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Studies on the 0.96 and 0.84 eV photoluminescence~PL! emissions at various temperatures in GaAs
epilayers grown on Si with@As#/@Ga#520–50 by metalorganic chemical vapor deposition were
made. In terms of an Arrhenius plot and configurational coordinate model, the thermal activation
energy and Franck–Condon~FC! shift for the 0.96 eV emission band were obtained by measuring
the variations in its PL intensity and full width at half-maximum with temperature, respectively. The
dependence on PL intensity versus temperature of the 0.84 eV PL emission could not be fitted with
an Arrhenius plot. Instead, it could be fitted with the formula used for amorphous semiconductors
or localized states which allowed us to relate this emission with the presence of defects in the
heteroepitaxial GaAs layers grown on Si investigated. Taking into account the FC and band-gap
shifts, the energy relationships of the transitions from donor to acceptor, from conduction band to
acceptor, and from donor to valence band were reformulated. In terms of these transition-energy
relationships and experimental data, the 0.96 eV emission was explained as the recombination
luminescence of the donor–acceptor pair, composed of an arsenic vacancy and a gallium vacancy,
and the 0.84 eV emission as the transition from the localized As interstitial–Ga vacancy complex
center to Ga vacancy. ©1996 American Institute of Physics.@S0021-8979~96!06908-2#
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I. INTRODUCTION

It is well known that Si is a favored semiconductor sub
strate material for optoelectronic integrated circuits and o
toelectronics because of its low cost and superior mechan
properties. Therefore, much attention has been paid to
growth of the heteroepilayers on Si. Recently the electric
and optical properties of heteroepitaxial GaAs grown on
~GaAs/Si! have been studied.1–4 It has also been reported
that the large misfit of lattice constants and the discrepan
of thermal expansion coefficients between GaAs and
cause the mismatch strain in heteroepilayers, which lead
the band-gap shift and to the creation of charged states
defects in such heteroepitaxial systems.4–6 Thus, there also
exist deep levels originating from charged states of defects
GaAs/Si.

In this work we studied the temperature-dependent ne
infrared photoluminescence~NIPL! related to the deep levels
present in GaAs/Si grown by metalorganic chemical vap
deposition~MOCVD! with different @As#/@Ga# ratios. Taking
Franck–Condon~FC! and band-gap shifts into account, w
revised the energy relations for the transitions from donor
acceptor, from conduction band to acceptor, and from don
to valence band and proposed that the 0.96 eV emiss
could be interpreted as the transition of the donor–accep
pair ~DAP!, composed of an arsenic vacancy and a galliu
vacancy, and the 0.84 eV emission as the transition from
localized As interstitial–Ga vacancy complex center to G
vacancy.
J. Appl. Phys. 79 (9), 1 May 1996 0021-8979/96/79(9)/717
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II. EXPERIMENTS

The 1.2-mm-thick GaAs epilayers used for the prese
experiments were grown by MOCVD onn-type ~100! Si
substrates misorientated 4° toward as^110& direction using
the standard two-step method.1 The Si substrates were
chemically treated in NH4OH, H2O2, H2O then HCL, H2O2,
H2O, and etched in HF for 1 min. In a H2/AsH3 ambience,
they were heated initially at 950 °C for 10 min, and the tem
perature was lowered to 450 °C for GaAs buffer growth w
thickness of 25 nm. Trimethylgallium and arsine in hydrog
were used as precursor chemicals. Then the temperature
raised to 700 °C, and the top GaAs epilayers were gro
with the ratio of@As#/@Ga#520–50 and with a growth rate o
100 nm/min. The samples were not intentionally doped. T
carrier concentration at room temperature is 231017/cm3.

The temperature-dependent NIPL spectra of GaAs/Si
ilayer samples were obtained with an ordinary grating mon
chromator and were detected by a liquid-nitrogen-cooled
detector using conventional lock-in techniques. Lumine
cence was excited with the 632.8 nm line of a He–Ne las
The measured temperature was 77–300 K and the excita
intensity 1.0 W/cm2.

III. RESULTS AND DISCUSSION

A. The 0.96 eV PL emission

Figure 1 shows the NIPL spectrum of the GaAs/
grown with @As#/@Ga#520 by MOCVD at 77 K and excita-
71733/4/$10.00 © 1996 American Institute of Physics
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tion intensity of 1.0 W/cm2. This NIPL spectrum can be fit-
ted by a sum of two Gauss-type curves, including a m
peak of 0.96 eV and a shoulder of 0.84 eV, respectively. T
discrepancy at the right tail, as shown in Fig. 1, arises fr
the presence of an additional weak peak with an energy
1.13 eV~see Fig. 5!, which we have explained as the recom
bination luminescence of the DAP, composed of a Si shal
donor on Ga site and a Ga vacancy acceptor.7

The temperature-dependent PL spectra of this GaA
sample were carried out in the temperature range of 77–
K. Figure 2 shows the variation of PL intensity with temper
ture for the 0.96 eV emission band. In terms of experimen
data, the thermal activation energyE50.10 eV for this emis-
sion was obtained by using an Arrhenius plot

I5C exp~DE/kT!, ~1!

FIG. 1. NIPL spectrum of the GaAs/Si sample grown with@As#/@Ga#520 by
MOCVD at 77 K and excitation intensity of 1.0 W/cm2. ~d!—experimental
points.

FIG. 2. Temperature dependence of PL intensity for the 0.96 eV emis
band in GaAs/Si.
7174 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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whereI is the PL intensity andC a constant.
Figure 3 shows the variation of the full width at half-

maximum ~FWHM! of the 0.96 eV emission band in this
GaAs/Si sample with the square root of temperature. Accor
ing to the configurational coordinate model,8 the theoretical
temperature dependence of FWHMW(T) is

W~T!5~8 ln 2!1/2S1/2\v@coth~\v/2kT!#1/2, ~2!

where\v is the phonon energy andS the Huang–Rhys fac-
tor. The solid line in Fig. 3 is the fit of Eq.~2! to the experi-
mental data with\v536 meV andS53.2. The Huang–Rhys
factor S.1 indicates that there exists a stronger electron
lattice coupling, and therefore that the 0.96 eV emissio
band has a broad Gaussian line shape without any fi
structure.7–10Thus, the FC shiftDFC of the 0.96 eV emission
band in GaAs/Si epilayers is given by

DFC5S\v50.11 eV. ~3!

Kim et al.10 established a relation of the band-gap shift wit
temperature in GaAs. Lianget al.11 indicated that taking into
account FC and band-gap shifts, the energy relationship
DAP recombination luminescence could be reformulated a

hn5~Eg!max2DEg2~Ed1Ea2e2/er !2DFC. ~4!

For the transition from donor to valence band or from con
duction band to acceptor, Eq.~4! can be simplified as

hn5~Eg!max2DEg2Ed2DFC ~5!

or

hn5~Eg!max2DEg2Ea2DFC1Ek , ~6!

respectively, wherehn is an emission peak energy,Ed and
Ea are the binding energies of the isolated donor and acce
tor, respectively,2e2/er is the Coulomb interaction energy
of DAP, Ek the kinetic energy of the carrier at the conducto
band, (Eg)max the maximum of the band gap, andDEg the
band-gap shifts with temperature (DEg1

) and with strain
ion

FIG. 3. Variation of FWHM withT1/2 for the 0.96 eV emission band.
Liang et al.
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(DEg2
). GaAs/Si samples exhibit thermal tensile stre

~;100 MPa! and it shifts the band gap of GaAs/Si to lowe
energies (DEg2

; 10 meV!. Thus, for GaAs/Si,

~Eg!max51.517 eV,

DEg5DEg1
1DEg2

5aT2/~b1T!110 meV, ~7!

whereT is the temperature of epilayers in K, a55.631024

eV/K, andb5226 K.10

Some published results indicated that in GaAs/Si ex
Ga vacancies~electron trap!, which are located at 0.29 eV
above the top of the valence band.12–14 Our experimental
results demonstrate that with the increase of the@As#/@Ga#
ratio, which reduces the concentration of VAs in GaAs, the
PL intensity of the 0.96 eV emission rapidly decreases,
shown in Fig. 5. It means that the 0.96 eV emission possi
depends on VAs . Gutkin et al.

15 proposed that the 0.95 eV
emission in GaAs doped with Te or Sn was caused
VAsVGaTeAs or VAsVGaSnGa complexes. Wonget al.

16 sug-
gested that the VGa complex in GaAs seems to be the defe
responsible for a broad PL band at 0.95 eV. Using techniq
based on positron annihilation, Ambigapathyet al.17 have
measured the ionization energies of the charged states ofAs
in n-type Si-doped GaAs and one of those is located at 1
meV below the bottom of the conduction band. Xuet al.18

performed the self-consistent tight-binding calculation of t
energies and electronic structures on the neutral and cha
states of VAs

n ~n511, 0, 12, 22, 32, 42! and VGa
n ~n511,

0, 12, 22, 3-! in GaAs with the Lanczos–Haydock recu
sion method. The deep-level energies of VGa

12 and VAs
12 are

equal to 0.283 and 1.365 eV above the top of the vale
band in GaAs with a band gap of 1.51 eV, respectively. B
theoretical and experimental values of the deep levels of
As and Ga vacancies in question are in good agreement.As

12

and VGa
12 compose the DAP in GaAs/Si. According to Eq.~4!

and these experimental and theoretical data, the trans
energy of the DAP, composed of VAs

12 donor and VGa
12 accep-

tor, is equal to 0.95–0.96 eV, which is in good agreem
with our experiments, as shown in Fig. 1.

Harrisonet al.19 interpreted the 0.99 eV emission in S
doped GaAs as a transition of the DAP, composed of SGa
and SiAs , Some experimental results

13,20,21indicated that do-
nor SiGa and acceptor SiAs are at 5 meV below the bottom o
the conduction band and at 35 meV above the top of vale
band in GaAs, respectively. Therefore, according to Eq.~4!,
the transition energy of the SiGa–SiAs pair should be equal to
1.33 eV instead of 0.99 or 0.96 eV. Thus the 0.96 eV em
sion in Fig. 1 originates from the transition of VAs

12–VGa
12 pair

instead of the SiGa–SiAs pair.

B. The 0.84 eV PL emission

As to the 0.84 eV PL emission in GaAs/Si, the variatio
of its PL intensity with temperature between 77 and 300
was measured. Different from the 0.96 eV emission, the
pendence of its PL intensity versus temperature could no
fitted with an Arrhenius plot. It appeared that the data co
be fitted to a relation valid for amorphous semiconductors
localized states,22,23
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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I5I 0 /@11A exp~T/T0!# ~8!

which approached

I5I 08 exp~2T/T0! ~9!

when the measured temperatureT.677 K, as shown in Fig.
4, whereI 08 scales the PL intensity at the low-temperatur
limit and T0 is a characteristic temperature corresponding
the energy depth of localized states. It means that the la
misfit of lattice constants and the discrepancy of thermal e
pansion and coefficients between GaAs and Si lead to t
creation of defects in the heteroepitaxial GaAs/Si layers a
these defects cause the localized states with a character
temperatureT0537.4 K, which reflects the degree of disor
der in GaAs/Si epilayers.

Figures 5~a! and 5~b! show the NIPL spectra of the
GaAs/Si grown with@As#/@Ga#550 and 30, respectively, by
MOCVD. With the increase of the@As#/@Ga# ratio, which
leads to a decrease in As-vacancy concentration and to
increase in As-interstitial defects in GaAs/Si, the PL intensi
of 0.96 eV emission rapidly decreases and 0.78, 0.84 e
emissions become stronger and stronger, as shown in Fig

Yu et al.24,25 indicated that with the increase of the@As#/
@Ga# ratio in the growth of GaAs samples by molecular bea
epitaxy, the concentration of the As-interstitial related cent
increases. They attributed the 0.8 eV emission wi
DFc50.34 eV to the localizedEL6 complex center, com-
posed of an As interstitial and Ga vacancy, Asi–VGa, located
at 0.36 eV below the bottom of conduction band. Accordin
to Eq. ~5!, hn50.78 eV is obtained, by takingEd50.36 eV,
DFC50.34 eV, (Eg)max51.571 eV, andDEg50.027 eV ~T
5100 K!. Thus, the 0.78 eV emission in Fig. 5 correspond
to the transition from Asi–VGa complex center to the valence
band in GaAs/Si layers.

FIG. 4. Dependence of PL intensity vs temperature for the 0.84 eV em
sion.T0537.4 K.
7175Liang et al.
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According to the 0.84 eV emission characteristics a
Eq. ~4!, whereEd andEa are binding energies of Asi–VGa
center and VGa

12 , which are equal to 0.36 eV below the bo
tom of conduction band and 0.283 eV above the top of
valence band,18 respectively, (Eg)max51.517 eV and
DEg50.027 eV~T5100 K!, the 0.84 eV emission with no
FC shift might originate from the transition between the l
calized Asi–VGa complex center and VGa

12 .

IV. CONCLUSION

We demonstrated that the deep-center PL at GaAs/Si
ers strongly depends on their growth conditions, especia
on the @As#/@Ga# ratio. Taking FC and band-gap shifts int
account, we revised the energy relations of the transiti
from donor to acceptor, conduction band to acceptor, a
donor to valence band. In terms of the transition-energy
lations and emission characteristics, we explained the 0
eV emission as the recombination luminescence of the D
composed of an arsenic vacancy donor and a gallium
cancy acceptor. When the@As#/@Ga# ratio increased to 50
from 20 in the growth of GaAs/Si layers, the density ofEL6

FIG. 5. NIPL spectra of the GaAs/Si epilayers grown with@As#/@Ga#550 ~a!
and 30 ~b!, respectively, at 77 K and excitation intensity of 1.0 W/cm2.
~d!—experimental points.~-d-d-!—a sum of five Gauss-type curves.
7176 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996

Downloaded 10 Sep 2012 to 159.226.165.151. Redistribution subject to A
nd

t-
the

o-

lay-
lly,
o
ons
nd
re-
.96
AP,
va-

complex centers increased. And then, the 0.78 and 0.84
emissions became stronger and the 0.96 eV emission wea
As to the 0.84 eV emission, the variation of its PL intensit
with temperature obeys a relation valid for localized state
because of the presence of defects~EL6 complex centers! in
high density in the heteroepitaxial GaAs/Si layers studie
The 0.84 eV emission originates from the transition betwee
EL6 complex center and VGa according to its emission char-
acteristics and transition-energy relation in question.
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