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Using photoluminescence spectroscopy (PL), we carry out a comparative study of the optical properties of
(Ga,In)(N,As) and (Ga,In)(N,As,Sb) quantum wells (QWs). The incorporation of Sb into (Ga,In)(N,As) results
in a reduced quantum efficiency at low temperatures, but an improved one at room temperature (RT). A PL
lineshape analysis as well as the temperature dependence of the PL peak energy reveals the existence of band-
tail localized states in both material systems. The carrier localization energy is larger for (Ga,In)(N,As,Sb)
than for (Ga,In)(N,As), leading to a longer radiative lifetime and thus a reduced quantum efficiency at low
temperatures for the former material. The thermal quenching of the quantum efficiency is analyzed by a rate
equation model, which shows that the density of non-radiative centers is reduced in (Ga,In)(N,As,Sb) resulting
in an enhanced quantum efficiency at RT.

PACS numbers: 73.21.Fg,81.07.St,81.15.Hi

I. INTRODUCTION

Over the past decade, the material system (Ga,In)(N,As)
has been of increasing physical and technological interest due
to its potential use for low-cost and high-performance 1.3 and
1.55µm telecommunication lasers on GaAs substrates.1,2 The
incorporation of a few percent of N into the host (In,Ga)As
matrix induces a resonant nitrogen level, which splits the con-
duction band into two subbands and thus leads to an anoma-
lous reduction of the band gap.3 For emission at the long
telecommunication wavelengths, the incorporation of large
amounts of In and N is required. However, this enhances the
phase separation tendency stemming from the inherent mis-
cibility gap of (Ga,In)(N,As), resulting in strong composition
modulations of the alloys.4–6 To overcome these difficulties, a
surfactant-mediated growth using Sb has been suggested as a
possible solution.7 Moreover, the incorporation of Sb extends
the emission wavelengths towards longer wavelengths.8 Re-
cently, (Ga,In)(N,As,Sb) QWs were utilized for the success-
ful achievements of room temperature (RT) continuous-wave
operating lasers emitting at 1.55µm.9,10 The critical issue for
the realization of these lasers is the improvement of the PL
efficiency at RT.

The above mentioned composition modulations induce
potential fluctuations in the band edge,11,12 resulting in
strong carrier localization which significantly affect the PL
characteristics.13–20 Up to now, however, there is only a lim-
ited number of studies concerning the impact of the incor-
poration of Sb on the PL characteristics of (Ga,In)(N,As)
QWs.21,22 In this article, we perform a comparative study of
the PL characteristics of (Ga,In)(N,As) and (Ga,In)(N,As,Sb)
QWs. We show that both carrier localization and nonradi-
atiove processes are modified upon the incorporation of Sb,
resulting in a higher quantum efficiency of (Ga,In)(N,As,Sb)
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at RT.

II. EXPERIMENTAL

All the investigated samples were undoped and were grown
on semi-insulating GaAs(001) substrates by plasma-assisted
solid-source molecular beam epitaxy. A radio-frequency
plasma source was used for the supply of active N. Prior to
the growth of the structure, a 250 nm thick undoped GaAs
buffer layer was grown at 580◦C. We studied two sets of sam-
ples all of which contain a three-period multiple quantum well
with 6.5 nm QWs sandwiched by 12 nm Ga(N,As) barriers.
The first set contains (Ga,In)(N,As) QWs, while the second
consists of (Ga,In)(N,As,Sb) QWs. These QWs were grown
under identical conditions, except for the addition of Sb for
the second set with an Sb4 beam equivalent pressure (BEP)
of 1.7×10−8 Torr. The growth was completed with a 36 nm
GaAs cap layer. The structures were grown at a constant sub-
strate temperature of 420◦C. The growth rate for the QWs was
0.3 µm/h, and the As4/(group III) BEP ratio was kept at 45.

In the following, we focus on two samples the composition
of which was determined by high-resolution X-ray diffrac-
tion and secondary ion mass spectrometry. The contents of
In and N in the QWs of sample #1 were thereby obtained to
be 34% and 3.1%, respectively. Assuming an identical In and
N content for sample #2, we can estimate an Sb content of
about 3% in the QWs of sample #2. The Ga(N,As) barri-
ers contain about 0.5% N for both samples. The composi-
tion of these QWs is summarized in Tab. I. Structurally, the
samples are equivalent. In transmission electron micrographs
(not shown here), the QWs appear compositionally perfectly
homogeneous, and the interfaces are abrupt and flat.23 The
carrier localization discussed in this paper is thus not the re-
sult of phase separation or three-dimensional growth, but an
inevitable consequence of the statistical disorder inherent for
quaternary and pentanary alloys.

The optical properties of the samples was investigated by
PL. The 633 nm line of a He-Ne laser was used for excitation.
The signal was dispersed by a 0.22 m grating monochroma-
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tor and detected by a liquid-nitrogen-cooled Ge photodiode
connected to a standard lock-in amplifier. Prior to the mea-
surements, rapid thermal annealing at 750◦C for 60 s was em-
ployed to enhance the luminescence yield.8,24 The measure-
ments were typically carried out with an excitation density
Pex of 4 W/cm2 unless otherwise mentioned.

III. PL INTENSITY AT 290 K AND 15 K

Figure 1 (a) displays the PL spectra of samples #1 and #2
measured at 290 K. The incorporation of Sb improves the
PL intensity and leads to a redshift of the peak position from
0.914 eV to 0.874 eV. In Figs. 1 (b) and (c), the PL intensities
measured at 290 and 15 K, respectively, are plotted for the
two sets of (Ga,In)(N,As) and (Ga,In)(N,As,Sb) QWs. The
samples were grown under identical conditions except for the
As flux. As seen in Fig. 1 (b), the incorporation of Sb gener-
ally improves the PL intensity at 290 K as has been reported
in this system.7–10,21,22In contrast, all the (Ga,In)(N,As,Sb)
QWs have lower PL intensities than the (Ga,In)(N,As) QWs
at 15 K, as seen in Fig. 1 (c). The impact of Sb incorporation
on the optical properties of (Ga,In)(N,As) QWs is thus more
complex than assumed previously.7,8,21,22In the following, we
attempt to clarify this behavior by a detailed examination of
the PL lineshape and the temperature dependence of both the
PL peak energy and efficiency.

IV. PL SPECTRA AT LOW TEMPERATURE

Figures 2 (a) and (b) display PL spectra at 15 K for sam-
ples #1 and #2, respectively. The measurements were taken
with different excitation intensitiesPex as indicated in the fig-
ures. For both samples, we observe a blueshift and narrow-
ing in linewidth with increasing excitation density. This be-
havior is a signature for the existence of localized states and
their increasing occupation by bound excitons. With increas-
ing excitation density, the localized states are saturated, caus-
ing a blueshift and a spectral narrowing.25,26 As clearly seen
in the figures, the former of these phenomena is more evi-
dent for sample #2 when compared to sample #1. By increas-
ing Pex from 0.04 to 4 W/cm2, the spectra of sample #1 ba-
sically remain their spectral position at 961 meV, while their
full width at half maximum (FWHM) is reduced from 20 meV
to 18 meV. In contrast, the spectra of sample #2 exhibit a sig-
nificant peak shift from 911 meV to 920 meV. Their FWHM
remains almost constant, but the low energy tail is suppressed
with increasingPex.

For a quantitative understanding of these excitation-density
dependent changes, we perform a lineshape analysis for spec-
tra measured at the lowestPex, for which the influence of
localized states is most prominent.27 Figures 3 (a) and (b)
show PL spectra for samples #1 and #2, respectively, mea-
sured at 15 K withPex of 0.04 W/cm2. As seen in the fig-
ures, both samples exhibit asymmetric PL lineshapes with a
pronounced low energy tail. The tail stems from the recom-
bination from deep localized states as commonly observed in

(Ga,In)(N,As)14–16,20as well as in other compound semicon-
ductor alloys having potential fluctuations.28

We assume that the localized states possess an exponen-
tially distributed density of states.29 Then the lineshape at an
energyE can be expressed as30

IPL(E) =
∫ Emax

−∞
I0 exp

[
− (E−E0)2

2σ2
0

]
N0 exp(−δE0)dE0,

(1)
with the density-of-state distributionN0 exp(−δE0) and
a Gaussian lineshapeI0 exp[−((E − E0)2)/2σ2

0 ] associated
with each level of the distribution.N0 andI0 are energy inde-
pendent constants. At a certain generation rate, all the levels
up toE = Emax are filled by excitons. As the spectra are nor-
malized to their maximum, the fits involve free parameters,
namely,Emax, σ0 andδ .

The fits obtained are presented in Figs. 3 (a) and (b) as solid
lines, and the fitting parameters are summarized in Tab. II.
A good fit is obtained for sample #1 as shown in Fig. 3 (a),
usingEmax = 0.966 eV,σ0 = 5.4 meV andδ = 95 eV−1. In
contrast, the fit for sample #2 substantially deviates from the
data at the low energy side, indicating that the density-of-state
distribution is not well described by a simple exponential in
this case. The parameters for the displayed curve in Fig. 3 (b)
areEmax = 0.918 eV,σ0 = 6.0 meV andδ = 60 eV−1. The
localized states in sample #2 exhibit an energetically wider
density-of-state distribution compared to those of sample #1.

The vertical bars in Figs. 3 (a) and (b) indicate the free-state
transition energy deduced from the result of the temperature
dependence of the PL peak energy, which will be discussed
in the following section V. The larger deviation from the free-
state energy to the spectral peak position confirms the wider
density-of state-distribution for sample #2. Note that the free-
state transition energy is in excellent agreement withEmax for
sample #1, and only slightly higher in the case of sample #2.

The above results indicate that the incorporation of Sb
during growth induces a deeper localization of carriers than
present in (Ga,In)(N,As) QWs without Sb. A likely explana-
tion for this finding is that Sb induces stronger fluctuations of
the local potential simply due to the presence of In-Sb bonds.
Furthermore, compositional disorder caused by the statistical
distribution of the constituent atoms will be enhanced in a pen-
tanary alloy compared to a quaternary one.11 In any case, the
radiative lifetime is known to be prolonged with increasing
localization strength, i. e., depth of the localized level.31 A
different radiative lifetime may explain the different PL quan-
tum efficiency at low temperatures of samples #1 and #2 as
seen in Fig. 1 (c).

V. TEMPERATURE DEPENDENCE OF THE PL PEAK
ENERGY

In the following, we discuss the temperature dependence
of the PL peak energy, which has been frequently employed
to examine exciton localization phenomena in this material
system.14,15,17,20

Figure 4 shows the temperature dependence of the PL peak
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energy for samples #1 and #2, measured at temperatures be-
tween 15 and 290 K with differentPex as indicated in the fig-
ure. Measurements up to 290 K were only possible with the
highestPex. The peak energies of both samples exhibit the
so-calledS-shapebehavior. When the temperature increases
from 15 to 40 K, the PL peak energy redshifts. However, a
pronounced blueshift is observed from 40 to 100 K, and a
further increase of the temperature above 100 K leads to a
redshift again. This behavior occurs due to the competition
between the transfer of localized carriers toward deeper ly-
ing localized states and their thermalization toward extended
free states.14,15,17,20As observed in Sec. IV, the peak energy
blueshifts with increasingPex for both samples #1 and #2 at
temperatures lower than 40 K where the carrier thermaliza-
tion is negligible. As explained above, this blueshift occurs
due to the progressive filling of the band tail states.14,20,25

To estimate the transition energy from the free states, we fit
the PL peak energy for data measured between 70 and 290 K
with the highestPex of 4 W/cm2. The transition energy at a
temperatureT can be expressed with Pässler’s formula as32

E(T) = E(0)− αΘ
2

 4

√
1+

π2

6

(
2T
Θ

)2

+
(

2T
Θ

)4

−1

 .

(2)
HereΘ is the effective phonon temperature andα denotes the
limiting slope such thatα = −dE/dT|T→∞. The fit returns
E(0)=0.969 eV,α = 3.6×10−4 (eV·K−1) andΘ=343 K for
sample #1, andE(0)=0.930 eV,α = 5.3×10−4 (eV·K−1) and
Θ=593 K for sample #2. All parameters are also listed in Ta-
ble II.

The maximum energy deviation∆E between the experi-
mental PL peak energy andE(T) determined from Eq. 2 rep-
resents the localization energy of carriers bound to the deeper
lying localized states.15 We obtain a∆E of 11 and 28 meV for
samples #1 and #2, respectively, as also listed in Table II. The
larger localization energy obtained for sample #2 is consistent
with the discussion at the end of Sec. V.

VI. TEMPERATURE DEPENDENCE OF THE QUANTUM
EFFICIENCY

In the following, we perform a quantitative analysis of the
temperature dependence of the quantum efficiency for sam-
ples #1 and #2 as shown in Fig. 5. These data are derived
from the spectrally integrated PL intensity measured atPex of
4 W/cm2. The absolute value for the quantum efficiency is
estimated by comparing the integrated PL intensity of sam-
ples #1 and #2 to that of an (In,Ga)As QW with particularly
intense emission, the quantum efficiency of which is assumed
to be unity at low temperature. For both samples, the temper-
ature dependence is characteristic for this materials system,
in that a steep drop at intermediate temperatures is followed
by a saturation at higher temperatures.17,20,33,34Rubelet al.
concluded from Monte-Carlo simulations that this particular
behavior is caused not only by the interplay between radiative
and non-radiative recombination processes, but also by the in-
teraction between excitons in localized and extended states.33

For a quantitative understanding of this behavior, we em-
ploy a simple rate equation model considering the radiative
and nonradiative decay of both localized (nb) and extended
(nx) states as well as their interaction.26 We assume that the
recombination dynamics is monomolecular in the entire tem-
perature range, which is not necessarily correct but generally
accepted at this low excitation density. The physical situation
we are concerned with is schematically shown in Fig. 6, and
is described by the following set of rate equations

dnx/dt = G− γxnx− γxnnx−brnxNF +benb, (3)

dnb/dt = −γbnb− γbnnb +brnxNF −benb, (4)

whereG is the generation rate,γx = γ0
x/T andγb are radiative

and γxn and γbn non-radiative recombination rates. The two
other terms describe the capture (br ) and release (be) of local-
ized excitons.NF denotes the density of unoccupied localized
states with a total densityNL = NF +nb of localized states.

The above model allows, in principle, an excellent fit of
the data displayed in Fig. 5. There are, however, too many
free parameter, and the fit is not unique. For simplifying
the problem under consideration, we first of all follow the
method outlined in Ref. 26. This approach reduces the prob-
lem to one where essentially only the ratiosγb/γbn, γx/γxn, and
br/be ∝ exp(Eb/kT) with the binding energyEb determine the
temperature dependence of the quantum efficiency. Note that
Eb represents a mean localization energy for excitons, while
∆E introduced above reflects the maximum localization en-
ergy within the diffusion length of the excitons. Second, in
the limit of T → 0 the population of free excitons is essen-
tially zero, and the quantum efficiency at low temperatures is
simply given by

ηLT ≈ γb/γbn. (5)

From the experimental result shown in Fig. 5,ηLT is
3.7×10−2 for sample #1 and 1.5×10−2 for sample #2. As
described in Sec. IV, we attribute the difference of the quan-
tum efficiency between samples #1 and #2 at low tempera-
tures to the different radiative lifetimes.31 If we, for the sake of
getting absolute values, assign a value of 1×1014 cm−2ns−1

to γnbNL for both samples, the fits depicted in Fig. 5 return
the following parameters:Eb = 21 meV,γ0

x = 8.9 ns−1K and
γxn = 8.0×104 ns−1 for sample #1, andEb = 9 meV,γ0

x = 9.8
ns−1K, γxn = 6.5×103 ns−1 for sample #2.

The values obtained forEb seem contradictory to the results
in Secs. IV and V, and in particular to the values for∆E which
clearly imply a stronger localization for sample #2. However,
upon a closer inspection of the fits depicted in Fig. 5, it be-
comes clear that our simplified model is not able to describe
the convex shape of the data observed for sample #1. As a
result, the fit algorithm artificially increases the value ofEb
which determines the onset of the decrease of the quantum ef-
ficiency. The high value ofEb for sample #1 is just nothing but
an artifact. The values forγ0

x are, as one would expect, almost
identical, and are comparable to those reported for other III-V
semiconductor QWs.35,36 In contrast, the values obtained for
γxn are different by more than one order of magnitude, directly
reflecting the strength of the thermal quenching in quantum
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efficiency for the two different samples. As proposed pre-
viously, this difference is most likely due to a reduction of
the concentration of point defects by the surfactant effect of
Sb.37,38

VII. SUMMARY AND CONCLUSIONS

We have carried out a comparative study of the
photoluminescence characteristics of (Ga,In)(N,As) and
(Ga,In)(N,As,Sb) QWs. The incorporation of Sb degrades the
PL efficiency at low, but improves it at high temperatures. A
PL lineshape analysis as well as the temperature dependence
of the PL peak energy reveals the existence of localized states
in both materials systems. The carrier localization energy is
larger for (Ga,In)(N,As,Sb) than for (Ga,In)(N,As), leading to

a longer radiative lifetime and thus a reduced quantum effi-
ciency at low temperatures for the former material. The ther-
mal quenching of the quantum efficiency is analyzed by a rate
equation model, which shows that the non-radiative recom-
bination rate is reduced in (Ga,In)(N,As,Sb) resulting in an
enhanced quantum efficiency at RT. We believe that this dif-
ference is most likely due to a reduction of the concentration
point defects by the surfactant effect of Sb.
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Tables

TABLE I: Composition of the two samples under investigation.
Listed are the sample numbers, materials, and concentrations of In,
N, and Sb within the QWs. The Ga(N,As) barriers contain about
0.5% N in both samples.

Sample Material In (%) N (%) Sb (%)

#1 (Ga,In)(N,As) 34 3.1 —

#2 (Ga,In)(N,As,Sb) 34 3.1 ≈3

TABLE II: ParametersEmax, σ0 andδ obtained from the fit of the PL
lineshape shown in Fig. 3 as well asE(0), α andΘ obtained from
the fit of the PL peak energy shown in Fig. 4. The largest energy
deviation∆E between the fit and the experimental data is also shown.

Emax σ0 δ E(0) α Θ ∆E

Sample (eV) (meV) (eV−1) (eV) (eV·K−1) (K) (meV)

#1 0.966 5.4 95 0.969 3.6×10−4 343 11

#2 0.918 6.0 60 0.930 5.3×10−4 593 28

Figures

FIG. 1: (a) PL spectra of samples #1 and #2 measured at 290 K.
Plot of PL intensities at 290 (b) and 15 K (c) for the two sets of
(Ga,In)(N,As) (¥) and (Ga,In)(N,As,Sb) QWs (¤) grown at different
As4/(group III) BEP ratio. The data points corresponding to samples
#1 and #2 are highlighted.

FIG. 2: PL spectra for samples #1 (a) and #2 (b) measured at different
excitation densityPex at 15 K.

FIG. 3: PL spectra for samples #1 (a) and #2 (b) measured at 15 K
and Pex of 0.04 W/cm2. The open circles are experimental data and
the solid lines are the fit using Eq. 1. The vertical bars indicate the
free-state transition energy deduced from the fit shown with a solid
line in Fig. 4.

FIG. 4: Temperature dependence of the PL peak energy measured at
differentPex as indicated in the figure. The solid lines are fits using
Eq. 2.

FIG. 5: Temperature dependence of the quantum efficiency for sam-
ples #1 and #2. The symbols are experimental data obtained from the
integrated PL intensity.

FIG. 6: Schematics of the coupling between and recombination from
localized and free states.
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FIG. 1: F. Ishikawa et al.
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FIG. 2: F. Ishikawa et al.

FIG. 3: F. Ishikawa et al.
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FIG. 4: F. Ishikawa et al.
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FIG. 5: F. Ishikawa et al.
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FIG. 6: F. Ishikawa et al.


