90

w(231) 41.1 0.78 0.55 0.82
(131) 40.6 0.71 0.75 0.75
(131) 40.4 0.67 1.00 1.00 0.67

w(234) 39.9 0.61 0.80 0.56
(234) 38.6 0.42 0.40 0.34
(234) 36.7 0.13 0.00 0.13
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Here, lGa is the Ga 2p inelastic mean-free path, which i
12.5 Å.29,30 Equation~6! has been solved by summing th
expressions inside the integrands over the first 25 ato
layers of the film.

In Eq. ~6!, NP is related touP asup5Np /(0.5NT). The
effect of coverage on the atomic concentration of phospho
has been investigated by inserting different values ofNP into
Eq. ~6!, and a linear relationship has been obtained:

P~atom %!56.71uP140.33. ~7!

To examine the accuracy of Eq.~7!, one can insert auP of
1.0 or 0.13 for the pure (231) or (234) phases and com
pare the result to the XPS measurement. From Eq.~7!, the P
atom % for these two reconstructions is 47.0 and 41.2,
spectively, whereas the XPS data give 42.5 and 36.7~see
column 2, Table I!. Evidently, the values from the model a
shifted 4.5% higher than those from the experiments.
cordingly, the intercept of Eq.~7! has been decreased by th
amount to bring the model in line with the experimental da
With the modified equation,uP of the mixed-phase GaP~001!
surfaces has been estimated from the XPS data. These re
are presented in column 3 of Table I. It is seen that the
31) structure exhibits a phosphorus coverage of 0
60.04 ML.

The amount of phosphorus on the GaP~001! surfaces
may be estimated from the RDS data as well. The ph
phorus coverage is obtained from the weighting factors
Eqs.~2! and ~3! as follows:

uP5yuP~131!1~12y!uP~231!

51.020.33y for 0.67,uP,1.0, ~8!

uP5zuP~131!1~12z!uP~234!

50.1310.54z for 0.13,uP,0.67. ~9!

The fractional coverages calculated from Eqs.~8! and~9! are
listed in column 6 of Table I. The values ofuP determined
from the RDS results are in good agreement with those
termined by XPS. The average percentage difference
tween the two methods is 5.0%.

DISCUSSION

Three stable phases have been identified on GaP~001!,
the (231), (131), and (234). Former scanning tunnelin
microscopy~STM! studies of the (231) indicate that it is
terminated with one buckled phosphorus dimer per unit c
similar to the InP~001!–(231) reconstruction.5,9 According
to a recently published article, the (231) may be stabilized
by 0.5 ML of hydrogen.10 In this case, the buckled down
atom is bonded to a H atom, while the buckled up P ato
contains a lone pair of electrons in its dangling bond. T
Downloaded 01 Dec 2003 to 128.97.84.190. Redistribution subject to A
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structure obeys the electron counting model for compou
semiconductor surfaces.31 The GaP~001! films examined in
this study have been prepared by MOVPE, in which react
hydrogen is supplied to the surface from the tertiaryb
tylphosphine source. Consequently, the (231) reconstruc-
tions may contain 0.5 ML of H atoms adsorbed onto 1.0 M
of P atoms. As for the GaP~001!–(234), one may assume
that this structure corresponds to the well-accepted
erodimer model.11,12 Here, each unit cell contains one Ga–
dimer bonded to four Ga–Ga dimers in the next lower lay
yielding a phosphorus coverage of 0.13 ML.5,7,13

In this work, a GaP~001!–(131) reconstruction has
been identified by LEED, RDS, and XPS. This structure
intermediate between the (231) and (234) with a phos-
phorus coverage of 0.6760.04 ML. Other researchers hav
seen evidence for this structure, although they did not ve
that it was a distinct phase.5,13 We have found that the (1
31) is the only reconstruction present on the GaP~001! sur-
face during extended annealing at 480– 540 °C in ultrah
vacuum. Upon heating the crystal above 540 °C, phospho
desorbs from the surface causing the (131) to smoothly
transform into the (234).

Shown in Fig. 4 is a proposed ball-and-stick model f
the (131). It is terminated with phosphorus and galliu
dimers in the correct ratio to yielduP50.67. The dimers are
randomly distributed over the surface so that one would
serve a (131) LEED pattern. Note that every P danglin
bond is filled with a pair of electrons, while every Ga da
gling bond is empty, thereby satisfying the electron count
model. One may view this surface as originating from a m
ture of 33%a(234) and 67%b(234), in which the ar-
rangements of the dimers are subsequently scrambled.32 In
particular, the 23 and 34 periodicities are lost by indi-
vidual phosphorus dimers randomly shifting one lattice sp
ing in the @2110# and @110# directions, respectively.

FIG. 4. Ball-and-stick model for a GaP~001! surface containing a random
mixture of phosphorus and gallium dimers withuP567%.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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We have tried to obtain STM micrographs of the
31), but evidently due to the disordered nature of this
construction, no atomic resolution images could be obtain
In the study by Fukudaet al., it was shown that when a (2
34) surface is treated with TBP, the dimer rows interm
with each other, creating disordered domains.13 If allowed to
continue to completion, this would produce a (131) struc-
ture. Further work should be undertaken to examine low c
erages of (131) domains contained within predominant
(234) or (231) phases.

It is interesting to compare the reflectance differen
spectra obtained for the (231) and (234) phases of
GaP~001! to those obtained for the same reconstructions
InP~001!. The RD spectrum of InP~001!–(231) exhibits a
sharp positive peak at 3.1 eV that is most likely associa
with electronic transitions involving the phosphorus dim
bonds.23 As can be seen in Fig. 2, a similar positive peak
seen for GaP~001!–(231) at 3.4 eV. On the other hand, th
RD spectra for GaP~001!–(234) shows a broad negativ
band at 2.2–2.4 eV. This feature is analogous to the nega
band seen on InP~001!–(234), except that it is shifted ap
proximately 0.4 eV to higher energies.14,17,22,23 Schmidt
et al.22 have performed first-principles calculations of the o
tical transitions occurring on the InP (234) surface, and
have concluded that the negative band arises from transit
between second layer In–In dimers and first layer In–P h
erodimers. It seems likely that the negative RDS peaks
served for the GaP (234) surface originate from the sam
transitions between Ga–Ga and Ga–P dimers.

Turning now to the RD spectrum of the GaP~001!–(1
31) phase~c.f., Fig. 2!, one sees that the positive peak a
sociated with phosphorus dimers has decreased in inte
relative to the spectrum of the (231). The ratio of the (1
31) peak height to the (231) peak height is 0.7. In addi
tion, the intense negative band at 2.2–2.4 eV recorded for
(234) is noticeably absent from the optical signature for
(131). These differences in the RDS data are consis
with the model for the (131) reconstruction shown in Fig
4. The ratio of the number of phosphorus dimers on the
31) to those on the (231) is 0.67, in agreement with th
change in height of the 3.4 eV feature. Furthermore, the
31) does not contain the heterodimer structure that gi
rise to the negative bands near 2.3 eV.

For GaP~001! surfaces at intermediate coverages b
tween the (231), (131), and (234), we have found tha
reflectance difference spectra are accurately represente
linear combinations of the RD spectra of the pure phas
Surfaces in the range 1.0.uP.0.67 ML obey Eq.~2!, in
which the (231) and (131) spectra combine to give th
correct optical signature. On the other hand, surfaces w
0.67.uP.0.13 ML obey Eq.~3!, in which the (131) and
(234) spectra combine to give the correct spectrum. Refl
tance difference spectroscopy of mixed phases of ind
phosphide~001! exhibit this same behavior, except that in th
case, the optical spectra at intermediate coverages are l
combinations of the RD line shapes for the pure (231) and
(234) phases.14

Based on the results presented above, RDS may be
for real-time monitoring of the phosphorus coverage
Downloaded 01 Dec 2003 to 128.97.84.190. Redistribution subject to A
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GaP~001! during processing. We have found that it is conv
nient to monitor the signal intensities at 2.3 and 3.4 e
These signals attain minimum absolute values when the
face is terminated with the (131) reconstruction. By record
ing both signals, one may determine the phase transitio
and away from this reconstruction. When the sample
heated to between 500 and 600 °C, the intensities of the R
peaks decrease slightly and the peak maxima shift somew
to lower energies.33 These changes are easily taken into a
count, so that accurate measurements of the phosphorus
erage may be obtained.17 An example application of the RDS
monitoring technique is presented in the next paragraph.

At temperatures between 480 and 540 °C, we ha
found that the GaP~001!–(231) decomposes into the (1
31) in under 20 min, but that no further phosphorus deso
tion occurs over 8 h. Consequently, the surface coverag
the (234) is zero throughout the experiment. By monitorin
the peak intensity at;3.4 eV, the fraction of the (231) and
(131) phases on the surface may be obtained, and then
P coverage calculated from Eq.~8!. Presented in Fig. 5 are
curves showing the dependence of the fractional covera
of (231), (131), and phosphorus on time during anne
ing of the GaP~001! crystal at 510 °C in ultrahigh vacuum
At time zero, the phosphine pressure in the chamber
reduced from 1.031024 to ,1.031029 Torr. Examination
of the results presented in Fig. 5 reveals that the phosph
coverage decays exponentially with time. From these d
the first-order rate constant for phosphorus desorption,kd , is
calculated to be 0.052 s21. A detailed discussion of the ki
netics of phosphine adsorption and phosphorus desorp
from gallium phosphide is provided elsewhere.34

CONCLUSIONS

Gallium phosphide~001! surfaces prepared by metalo
ganic vapor-phase epitaxy have been found to exhibit th
stable reconstructions: the (231), (131), and (234) with

FIG. 5. Dependence of the fractional coverages of the (231) and (131)
phases and of the phosphorus coverage on time during phosphorus de
tion from the GaP~001! surface at 550 °C.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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uP equal to 1.00, 0.67, and 0.13 ML, respectively. The
31) appears to be terminated with a disordered arrangem
of phosphorus and gallium dimers in a 4 to 1ratio. Reflec-
tance difference spectra of the GaP~001! surfaces have bee
benchmarked against the XPS data. It was found that the
line shapes recorded at any coverage can be accurately
resented by linear combinations of (231) and (131), or
(131) and (234) spectra. These results allow one to u
RDS for real-time monitoring of the phosphorus covera
during GaP processing.
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