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GaInNAs/GaAs quantum well laser structures have been grown by plasma-assisted molecular beam
epitaxy. Rapid thermal annealing was applied to suppress the nitrogen-related localized states in the
material. These nitrogen-related localized states significantly quench the photoluminescence due to
its low radiative recombination efficiency, compared to band-to-band transitions. Further, the
thermal excitation processes of carriers from localized states to extended states result in the high
temperature-sensitivity of light emission, which may lead to a low characteristic temperature if such
structures are used in a laser diode. Our experiments have shown that annealing at 760 °C for 120 s
is insufficient to totally eliminate the nitrogen-related localized states, which may require a higher

temperature anneal process. © 2005 American Vacuum Society. �DOI: 10.1116/1.1935533�
I. INTRODUCTION

GaInNAs semiconductors and related quantum structures
have recently attracted considerable attention due to their
unique properties and promising applications for long-
wavelength GaAs-based laser diodes in optical communica-
tion systems.1,2 Quantum well active regions based on
GaInNAs fabricated on GaAs substrate have shown lasing
characteristics at 1.3 �m, which are comparable to results
based on conventional InP technology.3 Nevertheless, most
1.3 �m GaInNAs lasers exhibited lower characteristic tem-
perature �T0� coefficients than theoretically anticipated, with
only marginal improvement in T0 values over those achieved
by conventional InP technology. Some recent works have
attributed the lower than expected T0 values in 1.3 �m
GaInNAs lasers to large Auger recombination rates4 in the
material. Other works have indicated that the increase in car-
rier leakage and more temperature-sensitive gain are the key
mechanisms, leading to the lower than expected T0 values in
1.3 �m GaInNAs lasers.5 So far, a comprehensive picture of
the detailed mechanisms responsible for the temperature sen-
sitivity of 1.3 �m GaInNAs lasers remains incomplete.

Temperature-dependent photoluminescence �PL� mea-
surement is an important tool for studying the temperature
sensitivity of semiconductor materials and related quantum
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structures.6–8 Recently, a significant amount of PL data on
GaInNAs have been reported, such as low-temperature, time-
resolved, high pressure, and temperature-dependent
characteristics.9 All the above reports were largely related to
the alloy disordering effect of as-grown nitrogen-containing
alloys, leading to radiative recombination in localized cen-
ters at low temperature. No such localized recombination PL
peak was observed in annealed samples. The temperature-
dependent PL characteristic usually showed signs of progres-
sive carrier detrapping from localized states to extended
states. Only one very recent paper reported a twin PL struc-
ture of GaInNAs quantum well, related to transitions �e1
→hh1,e1→ lh1� between the first electron subband �e1� to
the first heavy-hole �hh1� and light-hole �lh1� subband.10 It
did not relate the light- and heavy-hole energy splitting due
to quantum confinement and strain effects to the temperature
sensitivity of its optical property. Based on the current state
of knowledge, many radiative mechanisms are unclear, and
furthermore the intrinsic and extrinsic factors that affect the
emission temperature sensitivity remain unknown.

In this paper, we report the growth procedure of
GaInNAs/GaAs laser structures using solid source molecular
beam epitaxy �SSMBE�. Comparison of calculated energy
levels of a strained GaInNAs/GaAs quantum well with mea-
sured PL peaks showed that only one PL peak originated
from band-to-band transition, while the other PL peak was
from localized state in the quantum well. Thermal excitation
of carriers between these energy states �localized and ex-
1434/23„4…/1434/7/$22.00 ©2005 American Vacuum Society
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tended� was investigated, and found to contribute to the tem-
perature sensitivity of PL intensity following increase in tem-
perature.

II. EXPERIMENTAL DETAILS

The GaInNAs laser structures were grown by radio fre-
quency �rf� plasma-assisted solid-source molecular beam ep-
itaxy. The growth chamber was equipped with standard effu-
sion cells for group-III sources and cracker cells for group-V
sources. The active nitrogen species were supplied using a rf
nitrogen plasma source. The samples were grown on n-type
�Si-doped� GaAs�001� substrates with carrier concentration
of �2�1018 cm−3. Prior to growth, surface oxide desorption
was carried out under As flux at beam equivalent pressure
�BEP� of 6.2�10−6 Torr. Streaky �2�4� surface reconstruc-
tion was maintained throughout the entire growth process.
The BEPs for Ga and As were 4.5�10−7 and 6.2
�10−6 Torr, respectively. The As/Ga flux ratio was fixed at
�14. The growth rate was �1 �m/h, verified using time-
resolved reflection high-energy electron diffraction
�RHEED� measurements. The nitrogen rf plasma source
worked optimally at nitrogen background pressure of 2.6
�10−6 Torr and arsenic BEPAs of 6.2�10−6 Torr. To main-
tain the plasma in high brightness mode, the rf power is
maintained greater than 60 W. Si and Be dopants were used
for n-type and p-type doping of the expitaxial layers, respec-
tively. Two wafers were grown under identical conditions.
One was marked for laser fabrication �termed as “Laser Wa-
fer”�, while the other was marked for thermal anneal study
�termed “Anneal Wafer”�. The “Anneal Wafer” possessed
identical structure as the “Laser Wafer,” except the upper
p-type cladding layer was not grown. Table I lists the layer
information for these wafer samples.

After growth, a 200-nm-thick SiO2 passivation layer was
deposited. The “Anneal Wafer” was then diced into small
pieces of 3 mm�3 mm prior to annealing. The samples
were mounted at the center of a 4-in. Si wafer in the anneal-
ing chamber, which was purged with argon at 5 l /min for
5 min before the temperature was ramped up at a rate of

TABLE I. “Laser Wafer” structure used in this work. The “Annealing Wafer”
used in the annealing experiment had the same structure, except that the
upper cladding layer was not grown.

Layer Thickness �nm� Doping �1/cm3�
Growth

temperature �°C

GaAs 200 Be, 1�1019 580
Al0.4Ga0.6As 1500 Be, 5�1017 610
GaAs 150 undoped 580
In0.35Ga0.65As0.983N0.017 7 undoped 460
GaAs 150 undoped 580
Al0.4Ga0.6As 1500 Si, 5�1017 610
GaAs 500 Si, 1�1018 580
�100� GaAs substrate 400 micron Si, 2�1010
50 °C/s. The gas flow was then reduced and fixed at 2 l /min
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throughout the rest of the anneal process. The temperature
variation was maintained within ±5 °C across the whole 4-
in. Si wafer area.

PL measurements were performed using the 514.5 nm Ar-
ion laser excitation line at near normal incidence. The PL
signals were collected using a dual grating spectrometer in
the reflection direction, and detected with a liquid-nitrogen
cooled germanium �Ge� detector in association with a stan-
dard lock-in amplifier. For samples from the “Anneal Wafer,”
the anneal conditions were optimized based on PL measure-
ments carried out at 77 K. These optimized conditions were
then applied to samples from the “Laser Wafer,” which were
subjected to further temperature-dependent PL
measurement.11 These PL spectra were fitted with two
Gaussian peaks to extract the energy positions and full-width
at half-maximum value of the two peaks.

III. CALCULATION OF ENERGY LEVELS
OF ANNEALED QUANTUM WELL

In terms of the PL characteristic, the direct effects of ther-
mal anneal on a GaInNAs/GaAs quantum well are improve-
ment in optical property, such as significant increase in PL
intensity, reduction in PL linewidth, and blueshift �i.e., shift
towards higher photon energy direction� of the PL peak.12

Hence in most cases, thermal anneal is a desirable step in the
device fabrication process. However, the mechanisms behind
these anneal effects are complicated, reportedly including al-
loy disordering, suppression of nitrogen-related defects,
In/Ga and N/As interdiffusion, well-width fluctuation, and
nitrogen-related chemical bond reconfiguration.13–15

Amongst these mechanisms, constituent atom interdiffusion
across the quantum well interface stands out as an intrinsic
physical mechanism, whereas other mechanisms can in prac-
tice be minimized by optimizing the material preparation
technique. Hence, they are more commonly regarded as
material-related mechanisms. There is substantial evidence
in mature GaAs/AlGaAs, InGaAs/GaAs, and InGaAs/ InP
quantum structures that points to atomic interdiffusion across
interfaces16–18 as being one of the dominant effects from
thermal anneal. Therefore in this work, the thermal anneal
process will be treated as a key approach to fulfill constituent
atomic interdiffusion.

A. Interdiffusion model

Many papers have reported the correlation between con-
stituent In–Ga and N–As interdiffusion across
GaInNAs/GaAs quantum well interfaces and the PL peak
blueshift it entails. From PL results, some workers have de-
duced that in GaInNAs/GaAs quantum wells annealed at
relatively low temperature ��650 °C�, the interdiffusion
process was dominated by In–Ga interdiffusion. However at
higher temperature ��900 °C�, N–As interdiffusion be-
comes dominant due to the large energy band bowing effect
of GaAs-based nitrides.19 Intuitively, both In–Ga and N–As
interdiffusion should contribute to the PL blueshift in the
anneal temperature range between 650 °C–900 °C. Re-

cently, experimental evidence from composition-sensitive
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high-resolution transmission electron microscopy measure-
ments indicated that both In–Ga and N–As interdiffusion
processes were present in samples annealed at 720 °C,13 al-
though the nitrogen diffusion coefficient �DN–As� is report-
edly around three orders smaller20 than the indium diffusion
coefficient �DIn–Ga�.

21 Moreover, In and N diffusion coeffi-
cients vary with anneal temperature, and this will complicate
the calculation of band structure of annealed
GaInNAs/GaAs quantum wells. Hence, to simplify the cal-
culation and taking into account results from Refs. 20 and
21, we assume the nitrogen diffusion length in our
GaInNAs/GaAs quantum well samples annealed at 760 °C
to be one-tenth of the indium diffusion length, i.e., LIn

=10LN �Ld=�Dt; t is the anneal time�. For a GaInNAs/GaAs
quantum well with as-grown indium and nitrogen mole frac-
tions of x0 and y0, respectively, the indium and nitrogen com-
position profile �x ,y� after anneal are given by22

x�z� =
x0

2
�erf�Lz + 2z

4Lln
	 + erf�Lz − 2z

4Lln
	
 , �1a�

y�z� =
y0

2
�erf�Lz + 2z

4LN
	 + erf�Lz − 2z

4LN
	
 , �1b�

where, Lz is the as-grown quantum well width. The coordi-
nate position along the crystal growth direction is denoted by
z, where z=0 at the center of the quantum well. LIn and LN

are the diffusion lengths of indium and nitrogen, respec-
tively.

B. Energy gap of strained GaInNAs

The potential depth and shape of the GaInNAs/GaAs
quantum well are determined by the indium and nitrogen
composition. The compositional distribution function will fi-
nally determine the energy levels in the quantum wells. The
ensuing diffusion process during annealing will smooth the
potential depth and shape of the quantum well. In
GaInNAs/GaAs quantum wells, one can expect this change
to be significant because GaAs-based nitrides by far possess
the largest energy-band bowing coefficient amongst most
semiconductor alloys.23,24 Because the nitrogen content in
GaInNAs is usually less than 3%, most parameters, such as
lattice constant in GaInNAs are deduced using linear inter-
polation between parameters of relevant binary
semiconductors.25 The energy gap �Eg� and effective mass
�mi with i=e, lh, and hh for electron, light hole, and heavy
hole, respectively� of strained GaInNAs can be deduced us-
ing the following phenomenological relationships:26

Eg�Ga1−xInxNyAs1−y� = Eg�Ga1−xIn xAs�

− 69 eV · �e�x,y� , �2�

mi�Ga1−xInxNyAs1−y� = mi�Ga1−xInxAs�

+ 18.1667m0 · �e�x,y� , �3�

where, �e�x ,y�=e�x ,y�−e�x ,0� is the strain difference be-

tween Ga1−xInxNyAs1−y and Ga1−xInxAs, while e�x ,y�
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= �a�0,0�−a�x ,y�� /a�x ,y�, where a�x ,y� is the lattice con-
stant of Ga1−xInxNyAs1−y.

C. Calculation of confined energy levels

It has been reported26–28 that the band offset ��Eg� be-
tween GaInNAs quantum well and GaAs barrier follows the
fraction �Ec :�Ev=70:30, where �Ec and �Ev is the con-
duction and valence band discontinuity, respectively. Based
on this, the 8-band k.p method is used to calculate the band
structure of the GaInNAs/GaAs quantum well. The eigen-
functions ��z� and corresponding energy levels E satisfy the
following relationship:

�Hk�z� + U�z����z� = E��z� , �4�

where, Hk�z� is the 8-band k.p Hamiltonian, and U�z� the
quantum well potential determined by Eqs. �1� and �2�. De-
tails of the 8-band k.p. approach have been published
elsewhere.29 In one of our previous papers,11 it has been
shown that with reference to electron and hole subband en-
ergy levels of as-grown and annealed GaInNAs/GaAs quan-
tum wells, the calculation of the PL peak energy due to in-
terband transitions can determine the diffusion length or
diffusion coefficient in annealed samples. This takes into ac-
count the strain variation in the quantum well and carrier
confinement layers due to In–Ga and N–As interdiffusion at
different anneal temperatures. Hence based on this, it be-
comes possible to deduce the energy levels of as-grown and
annealed GaInNAs/GaAs quantum wells using the diffusion
lengths obtained in Ref. 11.

IV. RESULTS AND DISCUSSION

A. Temperature-dependent optical characteristics

Figure 1 shows the PL spectrum at 24 K of a 7-nm-thick
Ga0.65In0.35N0.017As0.983/GaAs quantum well annealed at
760 °C for 120 s. The spectrum shows a Gaussian-shaped
sharp PL peak at 0.994 eV �termed ILoc� with linewidth �i.e.,
FWHM: full-width at half-maximum� of 25 meV. Figure 2

FIG. 1. PL spectrum obtained at 24 K from a 7-nm-width GaInNAs/GaAs
quantum well sample annealed at 760 °C for 120 s.
shows the PL spectrum at 50 K from the same sample with
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the energy peak position at 1.001 eV �termed Ibb+ ILoc� and a
linewidth of 42 meV. Compared with the PL peak in Fig. 1,
this PL peak possesses three characteristics. First, there is a
blueshift in the PL peak energy from 0.994 eV to 1.001 eV
that is not consistent with common knowledge that the en-
ergy gap of a semiconductor becomes smaller following in-
crease in sample temperature.7,8 Second, the PL spectrum
broadens from 25 meV to 42 meV, an effect consistent with
homogeneous broadening due to phonon scattering.6 Third,
the line shape of the PL spectrum exhibits an asymmetric
characteristic with a low energy tail. Figure 3 shows the PL
spectrum at 220 K from the same sample with the energy
peak at 0.964 eV and linewidth of 35 meV �Ibb peak�. Com-
pared with Fig. 2, the PL peak energy redshifts from
1.001 eV to 0.964 eV at 220 K, in agreement with Varshni’s
relationship.7,8 The PL linewidth narrows from 42 meV at
50 K to 35 meV at 220 K, which appears inconsistent with
the homogeneous broadening effect from phonon scattering.6

Furthermore, the PL spectrum reverts from its asymmetric
characteristic at 50 K to symmetric characteristic at 220 K.

FIG. 2. PL spectrum obtained at 50 K from a 7-nm-width GaInNAs/GaAs
quantum well sample annealed at 760 °C for 120 s.

FIG. 3. PL spectrum obtained at 220 K from a 7-nm-width GaInNAs/GaAs

quantum well sample annealed at 760 °C for 120 s.
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When we pay attention to the PL spectra of this annealed
Ga0.65In0.35N0.017As0.983/GaAs quantum well sample in the
temperature range from 40 K to 200 K, we are even more
curious to know what are the physical mechanisms that lie in
behind the abovementioned temperature-dependent PL phe-
nomena, because all the PL spectra in the temperature range
from 40 K to 200 K �for example, 80 K in Fig. 4� reveal two
emission peaks. Figure 4 shows the PL spectrum at 80 K
from the same sample with one energy peak at 1.009 eV
�Ibb� and a shoulder peak at 0.983 eV �ILoc�. Compared with
the PL spectra at 24 K and 50 K, respectively, the Ibb peak
�1.099 eV� is located at higher photon energy �blueshift� and
the Iloc peak �0.983 eV� at lower photon energy �redshift�.
The PL intensity of the Ibb �1.009 eV� peak is stronger than
that of the ILoc �0.983 eV� peak. The convolution of these
two PL peaks with each other will naturally lead to the com-
plicacy of peak shifting, broadening and shaping properties
of the annealed GaInNAs/GaAs quantum well sample.

B. Physical origins of PL peaks

To elucidate the physical mechanisms that contribute to
the PL peak shift and spectrum broadening, the PL energy
peak is plotted as a function of temperature as shown in Fig.
5. The open circles represent the data for the ILoc PL peak,
and the black squares represent the data for the Ibb PL peak.
The solid and dashed curves are fitted results using Varshni’s
relationship6

Eg�T� = Eg�0� −
�T2

T + �
�5�

with �=0.55 meV/K and �=3.05 K, respectively. The fit-
ting yields two peak positions at 10 K of 0.9948 eV and
1.0178 eV, respectively, with an energy spacing of 23 meV.
It is noted that there is only one PL peak when the sample
temperature is lower than 40 K or higher than 200 K, as
shown in Figs. 1 and 3. However, when the sample tempera-
ture lies between 60 K and 200 K, two distinguishable PL

FIG. 4. PL spectrum obtained at 80 K from a 7-nm-width GaInNAs/GaAs
quantum well sample annealed at 760 °C for 120 s.
peaks are seen in the spectra, as shown in Fig. 4. This obser-
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vation seems similar to results reported in Ref. 10, but with
different physical origin of the PL peaks, as will be further
discussed. Two special data points at 40 K and 50 K are
observed, as indicated by two black squares surrounded by
ovals in Fig. 5. The specialty is that there is only one broad
PL peak �Fig. 2� while the peak position is in between the
two fitting curves for different PL peaks �Fig. 5�. We are
ready to realize that at the temperatures from 40 K to 50 K
there also exist two peaks in the PL spectrum but they con-
volute each other into one broad PL peak. Positioning in
between the two individual peaks is a result of peak convo-
lution. The deconvoluted results of the PL spectra acquired at
40 K and 50 K are presented in Fig. 5 as the star symbols, in
accordance with the temperature-dependent trend.

Figure 6 shows the potential profiles of as-grown and an-
nealed GaInNAs/GaAs quantum well samples. The solid
lines indicate the potential profiles for electrons and holes,
respectively, in the as-grown sample with 7-nm-thick
Ga0.65In0.35N0.017As0.983/GaAs quantum well. The dashed
lines are potential profiles obtained using Eqs. �1�–�3� for
electrons and holes, respectively, in the 7-nm-thick
Ga0.65In0.35N0.017As0.983/GaAs quantum well sample an-
nealed at 760 °C for 120 s. The indium diffusion length is
1 nm and the nitrogen diffusion length is 0.1 nm.11 The an-
nealed sample has a smooth potential profile, which is quite
different from that reported in Ref. 22, where only the in-
dium diffusion effect is taken into account. The energy levels
calculated using the 8-band k.p. approach for electrons and
holes �both heavy and light� in the annealed
Ga0.65In0.35N0.017As0.983/GaAs quantum well sample are

FIG. 5. PL peak positions from a 7-nm-width GaInNAs/GaAs quantum well
sample annealed at 760 °C for 120 s as a function of measurement
temperature.

TABLE II. Calculated energy levels for electron and hold in GaInNAs/GaAs
light hole, hh1, hh2, and hh3 denote the first, second, and third subband of t
subband of the electron, respectively.

LIn�nm� LN�nm� lh1�eV� hh3�eV� hh2�eV�

1 0.1 −49.249 −46.191 11.053
1 0.4 −50.046 −46.467 10.189
1 0.6 −51.017 −46.501 9.054
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listed in Table II. Calculated results indicated the energy
separation between hh1 and lh1 is around 90 meV. As this
value is greater than the energy separation between the Ibb

and ILoc peaks in the PL spectrum of the annealed
GaInNAs/GaAs quantum well sample, one may conclude
that the twin PL peaks did not arise from the C1-hh1 and
C1-lh1 transitions. Furthermore, it is unlikely that these two
PL peaks both originate from band-to-band transitions, since
the calculated energy separation between the sub-bands is
not in agreement with the experimental energy separation
between the two PL peaks. The calculated energy of the C1-
to-hh1 transition at room temperature is in good agreement
with the Ibb peak energy, indicating that the Ibb peak with
higher energy arises from the C1-hh1 transition. The ILoc

energy peak is possibly from localized states at low tempera-
ture since the energy separation between the Ibb and ILoc

peaks did not agree with the calculated energy levels of the
annealed quantum well sample.

C. Thermal excitation mechanisms

Figure 7 shows the temperature dependence of the inte-
grated PL intensity for the annealed
Ga0.65In0.35N0.017As0.983/GaAs quantum well sample. The
black squares denote the experimental data, and the solid and
dashed curves correspond to the calculated results. The inte-
grated PL intensity from the annealed
Ga0.65In0.35N0.017As0.983/GaAs quantum well sample de-
creases following an increase in sample temperature, sug-

FIG. 6. Potential profiles for as-grown �solid� and annealed �dashed�
GaInNAs/GaAs quantum well sample.

tum well annealed at 760 °C for 120 s. lh1 denotes the first subband of the
avy hole, and C1, C2, C3, and C4 denote the first, second, third, and fourth

1�eV� C1�eV� C2�eV� C3�eV� C4�eV�

9.058 1000.806 1050.847 1123.238 1209.524
8.754 1001.01 1052.065 1125.086 1208.835
8.243 1001.564 1053.985 1126.943 1207.491
quan
he he

hh

5
5
5
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gesting the presence of nonradiative recombination mecha-
nisms. The data shows a clear temperature-dependent
behavior characterized by two temperature regimes, corre-
sponding to two thermally activated nonradiative mecha-
nisms. The solid curve is the best fit to the experimental data
following Eq. �6� below, which involves two nonradiative
recombination processes:

I�T� = I0�1 + C1 exp�− E1/kBT� + C2 exp�− E2/kBT��−1, �6�

where 1 and 2 denote the two nonradiative mechanisms, re-
spectively. I0, C1, and C2 are constants. E1 and E2 are ther-
mal activation energies corresponding to the respective non-
radiative mechanisms, respectively. kB is Boltzmann’s
constant, and T is the sample temperature. The best fit yields
values of C1 and C2 of 3.0�107 and 380, and activation
energies E1 and E2 of 200 meV and 23 meV, respectively.
The dashed curve is the best fit to the experimental data
considering the presence of one nonradiative mechanism by
taking C2 as zero in Eq. �6�. The experimental data above
180 K could be explained within the framework of a one
nonradiative mechanism model with activation energy E1 of
�200 meV. The deviation of the one nonradiative mecha-
nism model from experimental data at moderately low tem-
peratures ��180 K� could be attributed to the presence of
another nonradiative mechanism with activation energy E2 of
�23 meV. It is noted that the value of E2 is in good agree-
ment with the energy spacing obtained in Fig. 5. This indi-
cates that the decrease in integrated PL intensity at moder-
ately low temperatures is attributed to the thermal activation
of localized excitons to free excitons. The slight decrease
�weighted by C2=380 compared with C1=3.0�107� is the
extrinsic property of the sample, which is determined by the
defect characteristics such as its density. The physical origin
of activation energy E1 is currently unclear, and warrants
further investigation.

The integrated PL intensity ratio of the Ibb peak over the

FIG. 7. Integrated PL peak intensity from a 7-nm-width GaInNAs/GaAs
quantum well sample annealed at 760 °C for 120 s as a function of sample
temperature.
ILoc peak is plotted in Fig. 8 as a function of sample tem-
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perature. The black squares denote the experimental data,
and the solid curve is the calculated fitting result. We con-
sider an optical system comprising two energy levels at Ebb

and ELoc, respectively, with energy spacing �E=Ebb−ELoc of
23 meV. Supposing the total generation rate of photogener-
ated carriers by laser excitation is N0, the numbers of photo-
generated carriers arriving at Ebb and ELoc levels per unit
time are

Nbb = N0 exp�− Ebb/kBT� , �7�

NLoc = N0 exp�− ELoc/kBT� . �8�

Because the luminescence intensity is proportional to the
number of energy levels occupied, therefore,

IPL�bb� = kbbNbb = kbbN0 exp�− Ebb/kBT� , �9�

IPL�Loc� = kLocNLoc = kLocN0 exp�− Ebb/kBT� , �10�

where, kbb and kLoc is the radiative recombination efficiencies
for the Ebb and ELoc levels, respectively. Hence, the inte-
grated PL intensity ratio of the Ibb peak over the ILoc peak is

IPL�bb�/IPL�Loc� = 	 exp�− �E/kBT� , �11�

	 = kbb/kex, �E = Ebb − ELoc, �12�

where 	 is defined as the radiative recombination efficiency
ratio of the Ebb level over the ELoc level, and remains the
only fitting parameter in Eq. �11�. The solid curve is the best
fit of Eq. �11� to the experimental data. The fitting yields 	
=60. The good agreement between the calculated result and
experimental data indicates that the above theoretical deduc-
tion based on Boltzmann’s distribution is reasonable. The
result of 	=60 indicates that the radiative recombination ef-
ficiency for the Ebb level is much higher than that of the ELoc

level. This is reasonable considering the ELoc level is merely
a defect-related energy level whose radiative recombination

FIG. 8. PL peak intensity ratio from a 7-nm-width GaInNAs/GaAs quantum
well sample annealed at 760 °C for 120 s drawn as a function of sample
temperature.
efficiency is lower than that of band-to-band transitions. Eloc
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could be an energy level caused by impurities, crystalline
defects �such as nitrogen-related defects or indium-related
defects�, uniformity of material in the quantum well, and
fluctuation of the quantum well width. Improvement in
growth conditions will help to minimize the effects from
well-width fluctuation, material uniformity and crystalline
defects. Postgrowth annealing could also suppress the effect
from crystalline defects and material uniformity. Further-
more, using source materials of high purity will help to mini-
mize the presence of impurities in the sample.

The good agreement between the calculated data and ex-
perimental data over the entire temperature range concerned
sheds light into the kinetic nature of the entire temperature-
dependent process. Following increase in sample tempera-
ture, the carrier transfer process is fulfilled through three
paths, viz., �i� carriers at the Ebb level are thermally activated
to the conduction band of the GaAs barrier; �ii� carriers at the
ELoc level are thermally activated to the conduction band of
the GaAs barrier; and �iii� carriers at the ELoc level are ther-
mally activated to the Ebb level. The energy spacing between
the Ebb and ELoc levels is only 23 meV. This value is much
smaller ��10 times smaller� than the energy separation be-
tween the Ebb level or ELoc level and conduction band of the
GaAs barrier. Hence for simplicity, the thermal activation
process between the Ebb or ELoc level and conduction band of
the GaAs barrier is not considered. Following increase in
sample temperature, the carriers at the ELoc level are ther-
mally activated to the Ebb level. This decreases the carrier
population at the ELoc level and increases the carrier popula-
tion at the Ebb level. Thus, the integrated PL intensity of the
ILoc peak is decreased and the integrated PL intensity of the
Ibb peak is increased. The energy levels in annealed
GaInNAs/GaAs quantum well are indicated in Fig. 6 as C1
�the first subband of the electron�, lh1 �the first subband of
the light hole�, and Loc �the localized state of the electron�,
respectively.

It is worth noting that the localized energy level, though
good for extension to longer wavelength, quenches the PL
intensity rapidly. This could possibly result in poor charac-
teristic temperature �T0� in the laser diodes. The localized
state is not intrinsic in the GaInNAs/GaAs quantum well and
stands a good chance to be minimized by optimizing the
growth process and postgrowth thermal anneal process. The
elicitation from this work is that to keep the working energy
level as far as possible from the other energy levels is guid-
ance to design of high T0 laser diodes.

V. CONCLUSIONS

Nitrogen-related localized states are known to form in
GaInNAs/GaAs quantum wells during growth. At low tem-
perature, such states exhibit emission at long wavelength due
to thermal excitation of carriers from localized states to con-
tinuous states. Increase in temperature causes significant de-
crease in the PL intensity. A comparison between experimen-
tal results and calculated results shows that thermal
annealing at 760 °C for 120 s was insufficient to totally
J. Vac. Sci. Technol. B, Vol. 23, No. 4, Jul/Aug 2005
eliminate the nitrogen-related localized states. The radiative
recombination efficiency of carriers at such localized states is
around 60 times lower than that of carriers at continuous
states, indicating that the nitrogen-related localized states be-
have as nonradiative recombination centers. Further investi-
gation is necessary to find suitable process conditions to
eliminate such nitrogen-related localized states in the
GaInNAs material.
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