PHYSICAL REVIEW B VOLUME 53, NUMBER 11 15 MARCH 1996-I

Magneto-optical determination of exciton binding energies in quantum-wire superlattices
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Polarization-resolved photoluminescence excitation specttAlpf5a)As serpentine superlattice quantum-
wire arrays have been measured in magnetic fields up to 20 T. In the Faraday configuration we are able to
resolve Landau-level-like magnetoexciton transitions in the low-field limit, and to directly determine the
exciton binding energy. A maximum enhancement of excitonic binding by 70% is observed in a 160-A-wide
guantum wire array as compared to a two-dimensional reference, and the true superlattice character is evi-
denced by a decreased excitonic binding for a short pg6ddA wide) compared to a long period quantum-
wire array(160 A wide.

Linearly polarized luminescence can be a signature of In this paper we report the binding energy of excitons in
one-dimensiona(1D) carrier confinement in semiconductor coupled quantum-wire arrays directly determined from mag-
quantum wires™° The polarization, though, is not a suffi- netoexciton excitation spectra observed in the low-field limit.
cient property for demonstrating the 1D character of the elecThe coupled quantum-wire arrays are those found in a ser-
tronic structure. Additional information is obtained when thepentine superlatticéSSL). Our results here show a strong
photoluminescencéPL) is measured in a magnetic field. For enhancement of excitonic binding in the SSL quantum wire
example, the anisotropic diamagnetic shift seen in theurrays as compared to a 2D reference, and the true superlat-
magneto-PL of quantum-wire excitons reveals both thdice character is evidenced by a decreased excitonic binding
length scale and the anisotropic nature of the electronifor a short-period(strong-coupling regimecompared to a
structure, where in the low-field regime the cyclotron orbit islong-period quantum-wire arrafeak-coupling regime in
larger than the confining structure, and in the high-field re-good agreement with theoretical calculations.
gime the cyclotron orbit is small& An important energy in Serpentine superlattices result from a growth technique
the problem is the binding energy of the confined excitonthat uses the atomic step edges of a vicinal surface as tem-
The binding energy may be measured in the low-field limitplates for 1D growth. The wires are defined by curving
by measuring the magneto-PL sHifthough localization will boundaries(with a radius of curvature) between lateral-
lead to an overestimation of the binding energy. In the highwell and -barrier materials with the 1D states in the wide
field limit a binding energy can be measured through arparts of the wells. The confinement can be characterized by
analysis of Landau-level-like magnetoexciton spettimw-  the aspect ratib=a/b, wherea is the vertical distance mea-
ever, such a measurement reflects excitons confined by tisgired at the midpoint between the barriers hnslthe lateral
magnetic field and not by the 1D potential. Isolated quantunglistance between the barriers, as shown in the inset of Fig. 1.
wires are one member from a class of “1D” systems, whichThe SSL structures used in our experiments have been grown
also includes coupled wires and periodic arrays of couple@n 0.5° and 1.5° misoriented vicinél00) GaAs substrates,
wires. This 1D class is analogous to the 2D class, whiclcorresponding to a stepped surface with a terrace width of
includes quantum wells, coupled guantum wells, and supeid24 and 108 A, respectively. The anticipated aspect ratios of
lattices. While an array of quantum wires will share somethe confinement regions are therefére0.52 and 1.6 for the
electronic structure features with isolated quantum wires, th€.5° and 1.5° SSL, respectively. The deposition sequence
band structure due to periodicity and coupling will give rise corresponded to AlGa;_,As barriers of Xparie= 20%,
to additional novel properties. Specifically of interest here iswhich are 1/2-terrace wide. The SSL’s have a thickness of 34
that the superlattice minibands in a sheet of wires allownm with a ramping constars, =125 nm® A reference(2D)
Landau-like levels in the low-field regime for a magnetic sample of the same average composition though with no lat-
field perpendicular to the sheet, and the binding energy foeral composition modulation has also been investigated.
excitons confined by the 1D array potential can then be ex- Photoluminescence and photoluminescence excitation
tracted. (PLE) spectra have been measured at 1.6 K in a 10-MW

0163-1829/96/531)/69594)/$10.00 53 6959 © 1996 The American Physical Society



6960 BRIEF REPORTS 53

12 =
£ - 08~ 0.5°-SSL,x = =20%
3 FAY 3 barrier
10 £ 2 °y  BYX:0 — —
- ' 43 BIY:meeeee-
“2E BNHZ e
8 E | R . FIG. 1. Experimental data points and calcu-
Z1.65 766 157 Tes ? lated energy shift of the 0.5° serpentine superlat-

Photon Energy (eV) ® tice (SSL emission as a function of the applied

. _ : magnetic field in the, y, andz directions. Inset

S shows the photoluminescen¢dash-dotted ling

e and linear polarization spectruiisolid line) of

4 r e < the luminescence emitted in the direction. A
-~ schematic figure of a SSL structure with a para-

Energy Shift (meV)

bolic cross section is also shown, with the param-
etersa, b, andr defined in the text.

0 - | 5 10. .. 15. | A2O
Magnetic Field (Tesla)

resistive Bitter magnet in fields up to 20 T. For the PL mea-meV. The positive linear polarization confirms the 1D-like
surements we used the 488-nm line from an"Aaser and character of théheavy hole but to determine if thexciton
for the PLE measurements a Ti:sapphire laser. The emittedlso is affected by the lateral potential, we measured the PL
light from the sample was dispersed through a 1.5-m Jobishift in three orthogonal magnetic field configurations.
Yvon spectrometer and detected with a GaAs photomulti- In Fig. 1 the experimental data points of the energy shift
plier. The magnetic field was applied parallel to ey, and  of the 0.5° SSL emission as a function of the applied mag-
z axes, defined as parallel to the wires, in the periodic direcnetic field are shown. To quantitatively explain the data we
tion and normal to the array. In the RPBLE) experiments the calculated the energy shifts for the band-to-band electron—
direction of the emittedexciting light wave vectork was  heavy-hole transition, excluding exciton effetisThe elec-
always normal to the vicinal surface @irection. Applying  tron and hole wave functions were computed for free carriers
the magnetic field in the direction therefore corresponds to confined in the SSL structure, by solving the 2D Sclimger
the Faraday configuratiorB(k||z) and thex or y direction  equation. In the model we included the intermixing of the
corresponds to the Voigt configuratioB (k). In the Fara- barrier and well material, and the best fit to the data was
day configuration the circularly polarized components of theachieved with an Al composition in the barrigvire) of 16%
excited as well as the emitted light have been analyzed. (4%), as shown by the solid and dashed lines in Fig. 1. The
The presence of lateral anisotropy in our structures cammount of the energy shift is critically dependent on the di-
already be deduced on the basis of linearly polarized lumirection of the applied magnetic field and is in fairly good
nescence experiments. The representative PL spectruagreement with the data, except above 10 T inztdirec-
(dashed-dotted linetogether with the linear polarization of tion. These data give a clear indication that the ground-state
the luminescence in the direction, P,=(I,—1,)/(Ix+1,) exciton wave packet is experiencing an anisotropic environ-
(solid line) for the 0.5° SSL structure is shown in the inset of ment. The fact that the shifts in theandy directions are
Fig. 1. The PL emission is identified as a localized electrordifferent, in contrast to what we observed in the 2D refer-
(e) heavy-holg(hh) exciton €1hhl) recombining in the SSL ence, especially apparent in the field range near 20 T, indi-
layer. The luminescence is polarized parallel to the wiresate that we have removed the original in-plane isotropy by
with the maximum of the polarization redshifted from the PLthe lateral potential. However, due to the fact that the exci-
peak. The linear polarization at the PL peak is 25%. Theons observed in PL are strongly localized in potential fluc-
redshift of the polarization maximum shows that there is auations, the magneto-PL shifts cannot be used to accurately
distribution of quantum wires of different quality within the deduce the reduced mass or binding energy of the extiton.
PL peak® Introducing a model that allows for intermixing we In fact, reduced diamagnetic shifts observed in quantum
can determine the height of the lateral potential from thewells have been shown to be due to exciton localizatfon.
measured polarization at the PL p€akhe intermixing has From temperature-dependent luminescence experiments we
been considered by a rectangular composition profile, wherbave estimated the localization potential in the SSL structure
the Al is uniformly removed and uniformly redistributed into to be 10 meV deep Therefore any determination of the
the well. The linear polarization has then been calculated fobinding energy of the exciton from the magneto-PL shifts
the electron—heavy-hole transition as a function of the dif-will be an overestimation. Even using the PLE shifts to de-
ference in the Al composition in the barrier and wetlere  termine the binding energy can be very ambiguous unless the
we estimate the actual Al composition in the barfigire) to ~ absorption is due to a truly free excitonic state in the wire.
be 15%(5%) instead of the intended 20%9%), giving a  Such wires are very difficulif not impossiblg to fabricate
lateral potential modulation in the conduction band of 80with the present technology. In most cases the absorption
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FIG. 3. Fan chart plot of the electron heavy-hole subbands and
FIG. 2. Left- () and right- @) handed circularly polarized !_andau Ievels_for the 0.5° SSL_quantum_ wire,.wit_h arrows indicat-
photoluminescence excitatiPLE) spectra for a 0.5° SSL quan- N9 the experimentally determined exciton binding enefggre
tum wire in the Faraday configuration. Optical selection rules forl3-3=0.5 meV). The solid lines connecting the Landau-level-like
allowed PLE transitions between electron heavy-hole and electrof’@gnetoexciton transitions¢2, 3, and 4 are linear fits to the
light-hole states in a magnetic fiel®{(k||z) are shown in the inset, data points. Theelhh1(ls) PL transition and the four subband
transitions are connected by straight lines as a guide to the eye.
will be due to delocalized excitons, which are defined as
excitons that are free to move in a region of the wire that ismagnetic-field-induced confinement. The excitonic binding
uniform on a length scale larger than the Bohr diameter oenergy has previously been determined in a similar way for
the exciton along the wire direction. quantum wells as well as for superlattic8s! By fitting
In Fig. 2 left- (c~) and right- @*) handed circularly Landau leveln=2, 3, and 4 in Fig. 3, we determine the
polarized PLE spectra of the 0.5° SSL sample are showexciton binding energy to be 1350.5 meV for the 0.5° SSL
with the magnetic field parallel to the direction (perpen- sample. The uncertainty of=0.5 meV comes from the
dicular to the plane of the quantum-wire superlajtiokt  spread of the extrapolated zero-field band-edge energy points
zero magnetic fields four peaks can be resolved that are duter the linear fitting procedure of the higher Landau levels.
to the ground-state heavy-hole excitiaglhh1(1s)] (Stokes We have performed similar measurements for the 1.5° SSL
shifted by 7.5 meV¥ and excited heavy-hole excitons from sample and for the 2D reference alloy sample. We find the
higher subbandseghh2,e3hh3,e4hh4.1* By increasing the  exciton binding energy to be 11:%.5 meV in the 1.5° SSL
magnetic field we see several néspin-spli) Landau-level- sample and 8.80.5 meV in the 2D reference sample.
like magnetoexciton transitionfelhhl (=1, 2, 3, 4, and By using a fractional dimensional approach théhhl
5)], from fields as low as 3 T. The cyclotron orbit diameter is exciton binding energy, in units of the Rydberg enekgy (4
given by d=2(h/eB)¥3(2n+1)"2 wheren=0,1,2... is meV for bulk GaAs$,'® has recently been calculated for
the Landau-level quantum number. This means that in th6&aAs/Aly 1:Gag gsAs cylindrical quantum wires as a function
low-field regime where the higher Landau-level-like magne-of the wire radius in units of the Bohr radius, (14 nm for
toexcitons start to apped48—6 T forn=2, 3, 4, and 5the  bulk GaA9,'® by Christol, Lefebvre, and Mathied,shown
orbits are actually tunneling through a few lateral barriersas the solid line in Fig. 4. Our experimental values for the
This situation is analogous to the case of a superlattice undéwo SSL samples, using a 3D {=Ga, osAS Rydberg energy
an in-plane magnetic field and distinctly different from iso- of 4.85 me\:® are shown by the crosses in Fig. 4. Here we
lated quantum wires where Landau levels have been found tlave assumed that the exciton binding energy is related to
be quenched when the cyclotron diameter is wider than théhe cross-sectional area rather than to its geometrical shape,
wire width1® and estimated the wire radius that gives the same cross-
In Fig. 3 a fan chart is plotted of all the observed transi-sectional area as we have in the SSL wires. This assumption
tions in PLE for the 0.5° SSL sample. Tk&hhl PL transi- is justified since it has been shown that the exciton binding
tion and the four subband transitions observed in PLE arenergy in a quantum wire is determined by the cross-
connected by straight lines as a guide to the eye. When anaectional area on which the wave function is concentrated,
lyzed in detail they show a quadratic field dependence at lowather than the shape of the wit&?° The decreased binding
fields as expected for quantum wires in the low-field limit. energy for the narrowest wire is due to the strong lateral
For the SSL quantum wire we can determine the band edggenetration of the exciton wave function into the barrier re-
by a linear extrapolation of the highen€2, 3, and 4 gion and is in good agreement with the calculations by
Landau-level-like transitions to zero field. One can thereforeChristol, Lefebvre, and Mathiety.
directly determine the binding energy of the delocalized For comparison we have also included other published
ground-state exciton by subtracting the zero-fietelhhl  values on the exciton binding energy isolated GaAs/
(1s)] peak position from the Landau-level band edge. ItAl,Ga;_,As quantum wires in Fig. 4with the actual cross
should be noted that this determination of the band edge bgection scaled to cylindrical geometryKohl et al. deter-
fitting the higher Landau levels is done in the low-field limit mined the excitonic binding energy for 700-A-wide etched
where the electrostatic confinement is dominating over th&aAs quantum wires, and Nagamueteal. and Rinaldiet al.
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4 binding energy to be 10 meV from two-photon absorption
| GaAs/AlGa, As quantum "L‘*SCh. ol otal (o 015 and 12.5 meV by fitting the magnetoluminescence hil
. « onle ;.?x.-_fxo._%-) ) values are in surprisingly good agreement with the calcula-
3 - » Nagamune etal. (x=0.4) tions by Christol, Lefebvre, and Mathieu, considering the
I MG davasd differences in thex values of the AlGa, ,As barrier of the

guantum wires and that the comparison is made by approxi-
mation of the cross-sectional areas.
We have also measured the PLE spectra with the magnetic
1 3D limt ——————————— field applied along the wire directiorB(x) and in the direc-
tion of the superlattice periodd{y). We do not, however,
observe any higher excited Landau-level-like magnetoexci-
0 i o 3 ton transitions in this geometry, due to the fact that the cy-
Wire radius (units of a ) clotron diameter for these transitions is much larger than the
0 vertical width. Instead here the higher subbands approach
those of the harmonic oscillatofE=hw (n+1/2), where
wc.=eB/u], at high magnetic fields.

Binding energy (units of Eo)

FIG. 4. Calculated binding energy of trelhhl exciton for
cylindrical GaAs/A 1658 gAs quantum wires by Christol, Lefeb- In conclusion we have reported on polarization resolved

vre, and MathieuRef. 19. The experimental data points for the . : -
0.5° and 1.5° SSL sample determined in this work are shown to_magneto-PLE studies ofAl,Ga)As serpentine superlattice

gether with the data from Kohtt al. (Ref. 2, Nagamuneet al. q_uantum Wires: The excitonic bi”d"f‘g energies have peen
(Ref. §, and Rinaldiet al. (Ref. 21. The energy and radius are dlre'ctly determined .from the.a.maly3|s of Lan.dau-level-h.ke
given in units of the Rydberg energfEg) and the Bohr radius exc_:lted magnetoexciton tranS|t|0ns_ obfser\_/ed_ in 'Fhe low-field
(ay), respectively. limit. A strong enhancement of excitonic binding is observed
compared to 2D, with a reduction in the exciton binding

. L 2621 I energy for very narrow quantum wire arrays. Experiments

for 200-A-wide GaAsv-groove wires:®*! The binding en- performed for different orientations of the magnetic field

ergy determined by K,Ohét al. was d_etermlned in a similar show that the carrier confinement is quantum-well-like in the
way as for the SSL's, however, in the former case the

Landau-level transitions were observed in the high-field Iimitd'reCtlon. par_aIIeI to the growth and superlatticelike in the
L lateral direction.

and therefore do not correctly correspond to the binding en-

ergy of the wire. In the study by Nagamueeéal. an exci- We want to thank P. Christol, B. Monemar, L. J. Sham,

tonic binding energy of 10.1 meV was determined from theand P. Wyder for fruitful discussions and interest in this

magnetoluminescence sHiftRinaldi et al. estimated the work.
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