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We report all-optical injection and coherent control of a ballistic charge current in GaAs/AlGaAs
quantum wells. This current arises through quantum interference of one- and two-photon absorption
of ~100 fs pulses with parallel linear polarizations, and its magnitude can be controlled by adjusting
the relative phase of the incident pulses. By monitoring differential transmission using a spatially
resolved optical pump—probe technique, we observe evidence of carrier motion associated with this
ballistic current. Results are consistent with a theoretical treatment specific to quantum wells, and
are qualitatively similar to previous measurements in bulk GaAs.20©3 American Institute of
Physics. [DOI: 10.1063/1.1609639

I. INTRODUCTION strate that the magnitude and direction of this current can be
coherently controlled by adjusting the relative phases of the
Charge currents in semiconductors form the backbone afptical pulses, qualitatively consistent both with previous re-
modern solid state electronics, where charge carriers arsults in bulk and with calculations specific to quantum wells.
typically manipulated by an applied external bias. Recently,  Although we expect the underlying physics of injection
however, a number of experiments have shown that it is posand control of currents due to interference between one- and
sible to directly inject ballistic currents optically into unbi- two-photon absorption processes to be the same in a quan-
ased semiconductors through quantum interference of mutum well as it is in bulk, confinement along the growth axis
tiple excitation pathways connecting initial and final of the quantum well leads to energy states that are clearly
states™® In one scheme, quantum interference and controtlifferent than in bulk. In addition, the barriers in a quantum
(QUIC)* of two- and one-photon absorption processes inwell structure can restrict the carrier motion along the growth
duced by fundamentdly) and second harmoni@w) pulses  axis and alter the scattering processes of carriers traveling in
with parallel linear polarizations was used to produce carrierghe plane of the well. Thus, optically injecting, controlling
distributed asymmetrically itk space, thus generating a net and probing ballistic charge currents in the plane of a quan-
charge current-* Hacheet al?® studied this current in bulk tum well allows the possibility of studying ballistic transport
GaAs by monitoring charge collection using conventionalin two dimensions without the use of an electrical bias.
electrodes, and they demonstrated very large current densi-
ties of ~1 kA/cn? with carrier densities of only
~10*cm 3, owing to the very high average velocities | QUANTUM INTERFERENCE CONTROL
(>500 km/g of electrons associated with these ballistic
currents’ In addition, the carrier motion associated with this For w and 2v with parallel linear polarizations andw?
QUIC current has been used to generate THz emisSiom.  photon energy greater than the band gap, previous
contrast to recent predictiods? and demonstratiois? of ~ observation§ *in bulk GaAs showed that QUIC leads to a
QUIC spin currents for other incident polarizations, this cur-net charge current along the direction of the incident optical
rent is not expected to be spin polariZéd? polarizations. In this configuration, the optical polarization
Here, we report generation of a ballistic charge currendetermines the direction of current flow. This previous work
for parallel linearw and 2v polarizations, similar to the work ~also showed that the magnitude and sign of this current could
of Hacheet al.?® but in this article we report injection into be coherently controlled by adjusting the relative phase of
the plane of GaAs/AlGaAs quantum wells instead of bulkand 2v fields that have parallel linear polarizations, through
GaAs. Furthermore, rather than using electrodes to monitoa relationship for current density injection rat, of the
this current, we use a spatially resolved optical pump—probéorm?=*
technique to study the resulting carrier motion. We demon-

Jo|E(w)[?|E(20)[siN(A )T, (1)
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smirl@uiowa.edu (2w) field, |E(w)| and|E(2w)| are the field amplitudes, and
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e' | FIG. 3. Experimental geometry for measuriag (n) andAT(A¢): DBS,

P, and \/2 represent a dichroic beamsplitter, a polarizer, and a half wave
plate, respectivelyt. andM are a lens and a spherical curved mirror with
focal lengths of 2 and 5 cm, respectively.

FIG. 1. Geometry for producing the ballistic charge current, with ko#nd
2w fields polarized along thé direction, showing the ballistic motion of

electrons in thetf direction. current, from its original positiofdashed ling to the result-

ant position(solid ling). For the case shown, the electron
distribution moves in the+f direction. As Fig. 2b) illus-
trates, this movement will result in a change in electron den-

f is the polarization direction. In the present article, we will sity as a function of positionAn(r), that approximates the

show thatJ has the same qualitative behavior in q”a”t“mspatial derivative of the original Gaussian profike/ar,

wells. provided the movement is small. The distance the profile

Figure 1 shows the situation we consider, wheredhe ,es is determined in part by the number of carriers in-
and 2» fields have parallel linear polarizations along the \qyved in the current, their ballistic velocities, and the mo-

direction, and they are incident on a GaAs/AlGaAs quantUMyentum relaxation time. The motion in Figa2 is greatly
well structure. If the results in quantum wells are qua"ta'exaggerated' for the carrier density 1.6x 107 cm3), lat-

tively similar to those in bulk, we expect to see a ballistic j.o temperaturé80 K) and excess enerdy-200 me\j used
charge current injected along thelirection, which willbe in -, our experiments, we expect electron motion on the order
the plane of the quantum well¢he x—y plang, as Fig. 1

of a few nm.
shows.
Note that this geometry is distinct from the repoof
directional ionization of electrons from doped quantum  lll. EXPERIMENTAL GENERATION AND DETECTION
well structure through the interference of one- and two-OF QUIC CHARGE CURRENT
photon absorption associated witltrabandtransitions, gen- To inject and detect this ballistic charge current, we use

erating a current perpendicular to the plane of the well. e spatially resolved pump—probe technique outlined in Fig.
contrast, in the present work we inject curreimtghe plane 3 The~110 fs fundamentalw) pulse, with wavelength cen-
of un_dopedquantum wells througmterbandtrans_itions. ~tered at 1.42um, is produced by an optical parametric am-
~ Figure 2a) plots electron density as a function of posi- yjifier (OPA) that is pumped by a Ti:sapphire laser-seeded
tion, showing the expected motion of the optically injected egenerative amplifier with a repetition rate of 250 kHz. Sec-
Gaussian electron distribution resulting from this ballistic 5nq harmonic generation in beta barium boréB80) pro-
duces the @ pulse at 0.71lum. The w and 2v pulses are
separated using a dichroic beamsplitter, and the relative
(a) phase between them is controlled with a scanning Michelson
interferometer. The two pulses, which have parallel linear
polarizations, are recombined collinearly, overlapped in time,
and focused onto a multiple quantum w@iQW) sample at
normal incidence.
The MQW sample has ten periods of 14-nm-wide GaAs
(b) wells alternating with 17-nm-thick ALGa,-As barriers
A grown on a(00J))-oriented GaAs substrate. The sample is
n undoped, and no external bias is applied. The sample is
T /\‘ mounted on a glass flat, and the GaAs substrate has been
> r removed by selective etching to permit transmission mea-
\/ surements. As we will discuss in Sec. V, normal incidence
FIG. 2. (a) Schematic of th red movement of the electron densi excitation in (001)-oriented GaAs/AlGaAs quantum wells
spat-ial-p?ofilec,n(,3 fr?)rlT? tc;1e iﬁit?;(lpsgs?tion(?j\;ih:d Iigb toetﬁee?'egulta?\t S'typreve.nts qu,a ntum interference control of ttetal cgrrl_er
position(solid line). (b) Change in electron densitn, resulting from this ~ density, which has been observed for other incidence
motion. anglest3
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A¢ (Radians/w) FIG. 5. Differential transmission vs prokeposition. The open squares

showAT(n), while the solid circles show the peak valueXT (A ¢). The
FIG. 4. Phase-dependent differential transmisgiaT(A )] vs relative  dashed line is a Gaussian fit t9T(n), and the solid line is the absolute
phase parametek¢, taken atr=—7.5um (solid triangle$, r=0 (open  value of the derivative of that Gaussian fit, scaled for comparison with the
diamondsg, andr=+7.5um (solid circles. Solid lines are sinusoidal fitsto  AT(A ¢) data.
the data.

To monitor carrier movement resulting from the current, ~ Consequently, Fig. 4 illustrates the phase dependence of
we use a tightly focused probe pulse that can be scannedn(r,A ¢) at three different probe positions. On the left side
along thef direction across the region excited by the pumps©f the excitation regionr(=—7.5um), An varies sinusoi-
This linearly polarized probe, with wavelength 0.gin, is  dally with A¢, and is approximately out of phase witim on

derived from the remaining output of the regenerative amplithe right side (=+7.5.m).'® For A¢=m/2, the carrier
fier after it has been used to pump the OPA. density increases on the right side of the excitation region

The w and 2» pulses are focused to spot widtkfsill while decreasing on the left side, showing a net motion of
width half maximum of ~13 um and~10 um, respectively, ~carriers to the rightin the + direction. WhenA¢ changes
and the probe to~6 um. The peak irradiances are5 Dy ~m (to ~37/2), carriers move to the leftin the —f
GW/cn? for the w pulse and~30 MW/cn? for the 2» pulse. ~ direction. We expectAn at r=—7.5um to be m out of
Acting independently, the and 2» pulses each create peak Phase withAn atr=+7.5um; the deviation fromm in the
carrier densitiegat r=0) of ~8x 10 cm™3 through two- data is reproducible and occurs because the relative phase
and one-photon absorption, respectively. For all measurdronts of thew and 2 beams are not perfectly parallel. Most
ments, the sample is held at a temperature of 80 K, where tHgportantly, there is almost no phase dependencaroat
pumps generate electrons in the wells with excess energies b0, suggesting that an equal number of electrons move into
nearly 200 meV, which are low enough to keep electrongnd out of the probed region et=0 for any fixedA.
from being ionized out of the wells. In addition, the pumps  The solid circles in Fig. 5 show peak values of phase-
do not create carriers in the barriers. The probe pulse is resglependent oscillations like those in Fig. 4, plotted for a range
nant with the heavy-hole exciton transition and arrivesps of probe positions. These solid circles are a measure of the

after the pumps to allow the ballistically injected hot carriersmaximum phase-dependent change in carrier density at each
to thermalize. prober position. For comparison, the open squares show the

spatial profile of the background nonphase-dependent carrier
IV EXPERIMENTAL RESULTS Qensit.y,n(r). This c_>vera|| densityf n(r)] is monitored by _
inserting choppers in the pump and probe paths and using
Figure 4 shows a measurement of the phase-dependestandard synchronous detection techniques to measure the
change in carrier densitAn(r,A¢): the phase-dependent change in probe transmissianT(n) with and without the
change in probe transmissiairl (A ¢) is plotted as a func- pump pulses present.
tion of the relative phase paramet&rp=2¢,— ¢,,, for Notice that the peak value &fT(A ¢) as a function of
three different probe positions. The center of theand 2o has approximately the same shapeda T(n)]/dr|—hence
spots is ar =0. To measurdT(A ¢), a piezoelectric trans- the peak An has approximately the same shape as
ducer attached to the retroreflector in the &m of the in-  |dn/dr|—verifying that there is carrier motion associated
terferometer is periodically scanned to vary the relativewith a QUIC current. Controlling the relative phase param-
phase ofw and 2v pulses(A¢), and the piezo scanning fre- eter A¢ allows us to control whether this current travels in
guency is used as the reference to a lock-in amplifier. Fothe +f or —F direction, as Fig. 4 illustrates.

small changes in transmissioAT(A ¢) is proportional to By contrast, if there were a QUIC population
the change in carrier density at a given position, change®>'*An would have the same Gaussian spatial profile
An(r,A¢). asn, An would be largest in the center, and the signals on the
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!eft and right sides W(?L”d _be in phase. In additidn‘lj(_A_qS) wherebl (bz) describes the time evolution of the operator
is not a measure of diffusion, because transport arising fro .

diffusion—while present—will be independent of phase. n_&ue to one(two) photon processes, ang IS due to. Fhe
Therefore, the data in Figs. 4 and 5 display the two mos[nterference between the quantum mechanical transition am-

important features of the current previously observed in bulllDIItUdeS f‘t frequ_enmeso _ano! 2‘: .For any sm_gle. particle
GaAs and predicted by Eq1): (i) there is a net charge operatord, the time derivatived in Eq. (2) will include
current injected along the direction of theand 2v polar- ~ contributions from the conduction electrons and valence
izations, andii) the magnitude and sign of this current can holes.
be coherently controlled by adjusting the relative phases of
the w and 2v pulses. B. Carrier population

f The current_reﬂort_e(_j her((ja IS d'Stt')r_‘Ct fr(;)m re(_:entdreports Following the general form of Ed2), the carrier density
of currents opuca y |nje9te. N unbiased semicon .UCtorSinjection rate,A=d(h)/dt, into the quantum well can be
through the circular polarization galvanic effécand spin- written
galvanic effect’ Among other reasons, our technique is only
sezsitive to a current that depends on the relative phase of  —f, +7,+4f,,
and 2. o i

In addition, the ballistimet charge currenteported here  Where the one- and two-photon contributions to the carrier

is very different from the ballistipure spin currenthat was ~ density injection rate are given By
recently demonstratétf, because in the case of the pure spin S .ab—ax b
current, spin-up and spin-down currents had equal magnitude My =6 B (20)BY(20), )
but traveled in opposite directions, yieldimg net charge A = gabedgak () EP* () ES(w)E% w). (4)
current. 2 %2
We sum over all repeated indices in expressions involving
tensors in this article. From the time reversal properties of
V. THEORY OF QUIC CHARGE CURRENTS IN the _matr|>_< elemgt?ts, it 2§?d be shown that |2n the independent
QUANTUM WELLS particle pictures;” and&5°"" are purely reat? Furthermore,

reality of A, and f, leads to the constraint&3’= 52 and
i i i i abcd__ cdab ; bed,, .
In this section, we discuss a theoretical treatment of5°°“= 593", We can also symmetriz&°°“ with respect to

QUIC charge currents specific to quantum wells(091)- interchanginga and b, and with respect to interchanging
oriented zinchlende quantum well, such as GaAs/AlGaAs, isindd, since we sum over the repeated indices.
invariant under theD,4 point group. We show that despite In general, if inversion asymmetry of the quantum well

the different structure and symmetry of the quantum wellsjs neglected, then there is no contribution to the net carrier
the theoretical predictions are similar to those previously reinjection rates due to interference of transition amplitudes
ported for bulk semiconductors, which are invariant underassociated with one- and two-photon absorption, i.e.,
the T4 point group. Specifically, we calculate carrier density i =0.12*3Moreover, even with a model that includes crystal
injection rates and current density injection rates; becausgsymmetry, for the experimental configuration considered in
the calculations are done for a quantum well, the densitiegis article, wherao and 2v fields propagate along tHe01]
discussed here amreal densities. direction, the point group symmetry of the quantum wells
e necrtcal desrlon ofcoerent conl o s 0. n both bulk Gaspon groupT,)

y gaAs/AIGaAs guantum wellgpoint groupD.y), fi; is only

. 4 . .
Sipe” Here we follow the theoretical framework outlined by nonzero when there is a projection of taefield along at

. . 12 . .
Najmaieet al.“ to study interference of quantum meChan'Cal_least two of the principle axes and the field has a projec-

processes that lead to coherent control of ballistic currents Hon along the third principle axis; for propagation in the
semiconductor quantum wells, and we refer to the literatur 001] direction, neitherw nor 2o r;as a field component

for d(_ata_|ls4<l); the geometries and the general theoretic long the[001] direction314
description™
A. Coherent control C. Charge currents

The quantum well we consider is excited by two mono-  To calculate the charge current density injected in the
chromatic optical fields, of frequenci@sand 2o, described  gyantum well, we use the charge current operdforFol-
by the electric field lowing Eq.(2), the charge current injection rate can be writ-
E(t)=E(w)e '+ E(2w)e '?*'+c.c., ten
where c.c. denotes complex conjugate. We can use Fermi's Ja—3ai jat ja.
golden rule to evaluate the expectation value of aimgle )
particle operator and the time derivative of that operator The one- and two-photon current density injection rafds,

6=d(8)/dt*? andJ2, vanish for models that ignore the inversion asymme-
oL try of the underlying crystai?8In addition, the symmetries
0=0,+0,+0,, (2 of the underlying crystal and experimental geometry consid-

Downloaded 21 Aug 2006 to 128.100.75.55. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 8, 15 October 2003 Stevens et al. 5003

ered here render these terms identically zero. The areal cur- We can characterize the velocity with which the carriers
rent density injected in the plane of the quantum well is dueare injectedvia the swarm velocityVgyam= j/(eﬁ).“ The

to the quantum mechanical interference between the on&warm velocity that characterizes the injected current in the
and two-photon absorption processes, which takes the formyesent configuration is given bw?2,..=(DVE)/(B

A +CE) for B=e&* C=(eld) (&0 £3YY
a_ _abcde=bx (3 d ! 1 2 2
ImTET (@ (0)F o) O 289 Jgleg, D=HIm(m g 27 g leq)
The fourth rank tenson?*°® can be symmetrized under the and the relative intensity parametgr=12/1,,,, where the
exchange ob andc, since the Cartesian indices in E§)  intensities of the beams are referred to Hy,,,
are summed over. From time reversal properties of the ma=2 /e, /uo|E(w/20w)|?. The swarm velocity is maximized

: - bed P A :
trix elements it follows thaty*“is purely imaginary inthe  at ;"% —p/2/BC), for the relative intensity parameter
independent particle picturé. E=B/C. This corresponds to the situation where the one-

The point group symmetry of the structuri@ ;) can be . Lo
X and two-photon absorption rates are equal, hgesh,; in
used to deduce the number of independent and nonzero elﬁ]— P P 9 e N2

. e experiments, the condition,~n, is satisfied.
ments of all the tensors discussed above. The fourth ran P . 011 2 .
abed The swarm velocity of injected electrons in a quantum

tensorz - that describes charge current in Ef) has 21 . o
nonzero and eight independent tensor compor@re well can be calculated using a model presented by Najmaie
et al,*> where a 14 nm GaAs quantum well is described by a

second rank tensaf2®, which describes carrier population . ) . L
o) bop 4X 4 isotropic Luttinger—Kohn model. For simplicity, the

injection rate due to one photon absorption in E8), has . S . .
three nonzero and two independent tensor components. Tharriers are assumed to be infinite; since we only investigate
the motion of the carriers in the plane of the well, this ap-
p p

fourth rank tensofgbCd used to describe carrier population e X _
injectionvia two photon absorption in Ed4) has 21 nonzero Proximation does not alter any of the underlying physics.
and six independent tensor components. This theoretical treatment predicts that electrons can be in-
jected with a swarm velocity o400 km/s for a 2 photon
energy of ~200 meV above the band gap and a relative
intensity parameteE of ~2.5x 10** W/cn?.

To model our specific experimental configuration, we  Therefore, this calculation predicts that quantum inter-
consider a single quantum well grown in f@91] direction,  ference can be used to inject ballistic currents in the plane of
which we take as theaxis, as shown in Fig. 1. Although the 3 gquantum well with a characteristic velocity similar to that
experiments were performed in a MQW structure, the barriin pylk semiconductord? Although the proof-of-principle
ers are wide enough that we treat each well as an indepegemonstration of carrier motion reported in this paper does
dent single quantum well. In the configuration where ée o girectly measure carrier velocity, it does provide evi-
and 2» fields have parallel linear polarizations along the yence that the quantum interference control effect that was
[110] direction, previously used to inject ballistic charge currents in bulk

. (X+79) semiconductofs* can also be used to inject currents into

E(w/2w)=|E(w/2w)|e' Po2 : quantum wells.

V2 Finally, note that the dynamics of transport can be quite
and are incident on the quantum well, the one- and twocomplex, involving more than just the injection rate of elec-

photon carrier population injection rates are given my trons aqd .thei-r characteristic .velolciFies. Specifically, the
— £XE(20)[2 and fip= J(E5%%+ &4 289 | E(w)[*. In schematic in Fig. @) is overly simplistic, as it only shows

addition, a net ballistic charge current is injected in the pIaneeIeCtrOn motion. What is not shown is that holes move in the

of the quantum well along the direction of the field poIariza-OpF’(,)S'te dII‘eCtIOI’]'tO electrons, ,bUt with lower ballistic ve-
tions locities due to their larger effective masses. Momentum re-

_ laxation will slow both electrons and hol@srobably at dif-
J=Im( 74 5YY* ferent ratey and the space-charge field resulting from the
N separation of electrons and holes should pull both electron
M, (6)  and hole distributions back toware- 0. However, the data
V2 in Figs. 4 and 5 demonstrate that the initial ballistic motion,

as shown in Fig. 1. Clearly this equation has the same forfg®mPined with relaxation and space-charge field effects, re-
as in bulk, as given by Eq1), and the magnitude and sign of sults in a net shift of carrier density away fram0 for our

this charge current can be controlled using the relative phas@XPerimental conditions.

of the optical fields through the paramet&r¢p=2¢, A thorough analysis of the carrier motion resulting from
— ¢,,,, Which is in agreement with the data in Figs. 4 and 5.the complex interplay of injection, relaxation and space-
In addition, this current should consist of an equal number ofharge effects is beyond the scope of this article. In future
“spin-up” and “spin-down” carriers, and thus it should not studies, optically probing carrier motion using techniques
be spin polarized. In the experiments, the probe is linearlygimilar to those described in this paper could allow the study
polarized; therefore our measurements do not differentiatef these complicated transport dynamics, which have not
between spin-up and spin-down carriers and are equally seveen accessible when monitoring these currents with elec-
sitive to both. trodes.

D. Parallel linear polarizations

+27"|E(w)[?|E(2w)|sin(A ¢)
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