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a b s t r a c t

A large nonlinear gain spectrum induced by resonant tunneling is investigated and proposed to measure interdot tunneling. Resonant tunneling induces inherent
coherence, which leads to constructive interference for the self-Kerr nonlinearity of a coupled quantum-dot system. The nonlinear gain increases dramatically at
some frequency detuning. It inhibits the linear absorption and mainly contributes to the total gain of the system. In this case, the gain spectrum is about one order
of magnitude larger than that on resonance. Analytical expression shows that the tunneling detuning dominates the response of nonlinear gain spectrum, so the gain
peak is sensitive to the interdot tunneling changes. Numerical result indicates its sensitivity with relative large detuning is more than 10 times larger than the case
on resonance. The scheme may be useful for designing photo-electric detection devices.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Quantum-dot molecules (QDMs) [1] coupled by coherent tunnel-
ing exhibit richer energy-level structures and more flexible electri-
cal/optical control methods than single dots, which makes QDMs as
one of ideal candidates for further quantum computing and quantum
information processing [2]. The measurement of interdot tunneling can
help explore intrinsic characteristics of a coupled quantum-dot system
and plays an important role in coherent manipulation and transfer of
quantum states [3]. Recent advances about tunneling detection include
the transport measurement [4] and the charge-sensing technology [5],
etc.

Optical approaches have been proven to be a powerful tool due
to their advantages of state-selective, contact-less and extremely fast
performance [6]. Recent research includes the optical spectrum of
coupled QDs [7], optical measurement of solid-state spins [8] and
ultrafast tunneling dynamics of carriers [9]. Very recently, a four-
wave mixing technology was applied to coherently control a solid-state
single emitter [10]. Recent theoretical works about tunneling detection
cover mechanically probing coherent charge tunneling [11] and excess
electron tunneling on a surface of silicon [12], etc.

Tunneling induced transparency (TIT) is a quantum optical phe-
nomenon [13]. It occurs due to quantum interference between different
optical paths based on tunneling induced coherence. Such kind of
interference is determined by material structure, so the coherence is
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referred to as an inherent coherence, which is different from a light-
induced coherence in atomic systems, e.g. electromagnetically induced
transparency [14]. TIT was first observed in quantum well structures
due to Fano interference [15] and proposed to engineer material disper-
sion for optoelectronic devices [16,17], etc. TIT and related phenomena
have been widely used to design optical devices [18–21]. Few researches
cover a tunneling-induced gain spectrum and its sensor characteristics
about inter-dot tunneling changes, although gain properties have been
extensively investigated in other system [22,23].

The linear and nonlinear absorption properties of CQDs have been
extensively studied in symmetric [24] and asymmetric QD systems [7,
25,26]. Their third-order nonlinear gain and absorption are different
performances of Kerr effects under different conditions [27,28]. In
this work, we found that the magnitudes of self-Kerr nonlinear gain
is greater than that of cross-Kerr nonlinearity under given conditions.
It inhibits the linear absorption and mainly contributes to the total
gain of the system. Moreover, the nonlinear gain is sensitive to the
tunneling changes, so we propose to use tunneling-induced nonlinear
gain to probe inter-dot tunneling. Here resonant tunneling induces the
interference between two optical paths of the excitonic states, and the
constructive interference occurs for the self-Kerr nonlinearity. So the
nonlinear gain could be enhanced dramatically, which is referred to as
tunneling induced gain (TIG). The peak value of the TIG spectrum is
much larger than that of the nonlinear absorption under the condition
of equal strength of the probe and signal fields. It is interesting to
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Fig. 1. (a) Four-level QDM model with coupling scheme and (b) its dressed-state.

find that the magnitude of the TIG spectrum depends sensitively on
the tunneling detuning and intensity, which could be used to monitor
intedot tunneling changes. The numerical results show that its sen-
sitivity with relatively large detuning is more than 10 times larger
than that on resonance. The intensity-dependent measurement may
be preferred than a dispersion measurement method for experimental
feasibility [29]. Besides, the proposed scheme is based on the tunneling-
induced nonlinear gain, and the physical mechanism is different from
the dispersion scheme.

2. Model and basic equations

We improve the 𝛱-type four-level system [29] and construct a
cascade-type system, which may be preferred in QDM experiments
whether for a single exciton or for several excitons [30]. The coupled
quantum dots have been produced on GaAs(001) substrates by a unique
combination of precise in situ atomic layer etching and molecular
beam epitaxy. It provides homogeneous ensembles of QDMs with a low
density, where the two dots of the QDM are aligned along the [110]
direction [31]. We use the symbol 𝑋eL ,hL

eR ,hR
to denote the excitonic states

of the QDMs, where the superscript (subscript) represents the numbers
of electrons and holes in the left (right) dot. The state |1⟩ = 𝑋00

00 is the
ground state where the two dots of a QDM are not excited. The state

|2⟩ = 𝑋11
00 denote the direct excitonic state where an electron is excited

to the conduction band by a probe field 𝜔𝑝. The electron can tunnel
to the neighbor dot forming the indirect excitonic state |3⟩ = 𝑋01

10 . A
control field 𝜔𝑐 can further excite an electron to the conduction band,
which leads to a biexciton state |4⟩ = 𝑋01

21 . Since the two asymmetric
dots in a QDM have different bands, the two dots can be selectively
excited by the probe and control fields, respectively [6,19]. When the
bias voltage is turned off, the interdot tunneling is weak and can be
ignored due to the asymmetric structure of the QDMs. When the bias is
applied along the axis of the QDMs, the energy levels of the conduction
band come close and the tunneling effect increases. While the energy
levels of the valence band become away from each other and the hole
tunneling can be neglected. Similar structure has already been used
in single photon nonlinearity [32,33], controlling precursors [34] and
magnetometer [35], etc.

We consider the dipole and rotating-wave approximations. The
dynamic evolution of the QDMs can be described by equations of the
probability amplitudes of the state 𝑏𝑗 (𝑗 = 1, 2, 3, 4)

�̇�1 = 𝑖𝛺p𝑏2,

�̇�2 = 𝑖
(

Δ2 + 𝑖𝛾2
)

𝑏2 + 𝑖𝛺p𝑏1 + 𝑖𝑇e𝑏3,

�̇�3 = 𝑖
(

Δ2 + 𝜔23 + 𝑖𝛾3
)

𝑏3 + 𝑖𝛺s𝑏4 + 𝑖𝑇e𝑏2,

�̇�4 = 𝑖
(

Δ2 + 𝜔23 + Δ4 + 𝑖𝛾4
)

𝑏4 + 𝑖𝛺s𝑏3, (1)

where the probe field detuning Δ2 = 𝜔2 − 𝜔1 − 𝜔p, the control
field detuning Δ4 = 𝜔4 − 𝜔3 − 𝜔s, and Δ3 = Δ2 + 𝜔23. Their Rabi
frequencies are 𝛺p =

⟶
𝜇12

⟶

𝐸p∕ (2ℏ) and 𝛺s =
⟶
𝜇34

⟶

𝐸s∕ (2ℏ) with the
dipole momentum matrix elements 𝜇12, 𝜇34, and the coupling field
amplitudes 𝐸p, 𝐸c, respectively. 𝑇e is the tunneling intensity, and 𝜔23
is the transition frequency between the states |2⟩ and |3⟩. 𝛾j = 𝛤j + 𝛤jk
denotes the total electron decay rate, which contains the population
decay 𝛤jk from the state |𝑗⟩ to the state |𝑘⟩ and the dephasing rate
𝛤j. 𝛤j represents dephasing broadening which is usually the dominant
mechanism and originates from electron–electron/photon scattering
and inhomogeneous broadening due to interface roughness scattering,
which has been well improved in QD experiments [36].

Here we consider the weak probe 𝛺p and control 𝛺c fields. By solving
Eqs. (2) in the steady state, we get the probability magnitudes 𝑏(3)j,sk

Fig. 2. Comparison of (a)(b) the imaginary and (c)(d) real parts of the self-Kerr 𝜒 (3)
sk ∕N (left column) and cross-Kerr 𝜒 (3)

ck ∕N nonlinearities (right column) with different intensities of the
signal field. 𝛺𝑝 = 1 μeV, 𝑇e = 0.05 𝑚𝑒𝑉 , 𝜔23 = 0 and Δ3 = −0.01 meV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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