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Lateral superlattices as voltage-controlled traps for excitons
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We demonstrate the localization of quantum-well excitons in a periodic array of linear traps using photolu-
minescence experiments. The excitonic traps are induced by applying spatially alternating external voltages via
interdigitated metal gates. The localization originates from the periodical modulation of the strength of the
guantum-confined Stark effect in the plane of the quantum well. In our experiments, the trap depth is easily
tuned by the voltages applied to the interdigitated gates. Furthermore, we find that a perpendicular magnetic
field reduces the exciton diffusion length. In short-period lateral superlattices, we observe a magnetic-field-
induced stabilization of excitons in the presence of strong in-plane electric fi8@$63-18207)05940-7

[. INTRODUCTION tric field does not exceed 2 meV in GaAghis limitation is
imposed by exciton ionization in electric fields beyond ap-

Electro-optic interactions involving excitons in semicon- proximately 18 V/cm. The typical broadening of the exci-
ductor microstructures and microdevices are currently atton peak in GaAs-based systems is about 1 meV. Since for
tracting much interest.Such devices are usually laterally the localization of excitons the Stark shift needs to be larger
microstructured in the plane of quantum wells. Conseihan the broadening of the exciton peak, the Stark effect in
quently, it is interesting to study quantum-well excitons in bulk systems as well as the in-plane Stark effect in quantum
laterally varying potentials and, in particular, the possibility Wells can hardly be used to localize excitons.
of localizing them in distinct quasi-one- or quasi-zero- To realize effective excitonic traps in quantum wells
dimensional regions of a sample. Whereas the localization diQW’S), e make use of the quantum-confined Stark effect
charged particles, like electrons or holes, is easily possible ifQCSB.? The QCSE arises from the electric field applied
electrostatic lateral-potential superlatnéethe localization ~ perpendiculatto a QW. For a QW of 16 nm width, the Stark
of neutral, but polarizable, excitons needs to make use of &hift i ina perpendicular electric field of 1&//cm is about 50
more special mechanism. The spatial localization of excitongheV,’ and thus is sufficiently large for an effective localiza-
in one- and zero-dimensional structures has been realized fion of excitons. In such strong perpendicular electric fields,
semiconductors by various approacfiesOne mechanism the exciton remains stable because of the QW confinement.
to induce exciton localization is based on strai@ther pos-  The exciton localization induced by the QCSE can be effec-
sibilities include interdiffusion of a barrier matefland the tive in relatively wide QW’s, where the exciton-energy shift
preparation of self-organized lateral structutdn.all these due to the QCSE exceeds the inhomogeneous broadening of
cases, the exciton localization cannot be changed by extethe exciton peak. A laterally periodic modulation of the ef-
nally tunable parameters. In the present study, we realize fgctive exciton potentiall .+ can be obtained in a quantum-
voltage-tunable localization for excitons within the plane ofwell system with an interdigitated top gate and a doped back
a quantum well. contact as shown in Fig. 1. This design allows us to induce a

Exciton transport in semiconductors can be induced bystrong lateral modulation of the perpendicular electric field
spatially nonuniform electric fields via the Stark effect. Thecausing the spatially modulated QCSE. In our scheme shown

change of the exciton energy by the electric field-isE, in Figs. 1 and 2 the spatial modulation of the QCSE occurs
whered is the exciton dipole moment induced by the electric

exciton potential, which will be denoted in the following as I
U- If the electric field is dependent on the spatial coordi-
nate, the potentidl .4 can form excitonic traps. In principle,

the trap potential .; can be controlled by external voltages.

field E. The energy—dE plays the role of the effective A2 l
| v
1

At low temperatures, this mechanism of exciton localization GaAs
is effective if the localization energy is significantly larger quantum well
than the spatially random fluctuations in the exciton energy, —

which result in an inhomogeneous broadening of the exciton
peak. According to numerical calculatiohgor the case of
bulk excitons in GaAs the maximal Stark redshift is less than  FIG. 1. Sketch of a QW system with an interdigitated metal top
1 meV. In a strictly two-dimensiondRD) system, the calcu- gate. The voltage¥; andV, are applied to the finger gates with
lated value of the Stark redshift caused byimiplaneelec-  respect to the back contact.

back contact
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VeV Vi with the experimental study, we model theoretically the lat-
a) =2 ’ eral exciton transport in a spatially modulated potential. Us-
a Vlz ing our experimental data, we are able to estimate the
w ' exciton-diffusion length. We find that the diffusion length is
Gatel  Gae2 Gatell Gate2 strongly reduced in the presence of a magnetic field.
'z ™ quantumn well
T T T T = IIl. EXPERIMENTAL DETAILS
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The AlAs-GaAs heterostructure employed here was

grown by molecular-beam epitaxy and consists of a Si-doped
back electrode Np=4x 10" cm™3) grown on an undoped
GaAs buffer, and a 20-nm QW embedded in a short-period
AlAs-GaAs superlattice barrier. The QW and the back elec-
trode are separated from the surface by 60 and 390 nm, re-
spectively. On top of the heterostructure we deposit semi-
transparent titanium gates in an interdigitated geometry as
shown in Figs. 1 and(@). The interdigitated gate is charac-
terized by its perioch and stripe widthw. We have fabri-
cated samples with three different gate parameteaswy)

= (1500 nm,1300 nm) {1000 nm, 900 nm) and (250 nm,

190 nmj. The finger gates are biased with respect to the back
contact by voltage¥/; andV,, respectively. The resulting
electrostatic potential in the sample is laterally modulated
with period Za. When the voltage¥, andV, are slightly
above zero, the QW starts to become occupied by electrons.
The experiments discussed here are performed with gate
voltages at which there is no charge accumulation in the
QwW.

p— + pu—
— Exciton —

FIG. 2. (a) The geometry of the system with an interdigitated
gate.(b) The effective exciton potentidl) o+, induced by the QCSE
as a function of the in-plane coordinate Regions | and Il are . .
located under the gates 1 and 2, respectively. The dashed regions I, To study the PL we excite the sample by a diode |§IS€I‘
correspond to the areas of strongest in-plane electric fields. Alsd’,\”th photon energy l',58 eV. The sample is mounted na
we sketch schematically, the picture of exciton transport in thevar'a.ble temperature insert C_)f a .magneto-optlcal cryostat.
sample.(c) The electron potential of our system at a finite voltage The intensity of the incident light is about 0.5 W/&nThe
difference AV applied to the interdigitated gate. The excitons arePL study is performed at temperatufe- 3.5 K, so that the
localized in regions |, where the electron potential is maximal andPL is of excitonic origin.
nearly parabolic. The dip in the CB is caused by the Coulomb

interaction of the electron with the hole.
I1l. PHOTOLUMINESCENCE IN LARGER

when we apply the different voltag®s andV, to the finger PERIOD SUPERLATTICES
gates with respect to the back contact. The effective exciton
potential induced by the interdigitated gate leads to a peri-
odic array of excitonic traps in the sample. First, we consider the PL spectrum of a QW with a lateral
Initial results on exciton localization in a QW system with superlattice of period @=3000 nm. According to our nu-
an interdigitated gate of a small period have been publishetherical calculations for this sample, the electrostatic poten-
by Schmelleret al!® In this study, the photoluminescence tial in the plane of the QW nicely reproduces the potentials
signal arose from excitons localized in linear traps via theof the finger gates and is close to being rectangular. The
QCSE as described above. More recently, the lateral trangorm of the electrostatic potential is determined by the geo-
port of indirect excitons was studied in a QW system by usénetrical parameters of the sample where in this case the
of two surface-metal gates, spatially separated by a macralistance between the surface and the plane of the QW is
scopic distancé! These surface gates were differently bi- much less than the lateral size of the metal stripes. Optical
ased. Exciton transport in such a system is also based on tlaad electronic properties of similar quantum-well devices
QCSE in a varying electric field and was studied with awith interdigitated gates were studied before in a series of
spatially resolved techniqué. experiment$:*%? In particular, it was demonstrated that
Here we present a detailed study of the photoluminessuch a system gives us the possibility to control indepen-
cence(PL) of a single-QW system with interdigitated metal dently the average potential and the amplitude of the poten-
gates of various periods, also in the presence of a magneti@l modulation in the plane of a QW. When the voltaggs
field. In the samples investigated, the lateral gate periods a@ndV, applied to the corresponding finger gates are equal,
comparable to the exciton-diffusion length. This enables ushe potential modulation in the system is nearly abd@ttif
to study the exciton diffusion in more detail. All the specific the voltages/, andV, are different, the electrostatic poten-
features of the PL spectra are found to be consistent with oural in the system is modulated to form a lateral superlattice
model of an effective exciton potential. The mechanism ofwith period 2a and the amplitude of the potential modulation
exciton localization is established to be the QCSE. Alongs determined by the voltage differendd/=V,;—V,.

A. General features of the PL spectra



13416 S. ZIMMERMANN et al. 56

1.53 T T T T 1
HEP e & DA A AN AV=0V
e 808 g ¥
B=0T A =N ]
1.52 F oA V=V, A §
" A g B=0T (V,+V,)2=-09 V
9 .ﬁ° Photon energy (eV) "e
2 1s1F o , - ; . &
Le* Vi=v,=01V
oS o s >
& o £ £
= &N\ i iz
5 osr,a LEp < ] g
= N
~ =
5 R
149 2 N o
bl =
151 1.515 152 1.52
148 . . . L ’ E
2 1.5 -1 0.5 0 05 S
gate voltage (V) é
2
FIG. 3. Energy positions of the exciton peak as a function of
equally applied voltage¥,; =V, at zero magnetic fieldopen sym- AV=-18V
bols). The corresponding spectra are displayed in the inset. For 1.5 1505 151 1515 152 1525 1.53
comparison the energy positions of the LEP and the HEP in the Energy (eV)

sample with the lateral superlattice of period=23000 nm are de-
picted by filled circles and rectangles, respectively. Here the aver-

age voltage Y, +V5)/2 is kept constant at 0.9 V. The energy of b) AvV=0V
the low-energy peak is plotted as a function of volt&ge which is B=7T ]
varied from —0.9 to —1.7 V. Similarly, the energy of the high- - (V#V))2=09 vV

energy peak is shown as a function of voltage which is varied
from —0.9t0o—0.1V.

If V=V;=V,, the PL spectrum exhibits a single narrow
heavy-hole exciton peaKfull width at half maximum
(FWHM)=4.1 meV atV=—-0.9 V], which is shifted with
voltage V in accordance with the QCSEee Fig. 3. The
voltage dispersion of the PL peak is as expected for a 20-nm
QW. In fact, at voltage¥/; =V, the interdigitated gate sys-
tem behaves essentially like a QW system with a homoge-

normalized PL intensity (arb. units)

neous metal gatjé’.Hence, the data fov,=V, can be used r AV=-18 V ]
as a .referen.ce. . . 1.505 1.'51 1.5'15 1.'52 1.5'25 1.'53 1.535
With application of different voltage¥; andV, the PL Energy (eV)

spectrum is modified as shown in Figsagand 4b). These
spectra are obtained when the average voltage is kept con- |G, 4. PL spectra of the sample with the 3000-nm superlattice
stant: 1+V;)/2=—0.9 V. At the same time, the voltage period (a) at zero-magnetic-field antb) at a magnetic field oB
differenceAV=V;—V, is varied from 0 to— 1.8 V in steps =7 T applied perpendicular to the sample surface. The intensities
of 0.1 V. In the spectra shown in Figs(a# and 4b), we  are normalized to the one at zero-voltage differerceé=V,
observe a splitting of the exciton peak into two main fea-—V,. The spectra are offset for clarity. The average voltage is
tures. The splitting increases with increasing voltage differ{V,+V,)/2=—-0.9V, and the voltage differencAV is changed
enceAV. The energy positions of the peaks are shifted infrom 0 V (upper curvg¢to —1.8 V (lower curve in steps of 0.1 V.
opposite directions. In the following, we will call these struc-
tures low- and high-energy peakisEP and HER. The en-  crepancy for the HEP, the general behavior of the LEP and
ergy positions of the LEP and the HEP at zero magnetic fieldhe HEP corresponds to the QCSE induced by the voltages
are shown in Fig. 3 by filled symbols as a function of theV; andV,, respectively. Thus, we conclude that the LEP
voltagesV,; andV,, respectively. In a magnetic field of 7 T, and the HEP are connected with the PL signal arising from
the energies of all peaks are increased approximately by the regions under gates 1 and 2, respectively.
meV according to the diamagnetic shift. Now we would like to discuss the width of the PL peaks
In our long-period superlattices we may expect that than Figs. 4a) and 4b). As an example, consider the spectra
positions of the LEP and the HEP correspond to the locafor magnetic field 7 T. At high voltage differences, the
perpendicular electric fields beneath the gates induced by tHeWHM of the LEP and the HEP are equal to 3.1 and 2.4
voltagesV; andV,, respectively. The energy positions of meV, respectively. This variation of the FWHM can be un-
the LEP and the exciton peak in a homogeneous systemerstood keeping in mind that the LEP and the HEP arise
(open symbols in Fig. 3coincide. Thus, the energy of the from regions of the sample with different perpendicular elec-
LEP follows the voltageV,. The energy positions of the tric fields. The width of an exciton peak in the QCSE regime
HEP in Fig. 3 are a few meV higher with respect to the operfor quantum wells increases with the normal electric fiéld
symbols related to a homogeneous system. A likely cause dfecause of interface-roughness-induced scattering. The
this difference is a redistribution of surface charges with thdWHM of the exciton peak in Fig. 4 at zero-voltage differ-
application of the voltage difference. Despite this minor dis-ence is 4.1 meV, i.e., larger than those of the LEP and the
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HEP at high-voltage differences. We can explain this obser-
vation with a residual potential modulation in the sample at

zero-voltage difference, which is induced by a surface- 0.8k

potential variation between the metallic grating stripes. v OT °
06l o 7T v
o
B. PL intensity in dependence on superlattice amplitude 04p Ugg
and magnetic field §°
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normalized peak PL intensity
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In this section, we consider the dependence of the LEP 9999999999999999993‘7‘7
and HEP intensities on the voltage differenk¥. We start N W3 0 %) T 0.8
our discussion with the PL spectrum recorded at strong mag- gate voltage V, (V)
netic fields[see Fig. 4b)], because the HEP becomes more
pronounced with increasing magnetic field. One can see from FIG. 5. PL intensity of the low-energy peak as a function of the
Fig. 4(b) that the HEP becomes visible at voltage differencevoltageV; for magnetic fields 0 and 7 T. The voltagés andV,
0.1 V. Initially, with increasing voltage differencaV the — are set as describgd in Fig. 4. The intensity is normalized to the one
intensity of the LEP is much larger than that of the HEP. At'0r zero-voltage differencaV=V,—V,.
higher voltage differences, the intensities of the LEP and the
HEP become comparable. At still higher voltage differenceslonger coupled by exciton transport because all excitons
whenV,~0 V there is a sudden reduction of the HEP inten-moving from regions Il to regions | are ionized by the strong
sity, which is likely to be caused by the appearance of elecin-plane electric field in regions Ill.
trons beneath gate 2. It can be seen from Fig. 5 that the LEP intensity decreases
The above-mentioned behavior of the PL spectra can belowly at higher voltage differences and its magnitude be-
explained by a simple model of the effective exciton poten-comes significantly less than the surface fraction of gate 1,
tial as sketched in Fig.(B). In this figure we distinguish 1300 nm/3000 nr¥0.43. We associate this behavior with a
between the lateral regions I, Il, and IIl that are located be+eduction of the exciton-peak intensity at high perpendicular
neath gates 1 and 2, and in between the gates, respectiveslectric fields which is typical for the QCSE regime even in
The PL spectra shown in Figs(a} and 4b) correspond to homogeneous systers.
the voltage regime in which the exciton energy decreases The spectra of Fig. @) show that at a high voltage dif-
with decreasing gate voltage. The effective exciton potentiaferenceAV and at a magnetic fiel8=7 T the asymmetry
Ui for this regime is shown qualitatively in Fig(i® for the  between the peaks is strongly reduced but the intensity of the
case of an applied gate-voltage differedcé. In this model, LEP is still larger than that of the HEP. At high-voltage
regions | correspond to exciton traps, while regions Il aredifferences regions Il with a strong in-plane electric-field act
areas of maximum exciton energy. The incident light createsis drains, where the excitons are ionized. In regions |, the
excitons in all regions of the sample. The typical diffusion effective exciton potential is minimal in the center, and, con-
length of an exciton in QW's is of the order of am®  sequently, excitons are localized in the areas of a weak in-
Because the lateral sizes of our samples are comparable pdane electric field. In contrast, in regions I, they diffuse and
the exciton-diffusion length, most of the excitons are able tadrift to the drains of areas Ill. Thus, the intensity of the HEP
reach the potential traps due to diffusion and drift. Thus, weshould be very sensitive to the exciton diffusion to regions
can expect that regions | collect excitons from all areas of théll and a relatively intensive HEP can exist only if the diffu-
sample and that the LEP should be dominant in the PL specsion length is comparable or smaller than the stripe width.
trum. Now, we consider the magnetic-field dependence of the
Indeed, we observe this behavior in the experimentaPL intensity. For convenience, the spectra at magnetic fields
spectra at small voltage differences. The HEP occurs becau$€eand 7 T shown in Figs.(4) and 4b) are normalized to the
some excitons recombine before they reach the potentigieak PL intensity for zero-voltage difference. Below, we
minima. Another prominent feature of the experimentalconsider only relative changes in the intensities of the LEP
spectra is a decrease of the total PL intensity with increasingnd the HEP®
voltage differenceAV. We associate this observation with  One can see from Figs(& and 4b) that the effect of the
ionization of excitons by the in-plane electric field. Strongmagnetic field on the normalized intensity of the HEP is
in-plane electric fields in the sample are induced by the voltdrastic. We can expect that the increase of the normalized
age difference\V and are maximal in regions Il intensity of the HEP in a magnetic field is associated with a
Figure 5 shows the voltage dependence of the LEP intenmagnetic-field-induced decrease of the exciton-diffusion
sity. One can see that the intensity of the LEP decreases tength,|,=+/7,D, whereD and 7, are the diffusion coeffi-
half of its initial value atv,=—0.975V, corresponding to a cient and the lifetime of an exciton, respectively. It was
voltage difference of 0.15 V. From numerical calculations offound by a time-resolved PL study in Ref. 17 that the exciton
the electrostatic potential in our sample we find that a voltdifetime in QW’s decreases approximately by a factor 2 with
age difference of 0.15 V corresponds approximately to anncreasing magnetic field from 0 to 6 T. The decrease of the
in-plane electric field in regions Ill of #10° V/cm. Thisis lifetime is explained by an increase of the radiative recom-
a typical ionization electric field for an exciton in bulk GaAs bination probability of an exciton. In addition, the diffusion
(Ref. 6 and in relatively wide quantum wells. Thus, at volt- coefficient can be reduced because of the magnetic-field-
age differences larger than 0.15 V regions | and Il are nanduced increase of the exciton effective méss.
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In the case of the LEP, the magnetic field does not modify 4
the normalized-peak PL intensity significantlyee Fig. 5.
Two counteracting processes may explain this observation.
First, the reduction of the diffusion length can lead to a de- 3
crease of the LEP intensity, because the LEP arises, in part,
from excitons diffusing from regions Il and Ill. Second, the
magnetic field increases the exciton binding energy and,
hence, can stabilize excitons against ionization in a strong
in-plane electric field. These two mechanisms change the
LEP intensity in opposite ways and, as a result, the PL in-
tensity can be relatively insensitive to the magnetic field. We 1
will see in the next sections, that the magnetic-field depen-
dence of the PL intensity in lateral superlattices with shorter
periods, where the exciton-diffusion length is much larger 0

than the stripe width, is different to the above. : ' - : ' y : :
-1000 -500 0 500 1000 1500 2000 2500

a) I 1 it I

n/n,

x coordinate (nm)

IV. MODEL CALCULATIONS

. TS FIG. 6. (a) A model for a description of the exciton transport in
A. Exciton density distribution a sample: the solid and dashed lines show schematically the behav-
To support our qualitative explanation of the experimentalior of the functionsU o and 1f,,, respectively(b) The calculated
data, we model the transport of two-dimensional excitons irspatial distribution of the exciton density at various voltage differ-
a system with lateral and vertical electric fields induced byences; the characteristic densitynig=117,.

an interdigitated gate. The exciton current can be written as K v for th ictly 2D and 3D . i
jc=—DVn.+ uFn,, wheren, is the surface exciton den- &€ known only or the strictly 2D an cases in a uniform

sity, F= — VU  is the force acting on excitonsx(x) is the electric field and at zero magnetic field. Here we will ap-

. . h . imate by the 2D formuld 1/7
effective exciton potential as a function of the lateral coor-P" %M tun ) twn
dinatex perpendicular to the metal stripésee Fig. 2, andu ~36R,VRy/(eEao) exd—32R,/(3eEag)], where R,

) A . A =4.2 meV anday=14 nm are the Rydberg energy and the
IS the mobility of an exciton. The spatial distribution Of. th? Bohr radius in GaAs, respectively. In a classical quasiequi-

) ) . . Yibrium gas of excitons, the diffusion coefficient and the mo-
equation, Vjs=—ns/mo—Ns/my,, Where 7o is the exciton i are connected by the Einstein relatioB/x=RT,
lifetime in the absence of electric fields angd, is the ion- \yhereT* is the temperature. The temperature of the exciton
ization I|fet|mg of an explto_n due to an in-plane electnc; field. gasT* can be higher than that of the cryostat bath because of
Thus, the exciton density is determined by the equation  the photoexcitation and, for our model calculations, is cho-
sen to bel* =5 K.
d?ng dF,ng  ng In our simplified model we can easily solve Eg), as-
-D ra Tu dx + o I (o suming that the quantitias; andj ¢ are continuous functions.
tot The calculated exciton density is shown in Fig)6 In fact,
. . . o the model calculations reproduce our qualitative picture de-
where | describes the generation of excitons by incidents ey in Sec. IIl. One can see that the effective fdfee
light, and 1k =1/7o+ 1/7-mr_1. . — VU acting on the excitons creates a gradient of the ex-
In our model, the effective exciton potentiélk and the  iton density in the sample. The number of excitons in re-
force F both depend on the vertical electric field, while the gions | is increased due to exciton flow from regions I1. At
ionization lifetime r,, depends on the in-plane electric field. the same time, the application of a voltage difference results
All quantities are periodic functions of the in-plane coordi- in the appearance of an in-plane electric field in regions IIl.
nate x. To calculate the exciton density distribution in a If the valueV,—V, is small, so that the in-plane field is not
sample, we will use a simplified model illustrated in Fig. sufficient for exciton ionization, the total number of excitons
6(a). We assume that the for€eis zero in the spatial regions is conserved. At high voltage differences the total number of
I and Il and constant=Fg, in regions Ill. The strength of excitons is strongly reduced, indicating strong ionization in
the in-plane electric field in the sample depends on the gedegions lll.
metrical parameters of the system and, in particular, on the We see that at very high voltage differences the exciton
lateral distanced=a—w between the metal stripes. Our distribution is almost symmetric and the exciton density in
model calculations of the electric field in the sample showthe regions Ill vanishes because of ionization. The density
that the maximal in-plane electric field in the middle of re- distribution in this case is determined only by the diffusion
gions Il is less than\{;—V,)/d approximately by a factor in regions | and Il, where the in-plane electric field is absent.
2, because the quantum well is separated from the sampl@ addition, one can see that the direction of the diffusion
surface by a distance of 60 nm. For our model calculationgurrent at the edges of the regions | is changed if the voltage
we choose the gate parametessvf) =(1500 nm, 1300 niy  difference exceeds some value.
and the in-plane electric field in regions Il in the form of ) o
E,= = (V41— V,)/2d. The lifetimer, and the diffusion length B. PL spectra and exciton diffusion
Ip are assumed to be 200 ps and 700 nm, respectively. Ana- The PL spectrum can be found by integrating the function
lytical expressions for the ionization lifetime of an exciton ny(x),
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FIG. 7. Calculated PL spectra at various voltage differences
AV=V,;—V,; the average voltage is kept constant ¥t ¢ V,)/2
=-0.9V and the broadening parameter is setl't{p=0.7 meV.
The parameterk,, T*, and o are explained in the text.
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FIG. 8. Experimental data recorded at various voltage differ-
encesAV=V,;—V, and magnetic fields for the lateral superlattice
IPLC’CJ dx —— 712 Ns(X), (20 of period 22=3000 nm. The voltag¥, is kept constant, while the
[0— wexd X)]°+T : i
voltageV, is changed. The spectra are offset for clarity.
where we,(X) is the exciton energy as a function of the
coordinate,l’ =Ty + 1/7y,,, and I’y is the half-width of the voltageV, is kept constant, while the voltagé, is varied.
PL exciton peak in the absence of a potential modulationThe perpendicular electric field beneath gate 2 is kept con-
From the data in Fig. 3 we find that, in the vicinity of the stant and the HEP intensity does not change at high voltage
voltage—0.9 V, the exciton energy in our QW at zero mag- differences(see Fig. 8 The HEP atB=0T in Fig. 8 is
netic field can be approximated by.{x)=1515meV hardly visible so that we give here estimations for finite-
+a[ E,(X) —Eol/Eq, where E,(x) is the vertical electric magnetic fields. From the data shown in Fig. 8 at high volt-
field induced by the applied voltag&,=2.3x 10* V/cm, age differences we have approximaté|yp/l,~0.07 and
anda=16 meV. Figure 7 shows the calculated PL spectra ap.13 for magnetic field8=3.5 and 7 T, respectively. These
various voltage differences. At finite voltage differences thedata correspond to diffusion lengths of 800 and 500 nm for
PL structure is split into two peaks of different intensities. the case®=23.5 and 7 T, respectively. The clear decrease of
The LEP is more intense than the HEP because of drift an¢he diffusion length with increasing magnetic field can be
diffusion of excitons from regions Il to regions I. At high- connected both with the reduced exciton lifetimgand the
voltage differences the peaks become almost symmetric. reduced diffusion coefficierd as was discussed in Sec. III.
We can see from our simulations that the intensity of thewe note that our estimate of the diffusion length is in rea-
HEP is more sensitive to the diffusion coefficient than that ofsonable agreement with the data of spatially resolved studies
the LEP. This fact is connected with the behavior of theof the exciton diffusion in quantum wellS.
exciton density near the edges of regions | and Il. Near the Using our model we can qualitatively describe the experi-
edges of regions II, the exciton density is reduced because @fientally observed behavior of the PL spectra at various volt-
drift to regions Ill. At the same time, this factor leads to anages shown in Figs.(d) and 4b). We note, however, that
increase of the exciton density near the edges of regions | asyen at a high voltage differengV the intensity of the LEP
long as the excitons are not ionized. Mathematically, if theremains larger than that of the HEP, while in our model the
exciton density at the edges of regions Il becomes small, thgeaks at a high\VV become symmetric. This disagreement
exciton distribution in regions Il is determined only by the hetween our model and the experimental data may be con-
diffusion equation with the boundary conditiong=0 atthe  nected with the behavior of the effective exciton potential
edges. near the edges of the metal stripes. In the experimental situ-
Using this fact, we can roughly estimate the diffusion ation the effective exciton potential near the edges of the
length by use of our experimental data for the HEP intensitystripes is smoother than our model potential. This will reduce

at a high voltage difference. ifs=0 at the edges of regions the exciton current to the drain regions and, hence, increase
I, the exciton-density distribution in these regionsrs  the LEP intensity.

=179[ 1—cosh/lp)/coshiw/2|5)]. The relationship between
the intensity of the HEPl,zp, and the intensity of the PL
exciton peak at zero-voltage differencey, is Iyep/lo
=(w/2a)[1—(2lp/w)tanh{v/2l5)]. To estimate the diffu-
sion length we use the data presented in Fig. 8. In this figure, The intensity of the HEP is a function of the exciton dif-
the normalized PL spectrum is shown for the case when th&usion lengths and the lateral sizes of the structure. We can

V. PHOTOLUMINESCENCE
IN SHORT-PERIOD SUPERLATTICES



13420 S. ZIMMERMANN et al. 56

1.2 T T T 1 T T T T T T

2a=3000nm °
B=7T — — -2a=2000nm > R V=02V
2 L Y S 2a=500nm ] 2 oost . i
Q E
E 0.8 AV=-0.25V 3 osl R i V2 (V)
) vV =-1.025V ol R
& o4 V,=-0.775V 3 . . e 0.1
8 S 04 N
::_"; E T A u T a0
g 0.4 N a A ]
5 E o
= Eozfg o = | = 0.1
0.2 a v
v v v 0.2
“ | v v v
0 2 ) L - 0 1 1 1 L ) )
151 1515 152 1525 153 0 1 2 3. 4 5 6 7
Energy (eV) Magnetic field (T)

FIG. 9. PL spectra of samples with three different periods at FIG. 11. The peak intensity of the low-energy peak in the lateral
magnetic fieldB=7 T and applied voltage¥;=—1.035V and  superlattice with period =500 nm as a function of the magnetic
V,=-0.775V. The spectra are normalized to the intensity of thefield for a few voltage differences. The peak intensity is normalized
low-energy peak. to that for zero-voltage difference.

expect that the ratio of the intensities of HEP and LEPYoltage dependence of the intensity by the ionization of ex-
decreases with decreasing period of the laterafitoNS moving from regions Il to regions | due to a strong

superlattice. In other words, in short-period superlattices all"-Plane electric field in areas lll between the metal stripes.
most all excitons can reach the potential trap under gate this process almost 50% of the .ex0|to_ns In the §ample are
and, thus, the HEP will be less intense. Corresponding b Jestroyed. This decrease of the intensity is similar to that

havior of the experimental spectra is demonstrated in Fig. i€Scribed in the Sec. II for the case of the long-period super-
For convenience, the spectra of Fig. 9 are normalized to thl?tt'(?e' Al fche volj[a'ge/2~0.15 V the voltage dependen(;e of
peak intensity of the LEP. The spectra are recorded in &€ intensity exhibits a second step. When the voltdges
strong magnetic field, where the HEP becomes more Ioro!_arger than 0.2 v the PL intensity vamshes. The sec_ond step
nounced. They show a clear decrease of the Hafia/I o 'S MOt Observed in long-period superlattidese, e.g., Fig.)
with decreasing gate period. We note that the HEP in th@”d arises from exciton ionization in regions I. We think that

sample with the smallest superlattice peric=2500 nm at in short-period lateral superlattices such an ionization pro-
zero magnetic field is almost invisible. cess is possible even in the centers of regions I. Here the

Another interesting feature of the sample with the Sma"_electrostatic potential is nearly parabolgee Fig. £c)]. In

est superlattice period of 500 nm is the voltage dependen e center Of_ regions |, the hole bo_und in the exciton is
of the LEP intensity. Figure 10 shows the PL intensity of theSrongly localized but the corresponding electron can tunnel
LEP as a function of the voltagé, when the voltage/, is if the curvature of the parabolic electron potential is suffi-

kept constant. The LEP energy depends on the QCSE iﬁiently strong. In the system with the interdigitated gate, the
regions | and is hardly changed with the voltage. How- characteristic energy of the parabolic potential in the middle

ever, the voltagd/, has a strong influence on the PL inten- of the msltalt sttrri]pe caf: bebgk()j(_)ut 10 m%\z_'.his \zlglue Is W
sity. The intensity in Fig. 10 decreases in two steps. The firs omparable to the exciton binding energy in a 20-nm QW.

step occurs aV¥,~—0.1 V. We explain the first step in the _hus, in sr_nall-period superIaFtices ionization beco_mes pos-

sible even in the center of regions | where the obtained elec-

i e SN tron potential modulation is essentially parabolic. We note

i xyy 4 V=02V - that the data of Fig. 10 are recorded for an unoccupied QW.

[ v ! ] The voltage dependence of the PL intensity at small volt-
o.s:- . B=7T age differences foB=7 T in Fig. 10 shows an unexpected

- v L e ] nonmonotonic behavior. We suppose that the slight increase
0.6} v 4 . of the PL at small voltage differences in Fig. 10 can arise
: / v a from a change of the vertical electric field in a sample due to
04F  B=OT Y., 1 a redistribution of surface charges with application of the

i N ] voltage difference.

021 v A ] We observe that the ionizing voltage differences respon-

A vyeh ] sible for the two-step behavior are increased by the applica-
0= ol o ol T '0'3' : tion of the magnetic fieldsee Fig. 10 In Fig. 11 we plot the

gate voltage V, (V) normalized peak PL intensity, i.e., the vall@AV)/I1(AV
=0). Because the ratio(AV)/1(AV=0) for AV#0 in-

FIG. 10. The peak intensity of the low-energy peak in the lateralCréases with magnetic field, the PL intensity in a lateral su-
superlattice with period2=500 nm as a function of the voltays perlattice increases faster than in a homogeneous system. We
for magnetic fields 0 and 7 T. The voltayg is kept constant at  attribute this behavior to the stabilization of excitons by a
-0.2V. high magnetic field. The latter can be connected with a sup-

lvee/ | Lep,

normalized peak PL intensity
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pression of electron tunneling and an increase of the excitoaxciton current. The magnetic field has a strong influence on

binding energy in magnetic field. the PL spectra, which is discussed in terms of suppression of
exciton diffusion and exciton stabilization.
VI. SUMMARY We wish to note that localization of 2D excitons in linear

) _ traps via the QCSE can also be obtained by means of a
We have studied the PL spectra of a QW system withgrface acoustic wauSAW) which induces a strong modu-

interdigitated top gates of various periods. The PL spectrggiion of the vertical electric field in a sample with a QW. In
clearly demonstrate the localization of two-dimensional ex-g,ch a system, the excitonic traps are moving with the sound
citons in linear traps induced by the QCSE. It is shown thaK/elocity of GaAs,c.=3x 10° cm/s. With a typical exciton
the QCSE can be used as an effective mechanism to induggetime of 300 ps, the excitons localized in the effective
excitonic traps in laterally microstructured electro-optic de'potential minima induced by the SAW can be transferred
vices. The behavior of the PL intensity at various voltagesyyer typical distances of &m, comparable to characteristic
are interpreted with a model involving an effective exciton atera sizes of semiconductor microdevices. Thus, a combi-
potential. By use of magneto-PL studies we observe two repation of SAW and the QCSE can be used to transfer opti-
gimes of exciton transport in our samples. The first is real—ca”y active excitons between different elements of a mi-
ized at small voltages, when the excitons, created in all latsrgdevice. At present, such acousto-optics of QW’s is a

eral regions of the sample, can diffuse and drift to regiongpject of active experimental investigatidfis.
with minimal effective exciton potential. This regime be-

comes possible because the exciton diffusion length in our
samples is comparable with the lateral gate periods. The sec-
ond regime of exciton transport occurs at relatively high This work was supported by the Sonderforschungsbereich
voltage differences, when an in-plane electric field betweer348 of the Deutsche Forschungsgemeinschaft. One of us
the finger gates is sufficient to ionize excitons. In this re-(A.O.G) gratefully acknowledges support by the A. v. Hum-
gime, the regions under gates 1 and 2 are not coupled by avoldt Stiftung.
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