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Optically Induced Hybridization of a Quantum Dot State with a Filled Continuum
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We present an optical signature of a hybridization between a localized quantum dot state and a filled
continuum. Radiative recombination of the negatively charged trion in a single quantum dot leaves behind
a single electron. We show that in two regions of vertical electric field, the electron hybridizes with a
continuum through a tunneling interaction. The hybridization manifests itself through an unusual voltage
dependence of the emission energy and a non-Lorentzian line shape, features which we reproduce with a

theory based on the Anderson Hamiltonian.
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The hybridization between a localized quantum state
and delocalized continuum states is a recurring and power-
ful theme in quantum physics. A famous example in trans-
port is the Kondo effect, the process whereby a single
electron spin is screened through a coherent coupling to
an electron gas. This effect was originally discovered in
metals doped with magnetic atoms but has enjoyed a
resurgence of interest recently as Kondo physics is promi-
nent when a spin-half nanosystem, for instance a single
molecule [1], carbon nanotube [2], or quantum dot [3], is
coupled to metallic leads. In the context of optics, quantum
interferences occur when a localized initial state has an
optical dipole transition both to a high energy localized
state and to a degenerate continuum. When an electron in
the high energy localized state has an interaction with the
continuum, the linear optical response has characteristi-
cally asymmetric line shapes, Fano resonances [4].
However, the optical response when the continuum is
occupied with electrons and brought into the Kondo regime
is much less well understood.

Self-assembled quantum dots are ideally suited to prob-
ing these hybridizations. The dots themselves have highly
confined states with a strong optical dipole transition
across the fundamental energy gap. Significantly, the dots
can be incorporated into semiconductor heterostructures
allowing the continuum states to be engineered. Despite
this, the prevailing view in this field is that the continuum
states are only problematic, a source of dephasing. We take
the opposite view here. We establish a strong tunneling
interaction between a quantum dot and an occupied con-
tinuum by applying a vertical electric field. In two win-
dows of electric field, we find that detection of photon
emission from a trion in a single dot projects the remaining
electron into a hybridization of quantum dot and contin-
uum states. The signatures are an unusual dependence of
the energy on electric field and non-Lorentzian line shapes.
Our results agree well with a theory based on the Anderson
Hamiltonian and a frozen Fermi sea. In one of these
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voltage ranges, the final state electron tunnels out of the
dot. The coherent part of the process is that the electron has
a chance to tunnel back into the dot, and this leads to the
unusual dispersion and line shapes.

The quantum dots are self-assembled by MBE and con-
sist of highly alloyed InGaAs. The dots are highly inho-
mogeneous, emitting from 920 to 980 nm, allowing us to
explore a large range of parameters by moving from one
dot to the next. The dots are separated by 25 nm from a
Fermi sea, a grounded 20 nm thick n* GaAs layer (doping
~10" cm™3). A voltage is applied to a Schottky barrier on
the sample surface, 150 nm above the dots, generating a
vertical electric field. An AlAs/GaAs superlattice between
the dots and the surface inhibits a photocurrent on non-
resonant optical excitation with a laser diode at 850 nm
(dot A) or 826 nm (dot B). We measure the photolumines-
cence (PL) of individual quantum dots as a function of gate
voltage, V,, with a spectrometer-detector system with
resolution 50 weV. There is a clear Coulomb blockade,
Fig. 1: as the bias increases, the charge of the lowest
configuration changes abruptly, starting with the dark
hole-only state, &, with a transition to the neutral exciton
X%, and then to the negatively charged trion X'~ [5].
Nonresonant optical excitation provides the minority car-
rier, the hole, the electron Fermi sea the majority carriers,
the electrons. Following hole capture, electrons tunnel in or
out of the dot in order to minimize the energy. For our
structure, we have determined the tunneling time to be
typically 10 ps for dots at the red end of the ensemble
spectrum, decreasing to 2 ps at the blue end of the spec-
trum. We do this by measuring the dark to bright exciton
spin flip time which is limited in these structures by a spin-
swap process with the back contact, a process which
depends sensitively on the electron tunneling time [6].
The focus here is on the ~10 dots we have investigated
with particularly short tunneling times, ~0.5 ps.

We have discovered striking and anomalous behavior at
the X°-X'" transition. Two examples are shown in Fig. 1
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FIG. 1 (color online). Measured PL intensity versus gate volt-
age V, from two single InAs/GaAs quantum dots (A and B) at
nominally 4 K. The scale bar relates to detector counts. The solid
lines mark the X° to X'~ transitions.

(dots A and B). Right up to the high-V, end of the X°
plateau, the X° PL is intense and spectrally narrow. The
small V,-dependence of the X° PL energy arises from the
Stark effect. However, at the low-V, end of the X 1=
plateau, the X'~ PL is broad. Increases of V, cause the
X'~ PL first to blueshift, then to redshift, with an accom-
panied rapid line narrowing. These shifts are much larger
than those expected from the Stark effect. Figure 2 shows
the line shapes for dot A. Significantly, at the point of
maximum blueshift, the X'~ PL line shape is non-
Lorentzian, with a low energy tail. These effects are fea-
tures of all the dots studied and are particularly strong for
the dots on the blue end of the ensemble spectrum.
Within the X!~ plateau, once a hole has been generated
by the optical excitation, the ground state configuration
contains 2 electrons and has an energy below the Fermi
energy of the Fermi sea. The anomalous behavior in Fig. 1
is therefore unlikely to be related to the initial state of the
PL process; we show instead that it arises from interactions
in the final state. After detection of X!~ recombination, a
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FIG. 2 (color online). X'~ PL measured from dot A and
calculated with the theoretical model (solid lines). The theory
uses A =135meV, y=5ueV, T=6K, E, =30 meV,
E, =30 meV, E, = 22.2 meV, I, = 492 counts with an un-
perturbed X!~ PL at 1.357580 eV and |e) — |2¢) crossover at
—1.875 V. The calculated curves are convoluted with a
Lorentzian with full width 50 eV in order to take account of
the response of the detector system in the experiment.

single electron remains in the final state where there is also
a Coulomb blockade, with a crossover in ground state from
the empty dot state |0) to the single electron state |e) at a
particular voltage. The significant point is that the X°-X'~
crossover occurs at a more negative voltage than the |0) —
|e) crossover. This is simply a consequence of the fact that
the electron-hole Coulomb energy is larger than the
electron-electron Coulomb energy, as revealed immedi-
ately in the red shift of the X'~ PL relative to the X° PL.
This difference shifts the charging events with a hole to
lower voltages than those without [7,8]. We account for
this effect quantitatively by relating a change in applied
gate voltage, AV,, to the change in electrostatic potential,
eA¢, with the lever arm A (7 for this device), A¢ =
AV,/A, and by assuming strong confinement, allowing
the Coulomb interactions to be treated with Coulomb
matrix elements. The model is fully defined with the
electron-electron Coulomb energy, E.., the electron-hole
Coulomb energy, E.,, the quantum dot electron ionization
energy, E;onizations and the Schottky barrier at the surface,
eV,. We determine these parameters from the energy shift
in the PL between the X and X'~ excitons (E, — E..), the
voltage extent of the X° plateau (AE,./e), and the voltage
of the X0-X'~ transition [V, — (A/e)(Eionization T Eeh —
E..)]. Figure 3 is a plot of the energies versus V, for the
set of states without a hole, and with a hole for dot A. At the
low bias end of the X'~ plateau, the final state after photon
detection is |e), which lies above the |0) level. This means
that the electron is unstable with respect to elastic tunnel-
ing into the continuum. The broad X'~ PL at the crossover
voltage therefore reflects the fast tunneling, the linewidth I
related to the tunneling time through I' = 7/7,. At more
positive voltage, Fig. 2 shows that the |e) state becomes
degenerate with the Fermi energy. This point is close to the
inflexion point of the PL energy emphasizing the role of the
continuum in determining the dot PL spectrum. At larger
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FIG. 3 (color online). Gate voltage dependence of the states 4,
X°, and X'~ all containing one hole; and states |0), |e), and |2¢)
without a hole. The PL transitions are from X° to |0) and from
X'~ to |e). The parameters are chosen to model dot A. The bold
lines follow the ground state energy in the two cases. Three
regions of X 1= PL are labeled: a, where the final state is unstable
with respect to elastic tunneling out of the dot; b, where the final
state is stable with respect to elastic tunneling; and ¢, where the
dot is unstable with respect to elastic tunneling into the dot.
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V,, the le) state forms the final state ground state and
elastic tunneling is forbidden, at which point the X'~ PL
becomes symmetric with a small linewidth. Finally, at
much larger V,, the energies of the |2e) and |e) states cross
such that the X'~ final state now becomes unstable with
respect to tunneling of a continuum electron into the dot.
The data show a broadening and anomalous dispersion
exactly at the voltage predicted by this model (Fig. 1).

The correspondence between the anomalous features in
Fig. 1 and the Coulomb blockade in Fig. 3 demonstrates
that electron tunneling is at the heart of the anomalous PL.
At the X°-X'~ crossover, the X'~ PL is broadened through
rapid tunneling in the final state. The electron tunnels out
and relaxes rapidly into the Fermi sea. However, close to
the |0) — |e) crossover in the final state, the PL takes on an
asymmetric form. This points to a much more profound
tunneling interaction with the continuum. We can prove
this experimentally by raising the temperature. At 20 K
(where the X° homogeneous broadening is still smaller
than our experimental resolution), the anomalous X'~ PL
loses its asymmetry, a consequence of the softening of the
Fermi distribution in the Fermi sea. The asymmetric line
shape therefore points to a partially coherent tunneling
process, equivalently a final state which is a hybridization
of dot and continuum states. To understand the quantum
mechanics of this process, we calculate the optical emis-
sion by assuming that the system can be described by the
Anderson Hamiltonian and that low energy excitations of
the Fermi sea are unimportant (frozen Fermi sea).

The initial state is |X'~) with energy E; and is of pure
quantum dot character; photon detection projects the sys-
tem into the final state, |f) which is formed from |e) with
energy E,, describing an electron localized to the quantum
dot, and the set |k) of continuum states with energy Ej:
|f) =A.le) + > Ailk). The exciton annihilation-photon
creation operator is Vyp = Vcj cx. There is a strong ma-
trix element connecting |e) and |X'7): [e|VyplX'7)|? =
|[V|2. However, the transition between the dot and the
continuum transition is very weak and we take
(k|Vxp|X'~) = 0 here. This can be expected on account
of the very small overlap of the quantum dot and contin-
uum wave functions. Experimentally, it can be justified
from the very weak Fano effects recorded in laser spec-
troscopy on the X'~ on these structures [9], the Fano effect

requiring for its observation a nonzero dot-continuum tran-
J

sition. The Anderson Hamiltonian operates on |f),
Hflf)zEf|f> with Hf :EeC:Ce +ZkEkC2—Ck +Ht
where the first two terms denote the kinetic energy of the
dot and continuum, respectively, and H, describes elastic
tunneling, H, = Y, (Vicic, + Vicfcp). H, couples the
quantum dot and continuum states. The PL intensity is
proportional to I(w) = ¥ [(fIVyp|X')?6(E; — E; —
hw). We replace the Dirac delta function with
LN [§ expli(E; — Ef — hw)t — yt]dt} thereby introduc-
ing a homogeneous broadening y. The homogeneous
broadening has been measured in laser spectroscopy [10]
and contains a contribution from spontaneous emission
(~ 1 peV) and at least one other dephasing process which
broadens the lines to typically 2-5 weV. This substitution

gives  I(w) = ER{ [T (el expli(E; — Hy — ho)t —
vtllf){fle)dt}. Operator algebra then leads to I(w) =
VL gR{m} with the

[V |?

.
ka. This is an exact result; we now introduce
some simplifications to give a reliable estimate of the self-
energy. First, we model the electron reservoir as a two-
dimensional electron gas (2DEG) with constant density of
states, g, with a large bandwidth E; of occupied states.
Second, E; depends on V, which we include with the lever
arm approximation. Defining the Fermi energy to lie at
zero energy, replacing V, by AV,, the voltage measured
from the |0) — |e) crossover point in Fig. 2, and measuring
hw with respect to the unperturbed PL response, we find
that the E; = —$AV,. Third, |Vi|> must decrease with
increasing k through momentum conservation: the dot can
only provide k up to ~1/1, where [, is the lateral extent of
wave function |e). The details of the k-dependence of V;
are not crucial, and it would be very involved to calculate
them fully; we take |V;|? to be a constant, VZ, up to energy
E, and zero thereafter. The conservation of momentum
argument implies E; + E, = h?/2m*m[2. Fourth, we in-
clude occupation of the Fermi sea through the Fermi factor,
fr(E) = [exp(E/kgT) + 1]7!, essentially treating the
Fermi sea as a frozen spectator to the tunneling processes.
We define the tunneling energy as A = 27|V,|?g, related
to the tunneling time 7, by 7, = h/A. Finally, we include
tunneling into the dot creating the |2¢) final state with an
additional contribution to the self-energy. Our final result
for the optical response is

self-energy E* =

I(w) = 1;0%{

Example results of the theory are shown in Fig. 4 as a
function of AV,. At AV, ~ —35mV, the peak of the
spectrum lies close to the unperturbed value (zero in
Fig. 4) with energy width A as a result of fast electron
tunneling. At AV, ~75 mV, electron tunneling does not
broaden the PL, but surprisingly it does lead to a noticeable

1
B /1 (E) ]}'

—ho + iy — % f€2E1 dE[—

SAV,—E—hw+iy = $AV,—E.+E—ho+iy

{
energy shift. In between these two regimes, the calculated

spectrum shows first a strong blueshift followed by a strong
redshift with increasing AV,. For AV, ~ 0, the calculated
PL is asymmetric with a tail extending to low energy. In all
these respects, the theory mimics the experimental data. To
make a quantitative comparison, we determine A from the
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FIG. 4 (color online). (a) Schematic level diagram of the X'~
recombination process. (b) Calculated PL intensity versus gate
voltage for a dot with tunnel energy A = 1.35 meV, T = 6 K,
and [, = 1, with the other parameters as in Fig. 2 but without a
convolution of the spectrometer response.

PL at large and negative AV,; we take y = 5 ueV [10];
we use the Coulomb blockade model to deduce E., the PL
energy of an unperturbed X'~ and the V, corresponding to
AV, = 0; we take E; = 30 meV corresponding to the
Fermi energy of the back contact, approximating it as a
2DEG with density 10'> cm™2; E, = 30 meV based on
l, = 3 meV; we convolute the theoretical spectrum with
the response of the spectrometer, a Lorentzian with full
width 50 peV; we set T = 6 K to account for slight local
heating in the experiment; and we determine /, from the
data at AV, = —25 mV. Figure 2 shows that the theory
reproduces the measured energy shifts and changes in line
shape and intensity extremely well. In particular, the dis-
torted line shape at AV, = —5 mV is reproduced almost
perfectly. The energy shifts are reproduced well for nega-
tive AV,; for positive AV,, there is a small discrepancy.
This could be related to a more complicated energy de-
pendence of the tunneling matrix element or to the Stark
effect if the Stark effect makes a positive contribution to
the electron energy with increasing AV, in this region, the
Stark effect having a magnified effect on the response
through electron tunneling. Unfortunately, we have no
simple way of resolving the electron and hole Stark effects
individually to include the Stark effect in the theory.

The significant point that emerges is that tunneling
admixes a band of continuum states to the quantum dot
state, not just the particular k state degenerate with the dot
state, Fig. 4(a). The amount of admixture decreases as the
energy difference increases. This is reminiscent of Kondo
physics. A simple interpretation is that the electron can
tunnel from the dot state |e) to a continuum state |k)
changing its energy by SE on the time scale ~h/8E. If
h/SE is less than or comparable to the tunneling time, then

this state can be accessed and is an important part of the
final state. These effects are included in our calculation of
the self-energy. We note that this effect is not an example
of a Fano resonance as, first, it arises in emission rather
than absorption, and second, as mentioned above, a Fano
resonance would require a nonzero dot-continuum dipole
matrix element. In principle, our scheme could project the
system into a highly-correlated Kondo state [11,12]. This
will likely be revealed with a stronger tunneling interac-
tion, which could be achieved by narrowing the tunneling
barrier in the device, a lower temperature, and a higher-
mobility Fermi sea.

In conclusion, we present a spectroscopic signature of a
hybridization between a localized quantum state and a
Fermi sea. The effect manifests itself in the PL of a single
quantum dot in a vertical electric field. The hybridization
leads to an anomalous blueshift in the peak energy as well
as a non-Lorentzian line shape.
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