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Reflectance difference spectroscopy of an ultrathin indium arsenide layer
on indium phosphide „001…

C. H. Li, Y. Sun, S. B. Visbeck, D. C. Law, and R. F. Hicksa)

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

~Received 17 July 2002; accepted 2 October 2002!

A model system has been created which allows the surface and bulk contributions to the reflectance
difference spectrum to be distinguished. In particular, an indium arsenide film, less than 10 Å thick,
has been grown on indium phosphide~001!. Reflectance difference spectra of the InAs/InP surfaces
were collected and compared to those of InP and InAs. It was found that the InAs/InP
heterostructures exhibited electronic transitions between surface states characteristic of InAs~001!,
while retaining the surface-perturbed bulk transitions characteristic of InP~001!. Furthermore, the
optical anisotropy arising from the arsenic dimer bonds was shifted 0.2 eV higher for InAs/InP
compared to that for InAs. This shift is proportional to 1/a2, wherea is the bulk lattice constant.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1523650#
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Metalorganic vapor phase epitaxy~MOVPE! is a widely
used process to manufacture heterostructures of III–V c
pound semiconductors.1 In this process, growth proceed
through a series of surface reactions such as adsorption
fusion, and desorption of volatile products. Thus, the surf
plays an important role in the properties of the structu
grown. As device dimensions continue to shrink, it becom
increasingly important to monitor and control the hetero
neous reactions at the atomic scale and in real time. Since
MOVPE process is carried out at pressures ranging from
to 760 Torr, only techniques based on photons can be
ployed to monitor the semiconductor surface duri
growth.2,3 Reflectance difference spectroscopy~RDS! has
shown potential for this application because it can operat
a wide range of pressures and is sensitive to the structure
chemical composition of the surface.

The physical origin of the reflectance anisotropy h
been attributed to contributions from transitions between s
face and bulk electronic states.4–7 Theoretical studies by
Aspnes and Studna,6 and Schmidtet al.7 suggest that the RD
signal originates either directly from surface states, or fr
transitions involving surface-perturbed bulk states. In t
study, we have created a model system where these
types of components to the optical spectrum are dis
guished. In particular, an ultrathin InAs film less than 1-n
thick was grown on InP~001! through an arsenic–
phosphorus exchange reaction.8 Reflectance difference
spectra were obtained for the (231), (234), and (432)
reconstructions of the InAs/InP heterostructure. By comp
ing these spectra to those of InP and InAs~001!, we have
identified the bulk and surface contributions to the refl
tance anisotropy.

Indium phosphide films were grown in a horizont
MOVPE reactor at 530 °C with 6.531024 Torr of trimeth-
ylindium, 1.331022 Torr of tertiarybutylphosphine, and 2
Torr of hydrogen.9–11The H2 carrier gas was passed throug
a SAES gas hydrogen purifier~PS4-MT3-H! to remove any
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remaining oxygen, nitrogen and carbon containing impu
ties. Indium arsenide samples were grown under similar c
ditions except with 1.331022 Torr of tertiarybutylarsine and
a temperature of 560 °C. Following growth, the samp
were transferred directly into a UHV cluster tool with a ba
pressure of 2.0310210 Torr.12

Inside the UHV system, the InP~001! crystals were an-
nealed at 400 °C for 15 min to obtain a clean and we
ordered indium-rich (234) reconstruction, as verified b
low-energy electron diffraction~LEED!, x-ray photoelectron
spectroscopy~XPS!, and scanning tunneling microscop
~STM!.11 Arsine was then introduced into the chamber a
31025 Torr through a leak valve for 5–200 mi
(3.0– 12003103 L, 1 L51026 Torr s) at 250– 450 °C. Each
InAs/InP ~001! reconstruction was characterized by LEE
XPS, and STM.8 In particular, x-ray photoelectron spectr
were collected with a PHI 3057 spectrometer equipped w
a 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
Reflectance difference spectra were obtained with an Ins
ments SA J-Y Nisel reflectance difference spectrometer.13,14

The signal, Re(DR/R), corresponds to the real part o
@(R@ 1̄10#2R@110#)/^R&#. Base line correction was achieved b
taking the average of two spectra collected with the pola
ing axis oriented145° and245° relative to the@ 1̄10# azi-
muth.

Shown in Fig. 1 are reflectance difference spectra of
InP, InAs/InP, and InAs~001! surfaces recorded at 30 °C
The spectrum of the InP (231) contains a sharp negativ
peak at 1.9 eV, an intense positive peak at 3.1 eV, two p
tive overlapping bands at 4.1 and 4.6 eV, and a nega
feature at 4.7 eV. The 3.1 eV peak arises from the phosp
ous dimers on the InP surface.7 The RD spectrum of the InP
(234) contains an intense negative band ranging from
to 2.0 eV, three small positive bands at 2.8, 3.7, and 4.6
and two negative peaks at 3.2 and 4.7 eV. The first nega
anisotropy in the (234) spectrum is due to transitions be
tween states involving In-dimers on the surface.7 The 3.2 and
il:
9 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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4.7 eV signals are due to transitions involving bulk stat
since their energies match theE1 and E08 interband critical
points of indium phosphide.15

The InAs (234) RD spectrum contains a positive pe
at 2.4 eV, a broadband centered around 3.6 eV, and a pe
4.3 eV. The feature at 2.4 eV is thought to be due to tran
tions involving arsenic dimer bonds, while the signal at 4
eV coincides with the InAsE18 bulk critical point.16–20When
the InAs ~001! reconstruction changes from (234) to (4
32), a large negative band is observed with minima at
and 2.3 eV. This feature has been assigned to transit
between states associated with In dimers.16,17

The middle three spectra in Fig. 1 are for the indiu
arsenide films deposited on InP~001! with (231), (234),
and (432) reconstructions. The line shapes for the (231)
and (234) are similar: both exhibit a negative band
;1.8 eV, a positive peak in the region of 2.6–3.0 eV,
broadband centered at approximately 3.6 eV, and two lo
minima at 3.2 and 4.7 eV. Sobiesierskiet al.21 has reported
RD spectra of InP~001! surfaces exposed to an As2 flux in a
molecular beam epitaxy chamber at 420– 530 °C, which
nearly the same as those reported here for the (231) and
(234) structures. Finally, the RD spectrum of the InAs/In
(432) phase exhibits an intense negative band at 1.9
with a shoulder at 2.3 eV, a positive peak at 3.5 eV, and
negative depressions at 3.2 and 4.7 eV.

The two minima at 3.2 and 4.7 eV, observed in all t
RD spectra of the indium arsenide thin films on indium ph
phide, coincide with theE1 and E08 bulk critical points of
InP. Furthermore, the small 4.3 eV peak observed in the In
(234) and (432) spectra, associated with a surfac

FIG. 1. Reflectance difference spectra of InP, InAs/InP, and InAs~001!
surfaces at 30 °C. The locations of the zeros are consecutively indicate
each spectrum by short horizontal lines on the left side of the figure.
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perturbed bulk transition for InAs,16,17does not appear in the
data from the InAs/InP heterostructures. This clearly dem
strates that the bulk crystal contributes specific features
the reflectance difference spectra.

On the other hand, the thin film of indium arsenide
indium phosphide exhibits electronic transitions between s
face states characteristic of InAs~001!. The bands at 1.9, 2.3
and 3.5 eV in the spectrum of the (432) reconstruction are
seen on both the InAs/InP heterostructure and on the I
crystal. In addition, for the As-rich (234), both the hetero-
structure and the crystal produce RD spectra with posi
bands centered around 2.5 and 3.5 eV. The former, lo
energy feature is due to transitions between states assoc
with the arsenic dimers.16,17,22

Further examination of Fig. 1 reveals that the RD ba
arising from the arsenic dimers shifts from 2.4 eV for InA
~001! to 2.6 eV for the ultrathin film of indium arsenide o
indium phosphide. According to an analysis of the ene
band structure of tetrahedral solids, transitions associa
with the dimer states should scale by 1/d2, whered is the
dimer bond length.16,23 Since InP has a smaller lattice con
stant ~5.87 Å! than that of InAs~6.06 Å!, the ultrathin in-
dium arsenide layer is under compressive stress, and
produce arsenic dimers with shorter bond lengths. Assum
the dimer bond length,d, is proportional to the lattice con
stant,a, one can plot the peak position as a function of 1/a2

for the As dimers on GaAs, InAs, and InAs/InP. This h
been done in Fig. 2, where one obtains a straight line pas
through the three points, consistent with the 1/d2 relation-
ship. While this is an interesting observation, it is possi
that changes to the arsenic dimers other than lengthe
their bonds may be responsible for this trend.

Funding for this research was provided by the Natio
Science Foundation~Divisions of Chemical and Therma
Systems and Materials Research!, TRW Inc., Epichem Inc.,
Emcore Corp., and the UC-SMART program.
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FIG. 2. The position of the RDS peak due to arsenic dimer states
function of the inverse of the lattice constant squared.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



d

en

O

nd

ed
ev

B

s.

s.

F.

. B

ch-

M.

op-

e

3941Appl. Phys. Lett., Vol. 81, No. 21, 18 November 2002 Li et al.
1G. B. Stringfellow, Organometallic Vapor-Phase Epitaxy: Theory an
Practice ~Academic, Boston, 1993!.

2J.-T. Zettler, Prog. Cryst. Growth Charact.35, 27 ~1997!.
3Z. Sobiesierski, D. I. Westwood, and C. C. Matthai, J. Phys.: Cond
Matter 10, 1 ~1998!.

4A. I. Shkrebtii, N. Esser, W. Richter, W. G. Schmidt, F. Bechstedt, B.
Fimland, A. Kley, and R. Del Sole, Phys. Rev. Lett.81, 721 ~1998!.

5D. E. Aspnes, Y. C. Chang, A. A. Studna, L. T. Florez, H. H. Farrell, a
J. P. Harbison, Phys. Rev. Lett.64, 192 ~1990!.

6D. E. Aspnes and A. A. Studna, Phys. Rev. Lett.54, 1956~1985!.
7W. G. Schmidt, N. Esser, A. M. Frisch, P. Vogt, J. Bernholc, F. Bechst
M. Zorn, Th. Hannappel, S. Visbeck, F. Willig, and W. Richter, Phys. R
B 61, 16335~2000!.

8C. H. Li, L. Li, D. C. Law, S. B. Visbeck, and R. F. Hicks, Phys. Rev.
65, 205322~2002!.

9L. Li, B.-K. Han, Q. Fu, and R. F. Hicks, Phys. Rev. Lett.82, 1879~1998!.
10L. Li, B.-K. Han, D. C. Law, C. H. Li, Q. Fu, and R. F. Hicks, Appl. Phy

Lett. 75, 683 ~1999!.
11L. Li, Q. Fu, C. H. Li, B.-K. Han, and R. F. Hicks, Phys. Rev. B61, 10223

~2000!.
12L. Li, B.-K. Han, S. Gan, H. Qi, and R. F. Hicks, Surf. Sci.398, 386

~1998!.
Downloaded 10 Feb 2003 to 128.97.84.186. Redistribution subject to A
s.

.

t,
.

13M. J. Begarney, L. Li, C. H. Li, D. C. Law, Q. Fu, and R. F. Hicks, Phy
Rev. B62, 8092~2000!.

14M. J. Begarney, C. H. Li, D. C. Law, S. B. Visbeck, Y. Sun, and R.
Hicks, Appl. Phys. Lett.78, 55 ~2001!.

15P. Lautenschlager, M. Garriga, and M. Cardona, Phys. Rev. B36, 4813
~1987!.

16V. L. Berkovits, N. Witkowski, Y. Borensztein, and D. Paget, Phys. Rev
63, 121314~2001!.

17C. Goletti, F. Arciprete, S. Almaviva, P. Chiaradia, N. Esser, and W. Ri
ter, Phys. Rev. B64, 193301~2001!.

18J. M. Moison, M. Bensoussan, and F. Houzay, Phys. Rev. B34, 2018
~1986!.

19J. M. Moison, C. Guille, M. Van Rompay, F. Barthe, F. Houzay, and
Bensoussan, Phys. Rev. B39, 1772~1989!.

20M. Cardona, K. L. Shaklee, and F. H. Pollak, Phys. Rev. B154, 696
~1967!.

21Z. Sobiesierski D. I. Westwood, P. J. Parbrook, K. B. Ozanyan, M. H
kinson, and C. R. Whitehourse, Appl. Phys. Lett.70, 1423~1997!.

22R. H. Miwa and G. P. Srivastava, Phys. Rev. B62, 15778~2000!.
23W. A. Harrison,Electronic Structure and the Properties of Solids: Th

Physics of the Chemical Bond~Freeman, San Francisco, 1980!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


