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Self-annihilation of antiphase boundaries in GaAs epilayers
on Ge substrates grown by metal-organic vapor-phase epitaxy

M. K. Hudaita) and S. B. Krupanidhi
Materials Research Centre, Indian Institute of Science, Bangalore-560 012, India

~Received 29 November 2000; accepted for publication 5 March 2001!

The self-annihilation of antiphase boundaries~APBs! in GaAs epitaxial layers grown by
low-pressure metal-organic vapor-phase epitaxy on Ge substrates is studied by several
characterization techniques. Cross-sectional transmission electron microscopy shows that antiphase
domain free GaAs growth on Ge was possible due to the proper selection of the growth parameters.
The antiphase boundaries annihilate with each other after a thick 3mm layer of GaAs growth on a
Ge substrate as observed by scanning electron microscopy studies. Double crystal x-ray diffraction
data shows a slight compression of GaAs on Ge, and the full width at half maximum decreases with
increasing growth temperatures. This confirms that the APBs annihilate inside the GaAs epitaxial
films. Low temperature photoluminescence measurements confirm the self-annihilation of the APBs
at low temperature growth and the generation of APBs at higher growth temperatures. ©2001
American Institute of Physics.@DOI: 10.1063/1.1368870#
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I. INTRODUCTION

GaAs/Ge heterostructures have received a great de
attention from the space solar cells and the electronics
optoelectronics communities. Due to its high mechani
strength, Ge is an optimized substrate material in terms o
power-to-weight ratio for high efficiency GaAs/Ge sol
cells. As large area, minority carrier devices, III–V on G
cells is extremely sensitive to defects. Thus elimination
antiphase domains~APDs!, which are characteristics o
polar-on-nonpolar epitaxy, and the suppression of large-s
interdiffusion across the GaAs/Ge heterointerface remain
challenges for increased yield, reliability, and performan
of the devices.

The low lattice mismatch of the GaAs/Ge system~0.07%
at room temperature and 0.12% at growth temperature! sug-
gests that it should be nearly dislocation free. Howev
polar-on-nonpolar heteroepitaxy poses several unique p
lems of its own, like APDs, Ge outdiffusion into the GaA
epitaxial film, and unwantedp-n junction formation by si-
multaneous in diffusion of Ga and As into the Ge substra
The formation of APDs is associated with all polar-o
nonpolar heteroepitaxy. The reason is that when polar m
rials ~e.g., III–V compounds! are epitaxially grown on non
polar substrates~e.g., Ge or Si!, the location of cation atoms
and anion atoms in the two sublattices can reverse from
to area in the epilayer,1 which forms APDs. Domains o
different sublattice locations are separated by an antiph
boundary~APB! consisting of wrong bonds of As–As o
Ga–Ga. APBs are expected give rise to deep levels inside
forbidden band and to act as strong scattering centers
electrons and holes.1–3
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Apart from the different models concerning the suppr
sion of the formation of APDs during nucleation,1,2,4 self-
annihilation of APBs is reported to play an important role
APB-free heteroepitaxy of GaAs on Ge and Si~100!
substrates.5–25 Kawabe and Ueda6 and Fischeret al.7 have
reported the presence of the self-annihilation process
APBs during molecular beam epitaxy~MBE! growth of
GaAs on Si~001!, as evidenced by a transition of the hig
energy electron diffraction pattern from a mixed (234)
GaAs surface to a resolved (234) surface. To explain this
phenomenon a model was proposed in two of their papers
and Giling12 studied the self-annihilation process of APBs
GaAs epilayers grown on Ge by metal-organic vapor-ph
epitaxy ~MOVPE!. The three-dimensional development
APBs is recorded by growth of GaAs on a GaAs surfa
already containing APBs and layer-by-layer APB-reveali
etching followed by mechanochemical polishing of a Ga
epilayer, which contains APBs. They suggest a new mode
$011% APB model rather than the$111% mechanism suggeste
in the literature.

In this article we will show some evidence for the se
annihilation of APBs in GaAs epilayers studied experime
tally using scanning electron microscopy~SEM!, high-
resolution transmission electron microscopy~HRTEM!,
double crystal x-ray diffraction~DCXRD!, and photolumi-
nescence~PL! studies. The aim of this work is not to propos
concerning the structure and the properties of APBs,
to show some evidence of the annihilation of APBs duri
the low-pressure metal-organic vapor-phase epit
~LPMOVPE! growth of GaAs and Ge. This will give a clea
indication of how the APBs are self-annihilated during t
thick GaAs epitaxial layer.

II. EXPERIMENT

Undoped and Si-dopedn-type GaAs epitaxial layers o
different thicknesses were grown in a horizontal LPMOVP

ss:
5

2 © 2001 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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reactor on (100)n1-Ge substrates off-orientation 6° toward
@110#. The source materials were trimethylgallium~TMGa!,
100% arsine (AsH3!, 104-ppm silane (SiH4) as ann-type
dopant, and palladium purified H2 as the carrier gas. During
the growth, the pressure inside the reactor was kept at
Torr and the growth temperature was varied from 600
725 °C. The TMGa and AsH3 flow rates were varied from 5
to 20 SCCM and from 30 to 100 SCCM, respectively. T
total flow rate was kept at about 2 standard liter per min
~SLPM!. Prior to growth, the Ge substrates were degrea
with organic solvents, then etched in 1:1:30 HF: H2O2: H2O
for 15 s. The details of the growth procedures can be fo
elsewhere.26–30

The double crystal x-ray diffraction~DCXRD! technique
was used to measure the perpendicular lattice spacinga' of
the epitaxial film and also the quality of the film. The ep
taxial GaAs/Ge heterointerfaces were prepared by Ar1 ion
thinning for cross-sectional observations. Cross-sectio
electron microscopy investigations were performed usin
Hitachi H-9000 UHR ultrahigh resolution transmission ele
tron microscope operated at 300 kV to characterize the in
face quality and the nature of the defects. PL measurem
were carried out using a MIDAC Fourier transform P
~FTPL! system at a temperature of 4.2 K and 100 mW la
power for the determination of interface and surface rou
ness. The PL spectra were taken from the top surface an
close vicinity of the GaAs/Ge heterointerface for the obs
vation of the self-annihilation of APBs.

III. RESULTS AND DISCUSSION

A. Cross-sectional TEM observation of the GaAs ÕGe
heterointerface

The epitaxial films were investigated using TEM to r
veal the characteristics of misfit dislocations~MDs! and
other crystalline defects. In general, the dominant crystal
defects observed in the GaAs epifilm grown on Ge
MOVPE are APDs and dislocations~either misfit, threading,
or both!. Figure 1 shows the cross-sectional high-resolut
TEM image of the GaAs/Ge heterointerface, grown using
As prelayer. From Fig. 1 it is seen that there are ma
threading dislocation groups and few APDs at the hetero

FIG. 1. @110# TEM cross-sectional micrograph of the GaAs/Ge hete
interface grown at 700 °C and a growth rate of 3mm/h with a V/III ratio of
88.20.
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erface, and that they extended to the top surface of the G
film, similar to what has been observed by seve
authors.4,6,31–33Ideally, APDs should not be observed in th
presently investigated film due to the off-orientation of t
substrate.2,4,34 Besides causing enhanced impurity diffusio
threading lines can also cause partial short circuiting ofp-n
junctions and degrade the optical and electrical propertie
the epilayer.35 Such threading lines can be overcome by
troducing an additional strain field due to the presence
strained layer superlattices between the GaAs base and
Ge substrate. This strain field and the thread line will inter
with each other during the epitaxial growth process, and
strain field in the epilayer can be used to bend the disloca
line.35–37 One approach is to bend the thread line towa
another thread so that they annihilate each other. Ano
approach is to bend the thread line away from the surf
towards the edge and parallel to the growth plane so that
thread line does not reach the surface at all.

Figure 2 shows a TEM cross-sectional micrograph o
GaAs/Ge heterointerface grown at 700 °C using a V/III ra
of 29.40 and a growth rate of 12mm/h. From Fig. 2 it is seen
that the interface between the GaAs epilayer and the Ge
strate is not sharp and in addition to MDs, threading dis
cations and APDs are observed, which has been reporte
several authors.18,34Defects that propagate from the interfa
to the top of the layer likely originate during the early stag
of the epitaxial growth. Generally, the MDs are seen at
heterointerface if the film thickness is greater than the criti
thickness (290 nm,tc,450 nm!.38 Franzosi et al.32 ob-
served that the epilayer crystal quality is strongly affected
the growth rate; layers grown at low growth rate~1 mm/h!
exhibit planar defects, which are not found to be presen
films grown at high deposition rates~10 mm/h!. It has been
recently argued that lattice mismatch plays only a minor r
in the formation of planar defects such as twins and stack
faults.39,40

Figure 3 shows a TEM cross-sectional image of Ga
on Ge grown at a V/III ratio of 88.20, using a growth rate
6 mm/h and a growth temperature of 700 °C. It was fou
from this TEM photograph that the APB density decrea
with distance from the GaAs/Ge interface. The reason is
the starting part of the APBs is inclined. Hence the proba

- FIG. 2. @110# TEM cross-sectional micrograph of the GaAs/Ge hete
interface grown at 700 °C and a growth rate of 12mm/h with a V/III ratio of
29.40.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ity that two adjacent inclined APBs tend towards each ot
is high, and they self-annihilate. Thus most of the AP
disappear within a short distance from the interface. It c
also be seen from this figure that for the layer grown un
these conditions, the defects~mainly APDs! are confined to
within 130 nm within the GaAs/Ge interface, and they do n
propagate to the top surface of the film. The annihilation
APBs that have not been paired off near the interface is
probable because~i! they are no longer in close proximity t
each other and~ii ! they straighten up as they grow awa
from the interface. They become vertical beyond 130
from the interface~Fig. 3!. Similar observations have bee
made by Gueltonet al.16 in the GaAs/Ge system grown b
close-spaced vapor transport, by Lazzariniet al.13 in
GaAs/Ge grown by MOVPE, and by Kohet al.17 in GaAs/
Ge/GaAs grown by MBE. The APBs annihilate each oth
during the thick GaAs epitaxial layer growth. The emergen
of APBs gives rise to typical surfaces whose roughness
pends on the density of emerging APBs. If the thread
dislocations are oriented 60 ° with respect to the substrat
is very difficult to bend the thread towards the substrate
the strain field is very high, then the APDs will not propaga
to the top surface, but rather will remain confined to the n
vicinity of the GaAs/Ge heterointerface. These dislocatio
are harmful and called type II dislocations; they can be c
verted into benign type I dislocations after prop
annealing.35

Nucleation of GaAs directly on the Ge surface~without
any epitaxial Ge growth! typically resulted in high defec
densities in the GaAs epilayer due to the uncontrolled ini
surface.41 Ringel et al.41 have found that a Ge epitaxial film
annealed above 640 °C for;20 min, coupled with a large 6
off-cut, results in double stepped Ge surfaces, which gre
suppressed APD formation.34 They also pointed out that th
growth on Ge surfaces, which were not sufficiently annea
typically showed high APD densities. The substrate tempe
ture during the initial 100 nm GaAs growth was very critica
Growth at too low a temperature resulted in an excess of
point defects, which enhance the nucleation loops. Th
loops expanded during the subsequent high tempera
GaAs growth, which generated high threading dislocat
densities in the thick GaAs film.31 On the other hand, growth

FIG. 3. @110# TEM cross-sectional micrograph of the GaAs/Ge hete
interface grown at 700 °C and a growth rate of 6mm/h with a V/III ratio of
88.20.
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at higher temperatures and low growth rates may result in
formation of an unwantedp-n junction due to simultaneou
indiffusion of Ga and As into the Ge substrate, which in tu
reduces the solar cell efficiency.42 Chenet al.43 studied the
effect of growth temperature on the surface morphology
GaAs epitaxial layers on 2° and 6° off-cut Ge~001! sub-
strates. They pointed out that the surface morphology of
layers grown at higher temperature~730 °C! was rough re-
gardless of what the initial layer growth temperature w
The transition of APD-free→APDs→APD-free film with in-
creasing growth temperature has already been observed
perimentally by Fischeret al.8 in MBE grown GaAs on Si
substrates. Liet al.6 pointed out that such a transition tem
perature should depend on other parameters as well, suc
the substrate misorientation angle and the growth rate in
case of MOVPE growth of GaAs on Ge substrates. We a
believe that the initial growth temperature, growth rate, a
the substrate off-orientation play an important role in achi
ing APD-free GaAs on Ge substrates using the LPMOV
growth process.26,44,45

Figure 4 shows a cross-sectional TEM image of
sample grown at 675 °C using a V/III ratio of 88.20 and
growth rate of 3mm/h. It can be seen from this figure that th
GaAs/Ge interface is extremely abrupt, apart from the mi
dislocations. There are no threading dislocations or AP
present inside the film. This is due to the annihilation of t
APBs, and thus the proper selection of the growth para
eters. The selective area electron diffraction pattern~SAED!
from the film and the substrate is shown in Fig. 5. It consi
of strong spots, which indicates that both the film and
substrate are single crystalline.

B. Observation of surface morphology by SEM
studies

The annihilation of APBs during epitaxial growth i
shown clearly by observing the surface morphology by SE
after depositing a thick 3mm GaAs epitaxial layer. Figure 6
shows the surface morphology of a GaAs epitaxial layer o
Ge substrate. It is seen from Fig. 6 that the surface is w
and that the APDs, which appear on the initial surface,
completely suppressed during the growth of the thick Ga
layer, this is similar to what is described by Li and Giling.12

- FIG. 4. @110# TEM cross-sectional micrograph of the GaAs/Ge hete
interface grown at 675 °C and a growth rate of 3mm/h with a V/III ratio of
88.20.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The self-annihilation of APBs occurs by the rearrangem
of randomly oriented APBs into ordered APBs, which lie
$011% planes, followed by the propagation of APBs along t
$011% planes@which have an angle of 45° with the~001!
surface# until they completely annihilate at their interse
tions. The initial APD density at the GaAs/Ge heteroint
face can be expected to increase as the substrate
orientation angle is increased. Thus self-annihilation
APBs near the GaAs/Ge interface should occur at high
cut as a result of the increased probability that neighbor
APBs will find one another and form small closed domai

In the limit of vicinal ~001! substrates, however, th
spacing between adjacent APDs is expected to be quite la
so that self-annihilation near the interface and thus sin
domain growth become far less likely.31 The film surface
was rough due to the presence of APBs inside the G
epitaxial layer as determined by atomic force microsco
~AFM!, and Xuet al.46 have made a similar observation. Th
films grown at high temperatures showed a large numbe
APBs, and the surfaces were rough.45 The initial temperature
is very critical for the MOVPE growth of APD-free GaAs o
Ge substrates. Either the film surface or the close vicinity
the GaAs/Ge heterointerface will be rough, depending on
initial temperature of the GaAs growth. This can be co
firmed after observing the PL spectra originating from t
top surface and the immediate vicinity of the GaAs/Ge h
erointerface. Li and Giling12 studied the self-annihilation o
APBs after observing differential interference contrast m

FIG. 5. Selective area electron pattern from~a! epi-GaAs film and~b! ~100!
Ge substrate.

FIG. 6. SEM micrograph of a typical GaAs surface on Ge substrate. S
micrograph demonstrating the self-annihilation of APBs.
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croscopy~DICM! micrographs of both the as-grown GaA
film as well as micrographs from deeper in the film. T
latter was achieved by sequential etching plus mec
nochemical polishing of the GaAs on Ge~100!. They found
that the APBs annihilate each other after growing of the
mm thick GaAs layer.

C. Double crystal x-ray diffraction study of GaAs
layers

1. Effect of growth temperature on x-ray rocking
curves

X-ray rocking curves of undoped and Si-doped GaAs/
epitaxial layers were examined using DCXRD. The CuKa1

radiation was used as a source of x-rays. Figures 7~a! and
M

FIG. 7. DCXRD rocking curves from the~400! Bragg lines of GaAs epi-
taxial films grown at two different temperatures~a! 600 °C and~b! 675 °C
on Ge substrates.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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7~b! show typical DCXRD rocking curves from the~400!
Bragg lines of GaAs epitaxial films grown at two differe
temperatures on Ge substrates. In both cases, the epit
layer thickness is larger than the critical layer thickness. T
average separation between the Ge substrate peak an
GaAs epitaxial layer peak in these two cases is about
and 200–220 s. The angular separationDu between the~400!
diffraction peaks of GaAs and Ge resulting from the diffe
ence in lattice plane spacingDd/d, along with their diffrac-
tion line profiles, provided information about the microstru
tural quality of the GaAs films. The location of the pea
associated with the epitaxial layer relative to the substrate
our case, indicates that the Bragg angle of the epitaxial la
has increased and therefore the lattice is contracted. From
figure, one can see that the full width at half maximu
~FWHM! of the GaAs epitaxial film peak decreases w
increasing growth temperature and this confirms the s
annihilation of APBs. The FWHM of the Ge substrate pe
affects with the increasing growth temperature. The narro
ness of the FWHM of the GaAs epitaxial film peak indicat
that the microstructural quality of the film is good.

2. Effect of Si doping on x-ray rocking curves

Figures 8~a! and 8~b! show the DCXRD rocking curve
of GaAs epitaxial films grown at 650 °C on Ge substrates
different SiH4 mole fractions. From this figure, it can be se
that the FWHM of the GaAs epitaxial film increases due
the Si doping and that this also affects the FWHM of the
substrate, although the film is grown at a relatively lo
growth temperature. The Si doping in the GaAs on the
substrate may create strain that could affect the film prop
ties. However, this is only possible in the Si-doping conc
tration range of 1018 to 1019cm23.47 Therefore the strain~as-
sumed to be generated by growth temperature only! reduces
or increases the interface roughness, due to the annihila
or generation of APBs, depending on the initial growth te
peratures. Films grown at either 700 °C or higher show rou
surfaces,45 as observed by AFM; this may be due to APB
propagating from the near vicinity of the GaAs/Ge heteroi
erface to the top surface of the film during the growth p
cess. Therefore the annihilation or the generation of
APBs with growth temperature is an important issue. T
may be further confirmed by observing the optical proper
of the films near the GaAs/Ge heterointerface and the
surface of the GaAs epitaxial films. Table I shows t
FWHM of the GaAs epitaxial layers on Ge substrates, a
the surface and the interface roughness correlated
growth temperature.

D. Low temperature photoluminescence studies

Prior to the growth of Si-doped GaAs on Ge, undop
GaAs on Ge~;2 mm! was grown in order to check the G
outdiffusion into the film. Figure 9 shows one of the P
spectrums of an undoped GaAs epitaxial film on a Ge s
strate. From this figure it is seen that the film has only o
peak at 1.5125 eV corresponding to the acceptor bound
citon; it has a FWHM of 10.3 meV. This PL spectrum su
gests that Ge outdiffusion from the substrate is negligible
Downloaded 14 Sep 2001 to 164.107.162.248. Redistribution subject to 
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Ge outdiffusion~the Ge binding energy in GaAs is 43 meV!
is present inside the GaAs epitaxial films, one should
serve the peak at 1.474 eV in a low temperature PL meas
ment. Since there is no peak at 1.474 eV under our pre
growth conditions, we may assume that there is insignific
outdiffusion of Ge into the GaAs film and hence that the fi
is of high quality.

The above results confined the optical quality of the fi
near the surface. In order to further confirm insignificant o
diffusion of Ge from the substrate into the GaAs epitax
film, PL spectra were taken after etching off about 1.3mm of
the GaAs epitaxial layer using an electrochemic
capacitance–voltage~ECV! profiler. A typical PL spectrum
of the GaAs epitaxial layer after etching is shown in Fig.
From this figure it is seen that the peak appears at 1.516

FIG. 8. DCXRD rocking curves from the~400! Bragg lines of GaAs epi-
taxial films grown at two different SiH4 mole fractions~a! 5.1831027 and
~b! 5.7931027 on Ge substrates.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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which corresponds to a free exciton in the GaAs epitax
film, and confirms that the film is of high quality. Befor
etching the film, the PL peak was found at 1.5125 eV, wh
is an exciton bound-to-acceptor. The peak at 1.474 eV
not observed even at a distance greater than 1.3mm below
the top surface. The small shift in the peak~1.5125 eV! may
be attributed to possible Ge outdiffusion into the immedi
vicinity of the GaAs film. This results in an increase in ca
rier concentration and a shift in the PL peak.

The PL spectra of Si-doped GaAs epitaxial films on
substrates before and after etching are shown in Fig. 1
can be seen from this figure that under the process condit
specified in the figure, we did not observe any significant
outdiffusion from the substrate into the epilayer. If Ge o
diffuses into the epilayer, the electron concentration sho

TABLE I. The FWHM, surface and interface roughness with the grow
temperatures of GaAs epilayer on Ge substrate. The↑ indicate increases and
↓ indicates decreases.

DCXRD results

Growth temperature~°C! FWHM of GaAs layer~s! @SiH4#

600 50.8 5.1831027

625 50.5 5.1831027

650 47.3 5.1831027

675 45.5 5.1831027

LTPL results

Growth
temperature~°C!

Surface
roughness

Interface
roughness

SiH4

mole fraction

625 ↓ ↑
625 ↓ ↓ 5.1831027

650 ↑ ↓ 5.1831027

700 ↑ ↓ 5.1831027

FIG. 9. 4.2 K PL spectra of undoped GaAs on Ge~a! at the surface~dotted
line! and~b! at a depth of 1.3mm ~solid surface! from the top surface. The
thickness of the films was 2mm.
Downloaded 14 Sep 2001 to 164.107.162.248. Redistribution subject to 
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increase due to the fact that Ge is ann-type dopant in GaAs28

under the epitaxial growth conditions used in these exp
ments. The increase in electron concentration leads to a
in the PL main peak towards a higher energy, due to
Burstein–Moss effect.48 However, the outdiffusion of Ge o
about 230 nm inside the GaAs epitaxial film28 in the close
vicinity of the GaAs/Ge heterointerface was noticed by s
ondary ion mass spectroscopy~SIMS!. The peak at 1.4864
eV is due to the two-hole transition of an exciton bound
neutral Si donors.49

We have seen from the literature and also from o
work45 that the films grown at higher temperatures show
large number of APBs, which propagate to the top surface
the films. Figures 11 and 12 show the PL spectra of the fi
grown at higher temperatures;~a! and ~b! indicate on both
the figures obtained from the top show spectra obtained f
the top surface and the close vicinity of the GaAs/Ge hete
interface, respectively. It can be seen from both of the figu
that the top surfaces of both of the films were very rough d
to the higher noise level present, and that the intensity of
PL peak was lower as compared with the intensity from
interface region. This clearly indicates the propagation
APBs to the top surface of the films, which makes the fi
surface appear very rough. On the other hand, one can
from Figs. 9 and 10 that the PL spectrum taken below
surface shows more noise as compared to the top sur
spectrum, and also that the PL peak intensity was much
compared to that taken at the top surface. This analysis
us that near the heterointerface~'0.1 mm from the Ge sur-
face! the GaAs film was rough when compared to the t
surface. This may be due to a higher density of APBs wit
the first few nm of the epilayer, which annihilate each oth
after the growth of a thick GaAs layer. This has been pre
ously described by Li and coworkers.5,6,12 Therefore we can

FIG. 10. 4.2 K PL spectra of Si-doped GaAs on Ge~a! at the surface~solid
surface! and~b! at a depth of 0.8mm ~dotted line! from the top surface. The
thickness of the films was 1mm.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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conclude that the initial temperature of the MOVPE grow
of GaAs on Ge substrate is critical. More APBs appear n
the interface at low growth temperatures, which annihilate
higher growth temperatures. Further, more APBs are pre
at the top surface at higher growth temperatures.

IV. CONCLUSIONS

Undoped and Si-doped GaAs epitaxial layers w
grown by the LPMOVPE growth on 6° Ge substrates te

FIG. 11. 4.2 K PL spectra of Si-doped GaAs on Ge~a! at the surface~solid
surface! and~b! at a depth of 0.8mm ~dotted line! from the top surface. The
thickness of the films was 1mm and the growth temperature was 650 °C

FIG. 12. 4.2 K PL spectra of Si-doped GaAs on Ge~a! at the surface~solid
surface! and~b! at a depth of 0.8mm ~dotted line! from the top surface. The
thickness of the films was 1mm and the growth temperature was 700 °C
Downloaded 14 Sep 2001 to 164.107.162.248. Redistribution subject to 
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nique and were studied by several characterization te
niques. Cross-sectional TEM studies showed that APD-f
GaAs growth on Ge was possible if the growth paramet
were properly selected. The APBs annihilate each other a
a thick layer of GaAs growth on Ge substrates, as obser
by SEM. DCXRD data showed slightly compressed GaAs
Ge, and the FWHM of the GaAs epilayer decreases w
increasing growth temperatures. This confirms that the AP
annihilate inside the GaAs epitaxial films. LTPL measu
ments further confirmed the self-annihilation of the APBs
the low temperature growth regime and the generation
APBs at higher growth temperatures.
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