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The dynamical modulation of the band structure of GaAs quantum wells by a surface acoustiSwEve
is investigated using photoluminescen &) spectroscopy. The strain field of the SAW modulates the exci-
tonic transitions, leading to a splitting and to a polarization anisotropy of the excitonic PL lines. The oscillator
strength of the split line gives direct information about the spatial distribution of carriers in the potential
modulation induced by the SAW.
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Quantum confinement of carriers in artificial semiconduc- The investigations were performed on a sample contain-
tor structures has contributed to fundamental scientific studng several GaAs single QW'’s with short perigdlAs/
ies as well as to the development of electrical and optica3aAs superlattice barriers grown ¢001) GaAs by molecu-
devices! In particular, basic physical properties such as thdar t?eam-epnaxﬁ.We_ will report results obtained on three
electronic band gap and the strength of excitonic transition@W'S (QW1—QWs, with thicknesses of 19.8, 15.4, and 12.2
can be controlled in quantum-welQW) structures by so- "M respectlvel_)/located ,between 30_0 and 400 n,m below the
phisticated epitaxial growth techniques based on the statigurface. Rayleigh SAW's propagating along thie=[110]
control of material composition and dimensions. Various apSurface direction were generated by split-finger interdigital
proaches have been demonstrated to further reduce the dfansducergct. inset of Fig. 18], designed for operation at
mensionality of the structures to one or zero dimensions. Th Wavelengthhsay=5.6um [corresponding to a frequency
dimensionality reduction, however, has normally been ac®saw/(2m)=520MHz at 16 K. The PL experiments were
companied by deleterious effects induced by lateral interP€rformed with the sample mounted in an optical cryostat
faces and/or by fluctuations in structural dimensions. (T=16K) using a confocal microscope with coincident illu-

Surface acoustic wavelSAW’s) provide an alternative Mmination and detec_tlo_n areas with a _dlamqigrof about 2
way of introducing a dynamic one- or two-dimensional lat- #M- The cw radiation from a Ti-sapphire lasen(
eral modulation of the band structures of QW structures. Al-= 750nm) was used for PL excitation. The SAW intensity
though the presently achieved modulation peri¢etgual to ~ Will be expressed in terms of the nominal radio-frequency
the SAW wavelength\gay, normally between 1 and 10 (rf) powerPy; (in dBm) applied to the tr:_ansducer. rf goupllng
um) are much larger than typical QW thicknesses, the modulosses and attenuation o_f the SAW fields by carriers make
lation is perfectly periodic and the material is not subject tothe actual SAW acoustic power lower thd?; by AP
the deleterious effects introduced by interfaces and by dop=12-18dB, as determined from rf transmission measure-
ing impurities. As a consequence, the carriers are expected fBents.
retain a high mobility. Figure Xa) displays PL spectra of QWQW; recorded

Band modulation introduced by SAW's differs qualita- 0N the propagation path of the SAW for different rf powers
tively from that induced by a static modulation, because itdevels. In the absence of rf excitation, each QW displays a
time and spatial dependence allows for dynamic control ofharp line(linewidths <0.6 meV) with an energyEe_p, cor-
material properties. As a consequence, the carrier dynami¢gsponding to the electron heavy-hokelfh) transition. The
in SAW fields also depends on the transport propertiesweaker lines indicated by dashed arrows with energies of
which define how the carriers follow and how they screen thel.5328 and 1.5437 eV are associated with the electron—light-
modulation. The interplay between the SAW acoustic and1ole (e-lh) transitions of QW and QW, respectively(the
piezoelectric fields with the transport properties makes it dif-€-1h line for QW; is not shown. Under the influence of a
ficult to identify the mechanisms for the interaction betweenSAW, the PL intensity becomes strongly suppresgeate
the SAW and photogenerated carriers. In this communicathe logarithmic vertical scale The suppression is attributed
tion, we employ photoluminescend®L) spectroscopy to 1o (i) the ionization of the excitons, ar{d) the sweep of the
elucidate the mechanism for the modulation of the banclectron-hole pairs out of th@g-PL detection spot by the
structure of GaAs QW'’s by a SAW. We demonstrate that thdongitudinal componenté,, of the piezoelectric field ac-
spatial modulation of the band edges for low SAW intensi-companying the SAW:>
ties is primarily due to the SAW strain field. The latter splits A remarkable feature in Fig.(d) is the splitting of the PL
the PL line into a doublet with different polarization proper- lines into two components with energie8.h,=E2,,
ties. The relative intensities of the doublet components, int AE . (EZj, =E2,+AE_}, for the e-lh transitions
contrast, are mainly determined by the piezoelectric field ofvith increasing SAW amplitude. This splitting has not been
the SAW, and directly reflect the microscopic distribution of observed in previous experimenits: it becomes apparent
photogenerated carriers in the modulated potential. here due to the very narrow PL linewidths.
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FIG. 1.

Photoluminescence spectra of

QW,;—QW; recorded at 16 K(a) on the free
sample surface, an) over the semitransparent
metal stripe(cf. inse), for different rf power lev-
els applied to the SAW transducer. The dashed
arrows indicate the-Ih transitions for QW and
QW, in the absence of rf excitatiorithick

curves.

Figure 2a) displays spatial profiles of the strain-induced
shifts of the band edges plotted as a function of the phase

verse £,1z) components. In order to determine their contri- ¢=KsawX' — wsant, Whereksaw=2m/Nsaw. The calcula-
bution to the splittings, PL spectra were also recorded on &ons were performed for Q$for a SAW with a linear
stripe of semitransparent nickel-chromium film deposited orpower densityP,=8.3 W/m, whereP, denotes the ratio be-
the SAW propagation path, as is illustrated in the inset oftween the acoustic power and the widtlof the SAW beam.
Fig. 1(b). Since the QW's are located close to the surface, th&he largere-hh ande-lh transition energies ap= /4 co-
thin metal film effectively short circuits the longitudinal incide with the position of maximum convex surface curva-
component,, and also modifie§,.# The SAW strain field,

however, remains practically undisturbed by the metal. The

25

integrated intensity of the PL lines measured under these

conditions[Fig. 1(b)] shows no appreciable suppression un-
der a SAW. The splitting, however, remains approximately
the same as in Fig.(8), thus indicating that it is not associ-

ated with the SAW piezoelectric field.

We attribute the PL splitting to the dynamic modulation
of the electronic transition energies induced by the strain
accompanying the SAW. In order to demonstrate this point,
we calculated the energy shifts of the electrare(), heavy-

23
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hole (AE;y, and light-hole AE;) bands induced by the

strain. The calculations proceeded in two steps. First, the(a)
displacement field of the Rayleigh wave with components 0
Uy (x’,2z) and u,(x’,z) along thex’=[110] and z=[001] 27
directions, respectively, were determined following the pro-
cedure described in Ref. 6 by neglecting the differences be:
tween the acoustic properties of GaAs and AlAs. In the sec-
ond step, the strain field obtained from the previous
calculations was used to determine the energy shifts of the
electronic states. The modulation of the lowest conduction
band was determined from the hydrostatic component of the
strain field using a band deformation potential

to determine

=—-8.6eV. In order

the modulation -
of the upper valence bands, we solved the Pikus—Bir(b)
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FIG. 2. (a) Strain-induced modulatioAE; of the electron i

energy splitting induced by the QW confinement. Band:e)’ heavy hole {=hh), and light hole =€) energy levels of

deformation potentialsa=0.4eV, b=-2.0eV, andd
=—5.4eV were used for the valence banBor the small
strains induced by the SAW®&f the order of 10%), the

QW;, and(b) the piezoelectric potentiab (triangles and vertical
component of the piezoelectric fiek, (dotg induced by a SAW
with P;=8.3 W/m as a function of the phase angleThe shifts in

shifts of the band edges were found to be approximately thes) are added to the corresponding confinement eneEjieslative
to the band edges of bulk GaAs.

same for all QW's.
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FIG. 3. Energy shiftE(f_hh andE_,, of the heavy- and light-hole ) PRF =16 dBm
transitions, respectively, for Q¥ QW; as a function of the rf
power applied to the transducéymbolg. The solid and dashed -250
lines display the calculated splittings of the heavy and light-hole 1.53 1.53 1.54 1.54 1.55 1.55

levels.
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ture and maximum compressive hydrostatic strain. FIG. 4. Average photoluminescencky() and its polarization
During a cw PL measurement, the energy of 8@h  anisotropy @Ip,=1pe —1p.,r) Measured under a metal stripe for

transition vary a_lpproximately sinusodially under the detecp_ —16dBm. The solid(dashedl arrows mark thee-hh (e-Ih)
tion spot(with diameter<Agay) around the average value doublets.

E2 1, according toEq y=EQ,+AEZ,, sin(wsawt). Here

AES, =AE.,,~|AE_ | denotes the amplitude of the The polarization _of _the PL gi\_/e_s additional evi_dence for
band-gap modulation. For PL excitation energies far abovdhe role of the strain in the splitting of the PL lines. The
the fundamental gap, the carrier generation rate will not beSAW strain reduces the tetragonal symmetry of the QW's
substantially affected by the modulation. If their mobility is @nd leads to different optical responses for polarizations par-
low (this restriction will be lifted latex;, the carriers will re- allel (x") and perpendiculary( I[ 110]) to the SAW propa-
combine close to the generation region. In this case, the ergation directior®. Polarization-dependent matrix elemeMs
ergy dependence of the time-averaged PL intenisitfE)  for dipole-allowed optical transitions can be directly calcu-

becomes lated from the wave functions obtained from the diagonaliza-
tion of the strain Hamiltoniart{pg. The calculated relative
olarization anisotropy 8l p, =2(M2,—M?2,)/(M?, + M2,
p(E)~INT= 22, x=[(E-EL)/AESy] (@ P Py ole ™ 2o My (M, =M, )

can be expressed a8lp =419 sing. For QW 613,
. o i =0.062(—0.19) for thee-hh(e-Ih) transition. Negative and
for |X|<1(-) The discontinuities o p (E) at the energies positive anisotropies are expected for the lower- and higher-
Eenn*AEe py (Which disappear when a finite PL linewidth energy doublet components of tehh line, respectively. An
is taken into accountiead to the peaks in the PL spectrum. opposite behavior is expected for taeh transitions.
Similar considerations apply to trelh transitions. The solid and dotted lines in Fig. 4 reproduce the average
Figure 3 compares the strain-induced shift&. ,, and  photoluminescence I, +1p/)/2 and the difference
AE, for SAW's with different powersP| (symbol3 with Ay =1 pLx — | pLy’ between the PL emission with polariza-
the predictions of the model described ab@es). For the  tions along x'(Ip_x/) and y’(Ip. ), respectively’® For
experimental dataP, was determined from the nominal rf each QW, the signs of the hh ande-1h (arrows anisotropy
power P by assuming an effective coupling lossP  exactly follow the predictions of the previous paragraph.
=12dBm. The dependence of the PL splitting on the SAWAIso, the maximum anisotropy for thehh lines of QW of
amplitude is well reproduced by the calculations, althoughapproximately 5.5%, compares well with the value of 6.2%
the absolute magnitudes are underestimated discrepan- from Fig. 2b).
cies become even larger for high®P). The uncertainties in Until now, we have disregarded the dynamics of photoge-
the determination of the amplitude of the SAW fields, how-nerated carriers in the spatially modulated SAW potential. In
ever, hinders a precise comparison between experimental amitis case, equal oscillator strengths are expected for the two
calculated values. components of the PL doublgtf. Eqg.(1)]. In the following,
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we demonstrate that the dynamic carrier redistribution in theions neglect screening by photogenerated carrier, which can
SAW potential leads to a transfer of oscillator strength besubstantially weaken the potentjal The potential now
tween the two doublet components. For static modulationsdrives the electrons towargh=m/4: recombination then
the hh () and the electror(n) densities are expected to takes place preferentially at the positions of largest band
peak at the minimum and maximum of the potential profile,gaps, thus transferring oscillator strength to the higher-
respectively. For the dynamic modulation by a SAW, how-energy component of the PL doublitf. Fig. 1a)]. The
ever, the carriers only follow the moving potential if their yransfer of oscillator intensity explains the apparent blue shift

mobilities p exceedvsaw/Feyr Where vsay denotes the  of the pL line reported in previous investigatidtswhere
SAW propagation velocity anBes=|JAE; /oX'|max the effec- o gpjitting was observed. The relative intensities of the

tive field created by the modulated energy-band prdiile  gpjitted PL lines give thus direct information about the spa-

For low Fg, this conditions may be satisfied for the highly tja| distribution of electrons and holes in the dynamic SAW
mobile electrons g&.>wy), but not for holes. Therefore, fig|d.

even though the ambipolar diffusion dictates the same aver- Fipglly, the spectra in Fig.(&) show a small redshift of
age velocityv say for both electrons and holes, the latter will the e-hh doublets for high SAW intensities. The latter is
have, for every timé, a much wider spatial distribution in - attributed here to the quantum confined Stark effect induced
the SAW field as the electrons. The spatial distribution of theOy F,. The shift, which is proportional t@i is expected
recombination probability, proportional tap, will then re-  ¢om Fig. 2b) to be the same for both doublet components.
flect that of the electronic distribution In conclusion, we demonstrate that the strain field of a

If the longitudinal piezoelectric field componeRy. can  gaw spatially modulates the electronic energy level, thus
be neglected, as for the measurements under the metal stripg,ing to splitting of the PL emission energies. The relative
[Fig. 1(b)], the relevant band profiles are those of Fit®2  intensities of the PL components depend on the carrier dis-
As a consequence, recombination occurs preferentiallynytion in the modulated potential, which is controlled by
around¢ = 3m/4, wheren is the largest and the-hh transi-  {he piezoelectric field. The investigations thus give direct
tion energy the smallest, thus leading to the stronger intenpgight into the dynamics of photogenerated carriers in the
sity of the low-energy components of the PL doublet, aSgpatially modulated profile induced by a SAW.
observed in Fig. (b).
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