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Low temperature (77 K) photoluminescence measurements have been performed on different GaAs substrates to
evaluate the GaAs crystal quality. Several defect-related luminescence peaks have been observed, including 1.452 eV,
1.476 eV, 1.326 eV peaks deriving from 78 meV Gay, antisite defects, and 1.372 eV, 1.289 eV peaks resulting from As
vacancy related defects. Changes in photoluminescence emission intensity and emission energy as a function of temperature
and excitation power lead to the identification of the defect states. The luminescence mechanisms of the defect states were
studied by photoluminescence spectroscopy and the growth quality of GaAs crystal was evaluated.

Keywords: low temperature photoluminescence, Gaag antisite defects, luminescence mechanisms of defect

states, GaAs crystal quality
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1. Introduction

The growth quality of GaAs substrate and its epilayer is
very important for device performance such as laser diodes
(LDs), ! heterojunction bipolar transistors (HBTs), and high
electron mobility transistors (HEMTs).[?! For this reason, the
identification and characterization of defects in GaAs sub-
strate, as well as the understanding of their optical and thermo-
dynamical properties, are very important and remain an ac-
tive research field.>~”) There are six elementary native point
defect species in GaAs substrate: vacancies in the Ga sub-
lattice (Vga), vacancies in the As sublattice (Vas), Ga self-
interstitials (Ig,), As self-interstitials (I5s), antisite defects
formed by a Ga atom on an As site (Gaas) and an As atom
on a Ga site (Asgy).[¥ Va, and Gayy are at Ec —0.145 eV and
Evy +0.078 eV, respectively.”) The spectral features of these
defects in the photoluminescence (PL) spectra of GaAs have
been studied.310-13]

PL is very sensitive to lattice perfection and has been ex-
tensively used to characterize the impurity and defect energy

14-17] The characterization of GaAs substrates

levels in GaAs.!
is of great significance for improving the crystal growth qual-
ity of the epitaxial layers. The defects and their luminescence
mechanisms can be identified by measuring the temperature
and excitation power dependence of the GaAs PL. However,
very little information regarding excitation power and temper-
ature dependence of the GaAs PL have appeared in the litera-
ture.

In this article, a scientifically investigation on the PL mea-
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surement of different samples is performed. The purpose of
this paper is to study the luminescence mechanism of defects
and determine the GaAs crystal quality. The dependences of
the peak positions, intensities, and shapes of the PL spectra
on temperature and laser excitation power were investigated.
Different PL peaks at 1.476 eV, 1.452 eV, 1.372 eV, 1.326 eV,
and 1.289 eV appeared and optical transition models were es-
tablished to analyze the defect states and their luminescence

mechanisms.

2. Experimental details

In this study, (100)-oriented, 2-inches, Te/Si-doped GaAs
samples grown by the liquid-encapsulated Czochralski (LEC)
Three

samples with different carrier concentrations ranging from

method were obtained from a commercial vendor.

10" em™3 to 10'® cm™3 were investigated. The thickness of
all three GaAs substrates was 350 um. The description of the
GaAs samples is given in Table 1.

The samples were mounted on a vacuum copper platform.
The PL spectra of the GaAs samples were detected in an op-
tical cryostat at temperature from 77 K to 300 K in a liquid
nitrogen atmosphere. For PL excitation, we used the focused
radiation of a 532 nm laser with photon energy of 2.33 eV
and the power reached 150 mW. The spectral resolution in all
cases was better than 0.1 nm. The PL signals were collected
by the HORIBA MicOS-iHR320 series variable temperature

micro-PL spectrometer.
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Table 1. Description of GaAs samples used in this work.

Carrier Dislocation

Sample  Dopant concentration/cm ™~ density/cm~2 Doping type
Ml Te ~ 100 <500 N
M2 Si ~ 1015 500 N
M3 Si ~10'8 5000 N

3. Results and discussion

Figure 1 shows the PL spectra of the GaAs samples at
77 K. Figure 1(a) shows the PL spectra of the Te-doped GaAs
sample at 77 K. The emission peak at 821 nm is due to
the band-to-band transition of GaAs.® The emission peak at
979 nm is attributed to the Teas—Vga transition. 10181 More-
over, in Fig. 1(a), it is worth noting that the full widths at half
maximum (FWHMs) of the 821 nm and 979 nm peaks are
13 nm and 62 nm, respectively, which also show the high peak
intensity ratio. In Fig. 1(b), the emission peak at 823 nm is due

to the band-to-band transition of GaAs. The emission peaks of
854 nm and 935 nm originate from the free electron to neutral
acceptor transition (e, A°) and the free electron to the ion-
ized acceptor (e, A™) transition, respectively.!'°! The lumines-
cence behavior associated with such localized centers has been
successfully explained by the isolated gallium antisite (Gaas),
78 meV/203 meV double-acceptor defect in GaAs.!1%1320-231
In Fig. 1(c), there are three classes of emission peaks observed
in the PL spectra. The intrinsic luminescence peak of GaAs at
77 K disappears, and the remained emission peaks at 840 nm
and 904 nm are due to GaAS,m] Vs to Siag transitions, 8! re-
spectively. The 962 nm emission peak is attributed to the V aq
to Gaag complex transition. The origin of these peaks is dis-
cussed in detail below. It can be observed that the intensity
of band-to-band transition in sample M1 is dominated. As a
consequence, we conclude that the growth quality of sample
M1 is the best.
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Fig. 1. Photoluminescence spectra of the Te and Si-doped GaAs samples at 77 K: (a) sample M1, Te-doped GaAs crystal, (b) sample M2,

Si-doped GaAs crystal, (c) sample M3, Si-doped GaAs crystal.
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Fig. 2. The normalized PL spectra taken at various temperatures of
sample M1, the Te-doped GaAs sample.

Figure 2 displays the typical PL spectra of the Te-doped
GaAs crystals taken at various temperatures. For the intrin-
sic peak emission in the GaAs PL spectra, the relationship
between the peak-energy position and temperature can be de-
scribed by
T2

E,=1519-5405x 1074 x —————
e 0

(ev), M

where E, is the band-gap energy, and T is the measurement
temperature. In this case, the emission peak of sample M1 lo-

cates at 821 nm (1.510 eV) at 77 K, which is consistent with
Eq. (1). It can be observed that the intensity of the band-to-
band transition is dominated as the temperature increases from
77 K to 300 K. This implies that the growth quality of sample
M1 is good. Up to 150 K, the PL spectra of sample M1 show a
peak of Teas—Va transition. As the temperature increases, the
lattice vibrations become intense, and the interaction between
electrons and phonons is also enhanced, resulting in the non-
radiative recombination predominating, leading to the quench-
ing of the defect state Teas—V g, transition.

Figure 3(a) shows the temperature-dependence PL spec-
tra of the Si-doped GaAs sample. Such material also possesses
an acceptor level at 78 meV above the valence band. It has
been confirmed that the center is a double acceptor, Gaag,
with the first and second ionization energies of 78 meV and
200 meV, respectively.!?>->5 The authors discovered that GaAs
grown by the LEC technique from Ga rich melts developed
Gapg antisite defects and As vacancy. In the low-temperature
PL measurements, peak B occurring at 854 nm (1.452 eV) pre-
sumably corresponds to an electron transition to the neutral ac-
ceptor (e, A%) associated with the 78 meV level Gay.[!>13:20]
Peak C centered at about 935 nm (1.326 eV) corresponds to
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200 meV above valence band Gaﬁ; antisite defect, involving
the free electron to ionized acceptor transition (e, A~). For
the (e, A®) transition, the defect center must trap two photoex-
cited holes, while the (e, A7) transition requires trapping of
only one photoexcited hole by the center.
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Fig. 3. PL spectra of sample M2, the Si-doped GaAs crystal. (a) The
normalized PL spectra taken at various temperatures. (b) The normal-
ized PL spectra taken at various excitation power at 77 K. The direction
of the arrow represents an increase in the excitation power.

The emission intensities of peaks B and C decrease quite
rapidly as the temperature increases to 90 K and 180 K, re-
spectively, as shown in Fig. 3(a). It implies that the nonradia-
tive recombination dominates, which leads to the quench of
peaks B and C quickly as the temperature increases. Further-
more, for peak B, the high temperature quenching is explained
by the release of holes from the acceptor. In fact, peak B ap-
pears at 90 K, while peak C appears up to 200 K. It is related
to the neutral Gag center which must trap two photoexcited
holes. Consequently, compared with Gaig, the luminescence
peak of Gaag occurs at lower temperatures. Additionally, peak
C is the dominant emission peak up to 150 K. The lumines-
cence behavior has been explained by an increased fraction of
the singly ionized acceptor level.!!%?”] The ionized acceptor
concentration is much higher, which indicates that the growth
quality of the sample M2 is not as good as that of sample M1.

To further determine the defect recombination mecha-
nism, the PL spectra of sample M2 were measured at variable
excitation power, as shown in Fig. 3(b). It can be observed that
compared to the Gai; emission peak, the intensity of band-
to-band emission becomes strengthened as the PL excitation

power increases. It can be attributed to the saturation of car-
. . . . e s . 2—

rier filling with high excitation density at the Gajy acceptor

level. Moreover, it is worth pointing out that peaks B and C

blueshift by 3.8 nm and 3.5 nm, respectively, with increases of

the PL FWHMs, as the PL excitation power increases, which

(281 At higher excitation

is caused by the band filling effect.
power, the photoexcited electrons fill the upper level of the
conduction band. As the excitation power decreases, the elec-
trons fill the bottom of the conduction band. As a conse-
quence, as the excitation power increases, the peak shifts to
higher energy, which leads to the blueshift and the increase of
the PL FWHM, as shown in Fig. 4. Figure 5 shows the optical
transition models of sample M2.
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Fig. 4. Schematic energy diagram showing energy filling model.
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Fig. 5. Suggested energy band diagram for sample M2.

Figure 6 shows the photoluminescence spectra of sample
M3. The peaks corresponding to the band-to-band emission
are absent in Fig. 6(a), because the band-to-band transition is
screened by a large concentration of the Gaas deep acceptor
at 77 K, which implies that the growth quality of sample M3
is poor. It can be seen that peak D is asymmetry at 77 K and
there is another peak in the direction of higher energy at about
816 nm (1.52 eV), as shown in Fig. 6(a). This peak is most
likely associated with the recombination of degenerate elec-
tron gas with the holes in the valence band of the heavily Si-
doped GaAs.[>*2%301 With the increase of temperature, both
peaks appear simultaneously and show a competitive trend.
When the temperature is up to 120 K, the band-to-band tran-
sition becomes dominated and the peak of 78 meV Gapg deep
acceptor disappears. The dominated luminescence peak D at
about 1.476 eV is due to a recombination involving the neu-
tral state of the 78 meV Gapg deep acceptor defect, which is
observed in the heavily Si doped GaAs crystal as shown in
Fig. 6(a). In this case, it can be observed that the energy of
the Gaas emission peak is higher than 1.44—1.45 eV reported
in Refs. [12,19,26]. The authors of Refs. [8,24,29] attributed
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the 1.45-1.47 eV emission peak to the recombination of elec-
trons in the degenerate electron gas with holes bound to the
Gayg deep acceptor. This explanation should be valid for our
heavily Si-doped samples.

The peak E observed at energy near 1.372 eV is attributed
to the Vas—Siag transition, which involves the deep-donor—
shallow-acceptor complex transition!*!=33! in Fig. 6(a). In this
case, the donor is a V5s, whereas the acceptor is a Si atom on
an As site (Siag). A phonon replica of the 1.372 eV emission
peak is observed at 1.307 eV labeled E'™© in Fig. 6(a). The
relationship between the intensity of the no-phonon 1.372 eV
emission band, Il(,)L, and that of the n-th phonon replica, Ip; , is
given by the Poisson distribution 34!

v

N
By=ly (=012, @

where N" is the average number of LO phonons emitted to-
gether with one photon. Equation (2) reflects the coupling
strength between the electron transition and the LO phonons.
We find N" =~ 0.023 for the acceptor, which agrees with
N" 2 0.02-0.06 reported for shallow acceptors.[!'?] The weak
coupling between the electron transition and LO phonons in-
dicates that the 1.46 eV emission peak is associated with a
shallow acceptor.

The emission peak F at 1.289 eV has an FWHM as large
as 87 nm, as see in Fig. 6(a). This emission peak is related
to the internal transition of Vas—Gaas complex. The Vg is
a donor with energy level at 145 meV below the conduction
band.[310-35] Since Vuq is a deep donor and Gapg is a deep

acceptor, they are bound together by the Coulombic force to
form a localized donor—acceptor pair, which acts as a station-
ary molecule. The characteristic of the localized deep centers
is the strong coupling between the electronic state and the lat-
tice. For a strong enough electron—phonon interaction, the vi-
brational contribution results in a broad Gaussian line shape of
the Va—Gapg emission peak, as see in Fig. 6(a).

In Fig. 6(b), it can be observed that the peak F blue shifts
as the temperature increases from 77 K to 100 K. With the in-
crease of the temperature, the carriers obtain energy and the
donor-acceptor transition (localized state) becomes the free
exciton transition. As a consequence, the band gap increases
and the PL peaks show a blue shift. As the temperature in-
creases, the luminescence intensity of peak D decreases more
quickly compared with that of peak E. The peak position and
the temperature-dependent behavior of peak D suggest that the
carriers shift from high-energy state to low-energy state as the
temperature increases, which results in the emission intensity
of peak E higher than that of peak D. Because the carriers in
the higher energy state are more easily excited, the intensity
of peak D decreases more quickly than that of peak E. As the
temperature further increases to 250 K, the band-to-band tran-
sition is dominant while peak E quenches. It can be observed
that the integrated intensities for 78 meV Gaag deep accep-
tor defect and Vas—Sias complex (including the first phonon
replica) quench at higher temperature. As the temperature in-
creases, the escape of carriers is due to the intense thermal

motion, which causes quenching of these peaks.
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Fig. 6. PL spectra of sample M3, the heavily Si-doped GaAs crystal. (a) Gaussian fitting PL spectra of sample M3 at 77 K. (b) The normalized
PL spectra taken at various temperatures. (c) 77 K PL spectra taken at various excitation power. The direction of the arrow represents an

increase in excitation power.

As the excitation power increases, as shown in Fig. 6(c),
peaks D and E blueshift by 3.8 nm and 6.5 nm, respectively.
The former can be attributed to the band filling model as men-
tioned above, while the latter can be explained by the follow-
ing formula: 3¢/

2
E;=E,— (EA+Ep)+

3)

dmer’
where E; is the donor—acceptor (DA) pair recombination en-
ergy, Eq is the bandgap energy, Ej4 is the acceptor ionization
energy, Ep is the donor ionization energy, r is the distance

between the DA pair, e is the electronic charge, and € is the
dielectric constant. With the excitation power increase, the
radiative recombination between the DA pairs separated by
large distances is saturated. Therefore, at higher excitation
power density, E increases as the involved value of » becomes
smaller, which leads to the blueshift, as can be seen in Fig. 7.

The different behavior of peak F due to the Vas—Gaag
complex (deep-donor—deep-acceptor) transition. As the ex-
citation power increases, peak F redshifts, as can be seen in
Fig. 6(c). The phenomenon is due to the heating effect of the
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laser on the sample lattice. It can be concluded that with an
increase of power, the thermal expansion effect of the crystal
lattice and the partial energy of the carrier transmitted to the
crystal lattice in the form of phonons lead to the redshift of the
lower-energy side. Since very few carriers participate in the
Vas—Gaag transition, the blueshift effect at variable power is
basically offset by the red shift caused by the thermal effect.
Therefore, as the power increases, peak F shows a redshift
phenomenon. Figure 8 shows the optical transition models of

sample M3.
Ec E—
T Ex
S —

Ev

Fig. 7. Transition of donor and acceptor.
Ec

VAs VAS Ec—145 meV
peak D peak F peak E
e—AY D—-A D—-A

Ev+78 meV Gapgs .Y Y

Sips Ev+34 meV
o

Fig. 8. Suggested energy band diagram for sample M3.

From this paper, it can be seen that the incorporation of
impurity elements into GaAs crystals introduces defect levels,
but has no significant effect on the crystal quality. The crys-
tal quality of the GaAs substrate is mainly determined by its
native defect states.

4. Conclusions

In summary, we have investigated the defect-related PL
spectra of N-type GaAs substrates. We observed the Gaa anti-
site defect in both samples doped with Si, which is the double-
acceptor defect in GaAs. However, there is a difference in PL
between lightly doped and heavily doped samples. By sys-
tematically analyzing the temperature-dependent and variable
power PL spectra, optical transition models were established.
We analyzed the defect states and their luminescence mecha-
nisms. It can be concluded that the crystal quality of the GaAs
substrate is mainly determined by its native defect states and
the growth quality of sample M1 is good.
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