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Exciton ionization in a quantum well studied by surface acoustic waves
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Photogenerated excitons in a semiconductor quantum well are ionized by the strong lateral piezoelectric field
of an intense surface acoustic wave. The ionization process is directly observed by the absorption of a second
sound wave probing the areal conductivity of the photogenerated charges. Above a certain threshold field
strength of the pumping surface wave the neutral excitons are dissociated into electron-hole pairs, which is
indicated by a sudden onset of absorption of the probe wave. By selectively tuning the energy of the exciting
laser, the dissociation of both quasi two-dimensional excitons in the quantum well as well as three-dimensional
excitons in the barrier material can be obsen&0163-182@08)52412-5

The electric-field dependence of optical absorption neaexcited by means of interdigital transducé€t®Ts) on the
the band edge of semiconductors has been extensively studt00 surface of our semiconductor quantum well system,
ied during the last decade. Great interest in optical computpropagating along thgl 10] direction. The undoped quantum
ing and the need for fast telecommunication techniques havell samples used in our experiments are grown by molecu-
triggered the development of various devices for modulationlar beam epitaxy on a semi-insulating GaAs substrate. The
detection, and all-optical switchirfigMany of the above de- Well consists of 10 nm strained JfGa gsAs grown on a 1
vices, based on layered, band-gap-engineered semiconductem thick GaAs buffer and is covered by a 20 nm thick GaAs
structures make use of the fact that strong electric field§ap layer. The active area of the sample is etched into a
modify their optical properties. For example, an electric fieldcross-shaped 2.5 mm long and 0.3 mm wide mesa with two
applied perpendicular to a quantum welW) results in the IDT_s each at the ends of the cross arms. Two facing IDTs are
so-called quantum confined Stark effd@CSB.2 On the designed to operate at a center frequefigyy; =420 MHz
other hand, lateral electric fields imposed by laterally pat{}saw=6.8 um), the other two atfsaw,=840 MHz
terned gate electrodes inducing a lateral potential superlattidg sawe= 3.4 um). They are partially inpedance matched to
have been shown to result in the two-dimensional Franzthe 50 radio frequency(RF) circuitry using an on-chip
Keldysh effect and can lead to field ionization of the photo-matching network thus strongly reducing the insertion loss of
generated excitons in the quantum welore recently, we €ach transducer. Our sample is mounted in an optical cry-
demonstrated also that surface acoustic wg@#s\) on a  Ostat and the experiments presented here are performed at
piezoelectric semiconductor substrate can act as such a lat=>5 K. Application of a high frequency signal to one of the
eral superlattice and effectively ionizes the photogeneratetPTs launches a SAW that can be detected at the other IDT
excitons*® The acoustically induced moving potential grat- after an acoustic delay of the order o« determined by the
ing is able to transport the fragments of the exciton ioniza:spacing of the IDTs. Either pulsed or continuous wéwe)
tion process, free electron-hole pairs, over macroscopic
distanceé.At. Fhe same time, the study of SAW absorption is f5 = 840 MHZl "Probe"
a very sensitive method to directly observe the presence of
free electrons and holésHere, we combine these two ef-
fects, the SAW-induced ionization of excitons and the SAW- I
absorption by free carriers. IDT1 l =
The aim of this paper is to report on the direct observation f4 =420 MHz Iﬂ: P4 . 8 ﬁ]
2

DT3

of the dissociation process of the photogenerated excitons in B B

a semiconductor quantum well under the influence of an in- Pump

tense piezoactive surface sound wave. For this purpose, the %IDM

sheet conductivity of the photogenerated charges is probed

by the absorption of a second acoustic wave transversing the

excitation region on the sample. As has been pointed out Ps=P3 exp(-l"d)l

before, SAW absorption measurements are particularly sen-

sitive at very low conductivities, a fact that has been used F|G. 1. Schematic illustration of the design of the sample used

before to study the dynamical conductivity of quasi-two-in the described experiments. Surface acoustic waves are excited on

dimensional electron systen®2DES in the regime of the the In-Ga-As/GaAs QW sample using interdigital transducers and

guantum Hall effect® intercept at the center of the cross-shaped mesa, where optical ex-
The design of our sample is shown in Fig. 1. SAWs arecitation is performed.
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FIG. 2. Time-integrated PL-spectra of excitonic interband tran- B - A ©

sitions of the In-Ga-As QWa) and in the barriefbulk) GaAs 2 2d-FX ) °

material (b). As the SAW powerP, is increased above a critical A ((S%)A(Z) » A °o

threshold power, the PL intensities strongy decrease due to the ef- O 3d-FX ¢ o

ficient dissociation in the acoustically induced lateral electric field. - e 4 o

An offset between trace@) and (b) is introduced for clarity. s @ 4 O©
operation of the SAW transducers is possible. Both SAWs -60 -50 -40 -30 -20 -10 O +10
intercept at the center of the cross-shaped mesa structure. P1, pump (dBm)

Light from a titanium-sapphire laser is used for optical inter-

band excitation in an area @= (100 um)? in the center FIG. 3. Transmitted SAW intensiti?, of the “probe” SAW as

of the cross-shaped mesa. The photoluminesceRte of 5 function of the incident pump SAW intensiB . Above a critical
the sample is analyzed in a triple grating spectrometer. Eithg§ump intensity, the optically generated excitons are effectively dis-
a photomultiplier or a charged coupled devi€CD) serve  sociated into separated stripes of electrons and holes, which results
as a detector. in a sudden onset of the attenuation of the probe pulse. The inset
As has been demonstrated before, the lateral piezoelectriepicts the PL intensity variation of the different transitions in Fig.
fields of a SAW can be strong enough to field ionize photo-2 with acoustic poweP; .
generated excitons in a quantum wellThe resulting free
electrons and free holes are then spatially separated and ef- The fact that the ionization thresholds of PL intensity in
ficiently trapped in the wells of their respective potentialthe inset of Fig. 3 are different for different excitons can be
minima induced by the SAW. Thus, the recombination prob-understood in terms of the exciton binding eneky. We
ability of the electrons and holes is greatly suppressed, recan expect that excitons with larger binding energy are more
sulting in a quenched PL intensity. This ionization and sub-stable against dissociation by an electric field. WIlgfor
sequent quenching of the PL under the influence of a SAW ifree quasi-2D excitons in In-Ga-As QWSs is about 8-9
shown in Fig. 2. Both for quasi-two-dimensional quantummeV,10 the corresponding value for free excitons in bulk
well excitons(a), as well as for three-dimensional excitons in GaAs is only about 5 meV. Thus the ionization threshold
the bulk (b), a strong reduction of the PL intensity is ob- power for 2D-excitons is larger than the one for free bulk
served, if the SAW power is increased. For 3D excitons, thixcitons. Similarly, the bound bulk exciton lines in the inset
reduction has also been observed recently by another §roumf Fig. 3 are suppressed at higher SAW powers in compari-
where the various quenching behavior of bound and free exson with free bulk excitons because the binding to impurities
citons has been discussed in detail. Our experimental resulédso increasekg .
guantitatively agree with those obtained there. For the high- We now focus on the observation of the exciton dissocia-
est pump power levels shown in the figure, a complete sugton into free electrons and holes being trapped and confined
pression of the PL both in the quantum well and in the bulkin the traveling potential wells of the propagating intense
can be achieved. SAW. For this purpose we monitor the transmitted intensity
The inset of Fig. 3 shows the observed PL intensity for anP, of a second SAW propagating perpendicularly to the
optical excitation energi,,s=1.59 eV andP ;=5 uW un-  pump SAW as a function of the acoustic powey of the
der the influence of the “pumping” SAW. We plot the in- latter. On the length scale of the SAW, the optically gener-
tensity of different PL lines versus the power of the incidentated excitons behave like neutral particles as their effective
SAW in the regime betweerP;=—20 dBm andP;= Bohr radius is much smaller thans . The areal conduc-
+10 dBm. For lower power levels, that have been omittedivity related to the field induced polarization of the excitons
in the inset, the PL remains nearly unaffected, whereas fois negligible, so we do not expect any screening of the pi-
P, higher than—20 dBm a strong decrease of the PL signalsezoelectric potential of the transmitted SAW and hence no
is observed. It is interesting to note that the ionization threshattenuation as described in Ref. 6 However, once the exci-
olds for the different excitonic lines differ by a considerabletons are field ionized, their “fragments”—electrons and
amount. In the case of bulk excitons, this observation is conholes-—are spatially separated and subsequently confined in
sistent with the one reported in Ref. 9, where a completdéhe lateral potential wells of the pump SAW. Now the probe
guenching of the PL, however, has not been observed. = SAW encounters many parallel stripes of free electrons and
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holes, resembling a lateralipi structure with a period carrier densities and thus, caused by an increased screening,
Asaw - Those electrons and holes are free to move along then a smaller interaction between the probe SAW and the
direction normal to the propagation of the pumping and conimobile carriers. The result is a significantly reduced attenu-
fining SAW and are therefore expected to interact with theation coefficient".
second SAW according to their areal conductivity. Optical excitation at a laser energy Bf,s=1.59 eV[see
This is exactly what we observe experimentally. The re-Fig. 3(b)] being larger than the band gap of the quantum well
sult is shown in Fig. 3, where we plot the transmitted SAWbarriers leads to the generation of both 3D excitons in this
intensity P,= P; exp(-I'd) as a function of the powe?; of  GaAs barrier(bulk) material and in the In-Ga-As quantum
the pumping SAW and for two different optical excitation well. This simultaneous generation of 2D and 3D excitons is
energiesE,,s, as will be discussed below; is the incident clearly observed in our experiment, as the transmitted SAW
power of the “probe” SAW,d is the length of the interac- intensity exhibits two well defined minima at aboBt =
tion region, which in our case corresponds to the width of the-8 dBm and P;=0dBm. Those minima correspond to
pumping SAW path, namelg=0.3 mm. For a 2D system maxima in the SAW attenuatioh as described above. The

the attenuation coefficiert is given by onset of the SAW attenuation, however, is now shifted to-
wards lower pumping powers oP,;=—13 dBm, corre-
Kgff oloy sponding to a piezoelectric field strength of onby,

I'=k 2 1+ (oloy)? 1) =300 V/cm. This attenuation at smaller pumping powers

can be attributed to the dissociation of the 3D excitons in the

Here, k=2m/\gaw denotes the SAW wave vectok2,,  GaAs barrier material. As the exciton binding energy of 3D
=6.4x10* is the electromechanical coupling constant forexcitons is considerably smaller than the one for the 2D ex-
GaAs and the given crystal orientatiom,is the sheet con- citons in the In-Ga-As quantum well, the piezoelectric fields
ductivity of a two-dimensional conducting layer close to thenecessary for ionization will also be smaller. Caused by the
crystal surface where the SAW is propagating, ang  variation of the SAW-induced fields with depth into the crys-
=3.4x10"7 QO~1, a critical conductivity where maximum tal, the dissociation rate of the 3D excitons also varies with
attenuation occurs. We believe that for the experiment dedepth. Both this field strength variation as well as the pres-
scribed here, expressidh) is a good approximation even for ence of many different excitonic states with different binding
the case of the 3D excitons and of the lateral and moving 2nergies in 3D will result in a somewhat smoother onset of
nipi structure, as the stripes of electrons and holes confine8AW attenuation in the 3D case as compared to the 2D case.
in the potential wells of the SAW are still way too wide to Note, that the onset of exciton ionization, indicated by the
exhibit one-dimensional behavior. The relevant conductivityonset in the SAW absorption, agrees very well with the de-
o in (1), however, should be taken as an averaged conduérease of the PL intensity of the most intense neutral accep-
tivity of both electrons and holes. Also for the 3D excitons, tor bound exciton £%,X) as shown in the inset of Fig. 3.
Eg. (1) may be qualitatively used to describe the SAW ab- As was mentioned before, the quenching of the PL arises
sorption as the thickness of the photogenerated charge layéem field ionization of excitons in the presence of an inten-
is still smaller than the wavelength of the SAW. sive SAW. It is interesting to estimate the tunneling ioniza-

At very low pumping power level®,, the probing SAW tion time of excitons for the characteristic SAW power when
is nearly unaffected as indicated by a constant transmittethe SAW starts to quench the PL signal. For example, the 2D
SAW intensityP, over several decades Bf,. However, for ~ free exciton PL intensity drops to the half of its initial value
pumping power levels greater than approximatéy=  (see inset of Fig.3at the SAW power oP,=—1 dBm. The
—10 dBm, a strong decrease of the transmitted SAW intencorresponding amplitude of an in-plane electric fi€ldin-
sity P, or equivalently an increase of the attenuation coeffi-duced by SAW can be calculated and is about 1 kv/cm. The
cientT is observed. This decrease of the probe SAW intentunneling ionization time for free 2D excitong,, in a uni-
sity is strongly dependent on the enefiy; of the exciting ~ form electric field is given by
laser, as can be seen in the upper two traces in Fig. 3.

In Fig. 3@, the energy of the incident las€E,,

=1.48 eV is chosen such that only the In-Ga-As quantum ~ﬁﬁ eFa} | " fE V2uEg 5
well is optically excited, resulting in a selective population Tion™ 64 R R eXp 3t heF, |’ )

of the QW by photogenerated excitons. For low acoustic

pump powerd?,, their quasistatic conductivity in the QW is

negligible, indicated by a constant probe intensity, How-  Where ag =efi?/e’u=14 nm is the effective Bohr radius,
ever, forP,>—6 dBm, corresponding to a lateral piezoelec- «~*=mg '+ mg " is the reduced mass, amk ue*/2%2€.

tric field strength ofE,>600 V/cm, the probability for the Using me=0.063n,, m,=m,,=0.2my, €=13, and Eg
dissociation of the excitons by field-induced tunneling pro-~8.5 me\*® we get from Eq.(2) an estimation 7y,
cesses rapidly increases which is marked by a sharp onset of0.35 ns for an in-plane electric field of 1 kV/cm. We can
the absorption of the probe SAW. This change in the SAWsuppose that the excitons can be effectively ionized in free
transmission can be understood by a process as described @gctrons and holes if the exciton life-time due to radiative
Eq. (1). The point of minimum transmissidior equivalently — processes, .4 at zero electric field is comparable or greater
maximum attenuationcorresponds to the situation, where than the tunneling-ionization time. The measured value of
the averaged conductivity of the spatially separated elec- 7,4 in time-resolved experiments on GaAs-based QWSs at
trons and holes reaches,, as defined above. Further in- low temperatures is in the range of 0.4—1.5%g2Thus one
crease of the pumping power; results in an increase of the can see that our estimation fey,, is of the same order of
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magnitude as,,q . This is consistent with our understanding and the barrier material. Both 3D GaAs bulk excitons and
of SAW-induced effects in the optical spectra. quasi-2D InGaAs quantum well excitons and their field ion-
In summary, the ionization of photogenerated excitons inzations could be observed. The lateral ionization threshold
a semiconductor quantum well sample by the strong lateraield for the 3D excitons turned out to be smaller by about a
piezoelectric field of an intense surface acoustic wave hafctor of two as compared to the 2D case, in agreement with
been investigated. Using a SAW pump and probe techniqueneir different binding energies.
the ionization process could be directly and sensitively moni-
tored by a conductivity change during the transition of a We gratefully acknowledge fruitful discussions with J. P.
neutral exciton gas into a spatially separated electron anHotthaus, technical advice of S. Manus and generous finan-
hole plasma. Excitation at different laser energies allowedial support by the Deutsche Forschungsgemeinschaft and
for a selective generation of excitons in the quantum wellthe Bayerische Forschungsstiftung FOROPTO.
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