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Time-domain measurement of intersubband oscillations in a quantum well
James N. Heymana)

Department of Physics and Astronomy, Macalester College, St. Paul, Minnesota 55105

Roland Kersting and Karl Unterrainer
Institut für Festkörperelektronik, TU-Wien, Floragasse 7, A-1040 Wien, Austria

~Received 21 October 1997; accepted for publication 9 December 1997!

We report time-domain measurements of electron intersubband oscillations in quantum wells. We
use an interferometric technique to measure the change in the profile of a few-cycle THz pulse due
to propagation through a modulation-doped Al0.3Ga0.7As/GaAs multiple quantum well structure
(103510 Å wells!. From this data we obtain the absorption and the index of refraction due to
electrons in the quantum well, and due to the GaAs substrate. Unlike existing studies of coherent
charge oscillations of electrons and holes in heterostructures excited by ultrashort pulses of
band-gap light, our all-THz measurements quantitatively determine the linear optical properties of
the quantum well electrons. ©1998 American Institute of Physics.@S0003-6951~98!02306-7#
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In time-domain spectroscopy the time evolution of a s
tem is measured following impulsive excitation. The abil
to generate ultrashort pulses of terahertz~THz! radiation has
made time-domain spectroscopy possible at THz frequen
~THz–TDS!.1 THz-TDS has emerged as an important tec
nique for studying carrier dynamics in quantum we
~QWs!, in which carriers scatter and dephase on picosec
time scales. We are interested in understanding carrier s
tering and dephasing in quantum wells because these
cesses are important for the design THz sources and d
tors based on intersubband transitions.

Several authors have investigated coherent charge o
lations in quantum wells following pulsed interband exci
tion. Roskoset al.2 used ultrashort laser pulses to excite
coupled double quantum well, producing excitons in a coh
ent superposition of states. They observed THz emission
to the resulting coherent tunneling of electrons between
two wells. Plankenet al.3 observed THz emission from
single quantum well by coherent excitation of holes into
light and heavy hole subbands. THz emission due to tr
sient Bloch oscillations in a superlattice was reported
Waschkeet al.4 Bonvaletet al.5 have used the THz emissio
to determine both the dephasing rate and the lifetime of
citons in a single quantum well. Sequences of ultrashort la
pulses have also been used to coherently control exc
populations. Breneret al.6 have studied coherent teraher
radiation from quantum wells when the exciting optic
fields were shaped both in amplitude and phase. Heb
et al.7 used a sequence of phase-locked femtosecond pu
to create and destroy a charge oscillation in a quantum w
demonstrating that optical nonlinearities can be switched
and off in a time shorter than the phase relaxation time.

Few-cycle THz radiation can be used to perform line
optical spectroscopy in the time domain. This technique
be applied to free carriers and carriers in quantum we
Some and Nurmikko8 have used few-cycle THz radiation t
detect coherent cyclotron resonance oscillations by free e
trons in modulation-doped heterostructures. In this letter,

a!Electronic mail: heyman@macalester.edu
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present the first linear spectra of intersubband transition
electrons in quantum wells measured by THz-time dom
spectroscopy. Unlike frequency domain or Fourier transfo
spectroscopy, THz-TDS can be combined with pulsed ex
tation to perform time-resolved spectroscopy on picosec
time scales. Additionally, the technique we present here
lows simultaneous measurement of both absorption and
persion.

In our time-resolved experiments, 80 fs pulses from
Tsunami Ti-sapphire laser are divided at a beamsplitter
sampleand analysisbeams~see inset, Fig. 1!. The sample
beam is used to generate few-cycle THz pulses by exci
coherent plasma oscillations inn51017 cm23 doped bulk
GaAs.9 The energy in each THz pulse is of the order 10216 J

FIG. 1. Cross-correlation signal~dots! measured with no sample~above!
and with the 6.06 mm long edge-coupled quantum well sample (T56 K)
~below!. The solid lines are guides to the eye. In this measurement
quantum wells are depleted of charge. The change in the cross-correl
signal is due to the frequency-dependent index of refraction of the se
insulating GaAs substrate. The time offset between the signals isD
552.2 ps.~Inset! Schematic diagram of experimental apparatus. An 80
l5800 nm Ti-sapphire laser~1! produces few-cycle THz pulses at the em
ters~2!. THz pulses are transmitted through the sample~3! and mixed with
reference THz pulses at a beamsplitter. We detect the superposition o
pulses as a function of the delay between them with a bolometer~4!.
© 1998 American Institute of Physics
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~;105 photons!. This THz radiation is transmitted throug
the sample. Theanalysisbeam is sent through a variab
delay stage, and is then used to generate approxima
single-half-cycle THz pulses at a low temperature~LT! GaAs
epitaxial layer on semi-insulating~SI!-GaAs. Time resolu-
tion is obtained by mixing the sample and analysis T
pulses at a Ge beamsplitter and detecting the superpos
with an integrating detector~4.2 K Si bolometer! as a func-
tion of the delay between pulses. To enhance the signa
noise ratio in these cross-correlation measurements,
sample and analysis beams are modulated at separate
quencies and the signal is detected in double modula
using two lock-in amplifiers.

The design of our modulation-doped multiple quantu
well structure consists of ten periods of symmetrically mod
lation doped 510 Å GaAs wells separated by 1600
Al0.3Ga0.7As buffers, grown on a SI GaAs substrate. T
sample has an aluminum Schottky gate on the surface
AuGe alloyed ohmic contacts on the quantum wells. T
wells can be depleted of carriers by applying a negative g
voltage to the Schottky gate, and the zero-bias carrier den
in each well was measured to bens52.7531010 cm22 by
capacitance–voltage techniques. For THz measurements
sample was mounted in an optical cryostat and cooled
K. The THz pulses are coupled into the cleaved edge of
quantum well sample with electric fieldE parallel to the
growth direction to excite the intersubband transition.

We recorded the cross-correlation signal under four c
ditions: ~1! with no sample,~2! with the sample fully de-
pleted ~210 V gate bias!, ~3! with the sample at 0 V bias,
and~4! with the gate bias modulated between 0 and210 V.
The first measurement is a reference, while the sec
probes the optical properties of the depleted sample. A
propagation through the depleted sample~see Fig. 1! the
THz pulse is delayed and dramatically chirped: the hig
frequency components are delayed relative to the lo
frequency components. As discussed below, this is due to
frequency-dependent index of refraction of the SI-GaAs s
strate.

Figure 2 shows the differential cross-correlation sig

FIG. 2. Measured cross-correlation signal~dots! obtained by modulating the
charge density in the 510 Å quantum well sample, and recording the ch
in transmission with a lock-in amplifier. The THz pulse excites electro
into a coherent superposition of states in the lowest two subbands~see
sketch in inset!. The solid line is a simulation calculated from a singl
oscillator model of the quantum well response and the reference c
correlation signal.
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measured by modulating the QW carrier density betwe
ns52.7531010 cm22 and depleted. The signal contains on
a narrow band of frequency components, and so is not
torted much by the chirp. It arises because the incident T
pulse excites carriers into a coherent superposition of st
in the first and second subbands. The resulting cohe
charge oscillation radiates along the propagation direction
the incident beam. The signal from the carriers rises dur
the first 2 ps in response to the THz field. The carriers c
tinue to radiate after the driving THz pulse is over, and t
signal is damped out by the free induction decay.10 When the
ensemble becomes incoherent the fractional population
the excited state~which must be less than the ratio of ph
tons to quantum well electrons! is less than 1026. These
carriers relax during the time between pulses~12.5 ns!.
Therefore our measurements only probe the linear opt
properties of the QWs.

We now show how the linear optical properties of t
sample can be extracted from the cross-correlation sig
The power falling on the integrating detector is given by

S~ t0!5E
2`

`

@ES~ t !1EA~ t1t0!#2dt, ~1!

whereES(t) andEA(t) describe the electric field at the de
tector from the sample-beam and analysis-beam pulses,
t0 is the delay between the pulses. The term which va
with delay is the cross-correlation signal

X~ t0!5E
2`

`

ES~ t !EA~ t1t0!dt. ~2!

The ~complex! frequency spectrum is the Fourier transfor
of the time-domain function

ES~ t !5
1

2p E
2`

`

ES~v!eivtdv ~3!

In the following, we describe the optical properties of t
sample in terms of a complex transfer functionT(v) where
ES(v)5T(v)E0(v), andE0(v) is the frequency spectrum
of the sample beam when the sample is removed. The sam
transfer function is found to be the ratio of the cros
correlation signal and a reference signal recorded with
sample removedX0(t)

T~v!5E
2`

`

X~ t0!eivt0 dt0Y E
2`

`

X0~ t0!eivt0 dt0 . ~4!

In Fig. 3 we display the amplitude and phase of t
complex transfer function associated with the intersubb
transition. The reference signalX0(t) is measured with the
QW depleted. The sample signalXS(t) is the sum of the
signal measured while modulating the carrier density~Fig. 2!
andX0(t). As seen in Fig. 3, we can get an excellent fit
the data using a transfer function derived from a sing
oscillator model of the electric susceptibility of the QW ele
trons. In the model, the sample is treated as a uniform ef
tive medium and the intersubband frequency, oscilla
strength, and dephasing rate of the electrons are adjuste
best fit the data. The best fit yields an intersubband freque
n1251.51 THz (50.3 cm21), an electron oscillator strengt
of f 50.6, and a lifetime for dephasing of the electric fie
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amplitudet52.4 ps. Finally, we can use this model trans
function together with the reference signal to simulate
cross-correlation signal~Fig. 2! which can be directly com-
pared to our experimental data.

We simulated our structure by self-consistently solvi
the Schrodinger and Poisson equations within the effec
mass approximation. The calculated intersubband absorp
frequency~including the depolarization shift! fits the experi-
mental data when the well width is set to 510 Å, whi
agrees with the design width~540 Å! within the margin of
error. The calculated subband spacing is thenE12

55.1 meV ~41.1 cm21!. Since the Fermi energy is only
meV, only the lowest subband in the quantum well is app
ciably occupied atT56 K (n2/n1;1024). We are confident
that we observe only then51 to n52 transition because
other transitions fromn51 are much weaker and occur
higher frequencies. The calculated electron oscilla
strength for then51 to n52 transition isf 1.250.93, larger
than the experimental valuef 1.250.6. Similar ‘‘anoma-
lously weak’’ absorption in wide quantum wells has be
observed by others,11 and has been tentatively attributed
the breakdown of the approximation of the sample as a
form effective medium.12

Our data also allow us to measure the index of refract

FIG. 3. Transmission coefficient for the electric field amplitude and
phase shift of the electric field due to the quantum well electrons. Dots
calculated from our cross-correlation data. Solid lines are derived from
single-oscillator model used in Fig. 2.

FIG. 4. Index of refraction of the depleted sample~SI-GaAs substrate! cal-
culated from the cross-correlation data in Fig. 2. The solid line is the
culated index of refraction of bulk GaAs at low temperature. Error
reflects uncertainty in sample length.
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of the depleted sample from the phasefT of the transfer
function usingn(v)5fT(c/vx)11, wherex is the length of
the sample (6.06601 mm). We have plotted in Fig. 4 th
data together with the index of refraction calculated usin13

e~v!5e~`!S vL
22v2

vT
22v2D . ~5!

The index of refraction determined by our THz-TDS me
surement is in excellent agreement with the calculati
which has no free parameters. This is an important chec
the accuracy of our technique.

In conclusion, we have made time-domain measu
ments of intersubband charge oscillations in a quantum w
Our all-THz measurements quantitatively determine the
ear optical constants of the sample. Our results can be
derstood in terms of a single oscillator model of the inters
band transition. Our measurements also give the index
refraction of the sample as a function of frequency, in exc
lent agreement with well known results. We have additio
ally studied intersubband transitions in parabolic and coup
quantum wells with THz-TDS, and we intend to report the
results elsewhere.
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