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Magneto-optical properties of GaAsSb ÕGaAs quantum wells
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We have measured the diamagnetic shift of a heavy-hole exciton in a single 60 Å wide
GaAs0.7Sb0.3/GaAs quantum well as a function of magnetic field up to 32 T at 1.3 K using
photoluminescence spectroscopy. The sample was grown on~001!-oriented GaAs substrate using
solid-source molecular beam epitaxy. We have calculated the variation of the diamagnetic shift as a
function of magnetic field using a variational approach and a free exciton model. We assumed a
weak type-I conduction-band lineup in our calculations. We found that the values thus obtained are
more than twice as large as the observed values. A similar calculation assuming a complete
localization of the heavy hole leads to the values of the diamagnetic shift which agree very well with
the experimental data. Our study suggests that the excitons are strongly localized in
GaAs0.7Sb0.3/GaAs quantum well structures at low temperatures, and that this heterostructure has a
weak type-I conduction-band lineup. ©2003 American Institute of Physics.
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Study of the structural, electronic, and optical propert
of semiconductor alloys has attracted enormous atten
during the past three decades. This interest has been m
vated by their extensive applications in a variety of mic
wave and optoelectronic devices and by a strong desir
understand their fundamental properties. With the availa
ity of mature epitaxial crystal growth technologies, such
molecular beam epitaxy~MBE! and metal organic chemica
vapor deposition, and their various variants, it is now p
sible to grow high-quality layers and heterostructures
these alloys with controlled compositions and sharp in
faces.

Recently, the GaAsSb alloy system grown on GaAs s
strates has attracted considerable attention due to its pote
applications in optoelectronic devices operating in the
mm region.1,2 Attempts have been made to incorporate nit
gen in this system to further reduce the band gap for ap
cations in the 1.5mm region.3,4 Therefore, a precise knowl
edge of its band parameters and a proper understanding
optical properties are needed to fully exploit its potential.

A number of groups have studied the optical propert
of GaAsSb/GaAs quantum well structures in the absence
magnetic field.5–10 In this letter, we present a study of th
variation of the diamagnetic shift~d! of an excitonic transi-
tion in a GaAsSb/GaAs quantum well as a function of t
magnetic field at 1.3 K. The Sb composition in our sample
nominally 30% and the magnetic field is varied from 0 to
T. We find that the variation ofd, as a function of the mag
netic field we measure, is much smaller than that calcula
using the formalism of Greene and Bajaj11 assuming a free
exciton model. To explain our data on the magnetic fi

a!Electronic mail: senger@physics.emory.edu
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dependence of the variation ofd, we assume that the hole i
completely localized; the hole mass is infinite. A similar a
sumption about the behavior of the hole was made in a c
pletely disordered InGaP-grown lattice matched on GaAs
explain the observed variation ofd with magnetic field in
this material.12

The sample studied in this work was grown on a S
doped~100!-oriented GaAs substrate by MBE. It contained
single 60 Å wide GaAsSb quantum well with nominally 30
Sb concentration. The MBE growth was performed us
elemental As and Sb solid cracking sources. The struc
consisted of a 3000 Å thick GaAs layer, followed by a 60
wide quantum well with a 3000 Å thick GaAs barrier lay
grown on it. The GaAs barrier layers were grown at 590 °
while the growth temperature of the quantum well w
460 °C. Growth rates were 1.0 and 1.6mm/h for the barriers
and the active layer, respectively. The Sb composition in
quantum wells was estimated from the Sb and As flux ra
The sample was not subjected to any annealing treatme

The photoluminescence~PL! measurements were carrie
out at 1.3 K. The sample was attached to the end of a
mm core diameter optical fiber and was immersed in liqu
He. An argon-ion laser operating at 514.5 nm was used a
excitation source. The laser beam was injected into the o
cal fiber by means of an optical beam splitter and the
signal was detected by a 0.27 m,f 14 optical monochromator
and a IEEE 488-based data acquisition system. Typical la
power densities used in our measurements were of the o
of 1 W/cm2. A North Coast EO-817 germanium photodete
tor, together with a 30 Hz optical chopper and a phase s
sitive lock-in system, were used to record the infrared sp
trum.

In Fig. 1, we display the PL spectra of a 60 Å wid
GaAsSb/GaAs single quantum well at the lower and up
4 © 2003 American Institute of Physics
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limits of the range of applied magnetic field, namely atB
50, andB532 T. The position of the heavy-hole exciton
transition at zero magnetic field is at 1.0165 eV which
considerably lower than the value of the band gap of GaA
1.3 K ~1.5196 eV!. This transition broadens and shifts
higher energies with increasing values of the magnetic fi
At 32 T, the transition energy is measured to be 1.0315

In order to calculate the diamagnetic shifts, we follow
variational formalism similar to that of Greene and Bajaj11

Applying the magnetic field in a direction perpendicular
the plane of the structure and using the symmetric gauge
Hamiltonian of the system regarding the 1s state is given
by,11

H5 (
i 5e,h

S 2
\2

2mi

]2

]zi
2 1Vi

conf~zi ! D 2
\2

2m

1

r

]

]r
r

]

]r

2
e2

«0Ar21~ze2zh!2
1

1

8
mvc

2r2, ~1!

wherevc5(eB)/(mc), such that the energy of the first Lan
dau level of the exciton is given by\vc/2. Hereme is the
effective mass of the conduction electron,mh is the heavy-
hole mass along thez direction, andm is the reduced mass i
the transverse plane. Bothm and mh can be expressed i
terms of Luttinger band parametersg1 andg2 :11 m5(1/me

1(g11g2)/m0)21, mh5(g122g2)21m0 , wherem0 is the
free electron mass. The particle position vectors are den
by r i5(ri ,zi), andr5re2rh is the relative coordinate.

Consistent with the above Hamiltonian, we use a thr
parameter trial wave function of the form

c~re ,rh!5 f e~ze! f h~zh!exp~2lAr21a2~ze2zh!2!

3exp~2b2r2!, ~2!

where f i( i 5e,h) are the envelope functions of the electr
and the hole in the quantum well, andl, a, and b are the
variational parameters which provide the flexibility ofc to
conform to all the natural limits of the system. A variation
upper bound to the ground-state energy of the system
function of the magnetic field is calculated as,E0(B)
5minl,a,b^cuHuc&. Then, the diamagnetic shift is defined a
d5E0(B)2E0(B50).

In Fig. 2, we display the variation of the diamagne

FIG. 1. PL spectra of a 60 Å wide GaAs0.7Sb0.3/GaAs quantum well at 1.3
K, for magnetic field values of zero and 32 T.
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shift ~d! as a function of magnetic field in a 60 Å thic
coherently strained GaAsSb/GaAs quantum well as we
culated. The values of the various physical parameters u
in our calculations are obtained by linear interpolation b
tween those of GaAs and GaSb given in Table I. The das
curve is obtained using a free exciton model, and the exp
mental data is represented by solid squares. As seen in F
the calculated value ofd, for instance at 10 T, is more than
factor of 2 larger than the measured value. At higher val
of the magnetic field, the difference between the calcula
and the measured values is even larger. It should be poi
out that in our calculations, we have used 1.014 eV for
band gap of the coherently strained GaAs0.7Sb0.3 well in
GaAs. Prinset al.6 have used high-pressure PL measu
ments to investigate the conduction- and the valence-b
offsets between coherently strained and unstrained GaAs
suggest that the conduction-band states have a weak ty
lineup. A recent study by Johnsonet al.10 also suggests an
almost flat ~weak type-I! GaAsSb/GaAs conduction-ban
alignment for Sb concentrations of up to 37%. Therefore,
the conduction-band offset, we have used a value of 10 m
A weak type-II band lineup has also been suggested by s
groups.7,8 We find that our results for the free exciton mod
are relatively insensitive to a weak type-I or a weak type
band lineup.

To explain the unexpected behavior of the diamagne

FIG. 2. Variation of the diamagnetic shift of the heavy-hole excitonic tra
sition in a GaAs0.7Sb0.3/GaAs quantum well with a thickness of 60 Å as
function of the magnetic field. Symbols represent experimental data. Da
curve is calculated using the free exciton model. Dotted–dashed curv
obtained using an infinite mass for the localized heavy hole. In both ca
the conduction-band offset (DEc) is assumed to be 10 meV in a weak type
band lineup configuration. The solid curve which agrees best with the m
surement is obtained by assuming a larger value of 50 meV forDEc , to-
gether with infinite hole mass and nonparabolicity corrections for the c
duction band.

TABLE I. The parameters used in our calculations.a The conduction-band
massme is given in units of bare electron massm0 . g1 and g2 are the
Kohn–Luttinger band parameters in terms of which the heavy-hole ma
along thez direction and in the plane perpendicular to it are given bymh

(z)

5(g122g2)21 andmh
(')5(g11g2)21, respectively, in units ofm0 . «0 is

the dielectric constant.

Material me g1 g2 «0

GaAs 0.067 6.98 2.06 12.5
GaSb 0.042 13.4 4.7 15.7

aSee Ref. 14.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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shift with magnetic field in our sample, we propose, for t
reasons not completely clear to us at this time, that the h
is completely localized by some defect or by potential flu
tuations or both at low temperatures. As mentioned earlie
similar behavior of the excitonic diamagnetic shift with ma
netic field was found in completely disordered InGaP lay
grown lattice matched on GaAs.12 In Fig. 2, we display the
variation of d with magnetic field thus calculated by
dotted–dashed curve. We have also included the effect o
nonparabolicity of the conduction band using an ener
dependent electron effective mass.13 For the values of the
magnetic field larger than 10 T, the calculated diamagn
shifts are still somewhat larger than the measured value
we increase the value of the conduction-band offset from
meV to 50 meV, however, we find that the values ofd we
calculate agree very well with the measured values~solid
curve in Fig. 2!. The assumption of a small value of th
conduction-band offset~50 meV! is consistent with the pro
posed weak type-I lineup by Prinset al.,6 and by Johnson
et al.10 As seen in Fig. 2, at high magnetic fields, the calc
lated values of the diamagnetic shift are still somewhat lar
than the measured values. This may be due to a partial lo
ization of the electron by the alloy potential fluctuations
duced by the magnetic field, thus effectively enhancing
mass.

As shown in Fig. 1, the value of the full width at ha
maximum~s! of the excitonic transition increases as a fun
tion of the magnetic field. The variation, however, is rath
small, i.e., about 3.6 meV for 32 T change in the value of
magnetic field. It is clearly not possible to calculate t
variation ofs with magnetic field as the relative importanc
of various scattering mechanisms, such as those due to
compositional fluctuations, interface roughness, ionized
purities, alloy clustering, etc., is not known.

In summary, we have measured the variation of the d
magnetic shift of the heavy-hole exciton transition in a c
Downloaded 24 Sep 2003 to 139.179.96.142. Redistribution subject to A
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herently strained single GaAsSb/GaAs quantum well a
function of magnetic field upto 32 T at 1.3 K using PL spe
troscopy. The value of the peak energy of this transit
shifts from 1.0165 to 1.0315 eV when the magnetic field
varied from 0 to 32 T. The observed variation of the diama
netic shift with magnetic field is compared with the results
a variational calculation which assumes that the hole is co
pletely localized and the quantum well structure has a w
type-I conduction-band lineup, and a very good agreemen
found. The physical origin of the hole localization is n
understood at this time.

1T. Anan, K. Nishi, S. Sugou, M. Yamada, K. Tokutome, and A. Gomy
Electron. Lett.34, 2127~1998!.

2V. M. Ustinov and A. E. Zhukov, Semicond. Sci. Technol.15, R41~2000!.
3G. Ungaro, G. Le Roux, R. Teissier, and J. C. Harmand, Electron. Lett.35,
1246 ~1999!.

4J. C. Harmand, A. Caliman, E. V. K. Rao, L. Largeau, J. Ramos,
Teissier, L. Travers, G. Ungaro, B. Theys, and I. F. L. Dias, Semico
Sci. Technol.17, 778 ~2002!, and references therein.

5G. Ji, S. Agarwala, D. Huang, J. Chyi, and H. Morkoc¸, Phys. Rev. B38,
10571~1988!.

6A. D. Prins, D. J. Dunstan, J. D. Lambkin, E. P. O’Reilly, A. R. Adams,
Pritchard, W. S. Truscott, and K. E. Singer, Phys. Rev. B47, 2191~1993!.

7R. Teissier, D. Sicault, J. C. Harmand, G. Ungaro, G. Le Roux, and
Largeau, J. Appl. Phys.89, 5473~2001!.

8Y. S. Chiu, M. H. Ya, W. S. Su, and Y. F. Chen, J. Appl. Phys.92, 5810
~2002!.

9X. D. Luo, C. Y. Hu, Z. Y. Xu, H. L. Luo, Y. Q. Wang, J. N. Wang, and W
K. Ge, Appl. Phys. Lett.81, 3795~2002!.

10S. R. Johnson, C. Z. Guo, S. Chaparro, Y. G. Sadofyev, J. Wang, Y. C
N. Samal, J. Xu, S. Q. Yu, D. Ding, and Y. H. Zhang, J. Cryst. Grow
251, 521 ~2003!.

11R. L. Greene and K. K. Bajaj, Phys. Rev. B31, 6498~1985!.
12J. Zeman, G. Martinez, K. K. Bajaj, I. Krivorotov, and K. Uchida, App

Phys. Lett.77, 4335~2000!.
13S. Chaudhuri and K. K. Bajaj, Phys. Rev. B29, 1803~1984!.
14I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, J. Appl. Phys.89,

5815 ~2001!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


