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Abstract

The temperature dependence of optical properties of InGaAsN/GaAs single-quantum wells grown by solid source molecular beam

epitaxy (MBE) with N contents varied from 0% to 5.3% was investigated by photoluminescence (PL). The evolution of the peak

positions of InGaAs/GaAs sample are in agreement with the empirical Varshni model. However, pronounced temperature-dependent

S-shaped peak positions and N-shaped linewidth were observed in PL spectra while increasing nitrogen concentration. The activation

energy of InGaAsN/GaAs single quantum well (SQWs) is observed to decrease with nitrogen incorporation, which is contrary to the

expectation of the bandgap reduction. This phenomenon suggests that the existence of defect-related nonradiative processes is due to

nitrogen incorporation. The results of measurement demonstrate that the nitrogen incorporation into the InGaAsN has strong influence

not only on carrier localization but also on the optical quality. In addition, the growth of high nitrogen content (5.3%) shows that the

InGaAsN might be the potential candidate for long-wavelength optoelectronic devices.

r 2006 Elsevier B.V. All rights reserved.

PACS: 78.55.Cr; 81.15.Hi; 68.65.Fg; 68.35.Dv; 71.23.An; 78.55.Cr
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1. Introduction

Long-wavelength of 1.3 and 1:55mm optoelectronic
devices such as lasers, detectors, filters and optical
amplifiers are key components of present optical fiber
communications because of minimum loss in this wave-
length region [1]. Conventional GaAs-based materials are
e front matter r 2006 Elsevier B.V. All rights reserved.
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very attractive for optoelectronics. However, systems like
InGaAs/GaAs only allow device operation out to about
1:2mm [2]. In contrast, InP-based devices can easily operate
within the desired wavelength window, but they suffer from
poor thermal stability (lowering efficiency) and low
refractive index contrast (hindering DBR fabrication) [3].
Therefore, many layers are required to produce high-
reflectivity InP-based DBRs, presenting large growth
challenges as well as introducing high series resistance,
which retards device dynamics [4,5]. The quaternary alloy
InGaNAs, offering several advantages over conventional
narrow-gap materials, has been demonstrated to be a
promising material to solve these problems [6–8]. InGaNAs
quantum wells (QWs) can be grown pseudomorphically on
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GaAs, giving strong carrier confinement (hence thermal
stability), compatibility with GaAs technology (including
AlGaAs/AlAs DBRs), and extensive control of bandgap
energy, strain and band alignment. In most III–V
materials, substituting an element for a smaller atomic
radius would reduce the lattice constant and increases
the bandgap. However, Weyers et al. [9] found that
replacing a fraction of arsenic atoms in GaAs with smaller
nitrogen atoms rapidly reduces the bandgap. In addition,
nitrogen allows band alignment, lattice constant and strain
to be tailored, opening up a new dimension of band
engineering [10].

In fact, InGaNAs-based vertical cavity surface-emitting
laser (VCSEL), Vertical-cavity semiconductor optical
amplifier (VCSOA), edge-emitting laser, photodetector,
light emitting diode (LED), solar cell, modulators and
heterojunction bipolar transistors (HBTs) have already
been demonstrated [11–24]. Commercially, extensive
groups focus their researches on pushing the emission
wavelength of the dilute nitride above 1:3mm, potentially
useful for long haul links [25–29]. However, it is still
difficult to obtain good quality InGaAsN/GaAs QWs due
to the large miscibility gap, lattice-induced strain, and low
efficiency of nitrogen incorporation. Accordingly, further
studies on growth of InGaAsN are required for both
scientific and technological points of view.

In this work, we investigate the optical properties of
InGaAsN/GaAs single quantum well (SQW) grown by
molecular beam epitaxy (MBE) with various nitrogen
contents from 0% to 5.3%. The effects of nitrogen contents
on the temperature dependence photoluminescence (PL)
spectra and carrier localization are discussed in detail.

2. Experiments

The InGaAsN samples investigated here were grown by
MBE on GaAs (1 0 0) substrates in a Riber system
equipped with solid-sources for group-III and arsine (As)
elements, and an EPI-Unibulb radio-frequency plasma
source was used for supplying active nitrogen species from
ultra-high-purity N2 gas. The plasma power and N2 flow
rate were varied from 200 to 600W and 0.2 to 0.6 sccm,
respectively. And the N composition was controlled by
monitoring the intensity of the N plasma emission and
calibrated from the X-ray diffraction (XRD) analysis.
However, since the nitrogen incorporation efficiency is
hundreds of times lower than that of As, the flow rate of
nitrogen source must be higher than that of As source,
making growing layers susceptible to damage. To remove
the defected caused by low-temperature growth, all samples
were in situ annealed at 700 �C for 10min after GaAs cap
layer was grown. Detailed MBE growth process has been
described elsewhere [30].

The surface morphology of the samples was determined
by in situ reflection high-energy electron diffraction
(RHEED) patterns. During the growth of SQWs, the
RHEED patterns remain streaky in all samples. This
indicated that the three-dimensional growth mode was
suppressed under suitable growth conditions even with
high nitrogen composition. High resolution XRD patterns
using a Bede four-crystal diffractometer were performed to
characterize the structural properties. In addition, the
molar fractions of indium and nitrogen were determined
from the fitting results of XRD spectra using dynamic
simulation software (RADS). A series of samples have
been grown with varying nitrogen content while keeping
the 34% indium and 66% Ga concentration. The N
composition in the structures was 0%, 2.2%, 4.1% and
5.3% for samples A, B, C and D, respectively. For the PL
measurements, the samples were excited by argon ion laser
(532 nm), and the PL signal was collect in conventional
back scattering geometry. All samples were placed into a
closed-cycle cryostat with a temperature controller ranging
from 20K to room temperature. And the luminescence
signal was dispersed by a Spex Triax 320 monochromator
and detected by a thermoelectrically cooled InGaAs
detector.

3. Results and discussion

Shan et al. [31] have proposed a band anticrossing
(BAC) model to describe the nitrogen and indium
concentration dependence of the effects on the bandgap
of the InGaAsN alloy system. According to the model, the
band gap of InGaAsN can be expressed as

EgðInxGa1�xAs1�yNyÞ

¼
EMðxÞ þ EN �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½EMðxÞ � EN�

2 þ 4V 2
NMðx; yÞ

q
2

, ð1Þ

where the top of the valence band is taken as a reference
energy level, EM is the extended conduction band of the
InGaAs ternary compound, EN is an impurity level due to
nitrogen incorporation assumed here to be located 1.65 eV
above the valence band, and VNM represents the degree of
interaction between the EN and EM levels [32]. The
theoretical model based on a BAC model interaction
between the highly localized nitrogen-derived state and the
zone-center conduction band Bloch states has been
constructed and used to explain the band-gap behavior,
including pressure and temperature dependence, for bulk
dilute nitrides including GaNAs, GaInNAs, and GaNP.
However, the extent to which this model accurately
describes the underlying physics of this new class of
material is still unclear. The band gap energies of samples
A, B, C, and D, calculated using Eq. (1), are for references.
Due to the quantum confinement effect, the measured band
gap energies are larger than the calculated results.
Fig. 1 shows temperature-dependent PL spectra of the

four samples. PL emission from high quality quantum well
and bulk samples is typically characterized by symmetric,
Gaussian-like, features as illustrated for InGaAs and
GaAs. However, emission from dilute nitride samples is
often characterized by asymmetric peaks with low-energy
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Fig. 1. The temperature dependent of the PL spectra of (a) sample A (N ¼ 0%), (b) sample B (N ¼ 2.2%), (c) sample C (N ¼ 4.1%) and (d) sample D

(N ¼ 5.3%). The signs are marked on the peak of the spectra.
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exponential tails [33–35]. The PL spectra in Fig. 1 exhibit
conspicuous asymmetric line shapes with sharp high-energy
cutoff and exponential low-energy tail with nitrogen
incorporation. The form of the low energy side of the
spectrum suggests a distribution of localized states with an
exponential-like density of states (DOS). These tail states
might originate from recombination of localized excitons
trapped in potential fluctuations due to local fluctuations in
nitrogen concentration. In addition, with increasing nitro-
gen concentrations (from sample A to sample D), the
emission peak positions show a remarkable red-shift
tendency as predicted from Eq. (1) at low temperature
(�20K). As shown in Fig. 1(a) for sample A, only one
symmetrical emission peak centered on around 1046 nm
was observed and the peak energy redshifts while increas-
ing the temperatures. This phenomenon is in agreement
with a regular thermalization of the carriers, where the
localization energy is equal to zero. Particularly, other
samples exhibit an anomalous temperature behavior. The
behavior differs remarkably from the change of the band
gap energy with temperature usually described by the
Varshni formula (as shown in Fig. 2(a)) [36]. The so-called
S-shaped temperature dependence of emission energy, i.e. a
red-blue-red shift with increasing temperature, was ob-
served in the samples B and C with higher nitrogen content.
Band tail states were proposed should be responsible for
the InGaAsN system [37–39]. Other than the reference
sample A without nitrogen, the anomalous temperature-
induced emission shifts in sample B and C are attributed to
band tail states in DOS. From Fig. 1, changing nitrogen
content from 0 to 0.05 reduces the band-gap energy. Also,
a correlation between PL linewidth and nitrogen concen-
tration was exhibited, which the PL linewidth is broad-
ening with the increase of N incorporation. This
broadening phenomenon indicates that an increasing
degree of compositional and structural disorder with



ARTICLE IN PRESS
F.-I. Lai et al. / Journal of Crystal Growth 291 (2006) 27–3330
increasing nitrogen concentration deteriorate the crystal
quality in the quantum wells, which has been extensively
reported.

The temperature dependence of the peak energy is
depicted in Fig. 2 for the four samples (sample A–D). The
solid lines represent the fitting results in the high-
temperature range using empirical Varshni model [36]

EðTÞ ¼ Eð0Þ �
aT2

T þ b
, (2)

where the Eð0Þ, a and b are Varshni parameters, and T is
the measured temperature. All fitting parameters are given
in Table 1. According to Table 1, we found that the
thermal stability of PL peak energy increases (value of a
decreases and b increases) with increasing N content, which
is consistent with earlier reports. The carrier localization
energy at any temperature is given by the difference
ElocðTÞ ¼ EðTÞ � EPLðTÞ, where EPLðTÞ is temperature
dependence of PL peak energy [39]. The results of the
Varshni fit and the localization energies at 20K for all
samples are shown in Fig. 2 as well. In Fig. 2(a), a
superposition of the Varshni fit and experimental data
indicates that the evolution of the PL peak position for the
InGaAs (reference sample A) is in agreement with a regular
thermalization of the carriers, where the localization energy
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Fig. 2. Evolution with the temperature of the PL-peak energies for the (a)

sample A (N ¼ 0%), (b) sample B (N ¼ 2.2% ), (c) sample C (N ¼ 4.1%)

and (d) sample D (N ¼ 5.3%). The solid lines are the fitting results in the

high-temperature range using empirical Varshni model.

Table 1

Characteristics of the samples: the molar fraction of nitrogen were determi

localization energy at 20K, E0, a, and b are the Varshni parameters

Sample Nitrogen composition (%) Eloc (20K) (meV)

A 0 �0

B 2.2 10.3

C 4.4 11.6

D 5.3 13.7
is equal to zero [40]. It is interesting to note that the
temperature dependent PL of sample B, C and D exhibit an
S-shaped property. At the lowest temperature, the photo-
generated carriers (excitons), captured by the localized
potential induced by the fluctuation of well width or alloy
composition, are essentially immobile apart from phonon-
assisted tunneling or hopping to adjacent states. With the
increase of the temperature from 20K to first minimum, a
redshift appears because of the excitons gain sufficient
thermal energy to overcome small potential barriers and
thus are mobile to some extent. In this case, some of these
excitons may relax down into and become trapped in the
lower energy levels where the recombination takes place.
Consequently, the emission of the high energy states is
suppressed and a redshift occurs within the range.
However, with the further increase in temperature, a blue
shift of peak energy occurs. This blue shift could be owing
to the thermal equilibrium distribution of the localized
excitons increasing and getting close to the delocalized
higher energy states of DOS [8]. At even higher tempera-
ture, the temperature-dependence peak energy is mainly
dominated by the behavior of the band-to-band transition
and the peak energy will decrease as the thermal shrinkage
of gap energy. Besides, it is obviously that the linewidth
increases accordingly when increasing the temperature
above 20K. Additionally, earlier literatures have pointed
out that the incorporation of nitrogen into the InGaAs
increases the density of defects originated from composi-
tional and structural inhomogeneities, and deteriorates the
crystalline quality. So it is reasonable that sample D did
not manifest pronounced S-shape feature due to lower
signal-to-noise ratio (SNR) and measurable temperature.
The localization energies at 20K for all samples are
summarized in Table 1. From the figure, we observed that
N content has an influence on carrier localization in the
investigated QW systems.
Fig. 3 shows the temperature dependence of the PL

linewidth. For sample A without nitrogen content, the
value of FWHM increases monotonically from 13 to
26meV. The spectral linewidth increases with temperature
should be result from thermal broadening in the absence of
tail states, and therefore the band-to-band transition
luminescence FWHM usually depends linearly on tem-
perature [41]. Hence, the recombination in sample A is
supposed to be band-to-band like. On the other hand, the
PL linewidth of samples B and C increase till temperature
close to the delocalization temperature (�100K). However,
ned from the fitting results of XRD spectra, Eloc (20K) represents the

E0 (eV) a ð10�4 meV=KÞ b (K)

1.1872 5.8 310

0.9907 5.35 575

0.907 5.1 585

0.8485 4 650
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Fig. 3. Temperature dependence of the PL linewidth for the (a) sample A (N ¼ 0%), (b) sample B (N ¼ 2.2% ), (c) sample C (N ¼ 4.1%) and (d) sample

D (N ¼ 5.3%).
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as the temperature increase from 100 to 150K, the value of
FWHM decreases from 50 to 40meV. Finally, the line-
width rises up steadily to 300K, again in agreement with a
regular thermalization of the carriers. This N-shaped
temperature evolution could be explained by the transfer
and thermalization of localized states [39]. When the
temperature increases up to the thermalization point, some
localized carriers become mobile and occupy shallower
localized states. This leads to an increase of the linewidth.
When approaching the full-delocalization temperature,
most localized carriers become progressively mobile and
occupy shallower localized states, so that the carrier
distribution stabilizes and narrows the emission linewidth.
Further, thermal broadening of the carrier distribution
occurs and the linewidth increases with increasing the
temperature accordingly. As mentioned above for sample
D with high nitrogen content (5.3%), the deteriorated
optical property results in ambiguous N-shaped tempera-
ture dependence.

Finally, the temperature dependence of normalized
integrated intensity of PL was investigated. The curves of
normalized integrated PL intensity versus the inverse
temperature for all samples were plotted in Fig. 4. With
an increase in temperature, the overall integrated emission
intensity of the PL spectra gradually decreases indicating
the presence of nonradiative recombination centers. The
quenching behavior should correspond to the thermal
activated nonradiative recombination mechanism, where
the slopes give the activation energy. For proper fitting,
two thermally activated energies characterized by Ea and
Eb were assumed using the following formula [42]

IðTÞ ¼
1

1þ A exp
�Ea

kT

� �
þ B exp

�Eb

kT

� � , (3)
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where A and B are fitting constants; and k is the Boltzmann
constant. It is found that the values of Eb for all samples,
determined by curve fitting, are in the range of 8–13meV.
Also, the Eb values increase with increasing N concentra-
tion and closely correlate with measured E loc values.
Hence, the small activation energy of Eb is attributed to
trapped excitons or carriers thermalizing from localized
regions resulting from potential fluctuation in the SQWs.
Besides, the activation energy Ea, derived from the slopes
of the straight-line portion (150–300K) of the curves, is
93.4, 63.8, 54.1 and 44.2meV for nitrogen compositions of
0%, 2.2%, 4.1% and 5.3%, respectively. The Ea values
decrease with increase of nitrogen incorporation. This
fitting result is contrary to the expectation of Ea value
which would increase as increasing nitrogen content due to
bandgap reduction. These features might attribute to
different samples and excitation conditions since the
recombination dynamics should be dependent on the
distribution of localized states. Furthermore, the decrease
of Ea can be explained by a higher defect concentration
owing to more nitrogen incorporation thus leading to a
stronger influence of the defect-related nonradiative
processes.

4. Conclusion

In conclusion, the optical properties of In0:34Ga0:66
As1�xNx=GaAs SQWs grown by solid-source MBE with
various nitrogen contents were investigated by tempera-
ture-dependent PL. The PL peak energy and FWHM
exhibit pronounced temperature-dependent S-shape
N-shape while increasing nitrogen concentration. More-
over, the band-tail states, which might originate from
composition nonuniformity, play a key role on the carrier
localization effect in the nitrogen-incorporated samples,
and the nitrogen contents should be responsible for the
localization energy. The activation energy Ea of InGaAsN
SQW is observed to decrease with nitrogen incorporation,
contrary to the expectation of the bandgap reduction. This
feature suggests that the existence of defect-related non-
radiative processes due to nitrogen incorporation. All
aforementioned results indicate that the nitrogen contents
have strong influence on the optical properties of the
InGaAsN/GaAs SQW. Furthermore, the highest nitrogen
concentration obtained here is 5.3%, and the emission
wavelength reaches 1:5mm as well. Although the optical
qualities deteriorate while increasing nitrogen contents, our
results indicate that InGaAsN/GaAs SQW is potential
candidate for long-wavelength optoelectronic devices.
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