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Photoluminescence studies on Si-doped GaAs/Ge
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Photoluminescence~PL! spectroscopy has been used to study the silicon incorporation in polar
GaAs on nonpolar Ge substrates. Shifts of PL spectra towards higher energy with growth
temperature, trimethylgallium~TMGa! and arsine (AsH3) mole fractions were observed. The full
width at half maximum increases with increasing growth temperature, AsH3 and TMGa mole
fractions. The peak at 1.49 eV has been attributed to band-to-acceptor transition involving residual
carbon. The PL peak energy shifts towards higher energy with increasing growth temperature due
to the increase in electron concentration. A vacancy control model may explain the PL shift towards
higher energy with increasing AsH3 mole fraction. The PL peak shifts towards higher energy with
increasing TMGa mole fraction. The experimental results about the growth temperature,
trimethylgallium, and arsine mole fractions on silicon-doped GaAs on GaAs were presented for
comparison. The outdiffusion of Ge into the GaAs epitaxial layer was hardly to be seen from the
secondary ion mass spectroscopy result. ©1998 American Institute of Physics.
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I. INTRODUCTION

GaAs/Ge epitaxial heterostructures~HSs! have received
much attention as starting materials for the fabrication
photovoltaic devices1–6 and the potential application in elec
tronic and optoelectronic devices.7–9 The high hole mobility
of Ge, as well as its narrow band gap make the GaAs
heterojunction suitable for the fabrication ofp-channel field-
effect transistors, phototransistors, and quantum confinem
devices.9,10 Owing to its high mechanical strength, Ge is
optimized substrate material in terms of the power-to-wei
ratio for high efficiency GaAs/Ge photovoltaic devices.11,12

As large-area, minority-carrier devices, III–V/Ge cells a
extremely sensitive to defects. Thus, elimination of antiph
domains~APDs!, which are characteristics of the polar-o
nonpolar epitaxy, and suppression of large-scale interdi
sion across the GaAs/Ge heterointerface remain as key c
lenges for increased yield, reliability, and performance.

The Si-doped GaAs on Ge, i.e., polar-on-nonpolar s
strates by metal–organic vapor-phase epitaxy~MOVPE! is
an important issue of the optical and electrical properties
only from a fundamental understanding but also for the
vice applications, such as the buffer and base layer of s
photovoltaic devices. The deposition of GaAs on Ge ba
cally has the same problems as the epitaxial growth of lay
with different lattice constants~e.g., InGaAs on InP!.11 How-
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ever, in this case, there are two other problems to be tack
i.e., the creation of APDs between the polar GaAs and
nonpolar Ge,13–21 and the interdiffusion of Ga, As, and G
across the semiconductor interface.15,22–24The surface prepa
ration seems to be the most critical parameter that affects
quality of the growth morphology. To avoid the formation
APDs, harmful to photovoltaic performance as they redu
the short-circuit current, misoriented substrates were use
further optimization of the GaAs growth conditions on Ge
needed for the reduction of the element interdiffusion acr
the GaAs/Ge interface. The main problem is to reduce the
diffusion into the Ge substrate to avoid the formation of
unwantedp–n junction that could affect the performance
the GaAs/Ge solar photovoltaic devices.6 Suppression of
these APDs is the major obstacle to the realization of dev
quality GaAs/Ge structures. The lattice constant and the t
mal expansion coefficient of Ge are very close to those
GaAs layer growth on a Ge substrate, giving the essen
knowledge about the suppression of this antiphase disor
With the advancement of molecular beam epitaxy~MBE!,
Ge was successfully grown on GaAs.25 The reverse~GaAs/
Ge!, although it had device applications,24,26,27proved much
more difficult. Attempts to grow Ge/GaAs superlattices
MBE have shown that GaAs grows in islands on~100! Ge
resulting in APD.28 GaAs grown on~100! Ge by vapor-phase
epitaxy ~VPE!, also shows APDs.18 A detailed study of the
optimal growth conditions for APDs-free GaAs growth o
Ge by metal–organic chemical-vapor deposition~MOCVD!
has recently been reported by Li and co-workers.13,14 They
il:
4 © 1998 American Institute of Physics
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find that a combination of a large substrate offcut toward
in-plane ^110& coupled with a high substrate temperatu
~;650 °C or higher!, relatively low growth rate~below 2mm/
hr!, and a high As/Ga ratio~;60:1! are the requirements fo
APD-free MOCVD GaAs.14 No electrical doping measure
ment were done on these films, but evidence for massive
outdiffusion into GaAs grown on Ge by MOCVD at hig
growth temperatures and low growth rates has been pr
ously reported,15 with the Ge outdiffusion being sufficient t
produce a Burstein–Moss~bandfilling! shift in the room-
temperature photoluminescence~PL! spectra of thick layers
and to affect the x-ray rocking curves of thin layers. Sin
Ge diffusion into GaAs occurs via Ga vacancies15 and the Ga
vacancy population will increase with increasing V/III rat
and with decreasing growth rate~i.e., lower Ga flow!, it ap-
pears that the conditions for APD suppression identified
Li and co-workers13,14 are likely to result in significant Ge
outdiffusion, and further work is required to identif
MOCVD growth conditions which simultaneously produ
APD suppression and chemically sharp interfaces. The
MOCVD material13,14 has been grown using initial arsin
exposure. In contrast, it has been reported that when u
gas-source MBE~cracked arsine and a Ga effusion furnac!
a Ga prelayer is required to obtain good GaAs material o
thick Ge film grown on a Si substrate.29–31Mizuguchiet al.21

reported that the use of off-orientated~100! Ge substrates is
essential for the successful growth of single-domain Ga
epitaxial layers on Ge~100! by MOCVD. They found that
the GaAs layers on 2° off~100! Ge substrates are of hig
quality by using x-ray rocking curves and 4.2 K photolum
nescence measurement. Timoet al.15 used the Ge crystal 6
off ~100! toward @110# for GaAs growth by low-pressure
metal–organic vapor-phase epitaxy~LP-MOVPE! because
vicinal substrates are, indeed, known to avoid APDs form
tion and to reduce threading dislocation generation.16,32Most
recently, Timoet al.33 used Ge substrates whose orientat
was ~100! 9° off towards@111# for AlGaAs/GaAs/Ge solar
cells by LP-MOVPE. Several groups have used~100! sub-
strates misoriented towards@01̄1# to grow GaAs, which is
free of APDs.17,21 Lazzarini et al.19 used n-type Ge sub-
strates, with a miscut angle ranging from 0° to 4° off~001!
towards@111# for single-crystal GaAs epitaxial layers by th
atmospheric MOVPE technique. They found that 3° miso
entation of the substrate is effective in suppressing the
mation of APDs, but only in optimized growth condition
Few reports15,33,34on Si-doped GaAs on Ge are available f
indirect information on the interdiffusion phenomena by P
investigations. Therefore, the selection of off-oriented
substrates for the deposition of GaAs epitaxial layers by
MOVPE is still controversial. There is no unique rule f
optimal offset in the orientation of Ge substrates which co
be used to suppress the APDs during the MOVPE growth
GaAs. The aim of this work is the detailed study of t
growth temperature, V/III ratio, and growth rate effects
the Si-doped GaAs on Ge by photoluminescence spec
copy for photovoltaic application, and these results are co
pared with Si-doped GaAs on GaAs substrates. The st
leads to establishment of optimum growth conditions, wh
reproducibly generate GaAs films on Ge that are assume
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be APDs free and which limit outdiffused Ge concentrati
of the GaAs/Ge heterointerface. The electron concentra
increases with increasing growth temperatures, AsH3, and
TMGa mole fractions on Ge substrates, where the elec
concentration increases with increasing growth tempera
and decreases with increasing AsH3 and TMGa mole frac-
tions on GaAs substrates. A vacancy control model w
found to be consistent with our AsH3 variation on Ge sub-
strates and TMGa variation on GaAs substrates. Finally, s
ondary ion mass spectroscopy~SIMS! results indicated
nearly no or minimum Ge outdiffusion into GaAs epitaxi
layers.

II. EXPERIMENT

Si-dopedn-type GaAs were grown in each run in a low
pressure horizontal metal–organic vapor-phase epitaxy r
tor on both Sb-dopedn1-Ge ~100! 6° off orientation towards
the@110# direction and Cr-doped semi-insulating GaAs~100!
substrates with an offset by 2° towards the@110# direction.
The source materials were trimethylgallium~TMGa!, ~100%!
arsine (AsH3), ~104 ppm! silane (SiH4) as ann-type dopant,
and palladium purified H2 as a carrier gas. During th
growth, the pressure inside the reactor was kept at 100 T
and the growth temperature was varied from 600 °C
675 °C. The TMGa and AsH3 flow rate was varied from 5 to
15 SCCM and 30 to 100 SCCM, respectively. The total flo
rate was about 2 SLPM. Prior to growth, the Ge substra
were degreased with organic solvents, then etched in 1
1H2O2:30H2O for 15 s according to the specification give
by the Ge substrate supplier, Laser Diode Inc.

PL measurements were carried out using a MIDAC Fo
rier transform PL~FTPL! system at a temperature of 4.2
and 100 mW laser power. An argon ion laser operating a
wavelength of 5145 Å was used as a source of excitat
The exposed area was about 3 mm2. A PL signal was de-
tected by a LN2-cooled Ge photodetector whose operati
range is about 0.75–1.9 eV, while resolution was kept
about 0.5 meV. The doping concentrations were determi
by using a Bio-Rad electrochemical capacitance volta
~ECV! polaron profiler. The interdiffusion near the heteroin
erface was investigated by secondary ion mass spectrosc
A Cs1 ion was used as a primary ion with an accelerat
energy of 10 keV.

III. RESULTS AND DISCUSSION

A. Effect of growth temperature on
photoluminescence

Figure 1 shows the 4.2 K PL spectra obtained from
Si-doped GaAs epilayers on Ge substrates grown at diffe
growth temperatures. The curves were intentionally off
along they axis with respect to each other for better clarit
The same procedure was used for all other PL spectra in
paper. When the electron concentration is relatively low,
spectrum becomes symmetric, while higher electron conc
trations lead to asymmetric spectra. The Si doping broad
the excitonic emission until it becomes a wide band-to-ba
~B–B! luminescence. The peak at 1.49 eV has been att
uted to band-to-acceptor~B–A! transitions involving re-
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sidual carbon~C! impurities present in MOVPE GaAs.35 The
energy separation between the B–A peak and the B–B p
~band gap of GaAs at 4.2 K is 1.5194 eV! is consistent with
typical acceptor ionization energies such as that of CEa

;26.4 meV),36 which is ap-type dopant in MOVPE. These
B–A transitions are observed at growth temperatu
<600 °C and decreases with increasing growth temperatu
From Fig. 1, it is seen that beyond the growth temperatu
625 °C in our case, only one broad emission band is fou
and the peak maximum of the dominant emissionEmax is
shifted monotonically towards higher energy with increas
free-carrier concentration. According to Burstein a
Moss,37 this shift results from the filling of the conductio
band. The Burstein–Moss shift is more pronounced inn-type
GaAs thanp-type material because of the lower density
states at the bottom of the conduction band. The spec
shape of the main emission peak becomes strongly asym
ric having a steep slope on the high-energy side an
smooth slope on the low-energy side of the spectra.
asymmetry in the spectra of Fig. 1 at growth temperat
.600 °C strongly indicates that indirect~without k selection!
B–B or B–A transitions dominate the emission across
gap. The full width at half maximum~FWHM! of the B–B
peak at 4.2 K of PL spectra increases with increasing gro
temperatures. The electron concentration increases with
creasing growth temperature on GaAs substrates, as ca
seen from the Fig. 2. But the relative increase in PL pe
energy is higher on GaAs substrates than on Ge substr
The increase in PL peak shift towards higher energy co
sponds to the increase in electron concentrations. The e
tron concentrations measured by an electrochemical cap
tance voltage~ECV! profiler are mentioned in both th

FIG. 1. Photoluminescence spectra of Si-doped GaAs epilayers grown u
various growth temperatures on Ge substrates. The corresponding ele
concentrations are:~a! 831016 cm23, ~b! 1.731017 cm23, ~c! 2.3
31017 cm23, and~d! 5.731017 cm23.
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figures for a better understanding of the growth process
Ge substrates. These features can be explained by assu
that the Burstein–Moss phenomenon is effective in
present layers and that the Si-doping efficiency in GaAs
GaAs substrates is higher than Si doping in GaAs on
substrates. A different level of Si incorporation in the Ga
on GaAs than Ge can be ruled out since the samples w
grown at the same SiH4 partial pressure. The role of G
diffusion from the substrate into the epilayer is also ruled
because the Ge diffusion into the epilayer should increase
electron concentration. Masselinket al.27 reported the first
successful growth of GaAs and AlGaAs/GaAs superlatti
on ~100! Ge substrates. They performed photoluminesce
measurements at 2 K on theAlGaAs/GaAs superlattices an
on the GaAs bulk layers grown on~100! Ge. In all cases, the
luminescence intensity was comparable to that of sim
structures grown on GaAs, this suggests that there were
~if any! additional nonradiative centers or deep traps in
case of bulk GaAs grown on~100! Ge, the dominant photo
luminescence feature is a single peak whose maximum
between 1.477 and 1.473 eV depending on the excita
intensity. This luminescence is due to thee-GeAs

o and
GeGa

o -GeAs
o ~free-electron-to-acceptor and donor-to-accept!

transitions involving Ge from the substrate, and has a p
non replica at 1.437 eV. This would indicate a Ge bindi
energy in GaAs of 43 meV. They also observed the lumin
cence from the recombination of bound excitons at 1.511
Mizuguchi et al.21 studied GaAs layers on~100! 2° off to-
wards the@011# direction Ge and Si substrates by 4 K PL
measurements. This PL has three bands, which are at 1

er
ron

FIG. 2. Photoluminescence spectra of Si-doped GaAs epilayers grown u
various growth temperatures on GaAs substrates. The corresponding
tron concentrations are:~a! 1.331017 cm23, ~b! 2.4531017 cm23, ~c! 3.64
31017 cm23, and~d! 6.6531017 cm23.
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eV corresponding to the acceptor-bound exciton, at 1.492
corresponding to the carbon acceptor band, and at 1.456
corresponding to the phonon replicate of the carbon acce
band. The FWHM for the luminescence from excitons of t
GaAs layer on 2° off~100! Ge is 7 meV, sharper than that o
the GaAs layer on exactly~100! Ge, namely, 8.5 meV
Therefore, it is confirmed that the GaAs layer on 2° off~100!
Ge is of higher quality than that on the exactly~100! Ge
substrate.

Before the intentional Si-doped GaAs on Ge growth, u
doped GaAs on Ge~;2 mm! were grown in order to check
the Ge outdiffusion into the film. Figure 3 shows the P
spectrum of one of the GaAs layer on 6° off~100! toward the
@110# Ge substrate. This PL has only one peak at 1.5115
corresponding to the acceptor-bound exciton which ha
FWHM of 10.3 meV and at 1.4749 eV corresponding to t
phonon replicate of the acceptor bound exciton band. T
PL spectrum suggests that there is no Ge outdiffusion fr
the substrate, which is observed by Fischeret al.9 in the
MBE growth process. Timoet al.,15 however, observed a
massive diffusion of Ge into the epilayer by PL measurem
in the low growth rate~2 mm/h! of the MOCVD process. The
possible explanation for the increase in electron concen
tion in GaAs grown on GaAs substrates rather than Ge s
strates in our case is the catalyzed pyrolysis of SiH4 by the
presence of a GaAs surface, while the polar and nonp
nature of the substrates may cause the influence of sil
incorporation. The difference in electron concentration b
on Ge and GaAs substrates could be the traps in the G
epilayer due to the defects originating from the heteroe
axy. GaAs can be grown epitaxially on Ge in two equivale
orientations corresponding to an exchange of Ga and
sublattices.38 Domains of differing orientation are separat
by an antiphase boundary~APB!. Since GaAs is a polar ma
terial, the APBs have a net charge and are expected to a

FIG. 3. Photoluminescence of undoped GaAs on Ge substrates.
V
eV
or
e

-

V
a

is
m

t

a-
b-

ar
n

h
As
t-
t
s

as

scattering centers.38,39Antiphase boundaries in GaAs conta
Ga–Ga and As–As bonds. Such bonds represent electric
charged defects, which may trap electrons.38 This explana-
tion becomes less likely at higher electron concentrati
due to the required very high trap concentrations. S
et al.20 observed identical Si-doping efficiencies on bo
GaAs and Ge substrates at least at low doping levels
31015 cm23) grown by the solid-source MBE technique. I
addition, they also suggested that for MBE films, Ge outd
fusion into GaAs is an unlikely cause of the reduced app
ent Si-doping efficiency, since Ge usually producesn-type
doping in GaAs.

The full width at half maximum,DE(T) of the B–B
peak at 4.2 K of the PL spectra increases with increas
electron concentrations in both cases~Fig. 4!. But the rela-
tive increase in FWHM is more in the case of the Ge su
strates than the GaAs substrates. This increase in FWHM
Ge substrates should imply an increase in electron con
tration. Less electron concentration was found on the
substrates than the GaAs substrates. The FWHM rela
with the electron concentration is an essential tool for
determination of electron concentration in Si-doped GaAs
both Ge and GaAs substrates.

B. Effect of AsH 3 variation on photoluminescence

To observe the effect of the V/III ratio on the optic
properties of Si-doped GaAs on Ge, PL measurements w
carried out at 4.2 K specifically on those samples grown
different AsH3 flow rates. Figure 5 shows the PL spectra
Si-doped GaAs for fixed TMGa and SiH4 mole fractions.
The three curves represent three different AsH3 flow rates. It
is seen from Fig. 5 that the PL main peak energy shifted
higher photon energies with increasing AsH3 mole fractions.
In general, the formation of a GaAs epitaxial layer may
expressed as

~CH3!31AsH3⇒GaAs13CH4, ~1!

and can be considered as a general equation during
growth of undoped GaAs. This ignores the possible prese
of vacancies created during the growth. In addition, it
worth mentioning that the formation of GaAs is a very com
plex process and involves up to 17 gas-phase reaction40

FIG. 4. FWHM of 4.2 K PL vs growth temperatures.
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The vacancies consideration in the lead reaction beco
significant during the process of doping incorporatio
whether Zn forp type or Si forn-type doping. A vacancy-
controlled model41–43may be considered to explain such b
havior. In the TMGa–AsH3 system, the leading reaction t
the formation of GaAs can be expressed as

~CH3!3Ga13
2H21VGa⇔

K1

GaGa13CH4 ~2!

AsH31VAs⇔
K2

AsAs1
3
2H2 , ~3!

whereK1 andK2 are the equilibrium constants of the abo
reactions, then

@VGa#

@VAs#
[

K2

K1

PCH4

3

PTMGa

PAsH3

PH2

3 . ~4!

Since Si as a donor is on the Ga sublattice, under e
librium its incorporation should be proportional to the co
centration of Ga vacancies,VGa.44 The doping reaction is

SiH41VGa→
K3

SiGa12H2. ~5!

From Eqs.~4! and ~5! one can write,

@SiGa#

@VAs#
[

K2K3

K1

PSiH4

PTMGa

PAsH3

PH2

5 PCH4

3 . ~6!

An increase inPAsH3
will increase in gallium vacancy

concentration, hence, the incorporation of Si on Ga site
increased. The electron concentration is, thus, increa
when the AsH3 mole fraction is increased, and hence, the
main peak is shifted towards the higher energy with incre
ing AsH3 mole fraction. According to Li and co-workers,13,14

the conditions for the suppression of APDs are either
increase in a higher V/III ratio or a lower growth rate~i.e.,

FIG. 5. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of A3

flow rate on Ge substrates.
es
,

i-

is
ed

s-

e

lower Ga flow!. Since Ge diffuses into GaAs via G
vacancies15 and the Ga vacancy population will increase w
increasing V/III ratio and with decreasing growth rate, t
Ge outdiffusion would be significant. This will be discuss
in the TMGa variation case. There is some evidence in
literature that cracked AsH3 can roughen the Ge surface, an
a roughened surface leads to APDs and perhaps high d
cation densities, which in turn may produce high trap den
ties and less electron concentration.45 However, we also
studied the optical properties of low-doped layers gro
with an increasing AsH3 mole fraction to check if there is an
amphoteric effect of Si on GaAs substrates. Figure 6 sho
the PL spectra of Si-doped GaAs for fixed TMGa, SiH4 mole
fractions. It is seen from Fig. 6 that the PL main peak ene
shifted to lower photon energies since the electron conc
tration decreases with increasing AsH3 mole fractions. The
electron concentration decreases with the increasing V/III
tio for a given TMGa mole fraction and growth temperatu
of Si-doped GaAs, which is the same as described by Bas44

According to the above model, as the AsH3 concentration is
increased, theVGa concentration increases, and therefore,
Si donor level should also increase. Conversely, as the A3

concentration decreases, the As vacancies should incr
and the Si as an acceptor should increase. The fact tha
reverse behavior takes place suggests that the incorpor
of Si is not controlled by the bulk thermodynamic properti
of the lattice but by the surface kinetics process; the As
pears to block the Si from the growing surface.44 But, we
found that for a fixed concentration of the SiH4 mole fraction
the electron concentration decreases with increasing A3

concentration. At a V/III ratio of 52.6, the growth-induce

FIG. 6. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of A3

flow rate on GaAs substrates.
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point defects at 1.5053 eV called the Ku¨nzel–Ploog defect
exciton was observed similar to that observed in MBE gro
GaAs as discussed by Ku¨nzel and Ploog.46 Even at this V/III
ratio, the conduction-band-to-acceptor~C–A! or donor-to-
acceptor~D–A! transition is not observed whereas it is fr
quently found at MOVPE grown GaAs. From these obser
tions and from Hall mobility data, the lightly doped laye
were not caused by the amphoteric nature of Si. On the o
hand, the peaks at 1.4967 eV and 1.4995 can influence
electrical properties of lightly doped layers. These peaks m
be attributed to Zn and C (2S), respectively. The peak i
asymmetric at a lower AsH3 mole fraction and becomes sym
metric at a higher AsH3 mole fraction.

C. Effect of TMGa variation on photoluminescence

To observe the effect of the TMGa mole fraction on t
optical properties of Si-doped GaAs, PL measurements w
carried out at 4.2 K specifically on those samples grown
different TMGa flow rates. Figure 7 shows the PL spectra
Si-doped GaAs for fixed AsH3 and SiH4 mole fractions. The
three curves represent three different TMGa flow rates. I
seen from Fig. 7 that the PL main peak energy shifted
higher photon energies with increasing TMGa mole fra
tions. However, a different observation was found in
doped GaAs on Cr-doped semi-insulating GaAs~100! sub-
strates. In this case, the PL main peak energy shifted
higher photon energy with decreasing TMGa flow rates~Fig.
8!, since the electron concentration decreases with increa
TMGa mole fractions. From Eq.~5! we found that the de-
crease inPTMGa will increase in Ga-vacancy concentratio
Since Si incorporates in the Ga site and gives ann type, the
electron concentration increases with decreasing TMGa fl

FIG. 7. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of TM
flow rate on Ge substrates. The TMGa mole fractions are:~a! 8.8831025,
~b! 1.7831024, and~c! 2.6831024.
n
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rates, and hence, the PL peak energy shifted to higher ph
energy. A possible explanation in the former case may be
increase in Ga interdiffusion in Ge with increasing TMG
i.e., increasing growth rate, and creates more Ga vacanci
the epitaxial film, and hence, Si incorporation increases
order to check the interdiffusion of Ga into Ge and as well
the Ge outdiffusion into GaAs films the secondary ion ma
spectroscopy technique was used. It is a powerful techni
for quantitative measurements of dopant and impurity lev
in semiconductors.47 The concentration of a particular ele
ment can be profiled through a layer using the dynam
SIMS technique. In this method, the mass spectral peak
tensity corresponding to a particular ion is monitored
function of time using a high sputtering rate. Figure 9 sho
depth profiles~'15 A°/s! of Ga, As, Ge, C, Si, and O atom
in the Si-doped GaAs on Ge, measured by SIMS for a TM
mole fraction of 1.7831024. All atoms were hardly interdif-
fused at the heterointerface of the GaAs–Ge~100! substrate.
The abrupt heterointerface in this film indicates almost
outdiffusion of Ge into the GaAs epifilm. Since there is n
outdiffusion of Ge into the GaAs epitaxial layer, the increa
in electron concentration with increasing AsH3 partial pres-
sure could be explained by the vacancy-controlled model.
increase in carrier concentration was also observed with
increasing TMGa mole fraction, which is in contradiction
that behavior observed in the case of the GaAs substra
More systematic data are felt to be necessary to explain s
behavior, which is in progress.

a

FIG. 8. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of TM
flow rate on GaAs substrates. The TMGa mole fractions are:~a! 2.68
31024, ~b! 1.7831024, and~c! 8.8831025.
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IV. CONCLUSIONS

Si-doped GaAs epitaxial layers grown by low-pressu
metal–organic vapor-phase epitaxy on Ge have been in
tigated by photoluminescence spectroscopy as a functio
growth temperature, AsH3, and TMGa mole fraction. The
B–B peak shifts to higher energy with increasing grow
temperature, i.e., increasing electron concentrations due
Burstein–Moss shift. Band–acceptor transitions involvi
residual C acceptors are the dominant recombination
cesses at growth temperatures below 600 °C. Above 600
however, the dominating contribution to the spontaneous
combination process inn-type GaAs arises from~indirect!
transitions between free electrons in the conduction band
localized acceptorlike centers in the deeper tail states ab
the valence-band edge. The B–B peak also shifts to h
energy as the AsH3 and TMGa mole fractions increase on G
substrates and shift to lower energy when grown on Ga
substrates. This may be due to the enhanced pyrolysi
SiH4 on the GaAs surface or due to antiphase domains
high dislocation densities from the heteroepitaxy. A co
parative study of Si doping in GaAs on both Ge and Ga
substrate surfaces by low-temperature photoluminesce
spectroscopy has been investigated. The peak shift tow
the higher-energy side with increasing AsH3 variation has
been explained by the vacancy-controlled model. Almost
outdiffusion of Ge takes place during MOVPE growth
GaAs on Ge substrates.
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