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A series of InGaAsN/GaAs single-quantum wells (SQWs) with N contents varied from 0% to 5.3%
were grown by molecular-beam epitaxy using a solid As and a nitrogen plasma sources. The impact
of nitrogen concentration on the optical properties, as determined by the temperature dependence of
photoluminescence (PL), of a 6 nm SQW was investigated. In the low-temperature region, a
pronounced temperature-dependent S-shaped peak position was observed in PL spectra while
increasing the nitrogen concentration. Quenching behavior reveals that the defect-related
nonradiative processes might be enhanced in the highly nitrogen incorporated samples and thus
influence the recombination dynamics. In addition, the evolution of the peak position of the
InGaAsN/GaAs samples was in agreement with the empirical Varshni model in the
high-temperature region. A significant reduction in the temperature dependence of the emission peak
position is analyzed as well, and further confirms the prediction of proposed band anticrossing

model of the electronic structure of III-N-V alloys. © 2006 American Vacuum Society.

[DOLI: 10.1116/1.2208996]

I. INTRODUCTION

Heterostructures based on quaternary InGaAsN have re-
cently become a subject of extensive experimental and theo-
retical studies due to unusual physical properties and a great
number of optoelectronic and photonic applications.l_15 Es-
pecially, the possibility of achieving 1.55 wm luminescence
emission is of great interest for laser diode applications in
optical communications.'® Despite a strong progress in the
development of devices,'™" many fundamental parameters
and processes still remain unknown or not fully explained.
Incorporating nitrogen into GaAs or InGaAs changes the
band structure of the host crystal dramatically, which is re-
lated to the strong band gap bowing leading to a redshift of
the emission wavelength with increasing N concen-
tration.'®*° A transition from nitrogen acting as an isoelec-
tronic impurity to N-induced band formation has been found
in this material system.21 Much theoretical work has been
carried out recently and is still in progress to understand the
behavior of nitrogen in InGaAsN.

Compared to InP-based devices, which can easily operate
within the desired wavelength window, the quaternary alloy
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InGaAsN offers several advantages over conventional
narrow-gap materials.”>>* InGaAsN quantum wells (QWs)
can be grown pseudomorphically on GaAs, giving strong
carrier confinement (hence thermal stability), compatibility
with GaAs technology [including AlGaAs/AlAs distributed
Bragg reflectors (DBRs)], and extensive control of band gap
energy, strain, and band alignment. Even though lasing emis-
sion at 1.55 um has been reported,17 there seems to be an
important fundamental barrier to exceed 1.3 um emission
and reach longer wavelengths due to difficulty in the growth
of high-quality InGaAsN/GaAs QW structures with high
composition of In or N. Alloying N into InGaAs QWs has
proved a challenge due to a low efficiency of N incorpora-
tion combined with a large alloy miscibility gap in the phase
diagram, and hence InGaAsN tends to phase separate, result-
ing in the formation of inhomogeneous material with inclu-
sions of diverse phases.zs’26 Xin et al. also reported that in-
creasing In concentration in InGaAsN results in a rougher
interface.”’ Moreover, larger N and In concentrations cause
strong quenching of luminescence, a broadening of lumines-
cence linewidth of the alloys, increase of the nonradiative
(monomolecular and Auger) recombination, and thus lower
material gain and higher transparency carrier density.zg’29 Ac-
cordingly, to achieve a larger incorporation of N or In into

©2006 American Vacuum Society 1223
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the InGaAsN quantum well requires a more detailed knowl-
edge of the role of the growth conditions on defect forma-
tion, and how it impacts the optical properties for both sci-
entific and technological points of view.

In this work, we investigate the optical properties of
InGaAsN/GaAs single quantum wells (SQWs) grown by
molecular-beam epitaxy (MBE) with various nitrogen con-
tents from 0% to 5.3% at 34% indium and 66% Ga concen-
trations. The optical properties of the InGaAsN alloys are
investigated by the temperature dependence of photolumi-
nescence (PL). SQWs emitting in the wavelength range of
1.05-1.5 um have been characterized in order to investigate
the effects of N incorporation on the mechanisms of recom-
bination process.

Il. EXPERIMENTAL PROCEDURE

InGaAsN/GaAs SQWs were grown by MBE on semi-
insulating (001)-oriented GaAs substrates. The GalnAsN
SQWs were grown using solid sources for group-III and ar-
senic (As) elements, and an EPI-Unibulb radio-frequency
plasma source for supplying active nitrogen species from
ultrahigh-purity N, gas. The N composition was controlled
by monitoring the intensity of the N plasma emission and
calibrated from x-ray diffraction (XRD) analysis. High reso-
lution 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). During the growth of
SQWs, reflection high-energy electron diffraction (RHEED)
patterns remain streaky in all samples. This indicates that the
three-dimensional growth mode was suppressed under suit-
able growth conditions even with high nitrogen composi-
tions. To remove the defects caused by low-temperature
growth, all samples were in situ annealed at 700 °C for
10 min after the GaAs cap layer was grown. A series of
samples have been grown with varying nitrogen content
while keeping the 34% indium and 66% Ga concentrations.
The N compositions in the structures were 0%, 2.2%, 4.1%,
and 5.3% for samples A, B, C, and D, respectively.

PL measurement was carried out by the 514.5 nm line of
an argon ion laser, and the emission from the samples was
dispersed by a monochromator and detected using a thermo-
electrically cooled InGaAs detector. The samples were
mounted on a cold finger in a helium closed cycle refrigera-
tor coupled with a programmable temperature controller
which allows measurements in the 20—300 K temperature
range.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the low temperature of 20 K (solid
lines) and high temperature of 190 K (dotted lines) PL spec-
tra of InGaAsN SQWs with N contents of 0%, 2.2%, 4.1%,
and 5.3%, respectively. From the low-temperature PL spectra
displayed in Fig. 1(a), it is clearly to see that the PL peaks of
the four samples exhibit dissimilar line shape. For sample A
without nitrogen incorporation, the emission can be charac-
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FIG. 1. (a) The 20 K (solid lines) and 190 K (dotted lines) photolumines-
cence spectra of InGaAsN SQW with different N concentrations. Intensities
of the low-temperature spectra were normalized, and appropriate magnifica-
tion was made on the high-temperature PL spectra to clarify the differences.
(b) The fitting results of four InGaAsN samples. Asymmetric line shapes are
clearly shown in the nitrogen-incorporation samples.

terized by symmetric, Gaussian-like feature. However, emis-
sion from dilute nitride samples shows obvious asymmetric
line shape with a sharp high-energy cutoff and an exponen-
tial low-energy tail, and should be decomposed into a sum of
Gaussian curves.’ ™ A quantitative fit to the PL spectra,
assuming a Gaussian distribution of the state density, has
been utilized to accurately evaluate the energy peak posi-
tions. Fitting results of PL spectra at 50 K are shown in Fig.
1(b) for the InGaAsN SQWs with varied N contents. The
conspicuous asymmetric line shape with a low-energy expo-
nential tail for InGaAsN with nitrogen incorporation has
been observed in earlier literature as well. The exponential
low-energy tail is usually considered to be due to localized
states from defects and composition fluctuation.” This can
be described within the framework of Anderson localization,
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FiG. 2. Temperature dependence of the PL peak energy for the different
InGaAsN SQWs. The solid lines represent the results of Varshni fitting and
the localization energies E).(20 K) are indicated.

where the conduction band edges are smeared so that a tail in
the density of states extends into the forbidden gap.34 At low
temperature, photogenerated carriers may be trapped by lo-
calized states at the band tail, and the photoluminescence is
often originated either from the recombination of spatially
separated localized electrons and holes or by electron-hole
pairs trapped by potential fluctuations within the same spatial
region. Also, a correlation between PL linewidth and nitro-
gen concentration was exhibited, where the PL linewidth
broadens with an increase of N incorporation. This broaden-
ing phenomenon indicates that an increasing degree of com-
positional and structural disorders with increasing nitrogen
concentration deteriorates the crystal quality in the quantum
wells, which has been extensively reported. Indeed, the
highly nitrogen incorporated (5%), sample D, leads to the
high-temperature (~190 K) emission at 1.5 um, close to the
frequently targeted 1.55 um wavelength.

It is expected that the localization centers and their energy
distribution in the band gap will be highly dependent on the
nitrogen concentration in InGaAsN SQW. We analyze the
temperature dependence emission energies to estimate this
localization potential. The temperature dependence of the
peak energy is depicted in Fig. 2 for the four samples
(samples A-D). For sample A, the peak energy redshifts with
increasing temperature, which is in good agreement with
regular thermalization of carriers. In contrast, other samples
with nitrogen incorporation exhibit an anomalous tempera-
ture behavior, called S shape. The solid lines represent the
fitting results in the high-temperature range using empirical
Varshni model,3 3
2

E(T) = E(0) - T"f 5

(1)
where the E(0), «, and 8 are the Varshni parameters and 7 is
the measured temperature. All fitting parameters are given in

Table I. According to Table I, we find that the thermal sta-
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TaBLE I. Characteristics of the samples: the molar fraction of nitrogen were
determined from the fitting results of XRD spectra, E;,.(20 K) represents the
localization energy at 20 K, and E, «, and $ are the Varshni parameters.

Nitrogen
composition  E;.(20 K) E, a B
Sample (%) (meV) (eV) (10* meV/K)  (K)
A 0 ~0 1.1872 5.8 310
B 22 10.3 0.9907 5.35 575
c 44 1.6 0907 5.1 585
D 5.3 13.7 0.8485 4 650

bility of the PL peak energy increases (value of « decreases
and B increases) with increasing N content, which is consis-
tent with earlier reports. To quantify the S-shape behavior,
we measure the mismatch between experimental data and
fitted Varshni curves. The carrier localization energy E,,.(T)
at any temperature is given by the difference E,.(T)=E(T)
—Ep (T), where Ep (T) is the temperature-dependent PL
peak energy. The results of the Varshni fit and the localiza-
tion energies at 20 K for all samples are shown in Fig. 2 as
well. The S-shape behavior is consistent with that previously
attributed to radiative emission of localized carriers found in
states below the conduction band f:dgf:s.36’37 Between the
lowest temperature and the redshift minima, a redshift ap-
pears because of the photogenerated carriers gain sufficient
thermal energy to thermalize into the lowest available energy
state where the recombination takes place. Consequently, the
emission of the high energy states is suppressed and a red-
shift occurs within the range. As the temperature increases
further, a blueshift of peak energy occurs. This blueshift
could be owing to the thermal equilibrium distribution of the
localized carriers increasing and getting close to the delocal-
ized higher energy states. At even higher temperature, the
temperature-dependence peak energy is mainly dominated by
the behavior of the band-to-band transition and the peak en-
ergy will decrease as thermal shrinkage of the gap energy
following the normal band gap temperature dependence.

As previously discussed, the effects of localization domi-
nate the low-temperature peak behavior. However, at higher
temperatures (above 150 K) the peaks begin to decrease lin-
early as expected from the Varshni equation.35 The linear
region slope is found to be much smaller for dilute nitride
emission than for similar N-free samples (sample A). This
behavior can be explained using the band anticrossing
(BAC) approach."”® The BAC model of the III-V-N alloys
assumes that N atoms substituted in the group-V lattice sites
are distributed randomly in the crystal lattice and are coupled
weakly to the extended states of the host semiconductor. By
solving the eigenvalue problem, the subband energies are
given by38

o Ex+Ey+[(Ex—Ey)? +4VE, 1"
+ 2 E)

2)

where Ey is the energy level of the N localized level and Ej,
is that of the extended state in the conduction band. Vy, is
the matrix element describing the coupling between the N
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FIG. 3. Plots of normalized integrated PL intensity of the InGaAsN SQWs as
function of temperature. The activation energies derived from the slopes of
the high temperature region are indicated as solid lines.

localized states and the extended conduction-band state and
is given by Cy,x!"? under the assumptions of low-N concen-
trations and random distribution in the group-V sublattice
sites. Cyy 18 a constant and x is the N composition in the
III-V-N alloys. It is worth noting that a reduction of the lin-
ear slope with increasing nitrogen contents indicates that the
temperature variation of the emission peak position will be
alleviated in the high nitrogen-incorporated samples. An im-
portant feature of the BAC model is that the shift of the
lower subband E_ depends on the energy difference between
Ey and Ej,. It indicates that the level repulsion, and thus the
reduction of the temperature dependence of the band gap,
should be expected to be less pronounced in a semiconductor
matrix with E,, located at lower energy. Moreover, Skier-
biszewski e al.*® have shown that the hydrostatic pressure
dependence of the Ey localized state was about one order of
magnitude weaker than that of the InGaAs conduction-band
edge, attributed to the localized nature of the N energy level.
Based on the information on stability of the N localized state,
we can assume the constant energy level Ey in the InGaAsN
alloys. Hence, the interaction between the localized Ey level
and extended E); band increases with nitrogen incorporation
and the E_ band becomes less like E); and increasingly like
the temperature-insensitive localized state.”

In addition, the temperature dependence of integrated in-
tensity of PL was investigated. The curves of normalized
integrated PL intensity versus inverse temperature for all
samples are plotted in Fig. 3. With an increase in tempera-
ture, the overall integrated emission intensity of the PL spec-
tra gradually decreases, indicating the presence of nonradia-
tive recombination centers. The quenching behavior should
correspond to the thermally activated nonradiative recombi-
nation mechanism, where the slopes give the activation en-
ergy. For proper fitting, two thermally activated energies
characterized by E, and E, were assumed using the follow-
ing formula:*’
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1
" 1+Aexp(- EJkT) + B exp(— E,/kT)’

1(7) 3)
where A and B are fitting constants and k is the Boltzmann
constant. It is found that the values of Ej, for all samples,
determined by curve fitting, are in the range of 8—13 meV.
Also, the E; value increases with increasing N concentration
and closely correlate with measured E,,. values. Hence, the
small activation energy of E,, is attributed to trapped excitons
or carriers thermalizing from localized regions resulting from
potential fluctuation in the SQWs. Besides, the activation
energies E,, derived from the slopes of the straight-line por-
tion (150-300 K) of the curves, are 93.4, 63.8, 54.1, and
44.2 meV for nitrogen compositions of 0%, 2.2%, 4.1%, and
5.3%, respectively. The E, values decrease with increase of
nitrogen incorporation from N contents of 0%-5.3%, which
is in agreement with other published works on the trend of
the activation energy with increasing N content.*' This dis-
crepancy might be attributed to different samples and exci-
tation conditions since the recombination dynamics should
be dependent on the distribution of localized states. Further-
more, the decrease of E, can be explained by a higher defect
concentration owing to more nitrogen incorporation thus
leading to a stronger influence of the defect-related nonradi-
ative processes.

IV. CONCLUSION

In summary, the optical properties of InGaAsN/GaAs
SQWs grown by solid-source MBE with various nitrogen
contents were investigated by temperature-dependent PL. A
pronounced temperature-dependent S shape, attributed to
carrier localization effect in the nitrogen-incorporated
samples, was exhibited with increasing nitrogen concentra-
tion. Also, the emission peak position of N-contained
samples has a reduced temperature dependence compared to
the N-free InGaAs sample at higher temperatures (above
150 K). This observation could be interpreted using pro-
posed BAC model by assuming a negligible variation in the
localized N state with temperature. Furthermore, the activa-
tion energy E, of InGaAsN SQWs is observed to decrease
with nitrogen incorporation, contrary to the expectation of
band gap reduction, suggesting the existence of defect-
related nonradiative processes due to nitrogen incorporation
as well. The low-temperature PL exhibits a 1.5 um emission
wavelength with the 5.3% nitrogen concentration and indi-
cates the potential applications for long-wavelength opto-
electronic devices.
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