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Optical investigations of GaInNAs ÕGaAs multi-quantum wells with low
nitrogen content
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The optical properties of GaInNAs/GaAs multi-quantum wells were investigated by
photoluminescence excitation~PLE! spectroscopy, as well as by photoluminescence~PL!, under
various excitation intensities and at various temperatures. The PLE spectra demonstrated
pronounced excitonic features and the corresponding transitions were identified. At low
temperatures the PL spectra were sensitive to the excitation intensity. Under fixed excitation
intensity, both the peak energy and the linewidth of photoluminescence showed anomalous
temperature dependence, specifically an S-shaped temperature dependence of the peak energy and
a N-shaped temperature dependence of linewidth in the PL spectra. The observed results are
explained consistently in terms of the exciton localization effect due to the local fluctuations of
nitrogen concentration. ©2002 American Institute of Physics.@DOI: 10.1063/1.1489716#
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I. INTRODUCTION

Recently, dilute III-N-V alloys and superlattices have a
tracted a great deal of attention. The unusual large bow
coefficient due to N-incorporation has drawn strong inter
to the investigation of its physical origin.1 Meanwhile, this
series of materials, especially the GaInNAs alloys, ha
shown favorable properties in the desired optical commu
cation wavelength range around 1.3mm.2 Compared to
GaInAsPInP materials currently in common use, GaInNA
GaAs has several advantages. First, the optical propertie
GaInNAs/GaAs have better thermal characteristics due to
introduction of N. This property has two-fold implication
~i! the larger conduction band offset and thus the stron
electron confinement give rise to better performance of la
at high temperature, represented by a higher character
temperatureT0 for threshold current; and~ii ! the band gap
energy is less sensitively dependent on temperature, im
ing higher wavelength stability. The relative stability of bo
lasing threshold and operation wavelength is highly desira
for high performance optical-fiber communication syste
employing dense wavelength-division multiplexing. Seco
the fact that GaInNAs can be coherently grown on Ga
substrates allows growth of distributed Bragg reflector m
rors composed of high refractive index contrast AlAs/Ga
or GaAlAs/GaAs for the monolithic fabrication of vertica
cavity surface emitting lasers~VCSELs!. Indeed, both the
edge emitting lasers and VCSELs based on GaInNAs/G
quantum wells have been extensively reported recently3–9

Despite great success in the demonstration of devices,
detailed investigation of the optical properties of t
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GaInNAs/GaAs system remains a major topic.10–17 Under-
standing the emission mechanism in these materials is
cial for not only basic physical interest but also for devi
design. In this article, we report systematic studies on
optical properties of high quality GaInNAs/GaAs mult
quantum wells~MQWs! investigated by photoluminescenc
~PL! spectroscopy at various excitation intensities and te
peratures and by photoluminescence excitation~PLE! spec-
troscopy. We made low temperature PLE measurements
series of GaInNAs/GaAs MQWs with different well widths
Pronounced excitonic features are demonstrated in the
spectra. From these spectra, the excitonic transitions ca
clearly identified. It is found that at low temperature the P
spectra were sensitive to the excitation intensity. Under fix
excitation intensity, both the peak energy and the linewi
of photoluminescence showed anomalous temperature
pendence. All these observations can be explained in a
sistent way by the exciton localization effect due to the lo
fluctuations of nitrogen concentration.

II. EXPERIMENT

The samples were grown by solid-source molecul
beam epitaxy on GaAs~001! substrates andin situ annealed
at 750 °C. The fabrication process has been descri
elsewhere.18 In brief, the GaInNAs/GaAs MQW structure
consisted of Ga0.62In0.38N0.015As0.985 well layers and GaAs
barrier layers with 5–10 periods. Nitrogen was provided b
radio frequency coupled plasma source. The mole fracti
of N and In were determined by a combined analysis
high-resolution x-ray diffraction and precalibrated PL da
The MQWs were sandwiched between two five-period Al
~2 nm!/GaAs ~2 nm! superlattice cladding layers and final
capped with 10 nm GaAs. All samples were nominally u
doped. To perform the measurement at various temperatu
the sample was mounted on the sample holder of a liquid

il:
0 © 2002 American Institute of Physics
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cooled flow cryostat with suitable optical access for PL a
PLE spectra. For the PL measurements, the samples
excited by a high power diode laser~670 nm!, and the PL
signal was collected in conventional back scattering geo
etry. The excitation intensity was adjusted by calibrated n
tral density filters. The luminescence signal was dispersed
a 0.46 m grating monochromator and detected by a ther
electrically cooled Si/InGaAs detector using standard lock
techniques. The PLE signal is detected by the same sys
but the light source was replaced by a 250 W tungsten h
gen lamp combined with a 0.27 m grating monochroma
and suitable filters.11

III. RESULTS AND DISCUSSION

Figure 1 shows typical spectra of PL~excited by the
diode laser! and PLE~detected atldet51223 nm! taken at 5
K for a Ga0.62In0.38N0.015As0.985/GaAs structure with well
width of 9 nm. As can be clearly seen, the PLE spectr
shows clear features of optical transitions due to differ
quantized energies of quantum wells and a strong excito
feature dominates the lowest transition energy. The la
property is the direct evidence of the formation of excito
In a previous paper, we have assigned the features in the
spectrum as the transitions of e1–hh1, e1–1h1, and e2–
respectively, as deduced from polarized PLE measurem
and comparison with theoretical fitting.11 The comparison of
theoretical calculation and experimentally determined tra
tion energies provides important information. A type-I alig
ment for the hhs with a strained conduction-band offset ra
of about 80% and an approximately flat band alignment
the 1hs were obtained.11

Figure 2 shows the evolution of the PLE spectra
Ga0.62In0.38N0.015As0.985/GaAs MQWs as a function of wel
width. The well widthLw for each sample is marked in th
figure. It is interesting to note that the excitonic features
MQWs with different well widths are correlated to the qua
tum confinement effect. First, the excitonic transition ene
of the quantized states in the quantum wells is very sens

FIG. 1. PL and PLE at 5 K spectra of a Ga0.62In0.38N0.015As0.985 MQW with
well width of 9 nm.
Downloaded 19 Jul 2002 to 130.159.254.2. Redistribution subject to AI
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to the well width, indicating that as expected the operat
wavelength of devices based on this material system ca
effectively tailored by both the depth and width of the qua
tum wells. Second, the oscillator strength of the heavy h
exciton transitions largely increases as the well wid
decreases.19

As is shown in Fig. 1, the PL spectra showed a sin
peak with a full width at half maximum~FWHM! of about
21.2 meV. The PL peak is positioned at the lower energy s
of lowest absorption peak with a Stokes shift of 25.5 me
This indicates that the PL emission is associated with
recombination of the lowest heavy-hole exciton states of
quantum wells. Investigation of the lineshapes showed
the PL peak is asymmetric with a low energy tail. The
features are a typical indication of the exciton localizati
effect.20 In general, the localization effect in quantum we
may result from the local fluctuations of both well width an
alloy composition in the wells. We have measured a serie
samples with the same composition but with various w
widths from 2.5 to 9 nm. The PL properties of the full set
samples are summarized in Table I. We found that both
Stokes shift and the linewidth of PL show no clear corre
tion with the well width. This implies that the main reaso
for the exciton localization in our samples is not dominat
by the fluctuation in well width, because otherwise the lin
width and Stokes shift would increase as the well width d
creases. Therefore the localization effect is attributed ma

FIG. 2. PLE spectra at 5 K of three Ga0.62In0.38N0.015As0.985MQWs, the well
widths of which are denoted for each curve. The positions of three op
transitions: e1–hh1, e1–lh1 and e2–hh2 are marked by a closed circ
closed square and a open circle, respectively.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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to the fluctuation in the alloy composition in the well layer
Because of the very large bowing coefficient induced
N-incorporation, it is expected that the local fluctuation of
concentration gives rise to a big difference in local poten
and thus a strong localization effect. Moreover, for t
strained quantum wells, the local fluctuation of nitrogen co
centration also implies the spatial distribution of strain. A
these effects are expected to affect the PL properties
Ga0.62In0.38N0.015As0.985/GaAs MQWs.13,17

In order to further investigate the PL properties, we p
formed PL measurements under various excitation intens
at low temperature for all samples. In Fig. 3, we show the
spectra at 5 K normalized by their peak intensity unde
average excitation power from 0.084 to 84 mW for
Ga0.62In0.38N0.015As0.985/GaAs MQW with a well width of 9
nm. One can see that the PL peak energy blueshifted abo
meV as the excitation power increased from 0.84 to 84 m

FIG. 3. PL spectra of a Ga0.62In0.38N0.015As0.985 MQW with well width of 9
nm measured at 5 K under different excitation power. The dashed line
guide to the eye. The inset of the figure shows the peak energy as a fun
of excitation power.

TABLE I. PL properties of various samples at 5 K under theexcitation
power of 84 mW.

Sample No. Well width~nm! FWHM ~meV! Stokes shift~meV!

12393 2.5 19.0 23.0
12394 4 16.1 22.6
12313 7 19.2 31
12395 9 21.2 25.5
Downloaded 19 Jul 2002 to 130.159.254.2. Redistribution subject to AI
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As is well known, two factors may lead to blueshift wit
increased excitation: filling of band tail states and the scre
ing of electric fields by high carrier density.21 The latter,
however, should be negligible in our samples. This is
cause~001! symmetry does not suffer from electric field no
mal to the QW plane owing to spontaneous and piezoelec
polarizations. Furthermore, even if there exist electric fie
in local areas induced by composition fluctuations, t
screening effect should be negligible because of the very
excitation density~the highest excitation density in our ex
periment is about 300 W/cm2!.

The inset of Fig. 3 shows the dependence of the p
energy of PL at 5 K on theexcitation power. In the powe
range from 0.084 to 84 mW, the PL peak energy increa
monotonically without saturation, indicating that in th
whole range the PL is still from localized states. The rate
increase of peak energy with respect to excitation power
very fast at weak excitation and slowed down at higher
citation power. This behavior is totally consistent with th
distribution of density of localized states. It is well reco
nized that the distribution of the localized states in a dis
dered system shows an exponential-like density of state22

This means that the filling of the localized states with high
energies needs more photogenerated carriers, consistent
the experimental observation.

Figure 4 shows the integrated PL intensity as a funct
of excitation power plotted in log–log scale. Under low e
citation power the PL intensity has a nearly linear relati
with the excitation power. However, under high excitati
power it deviated from the linear relationship, and exhibit
sublinear relation. This suggests that the tail states w

ion

FIG. 4. Dependence of integrated PL intensity on the excitation power.
solid line represents the linear relationI PL}I exc.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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higher energy have lower emission efficiency. This is reas
able, because higher energy tail states should have hi
mobility and therefore have more chance to encounter a n
radiative center.

We have systematically studied the temperature dep
dence of the PL spectra including the emission peak ene
integrated intensity, and the FWHM. The evolution
GaInNAs-related PL spectra over the temperature ra
from 5 to 300 K is shown in Fig. 5 for a
Ga0.62In0.38N0.015As0.985/GaAs MQW with well width of 9
nm at an excitation power of 84 mW. It is interesting to no
that the temperature dependent PL of GaInNAs/Ga
MQWs exhibits an S-shaped property. Figure 6~a! shows the
temperature dependence of the peak energy of PL. When
temperature increases from 5 to 60 K, the PL peak ene
redshifts 2.9 meV. However, from 60 to 100 K the pe
energy of PL blueshifts 3.2 meV. When the temperature
further increased above 100 K, the peak energy decre
again. This behavior differs remarkably from the temperat
dependence of the band gap energy for a semicondu
which decreases monotonically as the temperature incre
following the Varshni or Bose–Einstein relation. The anom
lous temperature dependence of PL has been also obse
by other authors for GaInNAs/GaAs MQWs,12,14,15and was
generally explained in terms of the competition between
transfer dynamics of localized carriers/excitons and the th
malization effect.23 At the lowest temperature, the photog
nerated carriers~excitons! are rapidly captured in their life
time by the localized potential induced by the fluctuation
well width or alloy composition. In the localized states th
are essentially immobile apart from phonon-assisted tun
ing or hopping to adjacent localized states. Within the loc
ization length, the excitons have a high probability to pers

FIG. 5. Temperature dependence of PL spectra for a Ga0.62In0.38N0.015As0.985

MQW with well width of 9 nm measured at an excitation power of 84 m
Peak positions of individual spectra are indicated with close circles.
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at low temperatures until they recombine radiatively.24 The
emission energy from the localized excitons is lower than
delocalized free excitons, which is the main origin of the lo
temperature Stokes shift. With the increase of the temp
ture, some of the localized excitons are thermally activat
and thus are mobile to some extent. In this case, som
these excitons may relax down into lower energy tail sta
Thus the higher energy side emission is suppressed a
redshift of peak energy is produced as indicated from 5 to
K. However, with the further increase in temperature, t
peak energy of the thermal equilibrium distribution of th
localized excitons will increase and get close to the deloc
ized exciton energy. This process can explain the blueshif
peak energy of PL from 60 to 100 K. At still higher temper
tures, the recombination of delocalized states dominates
PL, and the peak energy of PL will follow the delocalize
exciton emission energy and will decrease as the ther
shrinkage of gap energy.

It is interesting to note the temperature dependence
the PL linewidth as shown in Fig. 6~b! and its correlation to
the temperature dependence of peak energy. From 5 to
K, the value of FWHM increases monotonically from 21.2
35.6 meV. However, as the temperature increases from
to 210 K, the value of FWHM decreases from 35.6 to 25

FIG. 6. Temperature dependence of peak energy~a!, FWHM ~b!, and inte-
grated intensity~c! of PL for a Ga0.62In0.38N0.015As0.985 MQW with well
width of 9 nm measured at 84 mW. The dashed line is the fitting cu
according to Eq.~1!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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meV. As the temperature further increases, the FWHM va
increases again. This N-shaped temperature dependenc
be well explained by the transfer and thermalization of loc
ized states.15 As we have pointed out, the temperature ran
from 5 to 100 K represents the transfer process of locali
exciton states to delocalized state. At the lowest temperat
~5–20 K!, the localized excitons follow the distribution o
trapped localized excitons. Thus the linewidth of PL chan
little with temperature. With the increase in temperature
to the thermalization point~;100 K!, two processes occu
First, some of the trapped excitons gain enough energ
transfer to deeper localized states; second, due to the
creased thermalization some localized excitons become
bile and occupy shallower localized states~higher energy tail
states!. Both of these two processes will broaden the PL lin
width. When the temperature is over the delocalization te
perature, the emission is dominated by the recombinatio
delocalized states so that the carrier distribution and thus
linewidth narrows. With a further increase in the tempe
ture, thermal broadening of the carrier distribution occ
and the linewidth increases accordingly.

Finally, we investigated the temperature dependence
integrated intensity of PL. This relationship is shown in F
6~c!. Between 5 to 300 K, the integrated intensity decrea
remarkably. We found that the quenching of the PL intens
could not be described by an Arrhenius relation. Howev
from 5 to 100 K the temperature dependence of integra
PL intensity can be well described by

I PL~T!5I 0 /@11A exp~T/T0!#, ~1!

whereI PL(T) is the integrated PL intensity at temperatureT,
T0 a characteristic temperature,A a tunneling factor, andI 0

the integrated intensity at the low temperature limit. Th
shows that the PL quenching at temperature below 100
principally due to the transfer of the localized states. T
least-square fitting gives rise to the characteristic tempera
T0516.06 K, close to the reported value of Grenouil
et al.12

As can be seen, the quenching rate is much slower in
temperature range from 100 to 300 K. This means that
quenching in this temperature range has a different me
nism. In fact, above 100 K the PL intensity is dominated
the recombination of delocalized carriers, so the quench
process will be governed by nonradiative recombinat
channels. Bissiriet al. have studied photoluminescence ef
ciency of InGaNAs/GaAs single quantum well in a wid
temperature range. They attributed the high thermal stab
of PL intensity at high temperatures to the strain compen
tion effect due to nitrogen incorporation into highly strain
InGaAs/GaAs QWs.17

Until now we have observed the close correlation amo
the temperature dependent peak energy, FWHM, and the
tegrated intensity of PL in a sample, and our full set
samples show similar properties. It should be pointed
that while some of our results have the same features
observed by others for GaInNAs/GaAs QWs, some auth
have reported different features for the same mate
systems,10,12,14–16 although all the observed phenome
about PL were explained in term of carrier/exciton localiz
Downloaded 19 Jul 2002 to 130.159.254.2. Redistribution subject to AI
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tion effect. The reason may be attributed to different samp
and excitation conditions~excitation wavelength and inten
sity! since the recombination dynamics of localized carri
should be dependent on the distribution of localized sta
For example, the tunneling rate between the localized st
is dependent on the localization depth and length; and
thermal equilibrium distribution of localized states should
excitation intensity dependent.

IV. SUMMARY

In summary, optical studies have been performed
GaInNAs/GaAs MQWs with low nitrogen content using PL
and PL spectroscopy. At low temperature pronounced e
tonic features have been observed in the PLE spectra, an
transitions between different quantum states could be ide
fied. PLE spectra measured for MQWs with various w
widths exhibited the quantum confinement effect of excito
The PL properties have been investigated for various exc
tion intensities and at various temperatures. At low tempe
ture a single peak PL with a FWHM value of about 20 me
was located at the near-band edge. It is observed that at
temperature, the PL peak energy increases with excita
power. The PL peak energy exhibits S-shape depende
while the FWHM exhibits N-shape dependence with te
perature. The observed results is explained by exciton lo
ization effect due to the local fluctuations of nitrogen co
centration.
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