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Abstract. We observed the tunneling induced dephasing and Pauli blocking in InP quantum dots (QDs). A highly-
sensitive heterodyne-detected photon echo method enabled us to observe the signal from one layer of self-assembled InP
QDs in charged or neutral condition controlled by the electric field. The photon echo signal decreased much with the
increase of electron doping. The photon echo of neutral InP QDs under the electric field showed tunneling-induced
dephasing, which decays non-exponentially reflecting the non-Markovian nature of the tunneling process.

Tunneling process is a key issue in quantum
structures. In the presence of tunneling from a discrete
level in the quantum structure to a continuous state
outside of it, the coupling between the electron wave
functions in and out of the quantum structure causes
the dephasing and relaxation. Dynamical process of
tunneling from the quantum levels to the continuum
state observed in the time domain so far has been
discussed only quasi-classically by means of WKB
approximation.  Quantum mechanical process of
tunneling from quantum dots (QDs) has never been
observed directly in the time domain. Coherent nature
of charged as well as neutral QDs is very important in
coherent optical processing but is unknown because of
lack of the experimental data. We developed a highly-
sensitive heterodyne-detected photon echo technique
and successfully observed the tunneling-induced
dephasing in one layer of neutral InP self-assembled
QDs (base diameter = 40 nm; height = 5 nm) grown on

an n’-GaAs substrate with an areal density of 10 cm™.

InP QDs in our samples are non-intentionally n-doped
and that dots can be neutralized under the negative
electric bias [1,2]. We also observed that the charged
dots do not produce the photon echo signal. Although
the photon echo is known as a powerful tool to study
the coherent nature of photo-excitation, it has not been
used to study one layer of self-assembled QDs under
the electric field so far.

The photon echo signal from the InP QDs showed
two dramatic changes depending on the electric bias.
When the electric bias is changed from 0 Vto -1.0 V,
the InP QDs are changed to be neutral and the photon
echo signal increases by 4 orders of magnitudes and is
at the maximum, while luminescence intensity is
reduced. Coherently excited excitons in neutral dots
act as electric dipoles producing the photon echo,
while excitons in the QDs show non-radiative decay
due to ionization and tunneling of holes under the
negative electric bias. Around 0.1 V, InP QDs contain
2 excess electrons which prohibit the formation of the
optical dipole due to the Pauli blocking and hence
reduce the photon echo signal of the exciton.

The photon echo signal is not described by a single
exponential decay but a Gaussian-like decay. When
the negative electric bias is increased further from -1.0
V to -2.5 V, the hole tunneling is induced and the
luminescence of InP QDs is quenched [3,4]. The
decay rate of the photon echo evaluated at the initial
part drastically increases and it can be fitted by exp(-
Uy/|U)), where Ug=8 V is a fitting parameter and U is
the electric bias. The electric bias dependence of the
dephasing rate and that of half of the luminescence
decay rate well meet that of the WKB tunneling rate of
the hole from the QDs, which assures the successful
direct observation of hole tunneling from QDs.
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FIGURE 1. (a) Schematic picture of the potential profile.
(b) Photoluminescence spectrum of InP QDs under the
selective excitation of the dots at 1.85 eV below the
Ing sGag sP barrier band gap. The energy of the 80 fs laser
pulses for the photon echo experiments is shown. (c) Photon
echo intensity as a function of electric voltage ranging from
0.03 Vto-1.0 V. Dashed lines are the fittings by the non-
Markovian theory. (d) The echo intensity at 1 ps as a
function of electric voltage.

We note that the decay of the photon echo signal is
not exponential. The echo intensity slowly decays in
short times, and tends to the exponential decay at later
times. To analyze the echo decay, we used a model
that a discrete state inside a dot is coupled with the
continuous states outside the dot. Because of the
coupling arising from the hole tunneling, the hole
generated by the light pulse leaks out of dots. This
model generally describes the non-Markovian
dephasing, and the formula for the echo intensity is
obtained as,

()= Exp(-ZS(% 7,)-2 8(7,)-A7 (t-27,)),

S(z,)=(a/ 9)* I [yt-1+exp(-y)].

Here, 7, is the pulse interval, A, is the

inhomogeneous spectral width, A is the coupling
strength, and y is the spectral width of the coupling

function. The fitting curves are also displayed in Figs.
I(c) and 2, and very good agreement was obtained.
The initial non-exponential decay arises from the
dynamical evolution of the wave packet inside dots,
and cannot be described by the simple rate equation
that gives the exponential decay. This is called in
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general the non-Markovian relaxation phenomena
associated with the transient nonlinear optical effects
[5]. It should be noted that the present experiments
reveal the non-Markovian nature of the tunneling for
the first time. In order to see the electric bias
dependence, we have directly solved the time-
dependent Schrédinger equation. With increasing the
magnitude of the electric bias, the echo decay
becomes faster. This is because the potential barrier
becomes narrow, and the coupling due to the
tunneling increases with the bias. The time region of
the non-exponential decay also becomes short with
increasing the bias, because the initial dynamical
motion of the wave packet is suppressed by the strong
coupling between the discrete state and the continuum,

10
&
z_ 107'F 1
2K Q
- 10% 107 1
3 10 £ o< exp{~8/1U])
> y :
= 2 0.5 1
% 10 U (V)
E ~0.6V
10°} Wi J
2y T L-tsv
. ~1.75V
10—2 .“l X TR L 1.?‘.51
0 20 40
Time Delay (ps)

FIGURE 2. Photon echo intensity as a function of electric
voltage ranging from -0.6 V to -2.5 V. Dashed lines are the
fittings by the non-Markovian theory and open circles are
fittings by the exponential decay. An upper figure shows the
dephasing rate (®) and half of photoluminescence decay rate
(D) obtained by the exponential fitting as a function of
inverse of electric bias.
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