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Excitonic interactions with intense terahertz pulses in ZnSe/ZnMgSSe multiple quantum wells
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We studied the interaction of excitons with terahertz (THz) electric fields in ZnSe/ZnMgSSe multiple
quantum wells with THz-pump and optical-probe spectroscopy. The incident THz pulse with a peak electric
field of ~70 kV/cm induces strong spectral modulations in the heavy-hole and light-hole excitonic absorption
resonances. The dependence of the excitonic absorption resonance energy on the THz field follows the Stark
effect for smaller THz fields. For larger THz fields, the peak shift deviates from the Stark effect, which implies

that the interaction enters the nonperturbative regime.
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The nonlinear interaction of matter with strong oscillating
electric fields has attracted considerable attention from re-
searchers because of its importance in fundamental physics
and for technological applications such as electro-optic de-
vices. The resonant (or nearly resonant) interaction of elec-
tric fields with electronic transitions in semiconductors and
atomic gases exhibits intriguing nonlinear phenomena such
as the ac (optical) Stark effect,’"> Rabi oscillations, Autler-
Townes splitting,"* and electromagnetically induced
transparency.’ Even in nonresonant situations, atomic sys-
tems subjected to high-intensity laser excitation exhibit ex-
treme nonlinear phenomena such as above-threshold
ionization® and high-order harmonic generation,7 and these
phenomena cannot be described by perturbation theory. The
key concept required to understand these nonperturbative
phenomena is ponderomotive energy, which is the cycle-
averaged kinetic energy of a wiggling electron in an oscillat-
ing electric field.

The recent development of terahertz (THz) pulse tech-
nologies has made possible the study in the time domain of
the interaction of hydrogenlike excitons in semiconductors
with strong THz electric fields.>”'* For a given laser inten-
sity, the ponderomotive energy of the THz electric field can
be ~10* times larger than that of a visible-light source be-
cause of the small photon energy of THz radiation.'* The
effects of such interactions may also be enhanced due to the
smaller effective mass of carriers in semiconductors relative
to the free-electron mass.'#-'® Moreover, exotic many-body
effects in quantum-confined systems make semiconductors
even richer than single atoms.'” In particular, excitons in
II-VI semiconductors have a relatively large binding energy
compared to those in III-V semiconductors,'®!>16:18 which
allows us to study II-VI excitonic interactions using nonreso-
nant THz-field excitation. Furthermore, such studies would
complement the studies on atomic nonperturbative phenom-
ena.

In this Rapid Communication, we report the interaction of
excitons in ZnSe/ZnMgSSe multiple quantum wells
(MQWs) with THz electric fields studied using THz-pump
and optical-probe spectroscopy. The THz photon energy is
lesser than the exciton binding energy and is small enough to
treat the excitation as nonresonant. The incident THz pulse
with a maximum electric field of 68 kV/cm induces strong
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spectral modulations in the excitonic resonances. The THz-
field dependence and the temporal response of the excitonic
absorption provide clear evidence of the Stark effect with a
subpicosecond response time. The deviation observed in the
peak shift of the excitonic absorption from what was ex-
pected in the Stark effect implies that, for larger THz fields,
the interaction enters the nonperturbative regime.

Figure 1(a) shows a schematic of the THz-pump and
optical-probe experiment. To generate intense THz pulses,
we tilted the pulse-intensity front using a grating-lens com-
bination to match the noncollinear velocity in the LiNbO;
crystal.!”2! The light source was an amplified Ti:sapphire
laser (repetition rate 1 kHz, central wavelength 780 nm,
pulse duration 150 fs). Figure 1(b) shows the observed THz
temporal profile [measured via THz electro-optic (EO) sam-
pling with a 300-um-thick GaP detection crystal] and its
Fourier components. The THz-pulse beam focus was set to a
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FIG. 1. (Color) (a) Schematic of THz-pump and optical-probe
experimental setup. The linear polarization directions of both the
pump and probe pulse are the same and parallel to the MQW layers.
(b) Observed THz temporal profile and its Fourier components. (c)
Excitonic absorption spectra observed at pump-probe delay times of
—1.8 (THz pump off) and 0 ps (THz pump on). (d) Differential
absorption spectrum of the sample because of the THz pulse, shown
as a function of optical energy and delay time between THz-pump
and optical-probe pulses.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.081305

HIRORI, NAGAI, AND TANAKA

2.0f

-
2]

-
o

Optical density

o
3]

0.0

2.84 X
Energy (eV)

282 284 286 288 290
Energy (eV)

FIG. 2. (Color online) Absorption spectra in the vicinity of the
hh and lh excitonic resonances obtained at a delay time of O ps for
different incident THz fields Eqy,. Solid and dashed lines corre-
spond to the experimental data and calculated fits, respectively. In-
set shows the calculated result of 0 kV/cm (solid line), which is
decomposed into the sum of two Gaussian excitons, a broadened
2D continuum, and a background (dashed lines).

diameter of 1.5 mm in the sample using a 90° off-axis para-
bolic mirror with a focal length of 100 mm. The maximum
THz field at the sample position was estimated to be 68
kV/cm by calibrating the EO sampling signal.’> For the
probe pulse, we used a white-light continuum generated by
focusing a small portion of the pulsed laser beam into a
10-mm-thick quartz cell containing water. The generated
continuum spectrum ranged from the visible to near infrared.
The probe beam was focused to a spot on the sample of
~150 wm diameter.

After passing through the sample, the probe pulse was
spectrally resolved with a spectrometer (with a resolution of
~2 meV) and detected using a Si linear image sensor. To
obtain a high S/N ratio, we synchronously chopped the pump
beam for THz generation at 500 Hz, thereby blocking every
other pump pulse. A computer collected the signals and di-
vided them to obtain the probe transmission with and without
the influence of the THz pump. The MQW sample was
grown on a (100) GaAs substrate with a 300 nm GaAs epil-
ayer by the molecular-beam epitaxy technique, followed by
20 nm ZnSe and 1 um ZnMgSSe buffer layers. The MQWs
consist of 30 repetitions of 5 nm ZnSe wells and 30 nm
ZnMgSSe barriers. For optical-absorption measurements, the
substrate was removed by wet etching. All experiments were
done at temperatures below 6 K.

Figure 1(d) presents the differential absorption spectrum
of the sample induced by the incident THz pulse as a func-
tion of optical energy and delay time between the THz-pump
and optical-probe pulses. Figure 1(c) shows the optical-
absorption spectrum with the THz pump off and THz pump
on (i.e., at pump-probe delay times of —1.8 and O ps, respec-
tively). Here, the large chirp present in the broadband probe
over the time range considered (~1 ps) obliges us to ac-
count for the chirp in processing the data but does not affect
the interpretation of the effect. The absorption peaks at 2.86
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and 2.89 eV in the pump-off spectra in Fig. 1(c) are due to
n=1 heavy-hole (hh) and light-hole (Ih) excitonic absorp-
tions, respectively. The energy splitting between the hh and
lh excitons is caused by the stress imposed on the well layers
that remove the valence-band degeneracy at k=0. In the
presence of the THz pump, the absorption increases below
the band edge of the ZnMgSSe (bulk barrier layer) and in the
region above 2.92 eV. This behavior is attributed to the dy-
namical Frantz-Keldysh effect (DFKE).!4-16

Figure 2 shows the absorption spectra in the vicinity of
the hh and lh excitonic absorption resonances obtained at the
delay time of O ps. A pair of wire-grid polarizers was used to
attenuate the THz pulses (without modifying the wave form)
for the intensity-dependence studies. With increasing THz
electric field, the hh and lh excitonic absorption resonances
are broadened and redshifted. To evaluate these behaviors
quantitatively, we fit the data to?
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where B is the background contribution, F(w) is the Som-
merfield factor,?* «;, #£);, and I'; (i=hh and lh; ¢ for con-
tinuum) are the amplitudes of the corresponding functions,
absorption-peak energies, and damping constants, respec-
tively. Here, 27A is Planck’s constant. Equation (1) is a
semiempirical equation that assumes that the absorption
spectra consist of two excitons (hh and lh) and the con-
tinuum for a two-dimensional (2D) density of states.

Fitting the undistorted experimental spectrum (Eqy,=0)
to Eq. (1) with ten fitting parameters (a;, ;, I';, and B) and
fixed R,=18 meV,” we obtain the best-fit curve (dashed
line) shown in Fig. 2. The decomposed components are
shown in the inset of Fig. 2. An inhomogeneous linewidth
broadening because of monolayer fluctuations of the well
width, strain, and alloy disorder may dominate the linewidth
of excitonic and conduction-band spectra (I'yy =54, 4.6,
and 6.0 meV, respectively). The binding energy of the hh
exciton (Ez=19.6 meV), deduced from the difference be-
tween the energies f{),, and #(),, may become slightly
larger than that in the bulk crystal (18 meV) because of the
quantum confinement effect on the excitons. Then the THz
pulse (Aw~4 meV) shown in Fig. 1(b) is far from resonant
with the 1s-2p transition energy of the hh exciton. Figure 2
also shows that Eq. (1) agrees well with the distorted experi-
mental spectra (Eqy, # 0). When Eq. (1) is fit to the distorted
spectra (Ety,# 0), the parameters describing the continuum
band edge (a,, ., and I',) and the parameter B deduced
from fitting the undistorted spectrum (Ery,=0) are used as
fixed parameters.?®

The interaction of the THz field and the exciton causes a
distortion of the Coulomb potential between the electron and
hole, causing the Coulomb well to widen, which in turn in-
duces a shift in the 1s level.?” Figure 3(a) shows the depen-
dence on the THz field of the hh and lh excitonic peak ener-
gies (the data for this figure are derived from the fits shown

+
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FIG. 3. (Color online) (a) Dependence on the energy of the
absorption resonance of the hh (solid circles) and lh (open circles)
excitons on the incident THz field Ety,, derived from the fits shown
in Fig. 2. Solid and dashed lines are fits of Eq. (2) to the data for the
hh and Ih excitons, respectively. (b) Field-dependent ionization rate
Y(Ety,) of the hh (solid circles) and lh (open circles) excitons. The
one-dot-dashed line and two-dot-dashed line show the calculated
tunneling ionization rate for the case of 3D and 2D excitons. The
solid and dashed lines are guides for the VEqy, dependence.

in Fig. 2). Both excitonic absorption resonances redshift
monotonically with increasing THz field until ~60 kV/cm.
Upon further increasing the THz field, the redshift trend
ceases and even reverses to become a blueshift trend. The
usual perturbative theory of the Stark effect may be approxi-
mately applicable in the weak-field limit because of a far-
resonant condition, giving the following quadratic Stark
shifts in the 1s exciton state:*
(66113?ET111Z)2
B " TH)

R,

OEg=— , (2)
where « is a fitting parameter, e is the elementary charge, ap
is the bulk Bohr radius (4.5 nm),” R, is the Rydberg energy
(18 meV),” 7 is the transmission coefficient,? and Ery, is
the maximum electric-field amplitude of the incident THz
pulse.

As shown in Fig. 3(a), fitting Eq. (2) to the data from 0 to
28 kV/cm indicates that the excitonic absorption resonances
are well described by the quadratic Stark shift. The best fit to
hh exciton data studied here is obtained with k~ 0.4, which
is much smaller than the theoretical value for ideal, three-
dimensional (3D) ls excitons (x3p=9/8) and approaches the
2D case (k,p=21/512).%% The fitting parameter obtained for
the lh exciton (k~3) is much larger than that for the hh
exciton, which may be due to the larger Bohr radius and
smaller binding energy of the lh exciton with respect to the
hh exciton.

The departure of the experimental data from the quadratic
Stark shift occurs at stronger THz fields and the blueshift
trend of the excitonic absorption resonance implies a compe-
tition of two different nonperturbative phenomena. The first
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phenomenon is that the high THz field dominates the exci-
tonic Coulomb potential and induces the mixing of excitonic
states with continuum states, because for high THz fields,
the Keldysh parameter (KP) is sufficiently less than unity.
Specifically, KP=\VEy/(2Up)=(19.6 meV)/(2 X 64 meV)
~0.4 at Eqy,=60 kV/cm.33 Additionally, the incident
maximum THz field exceeds the static electric field neces-
sary to ionize the hh exciton, which is estimated by
Ep/eap~44 kV/cm. The second phenomenon may be that
the DFKE causes a blueshift of the band edge of the 2D
electronic continuum states. '3

The field ionization of a bound excitonic state occurs
when the Coulomb-correlated electron-hole pair disassoci-
ates because of the THz field, and this ionization results in a
reduction in the coherent lifetime of the exciton. As shown in
Fig. 2, this process manifests itself as a spectral broadening
of the excitonic absorption resonance. The linewidth
enhancement because of field-induced ionization can be
characterized by a field-dependent linewidth T'(Ery,). We
define the field-induced ionization rate y(Epy,) as
WEry,) =T(Eqg, N2 In 2/:i=[T(Eqy,)*~T(0)*]"2V2 In 2/,
where I'(Ery,) and I'(0) are the damping constants obtained
experimentally at nonzero field and zero field, respectively.

Figure 3(b) shows the THz-field dependence of the ion-
ization rate y(Ery,). The ionization rate increases monotoni-
cally with increasing THz field. To understand the field-
ionization mechanism, we compare the experimental results
with the theoretically calculated excitonic field-ionization
rate, assuming direct electron tunneling through the Cou-
lomb barrier whose height is lowered by the THz field [e.g.,
Egs. (A6) and (A7) in Ref. 31]. However, this treatment
cannot explain the gradual increase in the experimental data
as shown in Fig. 3(b). Conversely, the experimental ioniza-
tion rate is proportional to a square root of the THz field
VEry, Because the model introduced by Frenkel predicts
that the ionization probability increases approximately with
\@,32 these experimental results imply that the ionization
process may be dominated by a field-enhanced thermal-
ionization process, where the ionization energy is supplied
by the phonon, but the barrier is lowered by the field. The
observation of the signature of phonon-assisted ionization
may imply a stronger exciton-phonon coupling in polar II-VI
compounds.'®

It is interesting to show the optical temporal response to
the THz pulse of excitons in quantum wells because ultrafast
optical modulation via ultrafast electroabsorption in excitons
is a potential application. Figure 4 compares the temporal
profiles of the absorption change in the vicinity of the hh
exciton (at 2.86 e¢V) and the absolute value of the electric
field of the THz pulse. The absorption change follows the
THz temporal profile rather closely. The theory of dynamic
excitonic electroabsorption based on a one-dimensional ex-
citon predicts that the effective response time is just the
dephasing time of the exciton and is the reciprocal of the
homogeneous broadening.>® The dephasing time of the
sample at zero field is measured to be ~450 fs by femtosec-
ond four-wave mixing,>* and it could be sufficiently short-
ened by applying the THz field. Thus, the subpicosecond
electroabsorption response time for excitons implied by the
data of Fig. 4 is reasonable.
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FIG. 4. (Color online) Comparison of the temporal profiles be-
tween the absorption change in the vicinity of the hh exciton (at
2.86 e¢V) and the absolute value of the electric field of the THz
pulse.

In conclusion, we studied the interaction of excitons in
ZnSe/ZnMgSSe MQWs with THz electric fields. With in-
creasing THz field, the excitonic absorption resonance red-
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shifts and the absorption linewidth broadens. The depen-
dence of the energy of excitonic absorption resonance on the
THz field follows perturbation theory (i.e., the Stark shift)
for low THz fields, whereas for higher THz fields, the ex-
perimental results clearly deviate from this theory. This find-
ing implies that the excitonic interaction with THz field en-
ters the nonperturbative regime. The efficient modulation of
the excitonic absorption and the short response time of this
absorption in the ZnSe/ZnMgSSe MQWs bode well for ap-
plications based on optical modulation via ultrafast excitonic
electroabsorption.
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