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Dynamic carrier distribution in quantum wells modulated by surface acoustic waves
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We have investigated the dynamics of photogenerated carriers under surface acoustic wave~SAW! fields in
GaAs quantum wells using spatially and time-resolved photoluminescence~PL!. The frequency and phase of
the PL oscillations under a SAW yield information about the carrier distribution and the band-gap modulation
induced by the SAW. We directly prove that the transport properties of the carriers ultimately control their
distribution, storage and, subsequent recombination in the modulated potential.
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The periodic modulation of the optical properties induc
by a surface acoustic wave~SAW! has been traditionally
used to control the intensity and the propagation direction
light beams in piezoelectric insulators. In polar semicond
tors, the piezoelectric field of the SAW interacts strong
with carriers, thus opening the possibility of using the
waves to induce a dynamic lateral modulation of the el
tronic properties. In addition to the strong type-II modulati
imposed by the piezoelectric field, the strain field of t
SAW leads to a weak lateral modulation of the band g
The SAW fields have been applied to control the lifetime a
the transport of photogenerated carriers and of their spin
low-dimensional semiconductor structures.1–3 In these appli-
cations, the SAW piezoelectric field ionizes photogenera
electron-hole pairs. The free electrons and holes are
trapped in the region of maxima and minima of the movi
piezoelectric potential. The spatial separation considera
increases the carrier lifetime, so that they can be transpo
over macroscopic distances by the SAW.2

An interesting question regarding the interaction betwe
SAW’s and photogenerated carriers is how the latter dist
ute in the dynamic strain and piezoelectric fields, when
SAW wavelengthlSAW and oscillation frequencyvSAW be-
come comparable to the carrier transport lengths and inv
lifetimes, respectively. In this work, we investigate the c
rier dynamics in GaAs quantum wells~QW’s! under high-
frequency SAW’s using time-resolved and spatially resolv
photoluminescence~PL! spectroscopy. Since the modulatio
introduced by SAW’s is both spatial and time dependent,
technique gives a deep insight into the mechanisms of
interaction between SAW’s and carriers. We demonstr
that the modulation of the optical properties by hig
frequency SAW’s is dominated by nonlocal effects in tim
and space arising from the dynamic redistribution of pho
excited carriers in the SAW profile. In fact, while for low
SAW frequencies the probability of ionization of electro
hole pairs by the piezoelectric field is expected to dep
only on the magnitude of the field, and thus to be modula
only at multiples ofvSAW, the measured PL under a high
frequency SAW displays a strong modulation at the fun
mental frequencyvSAW. This behavior is explained by tak
ing into account the transport properties of t
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photogenerated carriers and their ability to follow the mo
ing potential. Furthermore, we show that the intensity, e
ergy, and phase of the PL pulses provide a direct mappin
the microscopic carrier distribution and of the band-g
modulation induced by the SAW.

The studies were performed on a 15-nm GaAs QW w
Al0.3Ga0.7As barriers grown by molecular-beam epitaxy o
GaAs ~001!. The QW is placed 200 nm below the surfac
SAW’s propagating along thex5@110# surface direction
were generated by aluminum split-finger interdigital tran
ducers~IDT’s! deposited on the sample surface and desig
for operation at a wavelengthlSAW55.6 mm @correspond-
ing to a frequencyvSAW/(2p)5520 MHz at 12 K#. The PL
measurements were carried out at 12 K using a confo
microscope with illumination and detection areas with a
ameter of about 2mm. The continuous radiation from
Ti:sapphire laser (lL5765 nm) was employed as excitatio
source. Time resolution was achieved by using a fast ph
multiplier ~time resolution of approximately 0.4 ns! to detect
the PL. Information about the SAW phase was obtained
synchronizing the photomultiplier with the radio-frequen
~rf! generator employed to drive the IDT’s. The setup a
allows for interferometric measurements of the surface d
placementuz induced by the SAW, which was used to d
termine the amplitude of the SAW strain field.

The effects of the SAW fields on the cw PL are illustrat
in Fig. 1~a!. The spectra were recorded with coincident ill
mination and detection areas in the absence~line! and under
the influence of a SAW with a nominal excitation power
16 dBm ~dots!. In the latter case, the PL intensity becom
strongly suppressed due to the interaction between the S
piezoelectric field and the photogenerated carriers.1–3 In ad-
dition, the PL line exhibits a small blueshift, which aris
from the SAW strain field, as will be demonstrated in t
following.

The dynamics of the PL quenching becomes apparen
time-resolved measurements. Figure 2~a! shows the PL
traces collected at 1.5331 eV, which coincides with t
maximum of the spectrum forPrf516 dBm in Fig. 1~a!. The
PL signal is time modulated with the periodicityTSAW
52p/vSAW51.92 ns of the applied SAW. The modulatio
is superimposed on a background, leading to a modula
©2001 The American Physical Society04-1
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amplitude of approximately 50% of the mean PL value. T
latter decreases with the rf power~not shown! in agreement
with the time-integrated PL spectra displayed in Fig. 1~a!.
We can rule out effects other than the interaction with
SAW as the source of the reported changes, since~i! the
oscillations in the time-resolved signal were observed on
SAW path in areas far away from the transducer, and~ii !
they completely disappear, and the PL signal recovers
value without SAW, when the rf is detuned from the tran
ducer resonance band.

The background superimposed on the oscillations is

FIG. 1. ~a! PL spectra ~semilogarithmic plot! of a 15-nm
GaAs/Al0.3Ga0.7As single QW in the absence~line! and under the
influence of a surface acoustic wave withPrf516 dBm ~line with
dots!. ~b! PL intensity obtained from Fig. 5 attmin50.55 ns and
tmax51.51 ns.

FIG. 2. Time-resolved PL measured at 1.5331 eV for~a! coin-
cident and~b! spatially separated excitation and detection areas
~b! the detection spot is placed 6mm away from the excitation are
along the SAW propagation direction.TSAW denotes the SAW os
cillation period.
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most suppressed when the PL is recorded with spatially s
rated illumination and detection spots. The separation w
achieved by displacing the detection pinhole in the PL se
away from its confocal position, following the procedure d
scribed in Ref. 4. Figure 2~b! displays a time-resolved PL
trace recorded when the PL is detected 6mm away from the
generation position along the propagation direction of
SAW. The PL, in this case, arises from carriers that are tra
ported by the SAW and recombine within the detection ar
In order to enhance the carrier recombination, the detec
spot was placed next to a semitransparent metal stripe
to quench the SAW piezoelectric field.5 The distantly de-
tected PL is only observed when the rf is switched on, f
ther evidencing that it is induced by the recombination
carriers transported by the SAW.

The ionization and spatial separation of electron-h
pairs is expected to be a nonlinear function of the SA
piezoelectric field, since it depends only on the magnitu
and not on the sign of the field. As a consequence, the
oscillations should be dominated by components at the
ond and higher harmonics of the SAW frequencyvSAW. The
experimental results in Fig. 2, however, show a strong mo
lation at the fundamental frequencyvSAW. The discrepancy
is attributed to the fundamental role of the carrier transp
properties on the modulation mechanism. In order to cla
this point, we performed simulations of the carrier distrib
tion and of the recombination probability in the dynam
SAW profile. In a first step, the strain field and the stra
induced energy changes of the conduction~CB! and valence
bands~VB! were calculated following the method describ
in Ref. 5. The amplitude of the SAW fields was determin
by adjusting the SAW vertical displacement field (uz) ob-
tained from an elastic model6 to the value obtained by inter
ferometry @symbols in Fig. 3~a!#. The calculated strain-
induced shifts of the electron (DEe) and heavy-hole (DEhh)
energy levels are displayed in Fig. 3~b!. In a second step, the
carrier distribution in the modulated conduction and valen
bands, as well as the recombination rate, were calculate
solving the drift-diffusion equations for electrons and ho
in the SAW potential.

Figures 4~a–c! display spatial profiles for the electron (n,
solid line! and hole (p, dashed line! densities, the recombi
nation probability (}np, dots!, as well as the piezoelectri
potential (F), for three successive times. In the calculation
we assumed that the carriers are continuously generate
the dashed region aroundx50 starting at timet50. Electron
(me) and hole (mh) mobilities of 5000 and 500 cm2/(V s),
respectively, were used in the simulations. The same qu
tative results were obtained for carrier mobilities in a wi
range around these values, as long asme@mh . As time
progresses, the carriers are swept along the SAW prop
tion direction. The concentration profiles away from the ge
eration area can be easily understood by considering tha
order to follow the dynamic modulation induced by th
SAW, the mobilitiesme and mh must exceedvSAW/Feff ,
where vSAW denotes the SAW propagation velocity an
Feff5u]F/]x8umax the effective field created by the modu
lated potential profileF. This condition is normally satisfied
for the highly mobile electrons, which display a sharp spa

n
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distribution around the potential maxima. The holes, ho
ever, are less able to follow the dynamic modulation. A
consequence, they show a much wider spatial distributio
the SAW field as compared to electrons~cf. Fig. 4!. There-
fore, the spatial distribution of the recombination probabili
proportional tonp, basically reflects that of the electron di
tribution n. In agreement with Fig. 2~b!, PL pulses appea
once within an rf cycle, when the maximum in the electr
density crosses the detection point at a fixed position a
from the generation area.

The asymmetry in mobilities for electrons and holes a
accounts for the time dependence of the PL emission
confocal generation and detection at positionx50. The con-
tinuous carrier generation makes the profiles more comp
in this case. When the potential is maximum in the gene
tion area@cf. Fig. 4~a!#, photogenerated electrons are ke
aroundx50. The low mobilitity of the holes, however, re
stricts their ability to reach regions of minimum potentia
leading to a maximum recombination probability. The situ
tion reverses when the SAW potential reaches a minim
@Fig. 4~c!#, since electrons can be quickly extracted from t
generation area before substantial recombination occurs.
decrease in the recombination rate leads to significant ca
storage in the modulated potential profile.

FIG. 3. ~a! Measured~square dots! and calculated~solid line!
surface displacementuz for a SAW with Prf516 dBm as a func-
tion of the SAW phasef5(2p/lSAW)x2vSAWt. ~b! Calculated
conduction~CB, DEe) and valence band~VB, DEhh) modulation
induced by the SAW strain.~c! Calculated PL intensity (I PL) at the
three energies depicted by the vertical arrows in~b!.
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The well-defined phase relation between the SAW str
and piezoelectric fields, which are responsible for the mo
lation of the band gap and of the carrier distribution, resp
tively, correlates the intensity, energy, and phaseof the
time-resolved PL pulses. This effect becomes clear in F
3~c!, which displays simulated time-resolved PL traces
confocal excitation and detection at the three transition en
gies indicated by vertical arrows in Fig. 3~b!. When the de-
tection energy corresponds to the maximum band
(Eg,max, dashed line! or to the minimum band gap (Eg,min,
solid line!, only a single PL pulse per rf cycle is expecte
The pulses are displaced in phase by 180°, since emissio
these two energies takes place at time intervals differing
TSAW/2 ~the width of the simulated PL pulses are determin
by the spatial extent of the illumination and detection are
indicated in Fig. 4!. The PL modulation is the largest fo
detection atEg,max due to the reasons discussed in the pre
ous paragraph. For detection energies betweenEg,min and
Eg,max, two pulses per cycle are expected, when the band
matches the detection energy. According to the calculati
in Fig. 3~c!, the intensity of the pulses is considerab
smaller than in the previous cases due to the strong ele
field.

As a consequence of the strain-induced band-gap mo

FIG. 4. Spatial dependence of the potential (F), the electron~n,
solid lines! and holep ~dashed lines! concentrations, as well as th
np-product ~dots! calculated for three times corresponding to~a!
maximum (t52 TSAW), ~b! zero (t52.25 TSAW), and ~c! mini-
mum (t52.5 TSAW) values of the potentialF(x50), whereTSAW

denotes the SAW period. The dashed region represents the ill
nation area.
4-3
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lation, the cw PL line splits under a SAW into a doublet wi
energy separationEs5Eg,max2Eg,min corresponding to the
peak-to-peak amplitude of the band-gap modulation.5 The
splitting is not observed in Fig. 1~a! due to the large width of
the PL line compared toEs . The correlation discussed in th
previous paragraph, however, allows us to determine
splitting from the phase of the time-resolved PL pulses. F
ure 5 depicts time-resolved PL traces recorded for detec
energies ranging from the lower@1.5316 eV, Fig. 5~a!# to the
higher@1.5339 eV, Fig. 5~k!# energy flanks of the PL line in
Fig. 1~a! in steps of 0.25 meV. The signals collected for t
two energy extrema peak at timestmin50.55 ns1mTSAW
~solid vertical lines! and tmax51.51 ns1mTSAW ~dashed
vertical lines!, wherem is an integer. The peaks are displac
by TSAW/2, in agreement with the calculations in Fig. 3. F

FIG. 5. Time-resolved PL detected at energies ranging from~a!
1.5316 eV to~k! 1.5339 eV in steps of 0.25 meV. Measuremen
were performed with coincident illumination and detection are
For clarity, the curves are displaced vertically.
.
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other energies, the PL phase varies between these two
tremes. In Fig. 1~b!, the spectral dependence of the PL inte
sity at timestmin and tmax is compared with the correspond
ing cw data. The energy separationEs51.4 meV between
the outer two peaks corresponds closely to the differe
between the calculated transition energies at the position
maximum and minimum band gaps, indicated by the das
and solid arrows in Fig. 3~b!, respectively. In agreement wit
the calculations, the peak at high energies exhibits a m
larger oscillator strength. The latter explains the appar
blueshift of the cw PL line displayed in Fig. 1~a!.5

Figure 1~b! shows an additional peak at the average
ergy Ēg5(Eg,max1Eg,min)/2 ~vertical arrow!, for which the
time-resolved traces in Fig. 5~e! display a strong modulation
at the second harmonic of the SAW frequency. Although
2vSAW modulation is expected for detection atĒg , the am-
plitude of the oscillations is considerably higher than th
predicted in the simulations@cf. Fig. 3~c!#. The high modu-
lation intensity is attributed to the vertical~i.e., perpendicular
to the surface! componentEz of the SAW piezoelectric field,
which has not been taken into account in the previous c
siderations. The quantum-confined Stark effect induced
Ez reduces the overlap between the electron and hole w
functions ~and thus the oscillator strength! and, to a lesser
extent, the recombination energy. For a Rayleigh SAW,Ez is
shifted in phase by 90° with respect to the potentialF and to
the band-gap modulation. As a result, the energy shifts
duced byEz are the same forEg,max andEg,min, so that the
energy splittingEs is not affected.Ez , however, vanishes
close toĒg , thus leading to the enhanced recombination
served in Fig. 5~e!.

In conclusion, we have investigated the dynamic modu
tion of the band structure and of the carrier density induc
by a SAW using spatially and time-resolved PL measu
ments. This technique allows for a direct mapping of t
carrier densities and of the recombination energies. We d
onstrate that the modulation of the electronic properties
pends not only on the SAW acoustic and piezoelectric fie
but also on the transport properties of the carriers.
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acknowledged.

.

tt.

,

*Electronic address: falsina@pdi-berlin.de
1K.S. Zhuravlev, D.P. Petrov, Yu.B. Bolkhovityanov, and N.S

Rudaja, Appl. Phys. Lett.70, 3389~1997!.
2C. Rocke, S. Zimmermann, A. Wixforth, J.P. Kotthaus, G. Bo¨hm,

and G. Weimann, Phys. Rev. Lett.78, 4099~1997!.
3P.V. Santos, M. Ramsteiner, and F. Jungnickel, Appl. Phys. Le
4

72, 2099~1998!.
4M. Hagn, A. Zrenner, G. Bo¨hm, and G. Weimann, Appl. Phys.

Lett. 767, 232 ~1995!.
5T. Sogawa, P.V. Santos, S.K. Zhang, S. Eshlaghi, A.D. Wieck

and K.H. Ploog, Phys. Rev. B63, 121307~2001!.
6S. Simon, Phys. Rev. B54, 13878~1996!.
-4


