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The exciton-to-free-carrier transition in GaAs and@a; ,As 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-dimensionaldBueo 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,Ga, _,As 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.

[. INTRODUCTION chemical etching. The wires originated from the bending of
thin quantum wells deposited by molecular beam epitaxy
Technological progress in the fabrication of high-quality onto the grooves. The grown heterostructures consist of 18
V-groove quantum-wire structure has allowed only re- ML of GaAs or In,Ga; _,As (x=0.12 embedded between
cently a detailed investigation of quasi-one-dimensional extwo (GaAs g/(AlAs) , superlatticegvalues calibrated for the
citons. The exciton binding energy of GaAs quantum wiresplanar growth. Due to the preferential growth at the bottom
of 20-nm lateral width has been determined experimentallyf the groove, the thickness of the deposited quantum well
by two-photon absorption and magnetoluminescenceanges from about 10 nm at the bottom of the groove to 2 nm
studies’* and compared with excitonic models based onon the sidewalls. The lateral shrinkage of the deposited well
variational approachés or on the more advanced solution of provides the additional confining potential originating the
the semiconductor Bloch equatiohs. one-dimensional effects’ The samples were characterized
In this paper we study the thermodynamical properties oby transmission electron microscopy, in order to obtain the
quantum wire excitons by means of temperature-dependeguantum-wire cross section from which the lateral potential
magnetoluminescence experiments. The transition from eXxyas determined. Photoluminescend®L) and photo-
citonic to free-carrier recombination is directly monitored lJuminescence-excitationPLE) measurements were per-
through the change of the diamagnetic shift of the luminesformed by using an infrared extended Ti:sapphire laser and a
cence occurring above the ionization temperature of the exdouble 0.85-m monochromator equipped with cooled photon
citon in both GaAs and IgGa; _,As quantum wires. The counting. The magnetoluminescence measurements were
quantitative analysis of the experimental data is based on gerformed in a superconducting magnet providing fields up
solution of the full two-dimensional Schiinger equation to 10 T in the temperature range 2.2 K — 300 K. The spectral
both for the one-dimensional magnetoexciton and for theesolution in all measurements was always better than 2 A.
free-carrier casdi.e., neglecting electron-hole correlatjon
We find that when excitons are thermally dissociated a clear
change of diamagnetic shift occurs in GaAs quantum wires. . THEORY
Conversely,_the trans_ltlon_does not appear iRGay _,AS, To interpret the magnetoluminescence data, we need a
whe_re the diamagnetic shift e_xh_|b|ts a_clear free-carrier bef liable description of both single-particle and excitonic
hav]or at _aII temperatures. This is ascribed to_the Weak.eneﬂeroperties in the V-grooved structures, as well as their modi-
exciton binding energy caused by the strong internal piezo,

" AR ) fication induced by the applied magnetic field.
electrlp field existing in the strained /@a, _,As/GaAs quan- Because of theyV-sha?)Féd profilg of the confining poten-
tum wires.

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
The GaAs substrates were patterned in the form ofind hole wave functions for the various quantum-wire sub-
V-shaped grooves by holographic lithography and wetbands and the corresponding energy levels, using as an input

Il. EXPERIMENT

0163-1829/96/5@0)/137105)/$10.00 53 13710 © 1996 The American Physical Society



53 THERMAL IONIZATION OF EXCITONS IN V-SHAPED ... 13711

(@)

FIG. 1. (a) Charge-density contour plot of the first conduction subband of the wirB$e@® and 8 T.(b) Charge-density contour plot
associated to the second conduction subband of the wig=$dr 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 horizgntan@l vertical £) axes are 70 and 25 nm,
respectively.

the shape of the confining potential as determined by transthis particular choice of the vector potential, which results
mission electron microscopy. Starting from this sing|e-in a function ofx andy only, still allows the factorization of
particle representation, we obtain the linear-absorption spedhe wave function previously discussed. The 2D Sdhrger
trum by numerical solution of the semiconductor Blochequation then maintains the same structure, but it includes in
equations for our multisubband wire structure. This provideghe potential an additional term due to the applied magnetic
a self-consistent description of both single-particle and excifield:

tonic properties of the system. )
iheBx d fik,e

7%y =

—— B,y—B,x
A. Single-particle analysis z m®h gy me/h( Y~ ByX)
Let us first consider noninteracting electrons) (and e? ) 5
holes ), subject to a confining potential® or V! whose +omEml(BX)7+ (By =Byl (4)

height is dictated by the conduction—valence-band disconti-

nuities. In the energy region of interest, we can adopt thé\s in the previous case, the 2D ScHinger equation can be

usual effective-mass and envelope-function approximationssolved by direct diagonalization in the same plane-wave ba-

By denoting withz the free wire direction, the carrier sis. Note, however that, contrary to the c&se0, the result-

wave function can be factorized in terms of a plane wavedng eigenvalue and eigenvector spectra are now a function of

along the free directiorfwith wave vector componerk,) the wave vectok, .

times an envelope functiop®"(x,y) solution of the two- It is important to comment on two approximations

dimensional2D) Schralinger equation adopted in the present model. First, valence-band mixing
(VBM) is not included. We believe that this approximation is

ne & 2 e e/h not critical for the purpose of this paper. Indeed, while it is
- 2me 52;+ Py TV xy) ¢, 7 (xy) known that VBM introduces significant corrections on abso-
elh relh lute values of exciton binding energfeand affects selection
=&, ¢, (X.Y). (1) rules because of the modified wave functiSi®recent cal-
Here me" are the bulk effective masses of electrons arm(:ulations clearly indicate that it should not be important for

the lowest states considered héteSecond, we have ne-

holes. Th nd str re for rrier in the wir . ;
oles. The band structure for & carrier in the wire, glected the Zeeman term in EG);’ as shown in Ref. 10,

ﬁzkf this is expected to affect the present results only very mar-
Bon=E3"+ o (2 ginally.

The output of our single-particle calculations for the wave
and the corresponding wave functions are then obtained ndunctions are exemplified in Fig. 1, where we plot the
merically by direct solution of the single-particle Ed) in  charge-density contour plots of time=1 and electron states
terms of a plane-wave representation with periodic boundargonfined in the GaAs quantum wires. The wave functions are
conditions. squeezed by the transverse magnetic field with a consequent
This approach is easily extended to account for an appliethcrease of the localization energy. The diamagnetic shift of

homogeneous magnetic fieBi= (B, By ,B;), which can be the electron eigenstates is found to be quadratic in the field;
described in terms of the following vector potential: the strength of the total shift increases with the subband

quantum number, reflecting the increased delocalization of
A=(0B,x,Byy—ByX). (3)  the carrier wave functions. The resulting shift in the single-
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particle transitions fon=1 will be compared with experi- approach is based on a generalizatitrof the well-known
mental data in Sec. I\see Fig. 3 beloyw semiconductor Bloch equatiofis?® (SBE’s) to a multisub-
Note that the theoretical evaluation of quantized states itband wire structure. Our SBE’s provide a kinetic description
In,Ga; _,As V-shaped wires is more complicated due to theof the system in terms of the various distribution functions of
presence of a nontetragonal strain deformation at thelectrons and hole as well as the corresponding diago-
In,Gay - As-GaAs interfaces along thgl1l} facets™ ™ g (o= =) interband polarizationg ,.
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 densitypE divP). The polarization vector
components are given dy;=ey€j (i #] #K), whereey, is
the piezoelectric modulus ang, are the nondiagonal strain
tensor elements. The local value of the strain field is calcu
lated based on the elasticity theory for a coherently straine
semiconductor heterostructure oriented along an arbitrary
n(xyz) direction, according to Ref. 14. Details on these cal- _
culations will be reported elsewhefThe obtained piezo- ihmpsz(?jﬁzﬁ ic’*lkzv)pkzﬁ[MkZVAO(t)e"“’L‘+AkZV].
electric field for the I 1/GagggASs wires ranges between )
zero at the bottom of the groove and %.50* V/cm at the
top of the quantum-wire sidewalls. The internal field is per-
pendicular to the sidewalls and affects the electronic states inere, Ay(t) is the envelope of the vector potential of the
different ways: namely, it breaks the symmetry of the va-laser field with angular frequency, . zfe*‘ are the free-

lence stated’ slightly changes the potential offséhis re-  carrier energies, whilév, is the dipole matrix element,
sults in a reduction of the quantization energies of the order,

8
of 10% in our quantum wire¥!9, and reduces the exciton Ak ”_'S the |_nter_nal field,” which in the Hartree-Fock ap-
binding energy by about 4098.The potential modified by Proximation is given by’
piezoelectric effects has been used in all our calculations for
In,Ga; _,As-based wires.

Here we focus on the linear response of the system close
%o the band gap, i.e., the excitonic regime. Therefore, all
incoherent phenomen:{ie.g., carrier-phonon and carrier-
carrier scatteringcan 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-
don for the interband polarization:

:_E Vkvk”kuk’ P ®)
B. Excitonic effects kpr '
To study the optical properties of our quantum wires, we
now consider the effects of electron-hole correlation. Oumwhere
’ * h* ’ ! h !
Vi1 42,2.43,3 k,4= f dr f dr’ yr,1(1) 2, 2(r V(T =1") byla a(r") ia a() (7)

are the electron-hole matrix elements of the Coulomb potenh, ;/Ga, gsAS quantum wire of lateral width 16 nm. The PL
tial V°°. lines show a clear band-filling spectrum due to recombina-
The stationary solutions of this equation can then be obtion of then=2 and 3 excitons. The PLE spectrum exhibits
tained by direct diagonalization in the basis of the singlethree resonances with the same energy separation of the PL
particle states of the previous paragraph. They are the polagpectrum. The Stokes shift amounts to about 6 meV, in
ization eigenvalues and eigenvectors, which fully determineagreement with the broadening of the PL and PLE structures
the absorption spectrum as well as the exciton wave functhat can be attributed to the very weak In diffusion occurring
tion. The resulting excitonic recombination peaks show &n the ternary alloy wiré* These spectra clearly evidence the
parabolic shift quadratic in the fielgsolid lines in Fig. 3  one-dimensional character of the investigated quantum wire
below), as in the case of single-particle transitions. Such shifstructures.
is, however, of smaller strength with respect to the shift of |n Fig. 3 we display the temperature-dependent diamag-
the subband edg@ashed lines in the same figire netic shift of the GaAs and Ga,_,As wires, and compare
it with the theoretical predictions for single-particle and ex-
citonic transitions obtained as described in Sec. lll. The
ground-state exciton binding energy of the investigated
The samples chosen for this study exhibit well-resolvedGaAs wires is about 12 met£ Therefore, for temperatures
one-dimensional features in the optical spectra and excellerf the order of 150 K excitons are expected to be ionized and
optical quality. In Fig. 2 we show the photoluminescence andhe emission process must involve free carriers. This is
photoluminescence-excitation spectra of a representativelearly seen in Fig. @). At 4 K the diamagnetic shift is

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 2. Photoluminescence excitation and photoluminescence

spectra of a 16-nm i) Gag ggAS/GaAs quantum wire with super- FIG. 3. (a) Diamagnetic shift of the=1 luminescence band of

lattice barrierd (GaAsg/(AlAs),]. The photoluminescence spectra the GaAs wires at different temperatuegmbol3. Lines represent

were obtained under resonant excitation at 842 (@ontinuous  theoretically evaluated shifts for excitofsolid lineg and for free

lines) and off-resonant excitation at 514 nfdashed lines The  carriers(dashed lines (b) Same as irta) for the InGa, _As wires.
power densities are) | =750 mW cm 2, (b) I=2.1Wcem 2, (¢)

I=6.2Wcm2 (d)1=75Wcm 2, (e) I=15 Wcm 2.

mental data and the theory indicate rather clearly the occur-

rence of free-carrier recombination. This puts the upper limit
rather small, and it is well reproduced by the excitonic dia-of 4 T for the occurrence of a diamagnetic shift of excitonic
magnetic shift evaluated theoreticallgolid line in Fig. origin in these InGa; _,As wires. Such a value roughly cor-
3(a)]. The shift remains excitonic at low temperatud® responds to an exciton binding energy of the order of 5 meV.
K). Around 120 K we observe some change in the magnetiThis is in turn consistent with a reduction of the exciton
field dependence of the diamagnetic shift, suggesting thaiinding energy due to the piezoelectric field of about 40%
excitons begin to dissociate and an exciton—free-carrier gagith respect to the value expected for the 16-npGa _,As

forms in the structure. Above 120 K the shift of the magne-yire investigated her@bout 95 me\,(Ref_ 24]' ana|ogous
toluminescence increases considerably with increasing fieldg the quantum-well casé.

and follows the expected free-carrier sHiftashed lines in In conclusion, the thermal ionization of quasi-one-

Fig. 3@]. This indicates that the transition from excitonic t0 4imensional excitons has been revealed by means of magne-
free-carrier recombination has occurred in the investigategh ,minescence experiments. For GaAs quantum wires a
temperature range. clear excitonic diamagnetism is observed in the lumines-

In the case of I§Ga, _,As wires[Fig. Ab)] the situation cence spectra as long as the crystal temperature is smaller

is somewhat more complicated. The internal piezolectri e o
field reduces the exciton binding energy and the transitio%han the thermal activation energy of the excitoe., the

from excitonic to free-carrier recombination should occur ateXCIton binding energy At higher temperatures free-carrier

lower temperature than in GaAs. Actually, we do not observéecombmat'on becomes dominant, showing an enhancement

any transition in the temperature-dependent magnetolum*f—)f the diamagnetic shift. In the JfBa, _,As quantum wires a

nescence spectra, as shown in Figo)3In particular, the ree-carrier diamagnetic shift is observed at all temperatures,
diamagnetic shift is found to follow the free-carrier shift in which is interpreted as a consequence of the weakened exci-

the whole investigated temperature rafgehese results t?(ri]sltaiIr?dIirr]wgtr?engtr?z;nf;jui??éé))(ntrg)%tlrr]]ts;rs]:ls,leheeZ(()eileeCrtirrﬁefrI]e-ld
suggest that a theoretical modeling of the diamagnetic shiff 9 : P

must take into account that the magnetic interaction affectIsaI results are in excellent agreement with the calculated shift
excitons or free carriers depending on the actual extension f the magnetoexcitons and band-gap edge, obtained from a

the exciton wave function. In particular, when the magneticnurnerlcal solution of the two-dimensional Sctimger

o : equation describing our V-like qguantum-wire structure. Dia-

Lig\?;hflunctifgriiBels tﬁ?gfgrtrhaij?uge) et)ritsrr]rt];fntgt?c eir):':zal tr<_)n magnetism is 'ghus demonstratgd to be a very sensitive probe
S U 0 9 for wave-function confinement in quantum wires.

action involves directly the individual electron and hole
wave functions, resulting in a free-carrier stOn the We gratefully acknowledge G. Goldoni for useful discus-
other hand, an excitonic shift should be observed forsions and D. Cannoletta, M. Corrado, P.C. Silva, and Y.
I>a,. It is difficult to evaluate the occurrence of this con- Magnenat for their help in the experiments and in the sample
dition from our experiments. Belo4 T the calculated exci- preparation. Funding from the European Commuriityan-
tonic and free-carrier shifts are almost indistinguishable, an@pt Esprit projectand from the National Swiss Foundation
the comparison with the experimental data does not clariffSwiss Priority Program in Optigsare gratefully acknowl-
the recombination mechanism. Above this field the experiedged.
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