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Exciton-polaritons confined in plasmonic cavities are hybridized light-matter quasiparticles, with
distinct optical characteristics compared to plasmons and excitons alone. Here, we demonstrate the electric
tunability of a single polaritonic quantum dot operating at room temperature in electric-field tip-enhanced
strong coupling spectroscopy. For a single quantum dot in the nanoplasmonic tip cavity with variable dc
local electric field, we dynamically control the Rabi frequency with the corresponding polariton emission,
crossing weak to strong coupling. We model the observed behaviors based on the quantum confined Stark
effect in the strong coupling regime.
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Two-level emitters coupled to an optical cavity exhibit
modified spontaneous emission behaviors depending on
the interaction with the surrounding density of states [1]. In
contrast to the weak coupling regime where the emitters
exhibit Purcell-enhanced spontaneous emission [2,3], the
emitter coupled to the cavity with its coupling strength g
exceeding the emitter decay rate (γ) and cavity loss rate (κ)
forms the quantum hybridized state of light and matter,
with the coherent energy exchange between the emitter and
the cavity. It gives rise to the Rabi splitting in the optical
responses, e.g., scattering or photoluminescence (PL)
spectrum [4–8]. In this strongly coupled system, manipu-
lation of the quantum hybridized states induces a variety of
quantum optical responses, leading to a broad range of
applications in quantum optical devices [9–12].
In dielectric cavities, the diffraction-limited mode

volume requires high quality (Q) factors and low temper-
ature to achieve strong coupling, following κ ∝ Q−1 and
γ ∝ kBT, respectively [13–15]. The highQ cavities result in
the narrow spectral overlap between the emitter and the
cavity, i.e., narrow on-resonance condition, for maintaining
strong coupling. These constraints significantly compro-
mise the controllability of the quantum hybridized states,
consequently limiting the investigation of the quantum
electrodynamic phenomena in the strong coupling regime.
Recently, the platform of plasmonic cavities achieved
effective strong coupling between plasmons and excitons,
even at room temperature owing to its nanoscale mode
volume [5,7,16]. The nanoscale mode volume of the

plasmonic cavities significantly enhances the coupling
strength and consequently facilitates the strong coupling
with low Q system, significantly increasing the tuning
range of the coupling strength. Therefore, in contrast to the
electrical control of the single quantum dot (QD) strongly
coupled to photonic crystal cavities [15,17,18], exhibiting
detuning-sensitive polariton emission [19], the expanded
spectral bandwidth of the plasmonic system provides a
platform to directly modify the coupling strength. While
these advantages can lead us to investigate and control
quantum electrodynamic phenomena in the strong coupling
regime for realizing practical quantum optoelectronic
devices [20], the electrical tunability of polaritonic states
has not been demonstrated in a plasmonic cavity system or
at room temperature.
Here, we present an electrically tunable single polari-

tonic QD at room temperature, operating with the newly
developed electric-field tip-enhanced strong coupling
(e-TESC) spectroscopy. In e-TESC, we dynamically con-
trol the polariton PL energy by exploiting the quantum
confined Stark effect (QCSE). In contrast to a single QD in
a dielectric cavity, by exploiting the broad range of spectral
overlap between the emitter and cavity resonance at room
temperature, we show the wide tunability of the coupling
strength up to ∼80 meV, crossing between the weak and
strong coupling regime. In addition, for different single
QDs within the same cavity, we observe the differentiated
responses of the polariton emission under the control of the
external electric field, confirming the differently oriented
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built-in dipole moment of QDs and its effect on the
polariton energy modulation. These experimental results
of electrically tunable strong coupling system are quanti-
tatively analyzed with the extended theoretical model of
QCSE in the strong coupling regime.
Figure 1(a) illustrates the experimental setup used to

demonstrate e-TESC (see Supplemental Material, S1 [21]).
A conductive Au tip on the template stripped Au surface
forms the nanocavity with local electric field control
(Supplemental Material, Fig. S2 [21]). For the quantum
emitter, we spin coat CdSe=Zn1−xCdxS QDs on the Au
surface with Al2O3 capping layer of 0.5 nm thickness
to prevent a photooxidation under ambient conditions
(Supplemental Material, Figs. S3–S6 [21]). By employing
a shear-forceAFMtechnique,we regulate the cavity gapwith
<0.1 nm precision (Supplemental Material, Fig. S7 [21]).
Photoluminescence spectra are measured for single QDs
within the plasmonic nanocavity to characterize the QD-
cavity coupling. With the tip placed immediately above a
single QD, the coupling between the QD and the tip-cavity
plasmon can reach the strong coupling regime, generating
polariton emission, as shown in Fig. 1(b) (Supplemental
Material, Figs. S8 andS9 [21]). Three-dimensional control of
the plasmonic tip position enables the coupling strength to be

optimized, as illustrated in Fig. 1(c) (Supplemental Material,
Fig. S10 [21]) [7].
The majority of the measured QDs exhibit negligible or

irregular changes in their PL spectrum when an external
field is applied across the tip-substrate gap. For a small
fraction of the QDs, we observe systematic and reversible
changes in the PL spectra under applied external field E⃗−

ext.
This is attributed to the sensitivity of the coupling strength
with respect to the dipole orientation of QDs given by
g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωcjε · μj2=2ε0Vm

p
, where ℏ, ωc, ε, μ, ε0, and Vm

denote the reduced Planck’s constant, resonance frequency
of the cavity field, polarization unit vector along the
polarization axis of the cavity plasmon, transition dipole
moment of the emitter, vacuum permittivity, and cavity
mode volume, respectively (Supplemental Material,
Fig. S11 [21]). As a result, two distinct examples are
illustrated in Figs. 1(d)–1(k): an increase or a decrease in
the QD-cavity coupling strength under a positive applied
bias (Supplemental Material, Fig. S12 [21]). To quantify
the change in coupling strength g under applied bias, we
fit the experimentally obtained tip-enhanced photolumi-
nescence (TEPL) spectra to a coupled harmonic oscillator
model [7]:

IPLðωÞ ¼
γQD
2π

���� γSP=2 − iðω − ωSPÞ
fðγSP þ γQDÞ=4 − iðωQD − ωSPÞ=2 − iðω − ωQDÞg2 þ Ω2

����2; ð1Þ

FIG. 1. e-TESC spectroscopy and electrical control of polaritonic states. (a) Illustration of e-TESC spectroscopy. Under optical
excitation E⃗inc, single isolated QD confined to nanoplasmonic tip-cavity can reach strong coupling regime and generates polariton
emission even at room temperature. Inducing tip-sample bias results in localized external electric field E⃗ext to strongly coupled QD in
tip cavity, modifying polaritonic states. Scale bar is 50 nm. (b) PL spectra of single QD uncoupled (black, without tip), weakly
coupled (orange, tip-QD distance ∼10 nm), and strongly coupled (red, tip-QD distance <3 nm) to tip-cavity induced plasmon
(green). The PL spectrum of tip-cavity induced plasmon is independently measured without the QD. (c) Topography image of single
isolated QD and illustration of three-dimensional plasmonic tip control. Scale bar is 50 nm. (d) Illustration of single isolated QD with
upward built-in electric field E⃗þ

q . (e) TEPL spectra with (red) and without (black) downward external electric field E⃗−
ext. In this case,

the external electric field is applied in the opposite direction. Dynamic electrical switching of polariton emission (f) and corresponding
coupling strength (g). (h) Illustration of a single isolated QD with downward built-in electric field E⃗−

q . (i) TEPL spectra with (red)

and without (black) downward external electric field E⃗−
ext. Dynamic electrical switching of polariton emission (j) and corresponding

coupling strength (k).
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Ω ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ ðωQD − ωSPÞ −

ðγSP − γQDÞ2
4

s
; ð2Þ

where Ω, ωQD, ωSP, γQD, and γSP denote vacuum Rabi
frequency, the resonance frequency of QD, the resonance
frequency of plasmon, the decay rate of QD, and the decay
rate of plasmon, respectively. For a given QD, ωSP and
γSP are independent of the applied field, as the tip position
is rigidly fixed during the electric field modulation to
ensure the fixed cavity mode volume (see Supplemental
Material, Figs. S13–S15 [21]). Table I shows the average
fitting parameters to generate the fits of TEPL spectra
in Figs. 1(f) and 1(j). For an applied bias of þ2 V, g
changes by þ80 meV for the first QD and −29 meV for
the second QD. Here, we neglect any potential additional
dephasing due to the applied electric fields, which is
expected to be small compared to the thermal contributions
to dephasing of colloidal QDs at room temperature [39].

We tentatively attribute the different sign of the change
in g to built-in electric fields, or dipole moments, in the
QDs [see Figs. 1(d) and 1(h)]. These dipole moments
either oppose to add to the applied bias, leading to the
different observed responses.
To systematically investigate the role of built-in electric

field of QD in e-TESC experiments, we measured the
photoluminescence spectra as a function of the applied
field. Results are shown for three specific QDs in Fig. 2.
These QDs illustrate the three types of behavior that
were observed. In Figs. 2(a) and 2(b), the Rabi splitting
quadratically decreases for both positive and negative
applied bias. This can be attributed to a QD with no
built-in electric field, or whose dipole moment is
perpendicular to the external electric field. In Figs. 2(c)
and 2(d), the Rabi splitting decreases with positive external
field and increases with negative external field, correspond-
ing to a QD with upward built-in electric field E⃗þ

q . Last, in
Figs. 2(e) and 2(f), the Rabi splitting increases with positive
external electric field and decreases with negative field,
corresponding to a QD with downward built-in electric
field. These results suggest that a different built-in electric
field in QDs leads to a wide range of tunability of coupled
QD-nanocavity states, crossing the weak and strong cou-
pling regimes.
The observed results appear to be consistent with tuning

of the QD transition energy and dipole moment through the
QCSE (see Supplemental Material, Figs. S16 and S17 [21]).
In the QCSE, an external electric field tilts the band edges,
leading to a quadratic shift in the confined energy levels. The
result is a quadratic decrease in the optical transition
frequency ωQD, analogous to the Stark effect in atoms.

TABLE I. Parameters for fitting TEPL spectra with different
external electric bias.

Fig. 1(f) Fig. 1(j)

Bias ¼ 0 V Bias ¼ 2 V Bias ¼ 0 V Bias ¼ 2 V

ωQD (eV) 1.879 1.890 1.920 1.918
ωSP (eV) 1.900 1.900 1.935 1.935
γQD (eV) 0.090 0.090 0.090 0.090
γSP (eV) 0.195 0.195 0.180 0.180
g (eV) 0.076 0.116 0.108 0.091

FIG. 2. Polariton emission of single QDs with different built-in electric fields. Illustration of coupling strength g as a function of
external electric bias for E⃗q ≈ 0 (a), upward E⃗þ

q (c), and downward E⃗−
q (e) built-in electric fields. Experimental TEPL spectra as

continuously increasing external electric bias from −1.5 V to 1.5 V for E⃗q ≈ 0 (b), upward E⃗þ
q (d), and downward E⃗−

q (f) built-in electric
fields. Strongly coupled TEPL spectra are fitted to coupled harmonic oscillator model (solid line) to clearly present tendency as a
function of external electric field.
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Changing ωQD changes the QD-cavity detuning, and thus
the coupling strength g, following Eq. (2).
At the same time, the electron and hole wave functions

are displaced to opposite sides of the QD [see Fig. 3(a)],
decreasing their overlap. This results in a decrease in the
transition dipole moment μ, and thus a decrease in the
vacuum Rabi frequency Ω, since Ω ∝ μ. The change in Ω,
in turn, changes g, again following Eq. (2). The observed
changes in g with applied external field can thus be
interpreted as being due the combined effects of changing
QD-cavity detuning and transition dipole moment.
To quantify these effects, we first fit the observed QD

transition frequency ωQD to a quadratic function of the

external electric field E⃗ext (see Supplemental Material,
S18 [21]):

ωQD ¼ −α · ðE⃗ext − E⃗qÞ2 þ ωQD0
; ð3Þ

where α is the electrical polarizability, E⃗q is the component
of the electric field due to trapped charges q parallel with
respect to the applied field, and ωQD0

is the QD transition
frequency in the absence of the built-in dipole or external
field. Here, we take the total field to be the sum of the
external field E⃗ext and the built-in electric field E⃗q [40–42].
Figures 3(c), 3(e), and 3(g) show fitting results for the data
sets in Fig. 2, and fitting parameters are summarized in
Table II. In order to relate these fits of ωQD to the measured
changes in g, we develop a simplified analytical model of

the QCSE in a spherical core-shell nanocrystal [43–46].
See Supplemental Material, Sec. S17 for details of the
model [21]. The result of this model is that

g¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi0
BBB@ Ω0

1þ
�

E⃗ext−E⃗q

ΔEPS
h

�
2

1
CCCA

2

−
(ω0þα · ðE⃗ext− E⃗qÞ2)2

4
þ γ20

vuuuuuut ;

ð4Þ

where Ω0 is the vacuum Rabi frequency in the absence of
either the built-in dipole or external field, ω0 ¼ ωQD − ωSP,
γ20 ¼ ðγSP − γQDÞ2=16, and ΔEPS

h is the difference between
the energies of the P and S hole wave functions in the QD.
Since α, E⃗q, and ωQD0

are determined by the fit of ωQD as
a function of applied field, the only additional fitting
parameters for the measured values of g are Ω0 and
ΔEPS

h . Fitting results are shown in Figs. 3(d), 3(f), 3(h),
and fitting parameters are summarized in Table II.
Specifically, as we fit the data as a function of applied
bias Vext, which serves as the actual control parameter in
the experiment, the parameters in Eq. (4) are correspond-
ingly represented in the form of built-in bias Vq (V), α0

(eV=V2), and ΔVPS
h (V). The results summarize the three

contrasting cases: E⃗q ≈ 0 [Fig. 2(b)], E⃗þ
q [Fig. 2(d)], and E⃗−

q

[Fig. 2(f)]. The signs of obtained Vq clearly demonstrate the

FIG. 3. Quantitative analysis of electrically tunable polaritonic states. (a) Band diagram of QD and corresponding wave function
overlap with existence of built-in electric field E⃗q in QD. Depending on the direction of E⃗ext with respect to E⃗q, spatial distributions of
electron and hole wave function can be bidirectionally modulated. (b) Rabi splitting and corresponding coupling strength with changing
wave function overlap. Polaritonic parameters (QD energy and g) as function of external electric field for zero (c),(d), upward (e),(f), and
downward (g),(h) built-in electric fields, derived from TEPL spectra in Fig. 2. Stark shifts (c),(e),(g) and coupling strengths (d),(f),(h) are
quantitatively compared with theoretical model (black line).
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role of built-in electric field E⃗q in bidirectionally control-
ling polariton emission.
The fitted QD resonances ωQD0

are consistent with the
experimentally observed range in Supplemental Material,
Fig. S8 (∼1.87–1.92 eV) and vacuum Rabi frequencies Ω0

are consistent with, albeit somewhat lower than, previously
measured values (∼0.05–0.14 eV) [7]. Also, as expected,
ΔVPS

h values are larger when α0 is lower, since both would
result from smaller QD core diameters. However, fitted
values of ΔVPS

h are larger than expected. Moreover, the
fitted polarizability α is in line with expected values from
our model (∼0.002–0.010 eV=V2) in the case of E⃗q ≈ 0,
but is smaller than expected for the other two cases
(Supplemental Material, Fig. S19 [21]). This may be
attributed to the limitation of our model assuming
Lorentzian line shapes for both the cavity and QD emis-
sion. In addition, uncertainties arise from the background
gold luminescence and mechanical instabilities under
ambient conditions.
The built-in electric field can be attributed to localized

charges trapped on the surfaces of the QDs [40,47]. Based
on the fitted α, we can estimate the number of charges on
the QD surface to generate the fitted Vq of ∼3.330 V and
∼ −1.405 V, which corresponds to the built-in electric
field of ∼0.83 MV=cm and ∼ −0.35 MV=cm, respectively
(Supplemental Material, Sec. S18 [21]). The values of Vq of
∼3.330 V and ∼ −1.405 V would correspond to trapped
surface charges q of ∼1.76e and ∼0.72e, respectively. This
is consistent with previous studies indicating that QDs
commonly have single, long-lived charges trapped on their
surfaces [40]. It indicates that only a small number of
charges is sufficient to generate the internal field by the
built-in electric field, enabling dynamic electrical control of
polariton emission (Supplemental Material, Fig. S20 [21]).
As demonstrated in Eq. (4), the polariton emission under

the external electric field can be largely affected by the QD-
cavity detuning and the transition dipole moment. At low
temperatures, the narrow QD resonances and high cavity Q
factors particularly limit the electrical control of the
transition dipole moment [15,17,18]. By contrast, the
polariton emission at room temperature has less sensitivity
to QD-cavity detuning from their wide spectral overlap,

indicating the enhanced control range of the transition
dipole moment to directly modify the coupling strength in
the strong coupling regime. As a result, the polariton
energies do not simply follow an single anticrossing curve
(Supplemental Material, Fig. S21 [21]), which provides a
rigid platform to explore cavity quantum electrodynamics
in the strong coupling regime while significantly enhancing
the controllability of strongly coupled emission. We find
three contrasting polariton emission behaviors upon chang-
ing external electric field, realizing the practical control of
polaritonic states at room temperature including dynamic
switching and bidirectional modulation of the coupling
strength with the wide tunable range reaching ∼80 meV.
See Supplemental Material for detailed data, experimen-

tal methods, and theoretical model [21].
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