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The exciton-to-free-carrier transition in GaAs and InxGa12xAs V-shaped quantum wires is revealed by
means of temperature-dependent magnetoluminescence experiments. The experimental results are in excellent
agreement with the diamagnetic shift obtained from a solution of the full two-dimensional Schro¨dinger equa-
tion for electrons and holes including magnetic-field and excitonic effects. In the GaAs wires, the exciton-to-
free-carrier transition is found to occur at temperature consistent with the exciton binding energies. In the
In xGa12xAs wires the diamagnetic shift of the luminescence is found to be free-carrier-like, independent of
temperature, due to the weakening of the exciton binding energy induced by the internal piezoelectric field.

I. INTRODUCTION

Technological progress in the fabrication of high-quality
V-groove quantum-wire structures1,2 has allowed only re-
cently a detailed investigation of quasi-one-dimensional ex-
citons. The exciton binding energy of GaAs quantum wires
of 20-nm lateral width has been determined experimentally
by two-photon absorption and magnetoluminescence
studies,3,4 and compared with excitonic models based on
variational approaches4,5 or on the more advanced solution of
the semiconductor Bloch equations.6

In this paper we study the thermodynamical properties of
quantum wire excitons by means of temperature-dependent
magnetoluminescence experiments. The transition from ex-
citonic to free-carrier recombination is directly monitored
through the change of the diamagnetic shift of the lumines-
cence occurring above the ionization temperature of the ex-
citon in both GaAs and InxGa12xAs quantum wires. The
quantitative analysis of the experimental data is based on a
solution of the full two-dimensional Schro¨dinger equation
both for the one-dimensional magnetoexciton and for the
free-carrier case~i.e., neglecting electron-hole correlation!.
We find that when excitons are thermally dissociated a clear
change of diamagnetic shift occurs in GaAs quantum wires.
Conversely, the transition does not appear in InxGa12xAs,
where the diamagnetic shift exhibits a clear free-carrier be-
havior at all temperatures. This is ascribed to the weakened
exciton binding energy caused by the strong internal piezo-
electric field existing in the strained InxGa12xAs/GaAs quan-
tum wires.

II. EXPERIMENT

The GaAs substrates were patterned in the form of
V-shaped grooves by holographic lithography and wet

chemical etching. The wires originated from the bending of
thin quantum wells deposited by molecular beam epitaxy
onto the grooves. The grown heterostructures consist of 18
ML of GaAs or InxGa12xAs (x50.12! embedded between
two ~GaAs! 8/~AlAs! 4 superlattices~values calibrated for the
planar growth!. Due to the preferential growth at the bottom
of the groove, the thickness of the deposited quantum well
ranges from about 10 nm at the bottom of the groove to 2 nm
on the sidewalls. The lateral shrinkage of the deposited well
provides the additional confining potential originating the
one-dimensional effects.1,2 The samples were characterized
by transmission electron microscopy, in order to obtain the
quantum-wire cross section from which the lateral potential
was determined. Photoluminescence~PL! and photo-
luminescence-excitation~PLE! measurements were per-
formed by using an infrared extended Ti:sapphire laser and a
double 0.85-m monochromator equipped with cooled photon
counting. The magnetoluminescence measurements were
performed in a superconducting magnet providing fields up
to 10 T in the temperature range 2.2 K – 300 K. The spectral
resolution in all measurements was always better than 2 Å.

III. THEORY

To interpret the magnetoluminescence data, we need a
reliable description of both single-particle and excitonic
properties in the V-grooved structures, as well as their modi-
fication induced by the applied magnetic field.

Because of the V-shaped profile of the confining poten-
tial, no analytical solutions are available for the electronic
structure, even in the simplest envelope-function approxima-
tion. Therefore, we first compute numerically the electron
and hole wave functions for the various quantum-wire sub-
bands and the corresponding energy levels, using as an input
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the shape of the confining potential as determined by trans-
mission electron microscopy. Starting from this single-
particle representation, we obtain the linear-absorption spec-
trum by numerical solution of the semiconductor Bloch
equations for our multisubband wire structure. This provides
a self-consistent description of both single-particle and exci-
tonic properties of the system.

A. Single-particle analysis

Let us first consider noninteracting electrons (e) and
holes (h), subject to a confining potentialVc

e or Vc
h whose

height is dictated by the conduction–valence-band disconti-
nuities. In the energy region of interest, we can adopt the
usual effective-mass and envelope-function approximations.

By denoting withz the free wire direction, the carrier
wave function can be factorized in terms of a plane wave
along the free direction~with wave vector componentkz)
times an envelope functionfn

e/h(x,y) solution of the two-
dimensional~2D! Schrödinger equation

F2
\2

2me/h S ]2

]2x
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]2

]2yD1Vc
e/h~x,y!Gfn

e/h~x,y!

5En
e/hfn

e/h~x,y!. ~1!

Here me/h are the bulk effective masses of electrons and
holes. The band structure for a carrier in the wire,

Ekzn
e/h5En
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\2kz

2

2me/h , ~2!

and the corresponding wave functions are then obtained nu-
merically by direct solution of the single-particle Eq.~1! in
terms of a plane-wave representation with periodic boundary
conditions.

This approach is easily extended to account for an applied
homogeneous magnetic fieldB5(Bx ,By ,Bz), which can be
described in terms of the following vector potential:

A5~0,Bzx,Bxy2Byx!. ~3!

This particular choice of the vector potential, which results
in a function ofx andy only, still allows the factorization of
the wave function previously discussed. The 2D Schro¨dinger
equation then maintains the same structure, but it includes in
the potential an additional term due to the applied magnetic
field:7
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As in the previous case, the 2D Schro¨dinger equation can be
solved by direct diagonalization in the same plane-wave ba-
sis. Note, however that, contrary to the caseB50, the result-
ing eigenvalue and eigenvector spectra are now a function of
the wave vectorkz .

It is important to comment on two approximations
adopted in the present model. First, valence-band mixing
~VBM ! is not included. We believe that this approximation is
not critical for the purpose of this paper. Indeed, while it is
known that VBM introduces significant corrections on abso-
lute values of exciton binding energies8 and affects selection
rules because of the modified wave functions,9,10 recent cal-
culations clearly indicate that it should not be important for
the lowest states considered here.11 Second, we have ne-
glected the Zeeman term in Eq.~4!;7 as shown in Ref. 10,
this is expected to affect the present results only very mar-
ginally.

The output of our single-particle calculations for the wave
functions are exemplified in Fig. 1, where we plot the
charge-density contour plots of then51 and electron states
confined in the GaAs quantum wires. The wave functions are
squeezed by the transverse magnetic field with a consequent
increase of the localization energy. The diamagnetic shift of
the electron eigenstates is found to be quadratic in the field;
the strength of the total shift increases with the subband
quantum number, reflecting the increased delocalization of
the carrier wave functions. The resulting shift in the single-

FIG. 1. ~a! Charge-density contour plot of the first conduction subband of the wire forB50 and 8 T.~b! Charge-density contour plot
associated to the second conduction subband of the wire forB50 and 8 T. The solid line represents schematically the wire cross section. The
region depicted here is only a small portion of the groove: the lengths of the horizontal (y) and vertical (z) axes are 70 and 25 nm,
respectively.
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particle transitions forn51 will be compared with experi-
mental data in Sec. IV~see Fig. 3 below!.

Note that the theoretical evaluation of quantized states in
In xGa12xAs V-shaped wires is more complicated due to the
presence of a nontetragonal strain deformation at the
In xGa12xAs-GaAs interfaces along the$111% facets.12–15

The nondiagonal terms of the strain tensor originate a piezo-
electric field at the heterointerfaces. Following Ref. 12, the
internal piezoelectric potential is obtained by a triple integra-
tion of the charge density (r5divP). The polarization vector
components are given byPi5e14e jk ( iÞ jÞk), wheree14 is
the piezoelectric modulus ande jk are the nondiagonal strain
tensor elements. The local value of the strain field is calcu-
lated based on the elasticity theory for a coherently strained
semiconductor heterostructure oriented along an arbitrary
n(xyz) direction, according to Ref. 14. Details on these cal-
culations will be reported elsewhere.15 The obtained piezo-
electric field for the In0.12Ga0.88As wires ranges between
zero at the bottom of the groove and 1.53104 V/cm at the
top of the quantum-wire sidewalls. The internal field is per-
pendicular to the sidewalls and affects the electronic states in
different ways: namely, it breaks the symmetry of the va-
lence states,12 slightly changes the potential offset~this re-
sults in a reduction of the quantization energies of the order
of 10% in our quantum wires,12,15!, and reduces the exciton
binding energy by about 40%.16 The potential modified by
piezoelectric effects has been used in all our calculations for
In xGa12xAs-based wires.

B. Excitonic effects

To study the optical properties of our quantum wires, we
now consider the effects of electron-hole correlation. Our

approach is based on a generalization6,17 of the well-known
semiconductor Bloch equations18–20 ~SBE’s! to a multisub-
band wire structure. Our SBE’s provide a kinetic description
of the system in terms of the various distribution functions of
electrons and holesf kzn

e/h as well as the corresponding diago-

nal (ne5nh5n) interband polarizationspkzn .
Here we focus on the linear response of the system close

to the band gap, i.e., the excitonic regime. Therefore, all
incoherent phenomena~e.g., carrier-phonon and carrier-
carrier scattering! can be neglected. Moreover, we focus on
the linear-response regime in which the solution of the set of
SBE’s simply reduces to the solution of the following equa-
tion for the interband polarization:

i\
d
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pkzn5~Ekzn

e 1E2kzn
h !pkzn1@Mkzn

A0~ t !e
2 ivLt1Dkzn

#.

~5!

Here,A0(t) is the envelope of the vector potential of the
laser field with angular frequencyvL . Ekzn

e,h are the free-

carrier energies, whileMkzn
is the dipole matrix element.

Dkzn
is the internal field,18 which in the Hartree-Fock ap-

proximation is given by18
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are the electron-hole matrix elements of the Coulomb poten-
tial Vcc.

The stationary solutions of this equation can then be ob-
tained by direct diagonalization in the basis of the single-
particle states of the previous paragraph. They are the polar-
ization eigenvalues and eigenvectors, which fully determine
the absorption spectrum as well as the exciton wave func-
tion. The resulting excitonic recombination peaks show a
parabolic shift quadratic in the field~solid lines in Fig. 3
below!, as in the case of single-particle transitions. Such shift
is, however, of smaller strength with respect to the shift of
the subband edge~dashed lines in the same figure!.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The samples chosen for this study exhibit well-resolved
one-dimensional features in the optical spectra and excellent
optical quality. In Fig. 2 we show the photoluminescence and
photoluminescence-excitation spectra of a representative

In0.12Ga0.88As quantum wire of lateral width 16 nm. The PL
lines show a clear band-filling spectrum due to recombina-
tion of then52 and 3 excitons. The PLE spectrum exhibits
three resonances with the same energy separation of the PL
spectrum. The Stokes shift amounts to about 6 meV, in
agreement with the broadening of the PL and PLE structures
that can be attributed to the very weak In diffusion occurring
in the ternary alloy wire.21 These spectra clearly evidence the
one-dimensional character of the investigated quantum wire
structures.

In Fig. 3 we display the temperature-dependent diamag-
netic shift of the GaAs and InxGa12xAs wires, and compare
it with the theoretical predictions for single-particle and ex-
citonic transitions obtained as described in Sec. III. The
ground-state exciton binding energy of the investigated
GaAs wires is about 12 meV.4,6 Therefore, for temperatures
of the order of 150 K excitons are expected to be ionized and
the emission process must involve free carriers. This is
clearly seen in Fig. 3~a!. At 4 K the diamagnetic shift is
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rather small, and it is well reproduced by the excitonic dia-
magnetic shift evaluated theoretically@solid line in Fig.
3~a!#. The shift remains excitonic at low temperatures~40
K!. Around 120 K we observe some change in the magnetic
field dependence of the diamagnetic shift, suggesting that
excitons begin to dissociate and an exciton–free-carrier gas
forms in the structure. Above 120 K the shift of the magne-
toluminescence increases considerably with increasing field,
and follows the expected free-carrier shift@dashed lines in
Fig. 3~a!#. This indicates that the transition from excitonic to
free-carrier recombination has occurred in the investigated
temperature range.

In the case of InxGa12xAs wires@Fig. 3~b!# the situation
is somewhat more complicated. The internal piezolectric
field reduces the exciton binding energy and the transition
from excitonic to free-carrier recombination should occur at
lower temperature than in GaAs. Actually, we do not observe
any transition in the temperature-dependent magnetolumi-
nescence spectra, as shown in Fig. 3~b!. In particular, the
diamagnetic shift is found to follow the free-carrier shift in
the whole investigated temperature range.22 These results
suggest that a theoretical modeling of the diamagnetic shift
must take into account that the magnetic interaction affects
excitons or free carriers depending on the actual extension of
the exciton wave function. In particular, when the magnetic
length l5A\/eB is smaller than the extent of the exciton
wave function~i.e., the Bohr radiusa0), the magnetic inter-
action involves directly the individual electron and hole
wave functions, resulting in a free-carrier shift.23 On the
other hand, an excitonic shift should be observed for
l.a0 . It is difficult to evaluate the occurrence of this con-
dition from our experiments. Below 4 T the calculated exci-
tonic and free-carrier shifts are almost indistinguishable, and
the comparison with the experimental data does not clarify
the recombination mechanism. Above this field the experi-

mental data and the theory indicate rather clearly the occur-
rence of free-carrier recombination. This puts the upper limit
of 4 T for the occurrence of a diamagnetic shift of excitonic
origin in these InxGa12xAs wires. Such a value roughly cor-
responds to an exciton binding energy of the order of 5 meV.
This is in turn consistent with a reduction of the exciton
binding energy due to the piezoelectric field of about 40%
with respect to the value expected for the 16-nm InxGa12xAs
wire investigated here@about 9.5 meV~Ref. 24!#, analogous
to the quantum-well case.16

In conclusion, the thermal ionization of quasi-one-
dimensional excitons has been revealed by means of magne-
toluminescence experiments. For GaAs quantum wires a
clear excitonic diamagnetism is observed in the lumines-
cence spectra as long as the crystal temperature is smaller
than the thermal activation energy of the exciton~i.e., the
exciton binding energy!. At higher temperatures free-carrier
recombination becomes dominant, showing an enhancement
of the diamagnetic shift. In the InxGa12xAs quantum wires a
free-carrier diamagnetic shift is observed at all temperatures,
which is interpreted as a consequence of the weakened exci-
ton binding energy caused by the internal piezoelectric field
existing in the strained wires.12 In both cases the experimen-
tal results are in excellent agreement with the calculated shift
of the magnetoexcitons and band-gap edge, obtained from a
numerical solution of the two-dimensional Schro¨dinger
equation describing our V-like quantum-wire structure. Dia-
magnetism is thus demonstrated to be a very sensitive probe
for wave-function confinement in quantum wires.

We gratefully acknowledge G. Goldoni for useful discus-
sions and D. Cannoletta, M. Corrado, P.C. Silva, and Y.
Magnenat for their help in the experiments and in the sample
preparation. Funding from the European Community~Nan-
opt Esprit project! and from the National Swiss Foundation
~Swiss Priority Program in Optics! are gratefully acknowl-
edged.

FIG. 2. Photoluminescence excitation and photoluminescence
spectra of a 16-nm In0.12Ga0.88As/GaAs quantum wire with super-
lattice barriers@~GaAs!8/~AlAs!4#. The photoluminescence spectra
were obtained under resonant excitation at 842 nm~continuous
lines! and off-resonant excitation at 514 nm~dashed lines!. The
power densities are~a! I5750 mW cm22, ~b! I52.1 W cm22 , ~c!
I56.2 W cm22, ~d! I57.5 W cm22, ~e! I515 W cm22.

FIG. 3. ~a! Diamagnetic shift of then51 luminescence band of
the GaAs wires at different temperatures~symbols!. Lines represent
theoretically evaluated shifts for excitons~solid lines! and for free
carriers~dashed lines!. ~b! Same as in~a! for the InxGa12xAs wires.
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7L. Landau and E. Lifchitz,Mécanique Quantique. The´orie non
relativiste, 2nd ed.~Mir, Moscow, 1967!, Chap. XV.

8See, e.g., L.C. Andreani, A. Pasquarello, and F. Bassani, Phys.
Rev. B36, 5887~1987!.

9U. Bockelmann and G. Bastard, Phys. Rev. B45, 1688~1992!.
10G. Goldoni and A. Fasolino, Phys. Rev. B52, 14 118~1995!.
11The quantum wires with rectangular section that are studied in

Ref. 10 ~1003300 Å) are comparable in size with our struc-
tures. There, the lowest hole state in the wire is found to have
98% heavy-hole~HH! character in the absence of magnetic
field, and 89% heavy-hole~HH! character atB510 T. This
suggests that even for the maximum field used here (B510 T!
the lowest hole state in our wires should be essentially HH-like,
the light-hole contribution not exceeding 10%. The neglect of
VBM would of course be more questionable in studies of higher
transitions or polarization dependent features~Ref. 9!.

12M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B50,
14 187~1994!.

13L. DeCaro and L. Tapfer, Phys. Rev. B51, 4381~1995!.

14L. DeCaro and L. Tapfer, Phys. Rev. B48, 2298~1993!.
15R. Rinaldi, R. Cingolani, L. DeCaro, M. Lomascolo, M. DiDio,

L. Tapfer, U. Marti, and F.K. Reinhart, J. Opt. Soc. Am. B~to be
published!.

16M. Livingstone, I. Galbraith, and B.S. Wherrett, Appl. Phys. Lett.
65, 2771~1994!.

17F. Rossi and E. Molinari, Phys. Rev. Lett.~to be published!.
18H. Haug and S.W. Koch,Quantum Theory of the Optical and

Electronic Properties of Semiconductors, 3rd ed.~World Scien-
tific, Singapore, 1994!.

19T. Kuhn and F. Rossi, Phys. Rev. Lett.69, 977~1992!; Phys. Rev.
B 46, 7496~1992!.

20E. Binder, T. Kuhn, and G. Mahler, Phys. Rev. B50, 18 319
~1994!.

21M. Pfister, M.B. Johnson, S.F. Alvarado, H.W.M. Salemink, U.
Marti, D. Martin, F. Morier-Genoud, and F.K. Reinhart, Appl.
Phys. Lett.67, 1459~1995!.

22The total free-carrier shift in InxGa12xAs wires is smaller than in
GaAs because of the difference in the heavy-hole effective
masses. In fact, the values used for the InxGa12xAs and GaAs
electron effective mass are 0.0614m0 and 0.0667m0 , respec-
tively, while for the heavy-hole mass they amount to 0.348m0

and 0.34m0 , respectively. In the calculations the followingVe

and Vh values have been used:Ve5200 meV andVh5133.6
meV for GaAs, andVe5257 meV andVh5208 meV for
InxGa12xAs.

23P.V. Giugno, A.L. Convertino, R. Rinaldi, R. Cingolani, J. Mas-
sies, and M. Leroux, Phys. Rev. B52, R1159~1995!.

24This value is obtained starting from the exciton binding energy of
the planar quantum well from which the wire is formed, and
assuming the 25% enhancement measured in GaAs wires of
similar size, as in Ref. 4.

13 714 53R. RINALDI et al.


