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Giant Stark effect in the emission of single semiconductor quantum dots
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We study the quantum-confined Stark effect in single InAs/GaAs quantum dots embedded within a
AlGaAs/GaAs/AlGaAs quantum well. By significantly increasing the barrier height we can observe
emission from a dot at electric fields of 500 kV cm™, leading to Stark shifts of up to 25 meV. Our
results suggest this technique may enable future applications that require self-assembled dots with
transitions at the same energy. © 2010 American Institute of Physics. [doi:10.1063/1.3460912]

Single InGaAs/GaAs quantum dots (QDs) provide a fas-
cinating test-bed for investigating quantum effects in the
solid state. A large number of papers have studied the prop-
erties of these QDs under vertical electric field. For devices
that rely upon controlled charging of single dots' or tuning a
dot relative to a coherent laser™ it is sufficient to shift the
transitions by a few times the linewidth. However, the rela-
tively low energy offset between quantized transitions and
the surrounding GaAs cladding (1.52 eV band-gap at 4 K)
means fields of only a few tens of kilovolt per centimeter can
be applied before electrons tunnel out. When the tunneling
rate is comparable to the radiative recombination rate the
emission efficiency falls and the transition broadens in a
well-understood manner.*> At larger fields some transitions
can be identified by using a narrow-linewidth laser to create
carriers, which then tunnel out as photocurrent,“_7 but these
devices are not useful for photon emission.

The tunneling of carriers can be quantified using the
well-known formula for the tunneling rate from a one-
dimensional confined state through a triangular barrier as
follows:>'?
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where m”* is the effective mass of the particle in the tunnel
barrier, W the barrier height, F' the electric field, and L the
vertical dimension of the confining potential (assumed to be
3 nm). When the dots are clad with GaAs tunneling of elec-
trons is the dominant mechanism reducing emission [Fig.
1(b) design I], because they have a lower effective mass in
GaAs (0.063m,) than holes (0.52m,). For a typical exciton
state (X) with a lifetime of 1 ns, the probability of depopu-
lating the state by an electron tunneling out of the dot is 50%
at 60 kV cm™, limiting the Stark shift observed in emission
to a few millielectron volts.

In previous work, a barrier on one side of a single layer
of QDs (Ref. 1) has been used, as shown schematically in
Fig. 1(a) design II. This barrier can suppress electron tunnel-
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ing, but quenching of emission still occurs when holes tunnel
out to GaAs at slightly larger fields, a tunneling rate of
1 ns~! occurring at 75 kV cm™.

In contrast, in the system with Alj,5Gag,5As barriers on
both sides (design III), there is a significant increase in the
barrier to tunneling of both types of carriers (assumed to be
420 meV for electrons and 400 meV for holes). In addition,
the effective masses in the barriers are both increased to
0.125m,, for electrons and 0.57m, for holes.” This leads to
many orders of magnitude reduction in tunneling rate at
60 kV cm™'; in fact the 50% probability of depopulating the
state by an electron tunneling out of the dot is not observed
until 550 kV cm™! [Fig. 1(c)]. As the transitions shift para-
bolically with field this leads to a substantial increase in the
observable Stark shift. This simple model suggests that de-
vices that employ larger barriers, W, or employ confined
states of greater height, L, could confine carriers at even
greater fields.

Here we study the quantum-confined Stark effect in the
emission of single QDs embedded in a AlGaAs/GaAs/
AlGaAs quantum well (design IIT). We show that as these
dots are grown on and encapsulated in GaAs they retain the
characteristics of that widely-studied system. However, when
a barrier to tunneling on both sides of the dot is present
significantly larger fields may be applied before emission is
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FIG. 1. (Color online) Tunneling in different heterostructure designs. (a)
Device designs considered for observation of the Stark effect of single QDs
in vertical electric field. (b) Tunneling rates for electrons and holes in the
various designs and (c) the proportion of carriers that tunnel out of a state
with a fixed 1 ns lifetime state.
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FIG. 2. (Color online) Variation in the characteristics of one dot as a func-
tion of electric field. (a) Plot of photoluminescence from a single dot as a
function of vertical field. (b) Cross sectional transmission electron-
microscope image of the central region of the cavity and (c) band diagram of
the device at 0.0 and 1.5 V. (d) Decay time of the transitions as a function of
electric field.

quenched, leading to giant Stark effects, an order of magni-
tude greater than in previous reports.

The QDs are grown by molecular beam epitaxy in a
single deposition of InAs at the center of a 10 nm GaAs
quantum well clad on either side with 71.8 nm of
Aly75Gag,5As, which has an indirect band-gap of ~2.2 eV.
Doping on either side of the intrinsic region extends into the
Aly75Gag,sAs layers leaving an intrinsic region 140 nm
thick, thus we observed current flow through the diode at a
forward bias of >2.2 V. This p-i-n diode forms a half wave-
length thick optical spacer between two Bragg mirrors,
consisting of alternating layers of 68.76 nm of GaAs and
81.02 nm of AljoGaypAs. Figure 2(b) shows a cross-
sectional transmission electron microscope image of this
sample; the darker regions are high Al-content material and
the quantum well is clearly visible at the cavity center. After
processing, single dots can be isolated through a micron-
diameter aperture in an opaque metal film. In the following,
samples are excited with an 850 nm continuous-wave diode
laser, creating carriers only in the dots and wetting layer.

Figure 2(a) shows the photoluminescence from a single
dot as a function of field. We observe transitions from the
positively/negatively charged excitons (X* and X~) at the
highest/lowest energies, on either side of the exciton/
biexciton (X/X,) transitions, which is characteristic of the
dots we have reported previously.13 In this dot the X transi-
tion energy is smaller than the X,, which is the case in a
majority of these dots. Most emission occurs from the X~ at
low fields as electrons tunnel into the quantum well and from
the X* at high fields, as electrons begin to tunnel out. The
linewidths of the transitions remain below the ~40 ueV res-
olution limit of our spectrometer at all fields.

Time-resolved photoluminescence measurements on the
four transitions seen in Fig. 2(a) are presented in Fig. 2(d) as
a function of the vertical field. Such measurements determine
the net decay rate of the population of each state including
contributions from intrinsic nonradiative effec:ts,10 tunneling
effects changing the state of the dot and the radiative life-
time. Although the cavity surrounding the dot has a low qual-
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FIG. 3. (Color online) Measured parameters of Stark effect in a number of
QDs for the X~, X, X,, and X* transitions. For each transition we determine
the energy at zero electric field, the permanent dipole moment, and the
polarizability (the mean and standard deviation of the measured parameters
is quoted).

ity factor and a large volume we cannot discount a Purcell
enhancement of the radiative lifetime over such a wide spec-
tral tuning range, though this effect is likely to be small. The
largest effect is expected to be the changing oscillator
strength of the confined carriers.'” At low fields the lifetime
of the X state is 1.01 =0.01 ns, which places an lower limit
on the radiative lifetime 7,4 of this state, limiting the oscil-
lator strength to, f<<11.4 using the relationship2 1/ Tppq
=2mmne’f/ (3egmoh’c). This is consistent with similar previ-
ously reported InAs/GaAs dots, that were not located in a
quantum well.>!"" Without making assumptions about the dot
shape, size, and composition it can be shown that the change
in f which occurs with vertical field is proportional to the
square of the overlap of the vertical components of the elec-
tron and hole wave functions.'? At a field of —400 kV cm™
the decay time of the X state has increased to 1.61 ns, cor-
responding to f<<7.1 and a reduction in the electron-hole
overlap by 21%. At even larger fields the decay time of the
state then falls as tunneling of electrons out of the dot domi-
nates. For the X~ transition a drop in the decay time and
intensity occurs at lower fields as emission shifts to the neu-
tral and positive states.

All transitions experience a quantum-confined Stark
effect as the field is increased, with their energy given by
E=E,—pF+BF? E, is the energy at zero field, p the
permanent dipole moment, and S the polarizability.
F=—(V,;=V)/t is the electric field, where Vy; is the built-in
field and #=140 nm the intrinsic region thickness. For
this dot the parameters {Ey(meV), p(ueV kV~'cm), and
B(ueV kV=2 cm?)} are {1321.5, —1.87, and —0.090} for the
X~ transition, {1329.7, —2.40, and —0.099} for the X transi-
tion, {1330.7, 2.12, and —0.087} for the X, transition, and
{1334.4, 20.20, and —0.118} for the X* transition. When the
X state has the largest lifetime the induced vertical separation
of the electron and hole is only 0.4 nm.

A study of approximately two dozen QDs in one sample
is shown in Fig. 3. In each dot E,, p, and B were determined
for the X, X,, X~, and X* transitions. It is possible to identify
the X/X, cascade of a single dot due to its fine-structure
splitting and power dependence, however only in approxi-
mately half of the studied apertures can we unambiguously
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identify the emission from singly charged states. The mea-
sured polarizability and dipole moments of these states
determined from photoluminescence measurements are
consistent with data reported for similar dots in different
structures.”®’ In most dots the X and X~ states have negative
dipole moment, indicating that the electron is located below
the hole. However, the X* state has a large positive dipole
moment, indicating that the electron wave function is above
the hole. The X, transitions have approximately the same
dipole moment, but a lower magnitude of polarizability, than
the X. For the neutral states, we are thus able to induce Stark
shifts of up to 25 meV before the luminescence is reduced by
tunneling.

In conclusion, a heterostructure in which both types of
carriers are strongly confined can allow luminescence to be
measured from single dots at large electric fields, leading to
giant Stark effects. This concept could in future be used to
increase the yield of devices in which a transition can be
tuned to a desired enerl%y to interact with another nearby
dot,14 a separate source, ~ or a cavity mode. "
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