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Abstract

In this study, we fabricated GaAsSb/GaAs
type-II quantum well (QW) lasers and
analyzed the basic band structure of the
GaAsSb/GaAs QW. Because of a peculiar
band-bending effect in the QW, the emission
wavelength of the laser has a blue-shift as the
cavity length is shortened. We utilized this
effect to investigate the band line-up of the
GaAsSb/GaAs QW. Through a simulation for
the self-consistent solutions for the Poisson
and Schrédinger equations, the optical gain
of GaAsSb/GaAs QW was calculated. By
comparing the simulated blue-shift on the
gain peak with the experimental results, we

can obtain the band structure of GaAsSb/
GaAs QW. The best results after fitting: the
valence band offset ratio (Q,) of the
unstrained GaAsg ¢Sboze¢/GaAs is 1.02, and
the unstrained band-gap bowing parameter of
GaAsSb is -1.31 eV. These results can be
used in the design of GaAsSb optoelectronic
devices and further studies on the thermal
properties of GaAsSb lasers.

Keywords: molecular beam epitaxy,
Sb-based compound semiconductor, GaAsSb

quantum well, band lineup, bowing
parameter.
Introduction
Recently, GaAsSb/GaAs laser, as a
potential candidate for GaAs based

long-wavelength lasers, has attracted great
attentions and is recognized as one of the key
light sources for the optical communication
in the mnear future. Currently, high-
performance GaAsSb/ GaAs VCSELs have
been reported [1-2]. Devices with 1270 nm in
emission wavelength and 0.45 mW in CW
output power at room temperature were
demonstrated [2]. To design GaAsSb/GaAs
QW lasers with both long-wavelength
emission and good optical gain, knowledge
of the band parameters is very essential.
However, previous studies on the band lineup
between GaAs and GaAsSb gave quite
inconsistent results. In terms of the
valence-band-offset ratio Qy, 1. e., the ratio of
valence band offset to the band gap



difference, values ranging from less than 1
(type-I) to 2.1 (type-II) [3-12] were reported.
Most of these works presumed that the
system is type-Il with valence band offset
larger than the band gap difference.
Nonetheless, in some very recent reports,
weak type-I lineup was proposed for this
alloy system. For example, Johnson et. al.
suggested a more complicated band structure
that GaAsSb/GaAs QW with Sb composition
~0.4 is around the turning point between
weak type-I and weak type-II band line-ups
[12]. In another paper, Senger et. al. reported
their results obtained from the diamagnetic
shift of heavy-hole exciton and proposed that
GaAsSb/GaAs is weak type-I conduction
band line-up [8].

The scattered results in GaAsSb/GaAs
band line-up can be imputable to its
complicated band structure. The band gap
energy of GaAsSb has a significant bowing
effect. For conduction band edge and valence
band edge, their relative energies should also
have bowing effect as well [5, 12]. In this
respect, GaAsSb/GaAs system with different
Sb  composition will have different
valence-band-offset ratio and even different
type of band-alignment. Wang et al studied
the bowing behavior of the conduction band
edge [12]. The bowing parameter they
reported makes the lineup of the alloy
composition dependent. The lineup is type-I
for Sb mole fraction less than 0.4, and type-II
for larger than 0.4.

The band structure of GaAsSb/GaAs also
makes the alignment determination difficult.
Most of the previous studies indicated that
the conduction band offset, either in type-II
or weak type-1, is small. It results in the small
quantum shift of the electron states in
GaAsSb/GaAs QW. The valence band offset,
even is large, does not significantly affect the
shift of the hole states because of the heavy
hole mass. Therefore, the low dependency
makes the band line-up determination using
transition energy characterization difficult.
The worse is another effect accompanying
type-11 QWs or weak type-1 QWs. The effect

is called band-bending effect which results
from the spatial separation of electrons and
holes in the QWs. This effect induces a blue
shift in transition energy measurement such
as photoluminescence when the excitation
power increases [6,13] and makes the
determination of the flat-band transition
energy of the GaAsSb/GaAs QW more
difficult.

In laser applications, blue-shift in EL
spectrum before lasing is also observed [14].
For edge-emitting lasers, because short
cavity laser needs higher gain and higher
injection current, it has shorter emission
wavelength than the laser with longer cavity.
In other word, the higher the optical gain, the
longer the peak wavelength. In this study,
this dependency is utilized to investigate the
band alignment of GaAsSb/GaAs QW. We
grew high-quality GaAsSb/GaAs QW lasers
and characterized their cavity-length
dependent behaviors. From their inverse
external quantum efficiency versus cavity
length plots, we can find the internal loss and
thus obtain the mode gain of each laser. A
self-consistent calculation considering the
band-bending effect and band
renormalization was then employed to find
the optical gain spectrum for the strained
GaAs/GaAsSb QW with different carrier
densities. From the calculation, we can
obtain the relation between the gain peak and
wavelength. By comparing the experimental
and theoretical results, the best fitted band
parameters, i. e., the bowing parameter for
unstrained  GaAsSb  alloy and the
valence-band-offset ratio for unstrained
GaAsSb/ GaAs system, can thus be obtained.
Their values are 1.31 and 1.02, respectively.

Device Fabrication

We used VG V80H solid source molecular
beam epitaxy (SSMBE) to grow a single
GaAsSb/GaAs QW laser structures. As, and
Sb; sources were from a Riber VACS500
valve cracker and an EPI 175 Sb cracker,
respectively. The growth temperature of
GaAsSb/ GaAs QW was 500°C, and the



growth rate was ~ 1 pum/hr. The active
medium of the laser is a 7-nm-thick GaAsSb
QW sandwiched between two 80-nm-thick
GaAs barriers. AlgsGagsAs served as the
cladding layers and they were grown at
580°C. The active layer was enclosed within
an undoped separate confinement
hetero-structure (SCH) composed of two
100-nm-thick AlGaAs graded index (GRIN)
layers. By increasing Sb content in the
GaAsSb well to 0.36, the PL emission
wavelength can be extended to 1300 nm.
50-um-wide broad stripe lasers with different
cavity lengths were fabricated. The
fabricated GaAsSb/GaAs QW lasers showed
very low threshold currents [15].

Fig. 1 shows the spectrums of lasers
with various cavity lengths. The lasing
wavelength makes a blue shift as the cavity
length is shorten. The lasers with short cavity
have larger mirror loss and need more carrier
injection to sustain the oscillation. Increasing
carrier density in the QW enhances the space
charge field and increases the transition
energy. As shown in the figure, the largest
shift can be as large as 27 nm. The
dependence of inverse external quantum
efficiency versus cavity length is depicted in
Fig. 2. As can be seen, the internal quantum
efficiency is 31% and the internal loss is 4.8
cm’ for the QW lasers. The obtained internal
losses were then used to calculate the modal
gain of each laser. In the calculation, the
reflectivity of the as-cleaved mirror was set
to be 0.32.

Simulation

To begin with the optical gain calculation,
we chose the band-gap energy of the GaAsSb
and the valence-band-offset ratio of the
GaAsSb/GaAs QW to construct an initial
flat-band structure for the active region. In
the calculation, we assumed that the GaAsSb
in the QW is coherently strained on (100)
GaAs substrate and considered the
strain-modified band edges in the GaAsSb
QW. Then we selected a carrier density for
the GaAsSb/ GaAs QW and found a
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Fig.1 Inverse external quantum efficiency as a
function of cavity length plots.
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Fig.2 Inverse external quantum efficiency as a
function of cavity length plots.

self-consistent solution for the Schrodinger
equation and Poisson equation. Because of
the heavy compressive strain in GaAsSb QW,
the intermixing between valence bands is
neglected. Effective mass approximation
with isotropic, parabolic dispersion was
employed in this study. Since the laser is
operated at high injection condition, we
considered the band renormalization effect
by including the relative terms into the
potential energy term of the Schrodinger
equation:

U, =V.+V, Ve (1)

where V, is the GaAsSb/GaAs QW potential
energy, and Vg, , Vxcr are space charge
induced Hartree term and many body effect
induced exchange-correlation term
respectively. The suffix r indicates a position
along the growth direction. To calculate the
exchange-correlation term Vxc, , we used the
following formula [16],

-2

Tour,

V. =

XcC,I

[1+0.05451, In(1 +11.41,)] (2)

where parameter o is defined by a=
(4/91)"” , and 1, is the dimensionless electron
sphere radius defined by ro= r/ay , ap is the



effective Bohr radius, and r is defined as
(3/4n )" for bulk 3D carriers and (n TC)1/2
for quantum well 2D carriers. Because the
thickness of the quantum well is finite, the
carriers in the quantum well are not strictly
2D systems. Thus, as the well width
increases, three-dimensional characteristics
will gradually emerge and become dominant.
In the GaAsSb/GaAs QW for analysis,
electrons are confined in the 80-nm-thick
GaAs layer and holes are confined in the
7-nm-thick GaAsSb layer. Therefore, we
treated electrons as 3D carriers and holes as
2D carriers for their own effective
confinements. In  this  self-consistent
calculation, 16 electron sub-bands and 4
heavy hole sub-bands were considered. The
calculation gave not only the space charge
field profile but also the wavefunction and
carrier density for each sub-band. The
material gain per unit length for a given
electron sub-band 2 and a given hole
sub-band 1, g1, can thus be calculated using
the following formula [17],
nq’h

= — S M[pEDE-) (3

2
nce,m, E,

where Mr is the transition matrix element, p,
is the reduced density of state, f; and f, are
the occupation probabilities of subband 1 and
2. Other notations can be referred to [17].
The total gain at transition energy E; can be
found by summing over all possible subband
pairs. Scan the transition energy from the
lowest subband pairs to 1.4 eV, one can find
the gain spectrum.

Results and Discussions

Fig. 3 shows the calculated modal gain
spectrums for GaAsSb/GaAs single QW laser
under carrier injection levels ranging from
2.5t0 5.3 x 10'%/cm®. The confinement factor
of the laser is 0.0215. As can be seen, when
carrier density increases, gain peak shifts
toward short wavelength significantly. It is
due to the band-bending effect taking place
in the interface of GaAsSb/GaAs quantum
well. From Fig. 3, one can easily find the

relation between the peak modal gain and
peak wavelength. When a laser reaches
oscillation, its modal gain is just equal to its
total loss, which is the sum of the mirror loss
and the internal loss. For a GaAsSb/ GaAs
single QW laser with a cavity length of L, the
mirror loss is (1/L)In(1/R), while the internal
loss obtained from Fig. 2 is 4.8 cm™.
Therefore, the modal gain for GaAsSb/GaAs
lasers is (1.139/L + 4.8) cm™. Through this
formula, we can obtain the relation between
the lasing wavelength and the cavity length.
The results are shown in Fig. 3. For
comparison, the experimental data is also
depicted in the figure. Basically, the
curvature of the curve is independent of
GaAsSb band-gap energy. Changing the
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Fig. 3 Calculated modal gain spectrums for
GaAsSb/ GaAs SQW laser. The gain peak
clearly shows a blue shift as the carrier
density increases.
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length of GaAsSb/GaAs laser. Curve
represents the simulation results while the
circles represent the experimental data.




band-gap energy only gives the curve a
vertical shift. However, changing the valence
band offset ratio of the GaAsSb/GaAs QW,
Qy, not only provides the curve a vertical
shift, but also significantly affects the
curvature of the curve as can be seen in Fig.
4. We repeatedly adjusted the bow parameter
and valence-band-offset ratio until the
difference between the experimental and
theoretical results was minimized. Three
curves with different Q, are depicted in Fig.
3. As can be seen, the calculated curve with
Qy = 1.02 is in good agreement with the
experimental data. The input parameters for
this best-fitted calculation are listed as
follows. The unstrained band-gap energy for
GaAsSb in single QW is 0.869 eV. Note that
the Sb compositions for this sample
measured by XRD are 0.36. Combine with
the well-known band-gap energy of GaAs
and GaSb, we obtain a bowing parameter of
-1.31 eV for the unstrained GaAsSb alloy.
This result is in between the -1.2 eV reported
by S. L. Chuang et. al. [5] and -1.71 eV
reported by Wang et. al. [12] and fits most of
the previous reported experimental data
[18-23] quite well as shown in Fig. 5. The
relative conduction and valence band edges
as functions of Sb composition are shown in
Fig. 6. The results from Chuang [5] and
Wang [12] are also plotted. Strain effect is
not considered in these three curves. Our
result suggests that in the low composition
range, the band alignment of GaAsSb/GaAs
system is weak type-I. For higher Sb
composition, it becomes type-II.

Conclusions

We have grown GaAsSb/GaAs type-II
lasers and analyzed the band lineup of the
QW. Due to the space charge electric field in
the QW, the lasing wavelength showed a blue
shift as the cavity length decreased. This
phenomenon was simulated and utilized to
derive the band structure of the QW. The
best-fitted bowing parameter of GaAsSb
alloy and valence-band-offset ratio of
GaAsSb/GaAs QW are -1.31 eV and 1.02 in
respectively. This finding can be used to

design GaAsSb-based devices.
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