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Time-domain measurement of intersubband oscillations in a quantum well
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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, &&, ;As/GaAs multiple quantum well structure
(10x510 A 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. @998 American Institute of Physid$S0003-695(98)02306-1

In time-domain spectroscopy the time evolution of a syspresent the first linear spectra of intersubband transitions of
tem is measured following impulsive excitation. The ability electrons in quantum wells measured by THz-time domain
to generate ultrashort pulses of terahéfiteiz) radiation has  spectroscopy. Unlike frequency domain or Fourier transform
made time-domain spectroscopy possible at THz frequenciespectroscopy, THz-TDS can be combined with pulsed exci-
(THz-TDS.* THz-TDS has emerged as an important tech-tation to perform time-resolved spectroscopy on picosecond
nique for studying carrier dynamics in quantum wellstime scales. Additionally, the technique we present here al-

(QWSs), in which carriers scatter and dephase on picoseconghys simultaneous measurement of both absorption and dis-
time scales. We are interested in understanding carrier scgersion.

tering and dephasing in quantum wells because these pro- |, our time-resolved experiments, 80 fs pulses from a

cesses are important for the design THz sources and deteggnami Ti-sapphire laser are divided at a beamsplitter into
tors based on intersubband transitions. sampleand analysisbeams(see inset, Fig. )L The sample

Several authors have investigated coherent charge oscil,.m is used to generate few-cycle THz pulses by exciting
lations in quantum wells following pulsed interband excita—Coherent plasma oscillations in=107 cm® doped bulk

tion. Roskoset al used ultrashort Ia§er pulges to excite a5 Ac9The energy in each THz pulse is of the order 10J
coupled double quantum well, producing excitons in a coher-

ent superposition of states. They observed THz emission due
to the resulting coherent tunneling of electrons between the ‘ ‘
two wells. Plankenet al2 observed THz emission from a reference
single quantum well by coherent excitation of holes into the
light and heavy hole subbands. THz emission due to tran-
sient Bloch oscillations in a superlattice was reported by
Waschkeet al* Bonvaletet al> have used the THz emission

to determine both the dephasing rate and the lifetime of ex-
citons in a single quantum well. Sequences of ultrashort laser
pulses have also been used to coherently control exciton
populations. Breneet al® have studied coherent terahertz
radiation from quantum wells when the exciting optical

Cross Correlation Signal

fields were shaped both in amplitude and phase. Heberle Y N GaAs sample
et al.” used a sequence of phase-locked femtosecond pulses - ‘

to create and destroy a charge oscillation in a quantum well, 0 4
demonstrating that optical nonlinearities can be switched on Delay (ps)

and off in a time shortgr t_han the phase relaxation tlm_e' FIG. 1. Cross-correlation sign&tioty measured with no sampl@bove
Few-cycle THz radiation can be used to perform linearand with the 6.06 mm long edge-coupled quantum well sarripte & K)

optical spectroscopy in the time domain. This technique carfbelow). The solid lines are guides to the eye. In this measurement the

be applied to free carriers and carriers in quantum wellsduantum wells are depleted of charge. The change in the cross-correlation

. .. signal is due to the frequency-dependent index of refraction of the semi-
Some and Nurmikkbhave used few-cycle THz radiation to insulating GaAs substrate. The time offset between the signala is

detect coherent cyclotron resonance oscillations by free elec-52 2 ps.(insey Schematic diagram of experimental apparatus. An 80 fs
trons in modulation-doped heterostructures. In this letter, we =800 nm Ti-sapphire laséf) produces few-cycle THz pulses at the emit-
ters(2). THz pulses are transmitted through the saniBjeand mixed with
reference THz pulses at a beamsplitter. We detect the superposition of the
¥Electronic mail: heyman@macalester.edu pulses as a function of the delay between them with a bolongéter
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measured by modulating the QW carrier density between
ng=2.75x 10'° cm 2 and depleted. The signal contains only
a narrow band of frequency components, and so is not dis-
torted much by the chirp. It arises because the incident THz
pulse excites carriers into a coherent superposition of states
in the first and second subbands. The resulting coherent
charge oscillation radiates along the propagation direction of
the incident beam. The signal from the carriers rises during
the first 2 ps in response to the THz field. The carriers con-
tinue to radiate after the driving THz pulse is over, and the
signal is damped out by the free induction detAwhen the
5 0 5 10 ensemble becomes incoherent the fractional population of
Delay (ps) the excited statéwhich must be less than the ratio of pho-

o . ) tons to quantum well electronss less than 10°. These
FIG. 2. Measured cross-correlation sigf@bty obtained by modulating the . . .
charge density in the 510 A quantum well sample, and recording the chang%amerS relax during the time between puIs(éQ.S ng. .
in transmission with a lock-in amplifier. The THz pulse excites electrons T herefore our measurements only probe the linear optical
into a coherent superposition of states in the lowest two subbésets  properties of the QWSs.

ske_tch in inset The solid line is a simulation calculated from a single- We now show how the linear optical properties of the
oscillator model of the quantum well response and the reference cross- . .
correlation signal. sample can be extracted from the cross-correlation signal.

The power falling on the integrating detector is given by

Cross Correlation Signal

(~10° photong. This THz radiation is transmitted through
the sample. Thanalysisbeam is sent through a variable
delay stage, and is then used to generate approximately

single-half-cycle THz pulses at a low temperat(r&) GaAs whereEg(t) andE(t) describe the electr?c field at the de-
epitaxial layer on semi-insulatin¢sl)-GaAs. Time resolu- tector from the sample-beam and analysis-beam pulses, and

tion is obtained by mixing the sample and analysis THzto is the delay between the pulses. The term which varies

pulses at a Ge beamsplitter and detecting the superpositidth delay is the cross-correlation signal
with an integrating detectgt.2 K Si bolometeras a func- @
tion of the delay between pulses. To enhance the signal-to- X(t0)=f Es(t)Ea(t+1to)dt. 2
noise ratio in these cross-correlation measurements, the -
sample and analysis beams are modulated at separate frEne (comple® frequency spectrum is the Fourier transform
guencies and the signal is detected in double modulationf the time-domain function
using two lock-in amplifiers.

The design of our modulati(_)n—doped multiple quantum Eq(t)= i Jw Eq(w)e“dw 3)
well structure consists of ten periods of symmetrically modu- 27 J -
lation doped 510 A GaAs wells separated by 1600 A
Al Ga -As buffers, grown on a SI GaAs substrate. The
sample has an aluminum Schottky gate on the surface a )
AuGe alloyed ohmic contacts on the quantum wells. The=S(®) = T(@)Eo(@), andEq(w) is the frequency spectrum

wells can be depleted of carriers by applying a negative gat8f the sample beam when the sample is removed. The sample

voltage to the Schottky gate, and the zero-bias carrier densitganSfer_ fun(_:tlon is found to be th_e ratio of the Cross-
in each well was measured to loe=2.75x 10°° cm 2 by orrelation signal and a reference signal recorded with the
capacitance—voltage techniques. For THz measurements, tﬁgmple removed,(t)
sample was mounted in an optical cryostat and cooled to 6 o _ o ,
K. The THz pulses are coupled into the cleaved edge of the T(w):f OOX('EO)G"mto dto/ f_wxo(to)e'wto dto. (4)
guantum well sample with electric fiele parallel to the
growth direction to excite the intersubband transition. In Fig. 3 we display the amplitude and phase of the
We recorded the cross-correlation signal under four coneomplex transfer function associated with the intersubband
ditions: (1) with no sample,(2) with the sample fully de- transition. The reference signl(t) is measured with the
pleted(—10 V gate biag (3) with the sample &0 V bias, QW depleted. The sample sign#k(t) is the sum of the
and(4) with the gate bias modulated between 0 andl0 V. signal measured while modulating the carrier dendtig. 2)
The first measurement is a reference, while the secondndXy(t). As seen in Fig. 3, we can get an excellent fit to
probes the optical properties of the depleted sample. Aftethe data using a transfer function derived from a single-
propagation through the depleted samfdee Fig. 1 the oscillator model of the electric susceptibility of the QW elec-
THz pulse is delayed and dramatically chirped: the high-trons. In the model, the sample is treated as a uniform effec-
frequency components are delayed relative to the lowtive medium and the intersubband frequency, oscillator
frequency components. As discussed below, this is due to th&rength, and dephasing rate of the electrons are adjusted to
frequency-dependent index of refraction of the SI-GaAs subbest fit the data. The best fit yields an intersubband frequency
strate. v1,=1.51 THz (50.3 cmY), an electron oscillator strength
Figure 2 shows the differential cross-correlation signalof f=0.6, and a lifetime for dephasing of the electric field

St = | [Edt+EattHto T, &

In the following, we describe the optical properties of the
mple in terms of a complex transfer functid(w) where
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of the depleted sample from the phage of the transfer
function usingn(w) = ¢1(c/ wx) + 1, wherex is the length of
the sample (6.0601 mm). We have plotted in Fig. 4 the
data together with the index of refraction calculated using

(,()2 (1)2
f(w)zf(w)(m)- ®

Amplitude Transmission

The index of refraction determined by our THz-TDS mea-
surement is in excellent agreement with the calculation,
which has no free parameters. This is an important check of
the accuracy of our technique.
1 2 3 In conclusion, we have made time-domain measure-
Frequency (THz) ments of intersubband charge oscillations in a quantum well.
FIG. 3. Transmission coefficient for the electric field amplitude and theour a”-,THZ measurements quantitatively determine the lin-
phase shift of the electric field due to the quantum well electrons. Dots ar&ar Optical constants of the sample. Our results can be un-
calculated from our cross-correlation data. Solid lines are derived from thelerstood in terms of a single oscillator model of the intersub-
single-oscillator model used in Fig. 2. band transition. Our measurements also give the index of
refraction of the sample as a function of frequency, in excel-

amplituder=2.4 ps. Finally, we can use this model transferlent agreement with well known results. We have addition-
function together with the reference signal to simulate Ally studied intersubband transitions in parabolic and coupled
cross-correlation signdFig. 2) which can be directly com- duantum wells with THz-TDS, and we intend to report these
pared to our experimental data. results elsewhere.

We simulated our structure by self-consistently solving
the Schrodinger and Poisson equations within the effectiv%ft
mass approximation. The calculated intersubband absorpti
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