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Abstract

This paper reports the low temperature photoluminescence (PL) characteristics of GaAsN grown by radio frequency
nitrogen plasma-assisted solid source molecular beam epitaxy. It is found that the PL peak of GaAsN at low
temperature is not originated from band-to-band transitions, but from localized exciton recombinations, even though
the GaAsN material is of good crystalline quality as verified by reflection high-energy electron diffraction and X-ray
diffraction measurements. The interstitial N—As complex and defects related to the broad low energy-tail in the PL
spectrum could be effectively removed by thermal annealing. The red-shift in the PL peak of GaAsN after annealing is
to the best of our knowledge reported for the first time. This phenomenon depends on the growth conditions, in
particular the nitrogen flux. The red-shift in the PL peak energy is useful for extending the GaAs-based nitride material
to long wavelength applications. It is also noticeable that the full-width at half maximum of PL peak from GaAsN
decreases linearly with the increasing annealing temperatures.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

GaAs-based Ga(In)AsN materials are attracting
a great level of attention due to their useful
physical properties for a wide range of potential
optoelectronic  applications. Although GaAs-
based Ga(In)AsN semiconductor lasers emitting
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in the communication wavelength windows of 1.3
and 1.55um have been demonstrated [1,2], the
physical origin of the extremely large bowing
parameter remains unclear. For example, the
bowing parameter of GaAsN could reach more
than 20eV [3,4], compared with the bowing
parameters of 0.4eV for AlGaAs, 0.46¢V for
InGaAs, 1.1eV for GaAsSb, and 0.2eV for
GaAsP [5]. The premise for accurate determina-
tion of the bowing parameter is to clearly identify
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the band-edge of GaAsN. Unfortunately, the
existence of localized states makes it somewhat
difficult to accurately identify the band-edge. The
different experimental methods used to determine
the bowing parameter, including photolumines-
cence (PL) and absorption spectrum result in
differences in understanding the band-edge of
GaAsN materials.

In this paper, we report PL experiments on
GaAsN that reveal its PL origin at low tempera-
ture. It was found that the PL from GaAsN does
not originate from band-to-band transitions, but
rather from localized state excitonic recombina-
tions, even in samples of high crystalline quality.
To the best of our knowledge, our results show for
the first time the existence of red-shift in the PL
peak energy after thermal annealing, which could
serve a useful purpose of extending the GaAsN
material to long wavelength emission. The inter-
stitial N—As complex and the defects related to the
broad energy-tail in the low-energy side of the PL
spectrum could be effectively removed by thermal
annealing process.

2. Experimental conditions

The GaAsN samples were grown by radio
frequency (RF) nitrogen plasma-assisted solid-
source molecular beam epitaxy (SSMBE). The
growth chamber is equipped with standard effu-
sion cells for group III elements and valved
cracker cells for arsenic and phosphorus. The
active nitrogen species are supplied by a RF
nitrogen plasma source. All samples were grown
on (00 1)-oriented semi-insulating (SI) GaAs sub-
strates, prepared following standard procedures.
Prior to growth, surface oxide desorption was
carried out under As flux at beam equivalent
pressure (BEP) of 6.2 x 10 ° Torr. (2 x 4) surface
reconstruction was maintained throughout the
entire growth process. The BEPs for Ga and As
were 4.5 x 1077 and 6.2 x 10~ Torr, respectively.
The As/Ga flux ratio was fixed at about 14. The
growth rate was ~1.0pm/h, verified by time-
resolved reflection high-energy electron diffraction
(RHEED) measurements and X-ray diffraction
(XRD) measurements. The nitrogen plasma source

works optimally at nitrogen background pressure
of 1.0 x 10> Torr in the presence of BEP,g of
6.2 x 107 °Torr, and is activated by RF power
greater than 60 W to maintain the plasma in high
brightness mode.

An undoped GaAs buffer layer of ~300 nm was
first grown on the GaAs substrate at 590°C. The
substrate temperature was then reduced to 460°C
for the growth of GaAsN epilayer. The thickness
of the GaAsN layer was ~ 100 nm, followed by a
20 nm-thick GaAs cap layer. XRD measurements
were carried out to check the GaAsN crystalline
quality. PL measurements were performed at 5SK.
Excitation was at near normal incidence using the
514.5nm line from an Ar ion laser. The PL signals
were collected with a dual-grating spectrometer in
the reflection direction and detected using a liquid-
nitrogen cooled germanium (Ge) detector in
association with a standard lock-in technique.

3. Results and discussion

3.1. Physical origins for PL peaks

Fig. 1 shows an XRD rocking curve of the
GaAsN sample for (004) diffraction. The solid
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Fig. 1. A XRD rocking curve of an as-grown GaAsN sample
for the (004) diffraction direction. The sample structure is
illustrated in the inset. The solid curve is the experimental data,
and the dashed curve is a simulation result using the dynamic
theory.
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curve is experimental data, and the dashed curve is
an optimal simulation result based on dynamical
theory. The simulation result is in close agreement
with the experimental data. With reference to the
GaAs substrate peak, the GaAsN peak is easily
identifiable, and the nitrogen composition deduced
from the simulation is 1.45%. Consistent with the
RHEED pattern observation, the strong XRD
peak testifies to the high crystalline quality of the
GaAsgog55Np o145 epilayer. Strong Pendellosung
fringes are observed in the XRD spectrum,
indicating the presence of a smooth and abrupt
GaASOA9355N0A0145/GaAS interface.

Fig. 2 shows a PL spectrum (solid circles) of the
GaAsgog55Np o145 epilayer at SK. The PL spec-
trum is characterized by a twin structure located at
1.224 and 1.202 ¢V, respectively. A broad bandtail
extends for several tens of meV into the low-energy
side of the PL spectrum. Using the bowing
coefficient C of 18.5eV for GaAsgogssNpoias
material reported in Ref. [4], the bandgap of
GaAs;_, N, can be calculated from

E,(GaAs;_Ny) = (1 — x)Ez(GaAs)
+ xEy,(GaN) — x(1 — x)C, (1)

where x denotes the nitrogen composition in
GaAs;_N,, and E,(GaAs;_,N,) is the bandgap
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Fig. 2. A PL spectrum from the as-grown GaAsgogs55No.0145
sample at 5 K. The solid circles are the experimental data. The
dashed curve is a theoretical PL peak due to the band-to-band
transition of the GaAsgogssNpo145 sample at 5K. The dash-
dotted curve is a calculated recombination of the excitons at the
localized states.

of GaAs;_,N,. E,(GaAs) is the bandgap of GaAs,
and E,(GaN) the bandgap of the zinc-blende
structure GaN. C is the bowing coefficient for
GaAsN. However, the bowing coefficient reported
in Ref. [4] was obtained at room temperature.
Therefore, Eq. (1) can only be used to calculate the
GaAs;_,N, bandgap at room temperature. The
bandgap dependence on temperature is reported in
Ref. [6], and is given by

«RT)  oT?
RT+B T+P§

where E,(T) is the bandgap of GaAs;_,N, at
temperature 7, and E,(RT) the bandgap of
GaAs;_,N, at room temperature. The values of
aand B is 5.5 x 10~*eV/K and 370 K, respectively
[6]. The PL peak due to band-to-band transitions
can then be calculated using

Ivp = App(how)*(ho — Ey) exp (—M> A3)
kgT
Iy, is the PL intensity due to band-to-band
transitions, and % is Planck’s constant. w is the
angular frequency of emission, E, the bandgap of
GaAs;_,N,, and kg the Boltzmann’s constant. Ay,
is a fitting parameter for the PL intensity. The
calculated PL peak due to band-to-band transi-
tions in GaAsg9g55Np.0145 at SK is then shown in
Fig. 2 as the dashed curve peak at 1.260eV. The
energy difference between the calculated band-to-
band emission peak and the experimental PL peak
suggests that the PL peak at 1.224eV does not
originate from band-to-band transitions in the
GaAsgogs55Np.0145 sample, due to (i) there is a
36meV energy separation between the calculated
band-edge recombination and measured PL peak,
(i) the calculated band-edge emission is only
~0.08 meV in half-width, while the measured PL
peak has much wider half-width (57 meV), (iii) the
increasing trend in the high-energy side of the
calculated 1.260eV peak and the measured
1.224eV peak is fundamentally different, that
suggests they may originate from different physical
origins. Therefore, it might be improper to
consider the measured 1.224eV PL peak as the
energygap of the GaAs;_, N, sample. In the most
common cases, the intrinsic emission in pure
semiconductors at low temperature is often due

Eo(T) = Eo(RT) + )
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to the excitonic recombination. It is known that
the exciton binding energy in GaAs is 4.2meV [7],
and the value in GaN is ~20meV [8]. Because of
the relatively low nitrogen composition (~ 1.45%)
in our GaAsgogssNooi4s sample, the exciton
binding energy can be approximated using linear
interpolation between the exciton binding energies
of GaAs and GaN. Using such interpolation, the
exciton binding energy of our GaAsgogs5No.o145
sample is estimated to be 4.4 meV. This value is far
smaller than the 36 meV energy separation be-
tween the calculated band-edge recombination and
measured PL peak. Hence, it is highly unlikely that
the 1.224eV PL peak originates from the free
exciton recombination. According to a report by
Kaschner et al. [9], the 1.224eV PL peak is
ascribed to the recombination of localized ex-
citons. Nitrogen-related localized states have been
reported by Grenouillet et al. [10]. Taking the
localized states into consideration, the energy of
an emitted photon is therefore given by

ho = Eg — (Ey + Erx), 4)

where # is Planck’s constant, @ the angular
frequency of emission, and E, the bandgap of
GaAs;_,N,. E, denotes the exciton binding
energy of the GaAs;_,N, sample, and Eyx the
energy level of the localized state. Based on this,
the calculated energy level of the localized state is
31.6meV. The dash-dotted curve in Fig. 2 is a
calculated PL emission spectrum due to recombi-
nation of localized excitons I weighted by the
following Gaussian function profiles [11], with the
31.6meV localization energy taken into account

ho — Eo(T) h
IBX - Aex eXp( [ w20_2 (75) )] > exp( kBa;)v (5)

where Aex, Fex and o are the amplitude, energy,
and broadening parameters of the localized state
exciton recombination. The tail at low-energy side
of the measured PL spectrum extends for several
tens of meV from the calculated localized exciton
recombination emission spectrum, in contrast to
the excellent agreement at high-energy side of the
PL spectrum. Therefore, other recombination
mechanisms have to be considered to account for
the deviation at the low-energy side of the PL

spectrum, and this aspect warrants further inves-
tigation.

The presence of nitrogen-related defects has
been cited as a possible reason for the low-energy
tail in the PL spectrum [12]. We further reported
that one of the nitrogen-related defects was the
interstitial N-As complex in the GaAs;_,N,
lattice [13]. It is possible that the excitons could
be located at such interstitial N—As complexes at
low temperature, and its recombination at these
complexes could result in the shoulder peak or
energy tail in the measured PL spectrum. The
interstitial N—As complexes could be removed by
thermal treatment through processes such as
“kick-out” and out-diffusion, and thereafter the
relevant PL peak would disappear. The 1.202¢V
PL peak does disappear after annealing, as is in
good agreement with the annealing behavior of the
interstitial N—As complex. Hence, it is reasonable
to relate the 1.202eV PL peak to the interstitial
N-As complexes. Further evidence for this will be
provided in subsequent parts of this paper.

3.2. Localization energy in GaAs;_.N, alloy

The localization energy of ~31.6meV in the
GaAsgog55Np. 0145 sample is much higher than that
in other semiconductor materials. For example,
the localization energies of Zngo7Hggo3Te,
CdSg36Seg64 and CdggoHgg osTe are as small as
4.8, 4.3 and 6.5meV, respectively. The localization
energy Epx could be understood in the frame of
the random distribution of the constituent atoms
in crystal lattice [14].

2
Eix = nix(1l — 0P (%) , ©)

where 5 is a material-related proportional con-
stant, x denotes the alloy composition, and
dE,/dx is the energygap derivative of the alloy
over its composition, as is obtained from Eq. (1).

dEyus,_.c.
%zEg(Ac)—Eg(AB)— C +2Cx. (M

As a comparison, the energygap derivatives of
GaAsN and CdSSe over their compositions are
calculated in Table 1. The bowing coefficient for
CdSSe alloy is experimentally obtained as 0.54eV
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[15]. dE,/dx for GaAsN is therefore much greater
than that for CdSSe. Differing from other
semiconductor alloys whose energygaps follow
the composition almost linearly, GaAsN alloy
has an energygap strongly composition-dependent.
Fig. 3a shows localization energies for GaAsN
alloys as a function of the nitrogen composition.
Solid circles represent the experimental data. The
curve is a best fit using Egs. (6) and (7), and is
valid for the nitrogen content less than 3.5%, since
the available values of bowing parameter C in
Eq. (7) merely reach the nitrogen limit in GaAsN
of around 3.5% [4]. While for CdSSe alloy, the
bowing parameter C is approximately composi-
tion-independent. The calculated values are there-
fore valid in the whole composition range, as is
shown in Fig. 3b where the solid square is an
experimental datum. The localization energy in
GaAsN alloy is at least one-order higher than that
in CdSSe alloy, which is believed to be a typical
sample amongst other II-VI and III-V semicon-

Table 1
A comparison of the energygap derivative over alloy composi-
tion for GaAsN and CdSSe

GaAsg.9855No.0145 CdSg.36S€0.64
dEg4B, .cy) V) —16.1457 —0.6388
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ductor alloys since their bowing coefficients are
usually small and approximately composition-
independent.

3.3. Anneal effects on PL property

Fig. 4 shows a 5K PL spectrum of the
GaAsgog55Np.0145 sample (same sample as in Fig.
2), which has been subjected to 10 min of thermal
annealing at 800°C. The solid circles are experi-
mental data, and the dash-dotted curve is a best fit
obtained using Eq. (5). The significant low-energy
tail present in the PL spectrum of the as-grown
GaAsgogs5Np o145 sample is greatly suppressed
after thermal annealing. This suggests that most
of the nitrogen-related defects, including the
interstitial N—As complexes described previously,
were effectively annihilated by the annealing
processes. This explains the significant suppression
of the PL peak related to the interstitial N—As
complexes after annealing. However Grenouillet
et al. reported that the localized states could not be
effectively removed by the annealing process [10].
That is because the presence of localized states is
the intrinsic property of a ternary alloy according
to the implication of Eq. (6). Therefore, the PL
emission from the annealed GaAsgogs5Ng. o145
sample could predominantly be due to loca-
lized state exciton recombination, as is testified
by the good agreement between the calculated
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Fig. 3. A comparison of localization energies between GaAsN alloy and CdSSe alloy. The solid circles (Fig. 3a) and square (Fig. 3b)
are experimental data, and the solid curves are obtained by fitting the random distribution model to the experimental results.
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Fig. 4. A low temperature PL spectrum from the
GaAsgog55Ng.0145 sample annealed at 800°C for 10min. The
solid circles are the experimental data. The dash-dotted curve is
a calculated recombination of the excitons at the localized
states.

localized-exciton recombination and the measured
PL spectrum.

Fig. 5 shows the PL spectra of the
GaAsgg55Np.0145 sSample (same sample as in Figs.
2 and 4) annealed for 10 min at different tempera-
tures. Following the increase in the annealing
temperature from 600°C to 650°C, the low-energy
shoulder peak in the PL spectrum disappeared
promptly due to removal of the interstitial N—As
complexes, while the width of the PL peak is
significantly suppressed only at higher annealing
temperatures approaching 800°C. This could
suggest that the thermal activation energy of the
interstitial N—As complexes is lower than that of
other defects. The increase in annealing tempera-
ture results in significant reduction in the full-
width at half-magnitude (FWHM) of the PL
spectrum from 57 to 6meV. Correspondingly,
the intensity of the PL spectrum is increased,
indicating significant improvement in optical
quality of the GaAsgogssNpo14s sample. It is
interesting to note in Fig. 6 that the main PL
peak exhibited a red-shift of 18 meV from 1.234 to
1.216eV following the increase in annealing
temperature while our previous experiments have
shown that the PL peak of GaAsgog;Ng.g19 bulk
layer blue-shifted by 75meV from 0.948¢eV (as-
grown sample) to 1.023 eV after being annealed at
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Fig. 5. The low temperature PL spectra of a batch of
GaAsgogssNooiss samples annealed for 10min at different
temperatures. It is evident that the shoulder peak at 1.202eV
disappeared after annealing and the main peak redshifts
following the annealing temperatures.
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Fig. 6. A relationship between the low-temperature PL peak
position and the annealing temperature.

750°C for 10min [12]. Checking with the
growth conditions for the GaAsgog1Ngoi9 and
GaAsgogs55Np 0145 epilayers, the difference lies in
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that the N, background pressure for the
GaASOAgglNOA()l() sample 1s 3.6 x 10_6TOI'I' with
hlgh RF power and for the GaAso_9855N0,0145
sample is 1.0 x 107> Torr with low RF power. The
use of larger nitrogen flux (with low RF power)
could result in greater amount of interstitial N—As
complexes, which could act as an effective source
of nitrogen to hop into the GaAs;_, N, lattice
through  “kick-out” mechanism when the
GaAs;_,N, sample undergoes the annealing pro-
cess [16]. Such an effect could increase the nitrogen
composition in the GaAs;_,N, sample and give
rise to a red-shift in the PL peak. The red-shift in
the PL peak energy could be a useful effect for
extending GaAs-based nitrides to long wavelength
applications.

Fig. 6 shows the relationship between the PL
peak position and annealing temperature. At
temperatures below 700°C, the rate of reduction
in the PL peak energy is apparently larger than the
rate of reduction above 700°C. The rapid red-shift
of the PL peak happens around 650°C (from
600°C to 700°C), and then slow down at annealing
temperatures higher than 700°C (from 700°C to
800°C). The annealing temperature span for the
rapid red-shift of the PL peak is in accordance
with the temperature region in which the 1.202eV
shoulder peak vanishes. It is reasonable to
consider that the rapid red-shift is related to the
1.202eV peak. The 1.202eV PL peak has been
previously in this paper related to the interstitial
N-As complexes. Therefore, here again shown a
clue that the red-shift effect is due to the nitrogen
source dissociated from the interstitial N—As
complexes hopping into the GaAsN lattice by the
so-called “’kick-out” process. When the annealing
temperature increases further higher than 700°C,
the “‘kick-out™ process becomes gentler because of
the reduction on the concentration of the N-As
interstitial complex due to the consumption of the
N-As interstitial complex under lower annealing
temperatures. That results in the saturation
behavior of the movement of the PL peak.

Fig. 7 shows the FWHM of measured PL peak
as a function of annealing temperature. It is
noticeable that the FWHM decreases linearly
following the annealing temperatures. In a com-
mon sense, the PL peak broadens through several
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Fig. 7. The FWHM of measured PL peak is shown as a
function of the annealing temperature.

mechanisms as nitrogen random distribution, local
lattice distortion around nitrogen atoms, and
material nonuniformity [17]. However, the random
distribution of nitrogen atom is an intrinsic
property for GaAsN alloy. We suppose the degree
of N-induced Ilattice distortion and material
nonuniformity decreases linearly with the increas-
ing annealing temperature, that is, the FWHM
decreases linearly with the annealing temperature

FWHM = FWHM, + o,7. (8)

The solid squares in Fig. 7 are experimental
data, and the solid line is a best fit to these
experimental data using Eq. (8), with FWHM, and
op equaling to 209meV and —0.254meV mol-
percentage !, respectively. Then we have

FWHM = 209 — 0.254 T(600°C < T<800°C). (9)

4. Conclusions

In summary, our experiments revealed that the
PL peak of GaAsN at low temperature did not
originate from the band-to-band transition, but
from the recombination of exciton located at
localized states, even though the GaAsN sample
is of good crystalline quality verified by both
RHEED observations and XRD measurements.
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The emissions from localized excitons are intrinsic
property of semiconductor alloys, and thus are
very important to the research subjects relative to
alloys’ energyband. The interstitial N—As complex
and the defects related to the broad energy-tail in
the low-energy side of the PL spectrum could be
effectively removed by thermal annealing process.
Redshift phenomenon of the PL peak is to
our knowledge firstly found in GaAsN material
after annecaling. However, this phenomenon
strictly depends on the growth condition, espe-
cially on the nitrogen flux. In contrast to the
blueshift due to annealing, the redshift is a useful
phenomenon for the GaAs-based nitrides to
extend to longer wavelength. It is also noticeable
that the FWHM of PL peak from GaAsN
decreases linearly with the increasing annealing
temperatures.
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