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ABSTRACT: We control the electrostatic environment of a single InAsP
quantum dot in an InP nanowire with two contacts and two lateral gates
positioned to an individual nanowire. We empty the quantum dot of excess
charges and apply an electric field across its radial dimension. A large tuning
range for the biexciton binding energy of 3 meV is obtained in a lateral
electric field. At finite lateral electric field the exciton and biexciton emission
overlap within their optical line width resulting in an enhancement of the
observed photoluminescence intensity. The electric field dependence of the
exciton and biexciton is compared to theoretical predictions and found to be
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in good qualitative agreement. This result is promising toward generating
entangled photon pairs on demand without the requirement to remove the anisotropic exchange splitting from asymmetric quantum dots.
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electron charging

he development of a polarization entangled photon source

on demand is a crucial requirement for applications in quantum
information and quantum optics.”” Semiconductor quantum dots
offer the possibility to generate such entangled photon pairs on
demand by the polarization of emitted photons from the biexciton—
exciton radiative cascade.” The anisotropic exchange splitting
(AES) of the intermediate exciton states in the radiative cascade,
however, provides which-path information through a photon
energy measurement and thereby destroys the conditions for
entanglement. The which-path information can be circumvented
to restore entanglement through spectral ﬁltering,4 optical field
tuning,® or AES removal.®"® The successful removal of the AES
has been achieved by quantum dot size and composition
engineeringf*8 growth of highly symmetric site-selected quan-
tum dots,” thermal annealinﬁ, 0 and the application of an in-plane
magnetic'' or electric field.*~'* More recently, it was predicted
that quantum dots in nanowires emit entangled photon pairs due
to their symmetry and thus vanishing AES;"® however, we have
observed a nonzero AES in previous optical studies of single
quantum dots in nanowires.'® A proposal that circumvents this
requirement and produces entangled photon pairs even in the
presence of nonzero AES relies on tuning the biexciton binding
energy to zero."” " In such a scheme, the photons are entangled
provided that the timing information of the exciton and biexciton is
erased in the measurement setup.’’ Experimental methods to
remove the biexciton binding energy to zero include the use of
lateral strain' or local lateral electric fields."”'® However, in these
schemes, the binding energy of the biexciton was tuned over a very
small energy range, approximately 600 eV in the case of lateral
strain,”" and 200 ¢eV in the case of local lateral electric fields.'”"®
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In the work presented here, we demonstrate the removal of
the biexciton binding energy of a single InAsP quantum dot
embedded in an InP nanowire by a lateral electric field. In contrast to
previous work,"*'7'®*! we show that the binding energy of the
biexciton can be tuned over a large energy range (~3 meV). Since
typical binding energies of the biexciton are within the energy range
of 3 meV,** the observed tuning range that we demonstrate allows
for biexciton binding energy removal on each quantum dot
desirable in constructing arrays of entangled photon pair sources
for quantum information applications. The method we utilize has
the added benefit that it can be performed dynamically at high
frequencies, postgrowth and on-chip by simply applying a voltage.
Finally, similar to previous reports™ we demonstrate precise control
of the excess charges in the quantum dot by an applied electric field
along the nanowire elongation axis. Such control allows us to empty
the quantum dot of excess charges and observe neutral excitons and
biexcitons necessary for the present experiments.

The device details used in the present experiments are introduced
in Figure la and Figure 1b. In Figure la, a scanning electron
micrograph (SEM) of a single contacted InP nanowire with an
embedded InAsP quantum dot is presented. In Figure 1b, the
device geometry and electrical circuitry are presented schemati-
cally. The two lateral gates in the vicinity of the nanowire and two
Schottky contacts along the nanowire allow for the control of the
electrostatic environment in the quantum dot and nanowire. The
two Ti/Al Schottky contacts (source, V;, and drain, V) enable an
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Figure 1. (a) SEM micrograph of single contacted nanowire with
embedded quantum dot. (b) Circuit schematics of device: V, source;
Vg, drain; V), left side-gate; V, right side-gate; V,, back-gate. (c) Typical
electron charging diagram of single InAsP quantum dot in an InP
nanowire at low temperature (4.2 K) and excitation close to the band-
edge of InP (146 V). V, = Vi = V, = 0 V. (d) Left: PL spectra under
increasing excitation power at V4 = 5.2 V and excitation energy of 2.33
eV. The spectra are offset along the y axis for clarity. Right: fitted
integrated PL intensity from left panel (open symbols) vs excitation
intensity. Solid lines are fits to data for exciton (slope = 1) and biexciton
(slope = 1.6). For comparison, the integrated PL intensity of X' at
Vg = 4 Vis also shown (slope = 1).

electric field to be applied along the nanowire elongation axis,
which precisely controls the number of electrons in the quantum
dot.”® The lateral gates (left, Vi, and right, V,), which are aligned
to the middle of the nanowire are used to induce an electric field
across the radial dimension of the quantum dot. See Methods
section for further details of the dot growth in a nanowire and
device fabrication. The separation of the two lateral gates (Ti/Al)
is ~160 nm. To ensure minimal potential changes at the
quantum dot position due to parasitic gating effects, in the
following, we apply V, = —V4 = V4/2 for the electric field along
the nanowire axis and V; = —V, to induce a lateral electric field
across the quantum dot. Assuming the nanowire diameter is d/2
(obtained from the SEM image of Figure 1a), the lateral electric
field, F, inside the nanowire is defined as F = (V, — ;) /([2¢& — 1]d).
In this expression, ¢ is the dielectric constant of the nanowire and
d is the separation of the two lateral gates. Using the dielectric
constant of InP (& = 12.4), we estimate an applied lateral bias of 1
Vto be F~ 2.6 kV/cm.

The effect of an applied electric field along the nanowire
elongation axis (source—drain bias, V,4) on the photolumines-
cence (PL) is presented in Figure lc. In these electric field
measurements, we use a low excitation power to avoid screening
of the applied electric field by the optically excited carriers. Thus,
on average we observe singly charged exciton complexes in the
PL emission spectra of Figure 1c. Increasing V4 results in subsequent
discharging events corresponding to discrete energy steps in the
optical emission. At large V4 (>6 V), a single peak is observed at
1.3320 eV and is identified as the neutral exciton, X°, involving
electron—hole recombination in the quantum dot s-shell. The
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Figure 2. (a) Low temperature (4.2 K) single dot PL as a function of
side-gate bias. Laser excitation is performed resonantly in the quantum
dot d-shell (1.37 eV); Vg = 5.2 V. (b) Schematic view of 1D
bandstructure along the nanowire at Vi, = 0 V (top) and V,;, < 0 V
(bottom), which corresponds to a single resident electron and empty
quantum dot, respectively.

PL energy (eV)

identification of X° was determined by resonant photocurrent
experiments in earlier work. > Decreasing V4 to =6 V the singly
charged exciton, X', appears in the optical spectrum as
quenches. In this particular quantum dot, addition of an extra
electron shifts the X'~ PL emission energy to 2.6 meV below the
X° emission. This shift to lower energy is due to the strong
electron—hole Coulomb interactions present in quantum dots
involving exciton recombination in the presence of an additional
resident electron and is similar to previously reported X'~
binding energies of InAsP dots embedded in InP nanowires.>*
In a small bias range, a peak at 1.3305 eV can be observed
between the X'~ and X° emission lines. We attribute this peak as
the biexciton (2X°) since during the optical excitation process an
optically excited hole may be captured to neutralize X', thus
resulting in 2X° emission.”* Such behavior has been observed
before for InGaAs quantum dots embedded in GaAs when the
tunneling barrier between the back n-doped contact and quan-
tum dot layer is relatively large (~40 nm).** In contrast, when
the back contact to quantum dot layer separation is reduced,
the biexciton is not observed at low excitation powers.”*
Confirmation of our assignment for the 2X° peak is corroborated
by the power-dependent PL shown in Figure 1d at V4 = 5.2 V.
As a function of increasing excitation power, the integrated PL
intensity for X° exhibits a linear power dependence whereas a
superlinear power dependence is observed for 2X° (slope ~1.6).
More extensive optical studies for single quantum dots in
individual nanowires can be found in refs 16, 23, and 25.

For comparison, we also show the integrated PL intensity of
X'" in Figure 1d taken at a lower source—drain bias (Vg = 4 V).
The observed linearity of the X'~ power dependence indicates
deterministic control of the electron charge state confined in the
quantum dot through tunneling events in the initial and final
state influenced by an applied electric field along the nanowire.*?
This deterministic control of the electron charge state allows us
to prepare neutral excitons and biexcitons necessary for the
experiments to be presented subsequently. We note, however,
that the quantum dot suffers from charge fluctuations in its
environment most likely caused by surface states or ionized
donors in the nanowire. These charge fluctuations in the environ-
ment result in a temporary change in the charge state configuration
that occurs during the PL integration time in the order of seconds
(see Figure 1c). At larger Vg4, the quantum dot emission becomes
more stable compared to lower V4 as surface states in the
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Figure 3. Low temperature (4.2 K) source—drain bias sweeps at Vj,; of (a) 0, (b) 6, and (c) 12 V under d-shell excitation (1.37 eV). The exciton and

biexciton splitting is no longer resolved in (c) for Vi, = 12 V.

nanowire are emptied due to the high electric field. This charge
stability is evident in the power-dependent spectra of Figure 1d
since there are no observed fluctuations in intensity for the
exciton and biexciton emission.

We demonstrate further control of the electrostatic environ-
ment for the quantum dot in a nanowire by applying an equal
potential to both lateral gates (ng = V; = V;). In Figure 2a the
single quantum dot PL as a function of equal potential applied to
both lateral gates is presented. For this voltage sweep the quantum
dot is first biased to X'~ with Vg = 52 V and V=0V (see
Figure 1c). As Vg is tuned from +4 to —4 V, an increase in energy
for the X'~ emission of ~1.5 meV is observed. The shift to higher
energy is attributed to both an increase in electron—electron
repulsion as negative V, pushes the two electrons closer together
and a decrease in electron—hole Coulomb repulsion as the holes are
attracted closer to the edge of the wire. In contrast, the X° emission
exhibits no energy shift. In this case, the constant X° emission
indicates that the reduction in electron—hole Coulomb attrac-
tion compensates the single particle Stark shift."® In addition to
affecting Coulomb interactions in the quantum dot, operation of
the lateral gates at equal potential allows the electrochemical
potential of the nanowire to be tuned locally, which strongly
affects the confined charge. See Figure 2b for a schematic view of
the band structure for V,; =0 Vand V,; <<0V and corresponding
charge states. The effect of modifying the electrochemical
potential is evident at V; ~ —1V where the charge state changes
from predominantly X' to X°

In the following, we manipulate the applied biases on the two
contacts and two lateral gates that surround the quantum dot
to engineer'” the exciton and biexciton splitting to zero. The
effect of the applied lateral electric field on the quantum dot
PL emission is presented in Figure 3 and Figure 4. In these
experiments V; = —V, and the lateral gate potential is defined as
Viae = V; — V1. Moreover, the excitation power is increased such
that the exciton and biexciton emission peaks are equal in
intensity. Since the power is increased to observe biexciton
emission, laser excitation resonant in the quantum dot d-shell
is used in order to avoid screening of the applied electric field
due to optically excited carriers in the nanowire. In Figure 3, three
different source—drain bias sweeps for a small voltage range are
shown at Vi,;=0V, Vi,;= 6V, and Vi, = 12 Vin (a), (b), and (c),
respectively. At zero applied lateral electric field (Figure 3a, V. =
0V), the exciton and biexciton transitions are well separated in
energy. As V), increases the reduction in the exciton—biexciton
splitting is clearly observed. In Figure 3c (V},,=12 V), there is no

longer a distinction between the exciton and biexciton emission
peaks.

To determine the applied lateral electric field at which the
biexciton binding energy is tuned to zero, we now vary Vi, at a
fixed source—drain bias where we observe both the exciton and
biexciton simultaneously with equal emission intensity and at a
higher spectral resolution (30 ueV). The results of the PL
emission for X° and 2X° as a function of lateral bias at V4 =
5.2V are presented in Figure 4a. The difference between the
exciton and biexciton emission is known as the biexciton binding
energy, AXX = Exo — E;xo. At Vi, = 0V, AXX is ~2 meV. Here,
AXX is mainly determined by the competition between Cou-
lomb repulsion among electrons (V..) and holes (V};,), Cou-
lomb electron—hole attraction (V,},), and correlation corrections
(AE o) due to higher lying states confined in the quantum
dot.” At zero electric field, the biexciton can appear either at
higher or lower emission energy depending on the dot size.”* In
cases where AXX is positive, the biexciton emission can be
engineered to cross the exciton emission at finite electric field."®
Similar behavior is observed in Figure 4a for increasing electric
field (lateral bias). Before the expected crossing, X° exhibits a
very small red shift while a strong blue shift of 2X§ is observed. At
a finite bias of Vj,, = 10V, 2X° merges with X° and the two peaks
cannot be distinguished within the optical line width of the two
transitions. After the expected crossing, we observe an increase in
PL intensity, which suggests that the PL amplitudes of X° and
2X° are added. Increasing the lateral bias further to Vj,, = 16 V'the
exciton-biexciton splitting still cannot be resolved and 2X° does
not appear on the other side of X°. Recently, such a crossing of the
exciton-biexciton was observed in a macroscopic lateral electric
field effect device containing an ensemble of InGaAs self-assembled
quantum dots surrounded in a three-dimensional GaAs host
matrix.® In contrast to that work, we utilize local lateral electric
fields on a single quantum dot with independent control of the
charge state. Of particular significance here, AXX is tuned by
approximately 3 meV. The large tuning range that we demonstrate
is promising for removal of the biexciton binding energy on an array
of quantum dots without significant loss of oscillator strength of the
exciton and biexciton. It should be noted, however, that there is an
observed asymmetry about zero applied bias that is likely caused by
the quantum dot not being in the center of the lateral gates. Such
dot misalignment to the gates can lead to a small electric field
component along the nanowire, which results in the strong Stark
shift of X° and 2X° to lower energies for negative lateral biases and
the appearance of X'~ in the optical spectrum at positive lateral bias
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Figure 4. (a) Removal of biexciton binding energy in a lateral electric
field. Vg = 5.2 V; T = 4.2 K; excitation energy = 1.37 V. (b) Solid lines
are fit to peak positions of X°, 2X°, and X'~ optical transitions in a lateral
electric field from (a) for positive lateral bias using realistic system
parameters for the quantum dot in a nanowire. See text for fit
parameters.

(Vi = 7 V). Our assignment of X' is confirmed by its emission
energy and dependence on electric field since it is also expected to
blue shift for increasing lateral electric field."®

To understand the origin for removal of the biexciton bindin
energy observed in Figure 4a we compare peak positions of X§
2X° and X'~ for positive lateral bias to calculations similar to
those for Korkusinski et al.'® These calculations are based on a
full configuration-interaction method utilizing the effective mass
approach and assuming a 2D parabohc potential in the radial
dimension of the quantum dot." Including Coulomb interac-
tions and neglecting correlations smce correlations are relatively
insensitive to the applied lateral field," the exciton energy Exo =
E. + E}, — Vi, where E, and Ej, are the single particle energies for
the electron and hole, respectively. As the final state of the
exciton is an empty quantum dot, Exo also defines the energy of
PL emission for X°. The biexciton energy is Exy = 2E.+2E;, +
Vee + Vi — 4V, Since the final state of the biexciton is the
exciton state, the PL emission energy for the biexciton transition
is Exxo= Exx — Exo=Ee + Ep + Vee + Vi = 3Ven = Exo + (Vee +
Vih — 2Vepn). In those calculations, the exciton (first term)
exhibits a very small Stark shift to lower energies with applied
lateral electric field (bias) due to the competing single particle
and electron—hole Coulomb interactions."*"* The Coulomb
interactions of the same type (V.. and Vi) do not vary as a
function of the applied field since the shell structure is not
changed by the symmetry breaking introduced by the field." In
contrast, increasing the electric field drives the biexciton emission
toward higher energies due to the field-induced electron—hole
separation and corresponding exponential decrease of Vp,."*"
This strong reduction in V,;, with lateral electric field eventually
leads to a cancelation of the interaction terms and crossing of
exciton and biexciton optical transitions. Such behavior is
qualitatively observed in Figure 4a at positive lateral bias where
dissimilar energy shifts of exciton and biexciton result in their
eventual merging at finite lateral electric field.

Taking realistic parameters for the confinement potential of
our quantum dot in a nanowire and measured s-shell, p-shell
splitting of 17 meV, we utilize the model of Korkusmskl etal. fora
2D parabolic potential in a lateral electric field."? The results of
the electric field dependence for the X° 2X° and X'~ optical
transitions for positive lateral bias are shown in Figure 4b. Excellent
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Figure 5. Concept to realize entangled photon pairs from the biexci-
ton—exciton radiative cascade through removal of the biexciton binding
energy, AXX. There are two possible recombination pathways from the
biexciton state, | XX), through the intermediate exciton states, |X), and
|X>y, to the ground state, |0). (a) At zero electric field, each photon
emitted in the cascade has a different color in the presence of an
anisotropic exchange splitting (AAES). (b) At finite electric field, two
degenerate transitions can be identified once the biexciton binding
energy has been removed, thus restoring conditions for polarization
entangled photons: H, horizontal polarization; V, vertical polarization.

qualitative agreement is found between the theoretical prediction
(solid lines) and experiment (open symbols) when using the
followmg system parameters: zero field electron—hole binding
energy, Vil = 14.5 meV; zero field biexciton binding energy
Axx = 1.9 meV; zero field X* " binding energy Ax,— = 3.6 meV;
confinement energy of electron, Aiw, = 14.3 meV; confinement
energy of hole, Aiw;, = 2.7 meV; electron effective mass, m* =
0.06my; heavy-hole effective mass, m,* = 0.55m,. We note here
that Aw, and Aiwy, are the only fitting parameters. To overlap the
electric field axis with the applied lateral bias in Figure 4b, we find
that at the exciton—biexciton crossing of 10 V that we observe, the
applied field corresponds to F = 2.8 kV/cm. At such low lateral
electric fields the oscillator strength of the optical transitions of
exciton and biexciton is calculated to be 94%. This overlap of
electron and hole is significantly higher than electric field based
methods that rely on the AES removal of the intermediate exciton
states in order to produce entangled photon pairs.'>'*"®

There is one main discrepancy between experiment and theory
beyond the exciton—Dbiexciton crossing in Figure 4. In experiment,
the biexciton does not continue to strongly blue shift as the
theoretical prediction suggests. Instead, we only observe a small
blue shift and increase in PL intensity. Here, the intensity doubles
compared to lower lateral electric field, which suggests that the
exciton and biexciton indeed merge and do not cross. The merging
of X° and 2X° is possible if after the predicted crossing the two
excitons forming the biexciton state are two spatially separated
excitons that can therefore emit at the same energy. In this case, the
electron—electron and hole—hole repulsion would be close to zero
and the two independent excitons would behave similarly in an
electric field once the biexciton binding energy has been removed.

The concept to realize entangled photon pairs from removal of
the biexciton binding energy is shown schematically in Figure 5
by the biexciton—exciton radiative cascade.'”'” At zero electric
field and in the presence of an anisotropic exchange splitting (AAES)
(Figure Sa), each photon emitted in the cascade emits at a
different color. Thus, the recombination pathway can be distin-
guished and the emitted photons are classically correlated. However,
tuning the biexciton binding energy to zero in a lateral electric

dx.doi.org/10.1021/nl1037424 |Nano Lett. 2011, 11, 645-650



Nano Letters

field (Figure Sb) results in the degeneracy of the cross-color
transitions in the cascade (ie, |XX) = |X), and |X), — |0); [XX) —
|X), and |X), — |0)). In this case, the which-path information
cannot be distinguished and the emitted photons are entangled
in the polarization degrees of freedom, [¥) = 1//2(|XX)v|X)v +
|XX)H|X>H).17’19’20 We note that to maintain the conditions of
entanglement, the biexciton photon should be delayed with
respect to the exciton photon in order to “erase” the timing
information of emitted photons.*’

In conclusion, we demonstrated a high level of control over
the electrostatic environment for a single InAsP quantum dot
embedded in an InP nanowire. We first prepared the quantum
dot to be empty of excess charges by an electric field applied
along the nanowire growth axis such that we observe both neutral
excitons and biexcitons. We engineered the exciton—biexciton
splitting for an individual quantum dot by a local lateral electric
field. We showed that the biexciton binding energy can be tuned
over a large energy range, from 3 meV to 0. This result is a
significant step toward entangled photon pair generation on
demand in the presence of AES from asymmetric quantum dots.
In order to make this solution viable for quantum dots in nanowires
in the future, improvements to the current PL count rates and
access to polarization information of nanowire devices are necessary.
Detected PL count rates of quantum dots in nanowires can be
drastically improved by designing waveguiding structures”” and
polarization information can be accessed if excited and collected
along the nanowire growth axis.”> Finally, embedded dots in
nanowires may eventually out perform the state of the art
entangled LED® since all of the injected current is expected to
flow through the quantum dot.

Methods. Nanowire Growth and Device Fabrication. The
nanowire quantum dots were grown in the vapor—liquid—solid
mode”® by means of metal—organic vapor phase epitaxy (MOVPE)
in a similar manner as reported in previous work.””*® Colloidal
Au particles of 20 nm diameter were used to first grow an InP
section for 20 min (~2 um) followed by 1 s of InAsP growth.
The 4 um long nanowires were completed by another 20 min of
InP growth. The dot size for 1 s growth is estimated to be 4—
6 nm high and 30—40 nm in diameter based on energy dispersive
X-ray analysis in a transmission electron microscopy from
previous studies on similar dots."® After growth, the InP nano-
wires were transferred from the InP growth to a prepatterned
p " silicon wafer with SiO, layer of 285 nm. Individual wires
were contacted by e-beam lithography and metal evaporation
(100 nm Ti/20 nm Au). Precise positioning of lateral gates to a
single nanowire was achieved by overlapping an atomic force
microscopy image and design file with the use of four alignment
markers. The position of the quantum dot is not precisely known
and is assumed to be in the middle of the nanowire based on the
reproducibility of MOVPE synthesis growth rates.

Device Characterization. The single quantum dot embedded
in nanowire devices was characterized with a standard micropho-
toluminescence (PL) setup at low temperature (4.2 K). The single
quantum dot PL was excited and collected using the same
microscope objective with NA = 0.65. The collected PL was
dispersed by a single grating spectrometer and collected by a
nitrogen cooled Si charge coupled detector with spectral resolu-
tion of 30 ueV. Electric field measurements were carried out under
low excitation power to observe single excitons and biexcitons with
similar emission intensity. To avoid screening effects of the applied
lateral electric field on the single quantum dot PL, resonant
excitation in the quantum dot d-shell (1.37 eV) was utilized.
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