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Fano Resonances in Semiconductor Superlattices
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We report the first observation of Fano resonances in biased semiconductor superlattices: The exci-
tonic Wannier-Stark ladder transitions show asymmetric absorption due to the coupling to the continua
of lower transitions. In contrast to other known examples of Fano resonances, the Fano coupling
can be continuously tuned in this system by changing the static field across the superlattice. The
line shapes and their coupling dependence are in excellent agreement with theory. We also investi-
gate the dephasing dynamics of the resonances and observe an increase in dephasing with increasing
Fano coupling. [S0031-9007(98)06702-7]
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In 1961, Fano theoretically investigated a quantum m
chanical coupling of a discrete energy state with a d
generate continuum [1], a so-called Fano resonance (F
It can be understood semiclassically by considering t
states involved as a set of coupled oscillators. The d
crete state acts as a driving force for the continuum osc
lators, so the eigenstates consist of mixed excitations
the discrete state and the adjacent continuum. The c
tinuum oscillators on either side of the discrete state mo
with opposite phase, according to whether the driving fr
quency is above or below their resonant frequency. Hen
on one side they interfere constructively with the discre
state, on the other, destructively. This leads to the char
teristic asymmetric FR line shape in the linear optical re
sponse, with the absorption on one side pulled below t
continuum value. The extent of the asymmetry depen
on two parameters: the oscillator strength of the conti
uum, and the homogeneous broadening,G, of the discrete
state due to the coupling.

The first success of the Fano model has been t
explanation of features in the optical spectra of ra
gases. In a bulk semiconductor, FR of electronic stat
are generally not expected since the mixing of discre
and continua states is not present. For semiconduct
with reduced dimensionality (either by heterostructure
magnetic field confinement), however, several cases
resonances are known (for an overview, see Ref. [2
The first unambiguous experimental observations of FR
semiconductor systems with reduced dimensionality ha
been reported for GaAsyAlGaAs quantum wells by Oberli
et al. [3] and later by Glutschet al. for bulk GaAs in a
magnetic field [4].

Another system where strong FR effects have been p
dicted [5] are biased semiconductor superlattices (SL) [6
Theoretical calculations predict that the exciton transition
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in biased SL show pronounced FR due to the couplin
to the continuum of lower-lying Wannier-Stark states [5]
The electronic spectrum of a biased superlattice at a b
field F is characterized by the so-called Wannier-Stark la
der (WSL) of states with spacingDE ­ eFd, with d as the
SL period. In the optical spectra, one observes a so-cal
fan chart if the field is swept. In a single particle picture
the transition energies are given by

En ­ EV 1 neFd; n ­ 0, 61, 62, . . . , (1)

with EV as the energy of the vertical transition betwee
electron and hole in the same well [7,8].

Usually, the optical spectra under a bias field are dom
nated by excitonic transitions [9]. For every Wannier
Stark state, the Coulomb interaction of the electron-ho
pair discretizes the relative motion up to a certain energ
which is followed by an ionization continuum above
this energy. These quantized states associated with
Wannier-Stark subband with indexn are degenerate
with the exciton continua of lower subbands. Coupling
between the discrete and continuous excitonic states of
relative motion, mediated by Coulomb interaction, lead
to the Fano effect.

A unique feature of SL is that, unlike any other system
investigated so far, the Fano coupling parameterG can
be continuously tuned by changing the electric field
For increasing bias field, the WSL spacing and thus th
momentum mismatch between the discrete exciton wi
k ­ 0 and the continuum at higherk increase; leading to
a decrease of the coupling matrix. The Fano couplin
G strongly depends on the matrix element and is thu
decreasing concomitantly. Additionally, the coupling i
reduced with increasing field to the axial localization o
the wave function which reduces the coupling of th
excitons to continuum states of the same well at hig
© 1998 The American Physical Society
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fields. The FR strength for a given WSL transition is th
generally decreasing with increasing bias field.

Another topic of great importance is the dynamic
response of Fano resonances: The interference betw
the polarization of the continuum and the discrete l
can lead to a fast decay of the optical polarization, as
suggested for the case of semiconductors by Schult
et al. [10]. The first study of the polarization decay fo
FR in semiconductors was carried out by Siegneret al.
[11,12] on bulk GaAs in a magnetic field. They foun
an immediate decay of the time-integrated four-wa
mixing signal, in contradiction to the time-resolved sign
Meier et al. [13] studied theoretically the four-wave
mixing signal of a Fano resonance. Cohenet al. have
studied effects of FR in weakly coupled SL in a magne
field [14].

In this Letter, we report the first experiment
observation of Fano resonances in semiconductor
perlattices: The Wannier-Stark transitions show
characteristic asymmetric absorption with a dip abo
the line, with line shapes in excellent agreement w
theory. We experimentally prove that SL offer theunique
possibility to continuously tune the Fano coupling. We
derive the Fano resonance parameters as a function o
electric field corresponding to a variation of the couplin
Using transient four-wave mixing, we perform a study
the polarization decay of the Fano resonances. For
first time, we show that theinterference causes a fas
polarization decay with a decay time which is controll
by the Fano coupling.

For our study, we use a GaAsyAl 0.3Ga0.7As superlattice
with 35 quantum wells of 67 Å thickness separated
17 Å thick barriers [15]. Transmission experiments a
carried out at a temperature of 10 K in a standard se
using a halogen lamp with correction of the spectru
Figure 1 shows the experimental absorption spectra (s
lines) as a function of the applied voltage. The spec
show the evolution of the miniband-related excitons in
the WSL, as previously observed [7,8]. The heavy-h
transitions are labeled ashhn, with n as defined in Eq. (1)
The individual peaks of the WSL clearly show the typic
FR behavior: The asymmetric extension to lower energ
and the dip below the continuum absorption above
transition. The Fano coupling conditions are fulfilled f
all ladder excitons since they energetically overlap w
the subbands of states with lower indices. Howev
tunneling of states through the barriers with index mu
different from zero is strongly suppressed with increas
field and the amplitude of their excitonic wave functio
increasingly vanishes.

We compare the experimental spectra with results fr
a theoretical model [5]. In this model, the excitonic wa
function is restricted to a single pair of minibands. T
wave function can then be expressed in terms of loc
ized Wannier functions. The exciton Hamiltonian in th
basis consists of contributions from the kinetic ener
us
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FIG. 1. Solid lines: Experimental absorption spectra of
67y17 angstrom superlattice for various fields. Dashed line
Theoretically calculated spectra.

in the confined and nonconfined directions, the Coulom
interaction between the electrons and holes, and the ext
nal electric field. Optical spectra are calculated by con
structing numerically the real space Green’s function fo
this Hamiltonian, using the method described in Ref. [16
The calculation is free of parameters, except for the a
solute scaling of the absorption and a broadening of t
theoretical spectra which is needed to match the expe
mental data. We ascribe this broadening to interfac
roughness and field inhomogeneities. One broadeni
value can be used to describe all transitions, independ
of the large variations inG andq. We thus believe that
the broadening has no significant effect on our results.

The theoretical spectra are displayed in Fig.1 as dash
lines. They show an excellent agreement with the expe
mental results and reproduce basically all features and li
shapes. A small deviation in the WSL splitting could b
removed if the nominal values of the field inserted into th
theoretical calculation would be slightly increased. Th
adjustment necessary is well within the error bar o
the experimental determination. The theoretical mod
does not include light-hole (lh) transitions. In the exper
mental spectra, a lh transition is clearly visible for th
F ­ 0 case (the peak at1570 meV). For finite field,
875
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the lh transitions are visible as some weak transitio
not predicted by theory (for instance, the peak at abo
1579 meV in the 13.3 kVycm spectrum corresponds to
the lh22 transition). In doing the data analysis, we hav
taken care to avoid fields where lh transitions are of influ
ence. Note that the lh transitions are also subject to F
as visible for theF ­ 0 transition.

Finally, one can fit the Fano line shape to the spect
in order to extract the Fano parameters. In this way
is possible to trace the Fano coupling with varying fiel
and index. The changes of the optical spectra due
Fano coupling can be expressed by the ratioAsvd of the
absorption with couplingasvd to the absorption of the
continuum without couplingacontsvd:

Asvd ­
asvd

acontsvd
­

sq 1 ed2

1 1 e2 , (2)

with e as a normalized energy andq as line shape parame-
ter [1]. For large values of this line shape parameterq,
the discrete state dominates the absorption, and the
coupled line recovers. The sign ofq determines whether
the fast rise of the line shape is on the low or high-energ
side of the resonance sinceAsv, qd ­ As2v, 2qd. Here,
q is negative, since the absorption dip is above th
resonances. The Fano coupling parameterG describes the
homogeneous broadening of the discrete state due
the coupling and is linked to the density of continuum
states and the coupling matrix element.

Figure 2 depicts the extracted values forG [part (a)]
and the inverse ofq [part (b)] for several heavy hole
transitions. Generally, there is a decrease ofG with
increasing field, which is expected by two reasons: (i) a
increased mismatch of the out-of-plane momenta of t
coupled states and (ii) an increased axial localization
higher fields. The experimental data thus clearly prov
the theoretical expectation that theFano coupling strength
can be tuned in this system. However, at low fields,
there are pronounced deviations from this behavior: T
Fano coupling parameter for thehh0 line increases with
field at low fields, despite the increasing mismatch
momentum space. This peculiar behavior can be w
explained by the fact that at a field around10 kVycm,
the amplitude of the electronic contribution to the excito
wave function is strongly reduced in its center well bu
achieves high values in the neighbored wells. Thus, t
amplitude of the whole exciton wave function is sma
and the Fano coupling matrix element is greatly reduce
There seems to be also an influence of the transition ind
on the Fano coupling at fixed field. The coupling i
strongest for thehh0 transition, with some deviations at
low fields as discussed above. The values for thehh11
and hh21 lines coincide over a wide field range and lie
between the values for thehh0 andhh22 transitions. This
behavior is expected since the amplitude of the exciton
two-particle wave function generally decreases if th
separation between the electrons and holes increases (
876
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FIG. 2. (a) Fano coupling parameterG vs field for various
WSL indicesn. (b) Inverse of the Fano line shape paramete
q as a function of field.

jnj grows) and thus, the Fano coupling matrix elemen
is reduced. The dependence of the coupling parame
is in our case not caused by collisional broadening o
the involved states [17]: It has been shown that th
interband dephasing time is decreasing with applied fie
[15]. Thus, such broadening would cause the opposi
effect as observed here. The inverse of the line sha
parameterq which is displayed as part (b) in Fig. 2 is
also decreasing with increasing field: Because of th
increase of the oscillator strength of the WSL exciton
with increasing field localization, the Fano effect is being
suppressed.

We have also performed transient four-wave mixin
(FWM) experiments [18] to investigate the dynamica
response. For excitation, pulses with 7 meV full width a
half maximum, corresponding to a pulse duration of abou
300 fs are used. Thus, only one Wannier-Stark state
excited even when the ladder separation is small at lo
fields. The excitation densities are about3 3 109 cm22

per well. The center of the laser is set approximatel
2 meV below the absorption peak as shown in Fig. 3(a).
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FIG. 3. (a) Example of the excitation conditions for th
time-resolved experiments: The laser maximum is shifte
approximately 2 meV below the absorption peak (fat line: las
spectrum). (b) Resulting FWM signal in comparison to th
autocorrelation of the laser pulse (dashed line).

A typical experimental FWM trace is shown in Fig. 3(b)
In contrast to previous investigations [11], both rise an
decay can be well resolved from the pulse shape (das
line: autocorrelation). The dephasing times (taken as
times the decay times [18]) of thehh21 transition displayed
in Fig. 4 show generally a decrease with increasing Fa
coupling (i.e., decreasing field). The rise time is approx
mately half of the decay time (as expected, if the rise sign
is ascribed to diffraction of polarization [19]). The ob
served decay times of the FWM signal agree well with th
times expected from the FWM line width. The measur
ments on thehh0 transition (not displayed) show a much
less clear picture. This is partly attributed to the fact th
the bias field is determined unreliably in the measureme
as the transition is only weakly dependent on field. Fu
thermore, thehh0 transition undergoes anticrossings wit
higher transitions in the range of discussion which mak
the system hardly predictable.

Our results disagree with the only up to now reporte
time-resolved measurements on Fano-coupled syste
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FIG. 4. Dependence of the dephasing timeT2 on the Fano
coupling for thehh21 transitions. The full symbol data are
derived from the transient FWM data: the open symbol data ar
derived from the line widths of the FWM and linear spectra.

which were performed in bulk GaAs in a magnetic field
(Refs. [11,12]). In these experiments, the decay tim
could not be resolved and a correlation between Fan
coupling and decay time was not observed. A possibl
explanation is the underlying collisional broadening of the
coupled states [17].
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