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The energy level structure of a step-like GaInNAsSb/GaNAs/GaAs quantum wellsQWd has been
investigated by photoreflectancesPRd spectroscopy and was analyzed by theoretical calculations. In
the active region of this structure, i.e., GaInNAsSb/GaNAs QW, we have observed PR resonances
related higher order QW transitions in addition to the ground state transition. Based on calculations
from experimental data, we have found that the electron effective mass in the active QW is 0.12m0

and the conduction band offset for GaInNAsSb/GaAs interface is about 0.85. The emission
observed from this structure at 10 K has a small Stokes shiftsi.e., 6 meV and,2 meV for as-grown
and annealed structures, respectivelyd and is without the exponential-like tail at the low-energy side.
Hence, we conclude that the incorporation of Sb atoms into GaInNAs alloy helps to achieve QW
structures which emit light at longer wavelength and have quite narrow emission line and small
Stokes shift. ©2005 American Institute of Physics. fDOI: 10.1063/1.1854729g

I. INTRODUCTION

Semiconductor lasers operating at 1.3 and 1.55mm
wavelengths are very important light sources for fiber tele-
communication. In 1996, Kondow proposed GaInNAs/GaAs
quantum wellsQWd as a novel GaAs-based material system
for this application.1 GaInNAs-based lasers grown on GaAs
substrates offer a number of advantages in comparison with
current GaInAsP-based lasers grown on InP substrates. The
GaInNAs/GaAs system has a larger conduction band discon-
tinuity and therefore provides better electron confinement
and characteristic temperature. Moreover, this system is
compatible with the well developed GaAs/AlAs distributed
Bragg reflectors for surface emitting sources and AlAs oxide
current confinement techniques. From an economic perspec-
tive, GaInNAs-based lasers use the cheaper and more robust
GaAs substrate as compared to the more expensive and frag-
ile InP substrate used in GaInAsP-based lasers. Nowadays,
the GaInNAs/GaAs lasers present very competitive charac-
teristics at 1.3mm wavelength,2–11 but it remains difficult to
obtain comparable performance at longer emission wave-
lengths. With increasing nitrogen concentration, especially
above 2.5%, the optical quality of the material usually dete-

riorates significantly resulting in a higher threshold current
density of lasers. Therefore, the nitrogen containing struc-
tures are often annealed because it significantly enhances
photoluminescencesPLd intensity. Annealing, however, has
the disadvantage in which the band gap energy
blueshifts.12–15 Optimal values which are typically used for
1.3 mm emission are, respectively,,35% In and,1% N.
Higher In compositions increase the compressive strain past
a critical point in which the QW structural quality is de-
graded. Higher nitrogen composition introduces nonradiative
centers which results in poor optical properties. For these
reasons, other approaches were developed to redshift the
emission wavelength and maintain good optical quality.16

One of them is to introduce strain compensated GasIndNAs
layers to this GaInNAs/GaAs QW structure,17–24 the active
region of such a laser structure is a step-like QW. The other
approach is to incorporate Sb atoms into GaInNAs
compound.25–36 It has been found that the incorporation of
Sb atoms into GaInNAs, besides a lowering of the band gap
energy, significantly improves the structural and optical
properties of this compound.27,30Combining the idea of step-
like QW structure with the active region consisting of
GaInNAsSb/GaNAs quantum well seems to be one of the
most appropriate approaches to obtain long-wavelength la-
sers. Recently, a 1.46mm vertical-cavity surface-emitting la-
ser sVCSELd grown on GaAs substrate with the
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GaInNAsSb/GaNAs QW has been reported.34 In order to
tailor the most optimum structures, experimental data about
band gap discontinuities for this system are necessary. So far,
the knowledge about the energy level structure for
GaInNAsSb/GaNAs QW systems is unknown. An investiga-
tion of the number of confined states for electrons and holes
and the energy difference between them is a very interesting
task. PhotoreflectancesPRd spectroscopy is an excellent
technique to investigate both the fundamental and higher or-
der QW transitions.37,38 The simulation of PR data with the-
oretical calculations makes it possible to determine material
parameters like the band gap discontinuity. Such procedures
have often been applied in different semiconductor
structures.37–42

In this article we study a step-like GaInNAsSb/
GaNAs/GaAs QW structure very similar to this one reported
in Refs. 31 and 34. In order to determine the energy level
structure and band gap discontinuities, we applied PR spec-
troscopy supported by theoretical calculations. The effect of
postgrowth annealing has also been investigated in this ar-
ticle. We have determined the Stokes shift for the as-grown
and annealed structure by measuring PR and PL at 10 K.

II. EXPERIMENT

The step-like GaInNAsSb/GaNAs/GaAs QW structure
was grown by solid-source molecular beam epitaxy on semi-
insulating GaAs substrates. The sample is composed of 250
-nm-thick GaAs buffer layer, 50-nm-thick GaAs:N layer
with the nitrogen concentration of,0.1%, GaNAs step-like
barriers, GaInNAsSb QW, and 50-nm-thick GaAs cap layer.
The GaInNAsSb/GaNAs QW has a nominal composition of
39% In, 1.7% N, 2% Sb in the GaInNAsSb layer and 2.7% N
in the GaNAs barriers. The nominal thickness of the GaNAs
step-like barriers and GaInNAsSb QW is 20 and 7.5 nm,
respectively. In addition, a sample without GaInNAsSb QW
was grown as a reference structure useful in the interpreta-
tion of PR spectra for the step-like QW structure. The
GaAs:N layer is not an intentional part of the structure, but a
result of the growth method we use. Other details of the
growth conditions can be found in Refs. 27, 29–32, and 34.
A piece of the step-like QW structure was annealed at
760 °C for 60 s.

The PR experiment was performed with a tungsten halo-
gen lamps150 Wd as a probe light source. For photomodu-
lation, a 532 nm line of a yttrium–aluminum–garnetsYAGd
laser with 15 mW power was used as a pump beam that was
mechanically chopped at a frequency of 285 Hz. The probe
and pump beams were defocused to the diameter of 5 mm. A
single grating 0.55 m monochromator and a thermoelectri-
cally cooled GaInAsp-i-n photodiode were used to analyze
the reflected light. Other details of the PR setup can be found
elsewhere.38 Photoluminescence experiment was performed
with the same monochromator and laser. The excitation
beam was focused onto sample that excitation power density
was about,50 mW/cm2.

III. RESULTS

Figure 1 shows room temperature PR spectra of the step-
like GaInNAsSb/GaNAs/GaAs QW structurefcurvesidg and
the reference GaNAs/GaAs structurefcurvesii dg. In the case
of the reference structure, PR features associated with the
absorption in GaNAs, GaAs:N, and GaAs layers are clearly
observed. PR features related to GaNAs layer are composed
of two resonances associated with absorption between the
light- sheavy-d hole band and the electron band. The light-
hole sLHd transition is at lower energy than heavy-holesHHd
transition due to the tensile strain in this layer. The signal
between PR resonances attributed to GaNAs and GaAs:N
layers is also associated with the GaNAs layer. The origin of
this signal could be a weak built-in electric field in the struc-
ture, because the signal looks like Franz–Keldysh
oscillations.37,38,43 The other origin of this signal could be
absorption between higher order subbands in the
GaNAs/GaAs system as has been shown in Ref. 44. How-
ever, in this article we do not consider this part of PR spec-
trum in detail.

All PR features observed for the reference sample are
also observed for the step-like GaInNAsSb/GaNAs/GaAs
QW structure but they are not discussed in this article in
detail. In this work we focus on PR features related to ab-
sorption in the active part of the laser structure, i.e., in the
GaInNAsSb/GaNAs QW. PR resonances associated with the
absorption in the GaInNAsSb/GaNAs QW are clearly ob-
served below 1.05 eV. We can identify two resonances at
energies,0.82 and,0.93 eV. An additional resonance be-
tween the two main resonances is also visible. Unfortunately,
the noise associated with an absorption related to H2O ap-
pears at this energyssee also the reference sampled. In order

FIG. 1. Room temperature photoreflectance spectra of as-grown step-like
GaInNAsSb/GaNAs/GaAs QW structuresid and GaNAs/GaAs structure
sii d.
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to clarify the number of QW transitions and determine par-
ticular QW levels, we have measured PR at low tempera-
tures.

Figures 2sad and 2sbd show low-temperature PR spectra
of the as-grown and annealed step-like QW structures, re-
spectively. The dashed lines in Fig. 2 are the moduli of PR
spectra obtained by Kramers–Kronig analysissKKA d of PR
spectra.45,46 This analysis, besides the standard fitting
procedure,37 helps identify optical transitions observed in PR
spectra. With the decrease of temperature, the PR lines nar-
row and shift to higher energies. This facilitates a more care-
ful identification of the number of PR resonances and their
oscillator strengths. Finally, we have identified two strong
PR resonances related to 11H and 22H transitions and one
weaker related to 31H transition. The notationnmH denotes
the transition betweennth heavy-hole valence subband and
mth conduction subband. Such identification of the reso-
nances is consistent with the selection rules for square-like
QWs and agrees with the theoretical calculations for this
system. The last argument could be controversial due to poor
knowledge of the parameters for the GaInNAsSb alloy. How-
ever, the careful analysis of an acceptable spectrum of pa-
rameters for this material system leads to the conclusion that
two states are confined in the electron QW and three states
are confined in the heavy-hole QW. Details of our analysis
are presented below. We decided to calculate and analyze
carefully the data at room temperature due to the better
knowledge of material parameters for this system at this tem-
perature. Also, we limited our considerations to the as-grown
structure. In the case of annealed QW structure, only a shift
of QW transitions is expected without a change in the num-
ber of confined states. The shift could be associated with
both sid a blueshift of GaInNAsSb band gap energy and
sii d a phenomenon of the atom interdiffusion across
GaInNAsSb/GaNAs interfaces.47 We suppose that in our
samples the second effect is less important than the first one
as in GaInNAs/GaAs QW systems.47–49 Therefore, the en-

tirety of the blueshift found in the GaInNAsSb/GaNAs QW
structures,42 meVd is attributed to the blueshift of band
gap energy of GaInNAsSb layer. The effect of the blueshift
of band gap energy due to the postgrowth annealing is typi-
cal of all dilute-nitride alloys.47–52 In the case of this alloy,
almost all the blueshift is associated with a change in nitro-
gen nearest-neighbor environment from Ga-rich to In-rich
environments of N atoms.51,52However, the blueshift of band
gap energy has also been observed for GaNAs and GaNAsSb
alloys, i.e., In free alloys.15,50 In this case, the blueshift phe-
nomenon cannot be explained by the effect of short range
ordering like that in GaInNAs. The blueshift is attributed to
the annealing-induced reduction of the tail of density of
states.15,51 Finally, we assume that for GaInNAsSb alloy,
both the change in nitrogen nearest-neighbor environments
and the reduction of the tail of density of states are important
and lead to the blueshift of band gap energy.

The calculations of QW energy levels were performed
within the framework of the usual envelope function
approximation.53 The excitonic effect was neglected. In order
to find the band gap energy for GaNAs and GaInNAsSb
layers, we have adopted the band anticrossingsBACd model
with typical parameters:EN=1.65 eV, andCNM=2.7 eV.54

According to the BAC model, the influence of nitrogen lo-
calized states on the valence band structure is neglected.
Hence, we have assumed that the effective mass of light and
heavy hole does not change after adding nitrogen atoms. The
biaxial strain was calculated based on the Pikus–Bir
Hamiltonian55 as in Ref. 56. The energy shifts due to hydro-
staticdEH and sheardES strain components equal

dEH = 2aS1 −
C12

C11
D«, s1d

dES= bS1 + 2
C12

C11
D«, s2d

where« is the strain tensor in the plane of the interfaces,C11

and C12 are elastic stiffness constants, anda and b are the
hydrostatic and shear deformation potentials, respectively.
All the parameters have been obtained by linear interpolation
between the parameters of a relevant binary semiconductor.57

In our calculations, we considerme
* and Qc as free param-

eters. However, we have limited the range of the two param-
eters on the basis of literature data.58–66We assume the elec-
tron effective mass to be in the range of 0.06–0.3 m0. In our
calculations, we do not assume theQc parameter for the
GaInNAsSb/GaNAs interface directly. We consider indepen-
dently the Qc parameter for both GaNAs/GaAs and
GaInNAsSb/GaAs interfaces. In our calculations we limited
Qc parameter to 0.75–1.0 for GaNAs/GaAs interface and to
0.6–1.0 for GaInNAsSb/GaAs interface. However, if we as-
sume that GaInNAsSb/GaNAs QW is type I, we automati-
cally limit the possibleQc to a narrower range because, for
someQc, we obtain quantum confinement in the barrier for
electrons instead of the QW, e.g., the case ofQc=1.0 and
Qc=0.75 for GaNAs/GaAs and GaInNAs/GaAs interfaces,
respectively. In the case of the valence band, strains present
in our samples«=−0.55% for GaNAs and«=2.61% for

FIG. 2. Photoreflectance spectrassolid linesd measured at 10 K for as-grown
sad and annealed GaInNAsSb/GaNAs/GaAs QW structuresbd together with
Kramers–Kronig modulussdashed linesd.
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GaInNAsSbd lead to the structure of type I and II for heavy
and light holes, respectively. Therefore, all PR resonances
related to absorption in GaInNAsSb/GaNAs QW are attrib-
uted to transitions between heavy-hole and electron sub-
bands. Some indirect transitions between light holes confined
in GaNAs step-like barriers and the first electron subband are
also possible, however, due to weak overlap of the electron
and hole wave functions, such transitions are neglected in
our analysis. Important parameters in the calculations are the
QW width and the content of QW and barriers. The first
influences energies of QW transitions and energy differences
between them while the second influences mainly energies of
QW transitions. The width of QW was verified to be 7.8 nm
by high-resolution x-ray diffractionsHRXRDd. The content
of GaInNAsSb and GaNAs layers was determined by sec-
ondary ion mass spectroscopy and HRXRD measurements as
being close to the nominal values. Details of the calibration
steps are described elsewhere.27,30Therefore our calculations
do not vary the nominal content for both the QW and barriers
especially, that the BAC parameters for GaInNAsSb alloy
are unknown. We have assumed that the best solution is to
adjust CMN parameter to such a value for which the energy of
the ground state transition agrees with experimental value.
Finally, for the calculations presented in this article we have
assumed that CMN is 2.5 eV.

The band diagram for the as-grown step-like QW struc-
ture obtained on the basis of matching theoretical calcula-
tions with experimental data obtained at room temperature is
shown in Fig. 3. In this case, we obtained that the depth of
electron and heavy-hole QW is,144 and,127 meV, re-
spectively. The depth of the wells results from theQc for
GaNAs/GaAs and GaInNAsSb/GaAs interfaces and strain
effects. Note that in our calculations, we assumeQc before
taking into account the strain effects. In the case of lowQc
for GaNAs/GaAs interface, we obtained only one electron
state in GaInNAsSb/GaNAs QW. We had tried to match the
result with experimental data; however, the energy differ-
ences between PR resonances are much larger than calcu-
lated values. Hence, we conclude that we have to have two
confined states for electrons. This leads to a strong correla-
tion betweenQc for GaNAs/GaAs and GaInNAsSb/GaAs

interfaces. The second parameter, which is not well known
for this system but strongly influences the energy difference
between electron levels, is the electron effective mass. We
can estimate the difference between electron levels precisely
because we observed the 22H transition and energies of
heavy-hole levels are well known for this systemsh2−h1
.30–35 meVd. Thus, we estimated the energy difference
between the second and the first electron levels to be about
75 meV. This difference does not change significantly with
the change in the QW depth as it is seen in Fig. 4scompare
solid and dashed linesd. On the basis of calculations shown in
Fig. 4, we have determined that the electron effective mass in
our system is about 0.12m0. It corresponds,100% increase
in the electron effective mass in comparison to N free com-
pound, i.e., GaInAsSb. The increase in the electron effective
mass is typical of N containing III–V compounds and QW
structures.42,58–61 Similar electron effective mass has been
observed for GaInNAs/GaAs QWs.42

Figure 5 shows calculations of QW transitions for differ-
ent values ofQc parameter. On the basis of this figure and
literature data,63–66 we conclude that in our system the ac-
ceptableQc is in the range of 0.8–0.9 and 0.85–0.90 for
GaNAs/GaAs and GaInNAsSb/GaAs interfaces, respec-
tively.

FIG. 3. Band diagram of the step-like GaInNAsSb/GaNAs/GaAs QW
structure obtained on the basis of the matching of theoretical calculations
with experimental data. This diagram has been obtained for the following
parameters: Qc=0.8 for GaInNAsSb/GaAs and Qc=0.85 for
GaInNAsSb/GaAs interfaces;me=0.12m0.

FIG. 4. The energy difference between the second and the first electron level
vs the electron effective mass. Calculations were performed for different
depths of the electron QW, i.e., different band gap alignments. The solid,
dashed and dotted lines correspond toQc=0.8, 0.85, and 0.9, for
GaInNAsSb/GaAs interface, respectively, atQc=0.8 for GaNAs/GaAs
interface.

FIG. 5. Energies of QW transitions vs theQc for GaInNAsSb/GaAs inter-
face. The solid, dashed and dotted lines correspondQc=0.8, 0.9, and 1.0,
for GaInNAsSb/GaAs interface, respectively.
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GaInNAs-based QW structures exhibit specific PL prop-
erties at low temperatures. The emission peak of
GaInNAs/GaAs QWs is asymmetric with a sharp high-
energy cutoff, while the low-energy side has an exponential
tail.66–69 The tail in this case can be assigned to excitons/
carriers, which are localized by potential energy fluctuations
near the band edges. The strong carrier localization leads to a
large Stokes shift for this system. Note that for
GaInNAs/GaAs QWs with smooth interfaces the large
Stokes shift is also observed. Therefore, this phenomenon is
mainly attributed to unusual properties of GaInNAs alloy. It
is expected that an incorporation of Sb atoms into GaInNAs
can influence the quality of this material. This issue is care-
fully investigated in this article.

Figures 6 and 7 show a comparison of PR and PL

spectra recorded at 10 K for as-grown and annealed
GaInNAsSb/GaNAs/GaAs QW structures, respectively. In
order to determine the energy of PR resonance precisely, we
have applied the standard fitting procedure assuming Lorent-
zian line shape with m=2 typical of excitonic PR
resonance.37,70According to this model PR spectrum can be
fitted using the following formula:

DR

R
= RefCeius"v − E + iGd−mg, s3d

where"v is the photon energy of the probe beam,E is the
transition energy, andG, C andu are the broadening, ampli-
tude and phase angle, respectively. The solid and dashed
lines in Figs. 6 and 7 are the fit and the modulus of the fit,
respectively. In addition, the energy of PR resonance has
been determined using KKA, see the thin solid line in Figs. 6
and 7.

We have found that the Stokes shift at 10 K is 6 meV
and ,2 meV for as-grown and annealed step-like
GaInNAsSb/GaNAs/GaAs QW structures, respectively. It is
much smaller than in typical GasIndNAs/GaAs system66–69

and could be attributed to the growth process optimization as
well as to the introduction of Sb atoms. Probably, the
surfactant-like effect of Sb improves the optical quality of
the material and it could be the reason for the reduction in
carrier localization. Also, the analysis of the line shape of PL
peak confirms that the effect of carrier localization is weak in
these samples. We observe a symmetric Lorentzian-like peak
in Fig. 8 without an exponential tail at the low-energy side,
typical of GaInNAs/GaAs QWs. It could be expected that
the optical quality would be better for quaternary rather than
quinary compound. Additionally, it could be expected that
the quality of quarternary/binary interfacesGaInNAs/GaAsd
should be better than the quality of quinary/ternary interface
sGaInNAsSb/GaNAsd. Our results shows that good optical
quality could be obtained for the QW system composed of
quinary compound with quinary/ternary interface, i.e., for the
GaInNAsSb/GaNAs/GaAs QW.

Our experimental results show that this material system
has potential applications for high-power edge-emitting la-
serssEELd and vertical-cavity surface-emitting laserssVC-
SELsd operating at 1.55mm. In the case of the structure
reported in this article, the depth of the heavy-hole QW
could lead to carriersholed leakage problems for the EELs
and VCSELs. However, we believe that the depth of the

FIG. 6. Comparison of photoluminescence and photoreflectance spectra in
the vicinity of the ground state transition for the as-grown
GaInNAsSb/GaNAs/GaAs QW structure.

FIG. 7. Comparison of photoluminescence and photoreflectance spectra in
the vicinity of the ground state transition for the annealed
GaInNAsSb/GaNAs/GaAs QW structure.

FIG. 8. Comparison of the photoluminescence line shape for the as-grown
sdashed lined and annealedssolid lined GaInNAsSb/GaNAs/GaAs QW
structure.
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heavy-hole QW can be easily increased by some modifica-
tions in the content of the QW and/or step-like barriers. Sb
containing III–V–N compounds will be very promising for
optoelectronic devices operating at longer wavelengths.

IV. CONCLUSIONS

Optical properties of the step-like GaInNAsSb/
GaNAs/GaAs QW structure were investigated by PR and PL
at low and room temperatures. In the case of PR measure-
ments, we have observed optical transitions associated with
absorption in the GaInNAsSb/GaNAs/GaAs QW, step-like
GaNAs barriers, and GaAs barriers. On the basis of the cal-
culations within the effective mass approximation we have
determined the electron effective mass and the band align-
ment for the GaInNAsSb/GaNAs/GaAs QW as beingme

,0.12m0 and Qc,0.85, respectively. Moreover, we ob-
served the emission peak at 10 K is with small Stokes shift
without an exponential tail at the low-energy side. We have
observed that the Stokes shift is 6 meV and,2 meV for the
as-grown and annealed step-like GaInNAsSb/GaNAs/GaAs
QW structure. Hence, we have concluded that the incorpora-
tion of Sb atoms into GaInNAs/GasNdAs QW structure
makes it possible to achieve the emission at longer wave-
length and helps to keep good optical quality for this system.
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