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The nonlinear Fano effect

M. Kroner'*, A. O. Govorov**, S. Remi', B. Biedermann', S. Seidl', A. Badolato®, P. M. Petroff’, W. Zhang?,
R. Barbour?, B. D. Gerardot? R. J. Warburton* & K. Karrai'

The Fano effect’ is ubiquitous in the spectroscopy of, for instance,
atoms'?, bulk solids** and semiconductor heterostructures®”. It
arises when quantum interference takes place between two com-
peting optical pathways, one connecting the energy ground state
and an excited discrete state, the other connecting the ground state
with a continuum of energy states. The nature of the interference
changes rapidly as a function of energy, giving rise to character-
istically asymmetric lineshapes. The Fano effect is particularly
important in the interpretation of electronic transport™® and
optical spectra”® in semiconductors. Whereas Fano’s original
theory' applies to the linear regime at low power, at higher power
a laser field strongly admixes the states and the physics becomes
rich, leading, for example, to a remarkable interplay of coherent
nonlinear transitions’. Despite the general importance of Fano
physics, this nonlinear regime has received very little attention
experimentally, presumably because the classic autoionization
processes’, the original test-bed of Fano’s ideas', occur in an incon-
venient spectral region, the deep ultraviolet. Here we report
experiments that access the nonlinear Fano regime by using semi-
conductor quantum dots, which allow both the continuum states
to be engineered and the energies to be rescaled to the near infra-
red. We measure the absorption cross-section of a single quantum
dot and discover clear Fano resonances that we can tune with the
device design or even in situ with a voltage bias. In parallel, we
develop a nonlinear theory applicable to solid-state systems with
fast relaxation of carriers. In the nonlinear regime, the visibility of
the Fano quantum interferences increases dramatically, affording
a sensitive probe of continuum coupling. This could be a unique
method to detect weak couplings of a two-level quantum system
(qubits), which should ideally be decoupled from all other states.

We performed our experiments on self-assembled quantum dots.
They are known to possess localized discrete energy levels, much like
atoms, identified by extremely sharp lines in their optical spectra'.
Furthermore, when the fundamental cross-gap transition is driven by
a strong laser field, the electronic and photon states hybridize.
Unmistakable signatures for such dressed states are Rabi oscilla-
tions'""?, an a.c. Stark effect'>", and a splitting in a resonant high-
Q cavity'*". We use InGaAs quantum dots embedded in a GaAs
vertical field-effect device'®. The structure allows us to control the
charge stored on an individual quantum dot'® and to modulate
the transition energies by applying a bias voltage, enabling high
noise rejection in single dot laser spectroscopy based on modulation
techniques'.

We present here results for the X' ~ exciton transition, which is the
transition from a ground state containing a single electron to an
excited state containing two electrons and a hole. Sample 1 contains
a layer of InGaAs dots separated by a 25nm tunnel barrier from a
GaAs electron reservoir and by a 10 nm capping layer from an AlAs/

GaAs superlattice blocking barrier (Fig. 1b). Laser spectroscopy
on dots from this sample shows lorentzian lineshapes (Fig. 2a, b).
At low powers, the spectra are independent of power, corresponding
to behaviour in the linear regime. At powers above about ~1nW,
the spectra depend on power: this is the nonlinear regime. As the
power increases, the resonance broadens and the contrast decreases,
that is, the resonance saturates, exhibiting power broadening and
power-induced transparency'*’. The behaviour follows exactly that
expected for dressed states in a two-level atom. In sample 2 (Fig. 1¢),
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Figure 1| Schematic level diagrams. a, Classical model of autoionization of
a He atom leading to a Fano resonance in absorption. b, Level diagram of
sample 1, showing the cross-gap exciton transition. ¢, Level diagram of
sample 2. In this case, the increased capping layer thickness leads to the
appearance of 2D continuum states at the interface between the capping
layer and the blocking barrier. These valence continuum states couple via
tunnelling with the valence dot level. d, Levels, transitions and relaxation
processes in the model calculations. CB, conduction band; VB, valence band;
Ep, Fermi energy; see text for definitions of other symbols.
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the thickness of the capping layer is increased from 10 nm to 30 nm
but otherwise the sample was identical to the control, sample 1. In
this case, we find that the behaviour at medium and high powers
is markedly different: the differential absorption has undershoots
and zero crossings (Fig. 2c-h), signatures of Fano-like quantum
interferences.

Our key result is that the Fano effects become more and more
pronounced as the laser power increases, starting out very small at
low power in the linear regime but becoming unmistakable at high
power in the nonlinear regime (Fig. 2). The increased visibility of the
Fano interference at high laser power results from a different res-
ponse of the two optical pathways. The optical transition between the
discrete levels saturates at high power, but in contrast the weaker
continuum transition does not saturate in the range of power we
are working in. Increasing the laser power eventually enhances the
continuum transition rate to match the saturated discrete level
transition. Consequently, the laser power is a convenient experi-
mental control parameter to tune the relative strength of the two
competing pathways at the heart of the Fano effect.

This observation, which we back up with the theoretical consi-
deration to follow, represents a highly sensitive technique to detect
a very weak coupling between a two-level system and a continuum of
extended states when the radiative lifetime of the exciton (t,.q) is
much less than the time required to interact with the continuum (for
example, tunnelling or decay time). In the linear regime, the optical
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detection of very weak dot—continuum interactions is impossible
because the energy uncertainty for the exciton, AE, obeys the
Heisenberg principle AEt,,q = fi. AE is equivalently the broadening
of the exciton line. In other words, a strong broadening (AE = #i/7,,q)
makes the dot—continuum interaction invisible in the absorption
spectrum. But in the nonlinear regime, the radiative broadening does
not play the leading role, and even a very weak dot—continuum
interaction becomes apparent (as shown in Fig. 2).

To verify the asymmetries shown in Fig. 2c-h as Fano inter-
ferences, we present in Fig. 3b the voltage dependence, monitoring
the strength of the interference with the asymmetry parameter 1/g,
where g is the Fano factor determined at constant power. In its
standard definition, g is infinite when the continuum transition is
very weak, in which case the line shape is symmetric and entirely
determined by the discrete transition. In contrast, when g is near
unity, both the continuum and discrete optical transitions are of
similar strengths, and the line shape becomes very asymmetric. The
1/q parameter has a strong bias dependence, disappearing towards
the right-hand edge of the X'~ plateau. The bias dependence cannot
be explained by a purely optical interference*"**, as in this case the
bias would have no effect. Instead, a Fano interference provides a
natural explanation.

Optical excitation drives the system from its discrete initial state, a
quantum dot containing a single electron, |0), to the X'~ state con-
taining two electrons and one hole, |1) (Fig. 1d). State |1) is in tunnel
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Figure 2 | Laser spectroscopy on a single quantum dot. a, b, Absorption of
a single quantum dot from sample 1, exhibiting two-level behaviour, plotted
against detuning for two laser intensities, 0.3 nW in the linear regime (a), and
1.4 pW in the nonlinear regime (b). The solid lines are lorentzian fits to the
data. The observed nonlinear behaviour indicates that the dot has no
significant coupling to extended electronic states of the crystal. c—h, X'~
absorption spectra from a single dot from sample 2 for several different laser
powers as indicated in the figure; the absorption spectrum is given by the
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change in transmission AT(5)/T, where 6 = @y — @y, is the detuning and T
is the transmission. Symbols represent the experiment, solid lines are a guide
to the eye based on Fano’s theory. i—n, Absorption spectra as calculated with
the theory described in the text with parameters: iy, = 2.16 peV, g = 12,
A = 0.4 peV and %y, = 30 peV. The Rabi energies (%£2,,) indicated in the
panels correspond to the laser powers of the experiment. The data were
measured at 4.2 K with a wavelength of ~950 nm on the X'~ resonance.
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contact with the continuum: the combination of applied electric field
and large capping thickness enables the hole to tunnel out of the dot
into an empty continuum state®, |k) (Fig. 1c). The final state of the
transition is therefore hybridized with the continuum. Furthermore,
a weak optical transition must also exist between |0) and |k). The two
conditions for the Fano effect—two competing optical pathways and
a hybridized excited state—are satisfied. The tunnelling involves a
bound hole and the valence states at the capping layer—blocking
barrier interface, which have a two-dimensional (2D) character.
The tunnelling rate is non-zero when the localized hole level is within
the 2D continuum of hole states in the quantum well*’. This is the
explanation for the bias dependence in Fig. 3b: at gate voltage
V> —0.22'V, the quantum dot state moves out of the 2D con-
tinuum, the hybridization with the continuum vanishes and
1/q— 0. The modelling of 1/q( V) confirms our picture of tunnelling
(Fig. 3b and Supplementary Materials). We stress that virtually any
dot in sample 2 shows a nearly symmetric line at low power with quite
large g (~12), and strongly asymmetric Fano lines at elevated powers.

We present a quantum mechanical model of these processes.
Fano’s original theory' applies for a weak driving field where hybridi-
zation arises between basis states |1) and |k). The classic case is the
doubly excited state of the He atom. This state can auto-ionize
(Fig. 1a). In the presence of a strong driving field, the mathematics
is doubly difficult but nevertheless analytical results for atomic sys-
tems exist™**. However, the solid-state systems are very different and
require a new theory. First, in our case, the quantum dot ground state
|0) is repopulated through tunnelling from the reservoir. In the
atomic case, the Fano resonance leads to photoionization—excited
electrons are ejected at high speed and never return. The large time
limits are therefore different: in the quantum dot case, the steady state
corresponds to non-zero absorption; in the atomic case it does not, as
the system becomes ionized and absorption vanishes. Second, energy
relaxation processes are crucial in the quantum dot system but not in
the atomic system. For instance, the autoionization rate of the 25'2p"
He atom state |1)— |k) is much faster than spontaneous emission
and g~ 1, whereas in our sample 2, the tunnelling rate, A/, is less
than the spontaneous emission rate, 4/h = y,o, and ¢ > 1; here 4 and
Y10 represent the tunnel broadening and spontaneous emission rate,
respectively. In this sense, quantum dot quantum optics can be very
different to atom optics as the parameters and conditions can be
widely different and controllably designed.
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Figure 3 | Voltage dependence of the Fano resonance. a, Energy of the X'~
resonance (fig;) as a function of gate voltage (filled circles). The X'~ is

observed in the window of gate voltages between —0.36 V and —0.205 V as a
result of Coulomb blockade. At the low energy side of the plateau a second
resonance line appears, as depicted by the open circles. The vertical dashed
line shows the onset of the asymmetry, and the solid line represents the

linear Stark effect. b, 1/ versus gate voltage at a constant power of 200 n\W.
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We present a generalized theory for a closed system. The levels in
our model are sketched in Fig. 1d: a ground state, |0), a single exciton
state |1), and a set of continuum states, |k). Optical absorption pro-
cesses are described by the matrix elements (Rabi frequencies) Q¢
and Q. States |1) and | k) are connected by a tunnel matrix element,
Veun- Fast relaxation in the continuum states is described with a
relaxation rate yy, from state | k) to a shelving state |2); repopulation
from |2) to |0) is described by rate y,,. In practice, hole tunnelling
leaves behind two electrons in the dot. The hole relaxes rapidly on a
picosecond timescale to the bottom of the 2D hole continuum; of the
two electrons in the dot, one tunnels out to the back contact on a
timescale of ~10 ps (ref. 25) and it is this tunnelling process that is
described with rate y,o. The X'~ spectra are recorded in the voltage
interval where the electron state is stable owing to the strong
Coulomb blockade, allowing us to neglect Kondo-like processes.
In order to include the various relaxation processes, we perform the
calculation with a master equation for the density matrix. We obtain
an analytic result for the optical absorbed power, Q(d) (where ¢ is the
detuning of the laser from the resonance; see below), under the
realistic assumption of a small population of the continuum states;
indeed, filling of the states in the continuum would require very large
powers. The resulting equation is rather complex (equation (S2),
Supplementary Information) but yields the correct limit in the linear
regime, 2y; < 10t

22 0L g’ —1)(4/h) | 2q5(4/h)
A= 304 <1+ P+ P40 > .
where 0 = o — wy;, the detuning of the laser (Aw;) from the
resonance (fimg,); 4 = nhzytun2p, the tunnel broadening where p is
the density of continuum states; g = #y,n 201/ 48204, the Fano factor;
and y = yo + 4/h. We assume here that the effective width of the 2D
continuum is much larger than €, and 4. This is similar to saying
that ., is a slowly varying function of k and gate voltage (see
Supplementary Materials). The final term in equation (1) is neg-
ligible when > > 1 and 4/ < y,, leading to an almost symmetric
lineshape. In other words, the tunnel coupling is masked by strong
radiative damping. In the limit Qy, > > A/f, y1,, the line becomes
symmetric but instead of a maximum it has a minimum at 6 = 0:
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At gate voltages below —0.3 V, the second peak hinders the fitting of the
spectra. The solid line reflects the calculated voltage dependence of 1/q (see
Supplementary Materials). The horizontal dashed line represents the zero
level. ¢, The measured absorption amplitude of the resonance as a function
of laser power is plotted, as well as the amplitudes predicted by the theory
with the parameters in Fig. 2. The line represents a two-level model as a guide
to the eye.
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This behaviour corresponds to a ‘negative resonance’ or strongly
destructive interference in the limit of very large power. At realistic,
finite €, the destructive interference shows up as a large undershoot
to the resonance with a zero crossing (Fig. 2n).

The experimental data in Fig. 2 are given for the absorption
coefficient o« = AT/T = Q(6)/P, where T and P are the transmission
and light power, respectively. In the linear regime, the maximum
absorption coefficient depends on the laser spot area A as oy =
3(2/n)*/(2mA), where 4 and n are the laser wavelength and material
refractive index, respectively. This expression for o, follows from
Qo1% = 200y10P/ (hiwoy) (ref. 20). We compare the theory to the experi-
mental data by taking the known values of y;4, by determining ¢
through a fit to the data at low power, and then adjusting 4 and
720 to account for the data at high power. We find very good agree-
ment with the theory (Fig. 2i-n and Fig. 3¢). Here 4 is small because
the tunnel coupling is weak. Simultaneously, g is large because the
inter-band optical element Qg is small.

The significance of the negative signals in Fig. 2 is that even very
weak coupling to the continuum becomes easy to detect by enhan-
cing the interference at large laser power. At small power, the fun-
damental spontaneous emission process destroys the interference
effect. In principle, the spontaneous emission could be suppressed
in a detuned microcavity'®”’. However, this method is very challen-
ging technologically, and would require elaborate sample prepara-
tions. Our method is certainly more flexible. In the control sample 1,
it now becomes striking that there are no hints of the Fano effect even
at the highest power, demonstrating that in this case, the quantum
dot behaves very much like a few-level system. We should note that,
with the nonlinear Fano effect, we are able to suppress the role of
spontaneous emission dephasing in our quantum dots; however,
other types of dephasing need to be analysed specially and, in prin-
ciple, they may wash out the Fano asymmetry. Fortunately, the
exciton resonance in our dots is predominantly dephased by spon-
taneous emission'’.

Two overriding points emerge. The first is the tunability of the
quantum dot system: Fano effects can be turned on and off. The
second is that the nonlinear Fano effect can be used to detect very
weak interactions with continuum states in quantum systems. The
nature of the interaction is not restricted: tunnelling, Auger processes
and Foerster transfer are all included®. We note that a very strong
nonlinear Fano effect was also observed on p-doped samples, in
which the continuum of states is most probably generated by impur-
ity states due to the doping atoms. The nonlinear Fano resonance
described here could be produced by interactions of many different
types—this is because the three-state scheme demonstrating the
quantum interference effect (Fig. 1 ¢) is generic, and appears in a
variety of physical systems, including solids, atoms, molecules and
photonics.
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