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Direct heteroepitaxial growth of InP layers on GaAs �001� wafers has been performed by
solid-source molecular beam epitaxy assisted by monoatomic hydrogen �H��. The epitaxial growth
has been carried out using a two-step method: for the initial stage of growth the temperature was as
low as 200 °C and different doses of H� were used; after this, the growth proceeded without H�

while the temperature was increased slowly with time. The incorporation of H� drastically increased
the critical layer thickness observed by reflection high-energy electron diffraction; it also caused a
slight increase in the luminescence at room temperature, while it also drastically changed the
low-temperature luminescence related to the presence of stoichiometric defects. The samples were
processed by rapid thermal annealing. The annealing improved the crystalline quality of the InP
layers measured by high-resolution x-ray diffraction, but did not affect their luminescent behavior
significantly. © 2008 American Institute of Physics. �DOI: 10.1063/1.2824967�

I. INTRODUCTION

The integration of microelectronics and optoelectronic
devices has been and still is an important goal in semicon-
ductor technology. Wafer bonding techniques have been used
to produce Si and GaAs substrates compatible with the
monolithic integration of III–V heterostructures.1 GaAs wa-
fers have been used to integrate electronic and optoelectronic
devices monolithically on the same substrate.2 InP-based de-
vices have already shown compelling performance advan-
tages over GaAs for laser, light-emitting devices �LED�, and
wireless applications. InP-related devices are even now en-
tering the mainstream of commercial integrated circuit pro-
duction. However, a drawback of InP-based technology is
the substrate itself. InP is a brittle material and its production
is not as mature as that of GaAs. This limits the InP wafer
size and its crystalline quality. Therefore, the cost per square
inch of InP wafers is relatively high. In order to combine the
advantages of GaAs substrates with the benefits of InP-based
devices, metamorphic technology is one of the appropriate
ways to extend the range of GaAs into InP territory, espe-
cially for large-scale and low-cost device fabrication.3–6

However, there is a large lattice mismatch �3.8%� between
InP and GaAs, which makes the heteroepitaxy very
difficult.7,8 Matthews and Blakeslee’s theoretical expression9

predicts that the critical thickness for a 3.8% lattice mis-
match is lower than 5 nm. Numerous threading and misfit
dislocations will come about once the critical film thickness

is reached, thus hindering the realization of well-performing
devices. Efforts have been made in the pursuit of growing
high-quality buffer layers to suppress dislocations, such as
strained-layer superlattice �SLS�,10,11 two-step,12,13 graded,14

or compliant substrate �CS�15,16 methods. Metamorphic de-
vices have been achieved by molecular beam epitaxy
�MBE�17,18 or by metalorganic vapor phase epitaxy
�MOVPE�.19–23 On the other hand, the introduction of hydro-
gen by plasma treatment after growth has been shown to
passivate dislocations on MOVPE-grown InP layers on GaAs
�001� wafers24 and to enhance the luminescent properties of
CS InP layers on GaAs.25 Moreover, hydrogen introduced
during MOVPE growth produces a substantial decrease of
deep-level traps.26 It is known that monoatomic hydrogen
�H�� affects the optical properties of semiconductors by
strong carrier passivation;26 a postgrowth annealing at tem-
peratures above 400 °C produces an immediate recovery. It
is also known that rapid thermal annealing �RTA� of het-
eroepitaxial InP layers at 780 °C enhances their optical
properties.27

In this work, we use low-temperature �200–480 °C�
solid-source molecular beam epitaxy and a two-step method
to grow 2 �m thick InP layers directly on GaAs �001� sub-
strates. Monoatomic hydrogen has been introduced during
the initial stages of growth. After growth, the samples have
been processed by RTA. We will show that the crystalline
and luminescent properties of the InP layers are good. The
incorporation of H� affects their luminescent properties, and
the crystalline quality is improved by RTA, although RTA
does not modify substantially their luminescent behavior.a�Electronic mail: aitor@imm.cnm.csic.es.
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II. SAMPLE GROWTH AND RAPID THERMAL
ANNEALING

Growth was carried out in a MBE system equipped with
a filament hydrogen cracker kept at TH�2000 °C and a
GaP-decomposition source for the production of a molecular
beam of P2.28 GaAs �001� semi-insulating substrates were
used for the growth of the InP layers. Oxide desorption of
GaAs was made without As under a H� flux with a beam
equivalent pressure �BEP� of H� of 1�10−5 mbar. The
sample was kept at a maximum temperature of 475 °C for
50 min, showing a bright �2�4� reflection high-energy elec-
tron diffraction �RHEED� pattern with long diffraction lines,
typical of a flat surface. This favorable behavior allowed us
to avoid the growth of a conventional GaAs buffer layer. The
sample was then cooled down to 200 °C under the same flux
of H�. A clear �2�2� reconstruction pattern was observed.
The growth of InP was started under these conditions with a
growth rate of 0.5 ML/s and a P2 flux of 1�10−6 mbar.
After 3.5 min �corresponding to a nominal thickness of 30
nm� the RHEED pattern changed to a bright �2�1� pattern
with long lines. After 8 min from the beginning of the
growth of the InP layer �thickness of 70 nm�, the reconstruc-
tion along the �1–10� direction turned a bit hazy. The lines
became only slightly broken after 15 min of growth, but still
resembled lines. Thirty minutes after growth was started
�thickness of 264 nm� and still with a �2�1� pattern, the H�

flux was stopped and the substrate temperature was increased
1 °C /min until Ts=480 °C. The �2�4� reconstruction was
visible from the moment Ts=450 °C was reached. InP was
grown under these conditions to a total thickness of 2 �m.
For comparison, we have grown an InP layer on GaAs �001�
under the same conditions but without H�. In this case, the
RHEED became spotty after only 50 s of InP growth, which
corresponds to a thickness of 7.3 nm, close to the value pre-
dicted by the Matthews and Blakeslee’s model.9 The RHEED
pattern after 20 min was fully spotty and very dark. The
growth was completed under these conditions to a total
thickness of 2 �m. In all the cases the samples were slowly
cooled down to room temperature at a rate of 2 °C /min
under a P2 flux.

The heteroepitaxial samples were processed by RTA in a
chamber purged with flowing nitrogen. The peak temperature
was 780 °C and the ramp-up time was 10 s.27 The cooling of
the sample took about 15 s. To prevent phosphorous loss, a

200 nm thick SiOx layer deposited by low-temperature
plasma-enhanced chemical vapor deposition was added be-
fore the RTA processing. After RTA, the surface of the
samples had not suffered any damage.

III. EX SITU CHARACTERIZATION TECHNIQUES

All the samples were studied by high-resolution x-ray
diffraction �HRXRD� after the epitaxial growth and after the
RTA treatment to determine their crystalline quality and
strain status. The HRXRD study was conducted with a Bede
D3 diffractometer using monochromatic Cu K�1 radiation.
We recorded � /2� scans and rocking curves �rc� around the
symmetrical 002 and 004 and the asymmetrical 115 reflec-
tions of InP and GaAs. The 115 reflections were measured
both in low-angle and high-angle incidence geometries. All
this allowed us to measure the in-plane and perpendicular
strains, from which we derived the lattice constants of GaAs
and InP and the relaxation coefficient of the InP layers. The
detector aperture was 0.2° for the � /2� scans and 1.5° for the
rocking curves. A maximum angular step of 0.01° was used
for the � /2� measurements. To obtain the full width at half-
maximum of the rc �rc FWHM� and the peak maximum
angle with good accuracy, each peak was fitted using a
Gaussian function.

Room-temperature and low-temperature PL was mea-
sured on the same samples using a lock-in setup with a
chopped Ar laser for excitation and a liquid nitrogen cooled
Ge detector on a 0.22 m spectrometer with a resolution of
�0.4 nm. An intermediate intensity of excitation
�60 W /cm2� was used.

IV. RESULTS AND DISCUSSION

Table I summarizes the main results from the HRXRD
study. The perpendicular lattice parameters a� for InP and
GaAs were deduced from the Bragg angles of the 002 and
004 reflections of each material. As a check of the accuracy
of the measurements, it can be seen that the values of
a��GaAs� are very close to the accepted value29 of
5.653 25�2� Å �the number in parentheses indicates the
mean standard deviation � of the measurements�. The per-
pendicular lattice parameter of the InP layers before RTA is
a��InP��5.8741�5� Å, a value slightly larger than other
published values for InP �5.8687�10� Å in Ref. 29�. A sec-

TABLE I. Results from the HRXRD study: a��InP� is the perpendicular lattice parameter for the InP layers; R
is the relaxation coefficient of the InP layers; rc FWHM is the average rocking-curve FWHM around the 002
and 004 reflections of InP; �FWHM is the relative change of the InP rc FWHM after RTA; and a��GaAs� is the
perpendicular lattice parameter of the GaAs substrate. Numbers in parentheses indicate the uncertainty ��� of
the measurements.

Sample a��InP�
�Å�

R
�%�

rc FWHM
� � �

�FWHM
�%�

a��GaAs�
�Å�

No H� 5.8739�5� 99.8�1� 607�5� - 5.6529�4�
No H� after RTA 5.8777�5� 99.6�1� 431�4� −29 5.6537�4�
BEP�H��=1�10−5 mbar 5.8744�5� 99.1�1� 704�5� - 5.6536�4�
BEP�H��=1�10−5 mbar after RTA 5.8772�5� 99.7�1� 517�4� −26 5.6530�4�
BEP�H��=5�10−5 mbar 5.8741�5� 99.1�1� 689�5� - 5.6540�4�
BEP�H��=5�10−5 mbar after RTA 5.8773�5� 99.6�1� 496�4� −28 5.6534�4�
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ondary ion mass spectrometry analysis of our samples has
revealed a content of As of 1.6%, typically associated with a
residual background of As in the MBE chamber. This content
of As is compatible with the measured values of a��InP�.
The HRXRD asymmetrical 115 reflections show that all the
InP layers are almost fully relaxed. The hydrogenated layers
still preserve some in-plane stress �R=99.1%�, while the
nonhydrogenated InP layer is fully relaxed �R=99.8%�. The
rc FWHM values for InP shown in the table were obtained as
an average of the FWHM values of the rocking curves
around the 002 and 004 reflections. The rc FWHM for the
sample without H� is clearly smaller than for the samples
grown with BEP�H�� of 1�10−5 and 5�10−5 mbar. It
seems, therefore, that H incorporation partially inhibits stress
relaxation. This might produce a less homogeneous strain
distribution that would explain the wider rc of the hydrogen-
ated InP layers. As far as we know, the rc FWHM of our
heteroepitaxial InP layers is similar, but not better, than other
published results for �2 �m thick layers.23,27

The results in Table I show that the InP lattice parameter
a��InP� increases slightly after RTA in the three heteroepi-
taxial samples, with a value of a��InP��5.8774�5� Å. This
increase is compatible with the appearance of thermal stress
due to the difference between the linear thermal expansion
coefficients of GaAs and InP �larger for GaAs�. However, the
most noticeable effect is a decrease of the rc FWHM of more
than 25% with respect to the samples that were not annealed.
A similar effect was reported previously.27 Rocking curves
measure the angular dispersion of the crystallographic
planes; thus, the observed decrease indicates that the material
has undergone some rearranging, resulting in a better crys-
talline quality. RTA also seems to favor the relaxation of the
hydrogenated InP layers, whose relaxation coefficient rises to
99.6% after RTA. Thus, RTA has the expected effect of in-
creasing the mobility of dislocations located at the InP/GaAs
interface and in the InP bulk through the supply of thermal
energy; this favors stress relaxation �larger R� and produces a
more uniform strain distribution �narrower rocking curve�.

Figure 1 shows the low-temperature PL �20 K� spectra of
the nonhydrogenated and hydrogenated InP layers on �001�
GaAs and an InP homoepitaxial layer grown under the same
conditions but without H�. All the PL spectra shown in this
paper have the same scale for the PL intensity because they
have been measured under the same experimental conditions;
so, to compare the spectra between different figures, it is
only necessary to take into account the scaling factor that
appears in them. For the heteroepitaxial samples there are
three well-defined transitions at �1.34, �1.37, and
�1.41 eV. All the transitions are slightly shifted toward
lower energies with respect to pure InP due to a slight incor-
poration of As during growth. The first transition at
�1.34 eV has been observed in undoped homoepitaxial InP
grown by MBE and MOCVD under specific conditions of
growth; it has been related to a complex defect incorporating
a phosphorus vacancy in InP.30–32 The second transition
��1.37 eV� is related to a donor-band �DB� transition asso-
ciated with a stoichiometric defect produced by an excess of
phosphorous in solid-source MBE-grown InP at low
temperature.33 Despite the low flux of P2 used in this work,

the low temperature used for most of the growth and the very
high P2 /P4 ratio produced by the GaP decomposition cell28

are sufficient to produce this P-related defect, which is very
prominent in the case of the homoepitaxy.

The band-to-band �BB� transition at �1.41 eV is shifted
by �0.1 meV toward lower energies due to the As incorpo-
ration. This transition has the highest intensity for the sample
without H�, for which it is almost half as intense as for the
homoepitaxial InP grown under the same conditions. It is
less intense for the hydrogenated samples.

The peaks at �1.34 and �1.37 eV do not follow a trend
with H� flux either. They have a similar intensity for
BEP�H��=0 or 5�10−5 mbar, whereas for BEP�H��=1
�10−5 mbar the intensity decreases, suggesting that there is
an upper limit for the flux of H� that helps to reduce the
number of defects.

Figure 2 shows the PL spectra of the InP layers after
RTA, measured under the same conditions as in Fig. 1. Now
the hydrogenated sample with H� �BEP�H��=1
�10−5 mbar� displays a clear BB peak whose intensity is
about one third of the intensity of the InP homoepitaxy. The
sample with BEP�H��=5�10−5 mbar has a smaller inten-
sity, whereas the heteroepitaxy without H� almost does not
emit photons at this energy. This indicates some beneficial
effects of introducing H� during the heteroepitaxial growth
of InP on GaAs. Nevertheless, the defect-related peak at 1.37
eV increases drastically for the hydrogenated samples, with
an intensity even higher than for the homoepitaxy for the
sample with BEP�H��=1�10−5 mbar, which suggests that a
large concentration of radiative defects at this energy is cre-
ated due to H�.

Figure 3 shows the PL spectra at room temperature be-
fore RTA. The band gap transition of InP at 1.34 eV �again

FIG. 1. Low-temperature PL �20 K� spectra of hydrogenated InP layers �H�

BEPs of 1�10−5 and 5�10−5�, a nonhydrogenated heteroepitaxial layer,
and an InP homoepitaxial layer grown without H� under the same conditions
as the other samples.
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shifted by �0.1 eV to lower energy due to the residual pres-
ence of As� is clearly visible for all the samples. For the
heteroepitaxies, the maximum intensity is for a H� dose of
BEP�H��=1�10−5 mbar, corresponding to almost one
fourth of the intensity of homoepitaxial InP. A higher amount
of H� �BEP�H��=5�10−5 mbar� does not improve the qual-
ity, but rather produces a decrease of the PL intensity of
about half of the value measured for the nonhydrogenated
sample.

Figure 4 shows the PL measured under the same condi-

tions but after RTA. In this case the intensity of the PL does
not vary too much between hydrogenated samples and is
around the same as for the hydrogenated sample with
BEP�H��=1�10−5 mbar but before RTA. This means that
the right dose of H� introduced during MBE growth may
produce a similar effect as RTA processing for this kind of
heteropitaxy.

V. CONCLUSIONS

Heteroepitaxial layers of InP on �001� GaAs have been
grown by solid-source molecular beam epitaxy assisted by
monoatomic hydrogen in the first stages of the growth. The
layers show good structural and optical properties, with a
band-to-band PL intensity at room temperature of nearly one
fourth of the intensity for the homoepitaxial InP grown under
the same conditions. The effect of monoatomic hydrogen is
twofold: on the one hand, it decreases band-to-band emission
and increases radiative recombinations. On the other hand, it
clearly enlarges the critical thickness of the InP layers as
observed by RHEED, at least up to 200 nm, which is about
40 times the critical thickness predicted by Matthews and
Blakeslee’s model. The structural properties of the layers
measured by HRXRD are enhanced by RTA, as expected, but
for the right dose of hydrogen no RTA is needed in order to
obtain the same PL at room temperature, which is remark-
able. Further work is needed to test whether the use of mono-
atomic H during all the epitaxial growth may produce better
heteroepitaxial layers.
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