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Electrically Controlled Photonic Circuits of Field-Induced Dipolaritons with Huge Nonlinearities
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Electrically controlled photonic circuits hold promise for information technologies with greatly
improved energy efficiency and quantum information processing capabilities. However, weak nonlinearity
and electrical response of typical photonic materials have been two critical challenges. Therefore, hybrid
electronic-photonic systems, such as semiconductor exciton polaritons, have been intensely investigated
for their potential to allow higher nonlinearity and electrical control, with limited success so far. Here we
demonstrate an electrically gated waveguide architecture for field induced dipolar polaritons that allows
enhanced and electrically controllable polariton nonlinearities, enabling an electrically tuned reflecting
switch (mirror) and transistor of the dipolar polaritons. The polariton transistor displays blockade and
antiblockade by compressing a dilute dipolar-polariton pulse exhibiting very strong dipolar interactions.
The large nonlinearities are explained using a simple density-dependent dipolar polarization field that very
effectively screens the external electric field. We project that a quantum blockade at the single polariton

level is feasible in such a device.
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I. INTRODUCTION

Photons are excellent carriers of information. Bits or
qubits can be encoded on their different degrees of freedom,
guided in complex on-chip integrated light circuits, and
travel macroscopic distances with minimal loss or
decoherence [1-3]. Yet photons do not interact with each
other nor with external electric and magnetic fields.
Therefore it has been a challenge to use them for informa-
tion processing, such as gates and logic operations, or to
integrate them with electronic control and other electronic-
based states. Therefore, integrated logic circuits are still
mainly made of purely electronic states, either free carriers
or new attempts for circuits based on bare excitons [4-7].
These approaches are limited in their operation speed and
in their ability to transfer information coherently. A
promising route to induce photon-photon interactions is
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to strongly couple a confined photon with a resonant
electronic excitation to create a light-matter superposition
state known as a polariton [8—10]. Polaritons can preserve the
photonic information while enabling effective photon-
photon interactions and interactions with external fields
via their matter constituent. In atomic platforms, laser-
controlled quantum operations utilizing Rydberg polaritons
have been successfully demonstrated [11,12], but on-chip
integration or electrical control is very challenging. In
semiconductor platforms, microcavity exciton polaritons
have been used to demonstrate optically controlled switches
[13—15], routers [16,17] and transistors [18-20], as well as a
few percent of antibunching [21,22], albeit only through
inefficient optical control and only in relatively bulky vertical
or free-space microcavities that are still challenging for
integration. Moreover, the nonlinearity of these polariton
systems, even though much stronger than conventional
optical materials, remain limited due to the contact like
interactions of polaritons [23-25]. Alternatively, exciton
polaritons in waveguide (WG) structures have recently been
shown to feature nonlinearities over an order of magnitude
greater than their microcavity counterpart [26-28]. In this
system, electrical gates can be placed in the proximity of the
waveguide to polarize the excitonic component of the
polaritons, creating dipolar polaritons, or dipolaritons, which

Published by the American Physical Society
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interact with each other strongly through the long-range
dipole-dipole interactions [26-32]. The waveguide dipolar-
itons thus hold great promise for constructing electrically
controlled complex quantum-light circuitry on chip [33-39],
yet no such demonstration has been made.

In this work, we make an important step toward polariton-
based quantum circuitry, by using sectioned electrically
gated waveguide devices, and demonstrate a reflecting
polariton electrical switch and a polariton transistor, operat-
ing with a very low number of photons. We first show that fast
propagating polaritons in a sectioned gated waveguide
device can be very efficiently blocked and reflected by an
electrically induced mismatch in the polariton density of
states, thus realizing an electrical Stark switch for light. We
then show a device that acts as an electrically tuned polariton
optical transistor, displaying both a blockade and an anti-
blockade for a dilute polariton pulse. The switch and
transistor display an exceptional extinction ratio up to
> 20 dB. The apparent large nonlinearity of the very dilute
polariton pulse is due to a combination of the strong field-
induced repulsive dipolar interactions [27], together with a
drastic slowdown of the polariton speed under the electrical
gate, where the polaritons suddenly become dipolar and
excitonlike and are “squeezed” into a high-density, strongly
interacting pulse. The strong nonlinearities are explained by
an effective field-induced dipolar screening model, elucidat-
ing the large interaction enhancement of induced dipolaritons
compared to nonpolar polaritons and fixed-length dipolar-
itons. We project that a true two-polariton blockade is within
close reach in such a system.

II. ELECTRICAL SWITCH FOR
WAVEGUIDE DIPOLARITONS

Our first device, a split-gate waveguide, illustrated in
Fig. 1(a), is designed to realize an electrostatic potential
step for the polaritons and to demonstrate an electrically
controlled Stark switch for polaritons. The device is
fabricated by depositing a 20-pm-wide and 200-pm-long
indium-tin-oxide (ITO) strip on top of an AlGaAs slab WG
sample containing multiple GaAs quantum wells (QWs) in
its core. The full details of the sample, which is similar to
the one in our previous works [26,27,34], can be found in
the Supplemental Material (SM) [40]. The strong interaction
between the heavy-hole exciton Xy, the light-hole exciton
X, and the transverse-electric (TE) WG photon results in
three polariton modes: lower polariton (LP), middle polariton
(MP), and an upper polariton [26] (the polariton modes
resulting from the transverse magnetic (TM) WG mode, seen
in Fig. 1(c), are not discussed in this work). The dispersion
relation of the LP and MP along the bare modes (X},;,/photon)
is plotted on top of measured spectra in Figs. 1(c)-1(e). The
ITO strip laterally confines the optical modes [34], and also
serves as the top electrode with respect to the doped substrate.
In this design, the top ITO electrode is split, and has a 1 pm
gap in the middle, and the two resulting sections are

independently biased with respect to the common bottom
electrode. The vertically aligned electric field [F; see
Eq. (A8) in Appendix A] under each section polarizes the
exciton constituent of the polariton and results in dipolaritons
with electric dipole moments along the z axis [26,27]. The
induced dipole moment then interacts with the same electric
field resulting in a Stark shift of the exciton, AEy(F) =
Xin(F) = Xpn(0) = —aF?, where ais the polarizability, as is
seenin Fig. 1(b). This Stark shift of the exciton and thus of the
whole polariton dispersion as well as the polariton dipole
moment can be controlled independently in each section by
the corresponding applied bias. The polariton energies
hereafter are quoted relative to X;,(0) = 1527 meV as
E(|B|) = E(|B|) = X4n(0), where p is the WG-polariton
propagation wave vector.

A schematic description of an experiment, done at
T ~5 K, is shown in Fig. 1(a). The WG polaritons are
injected to right channel ~15 pm from the ITO gap, using a
nonresonant pulsed laser (i,, = 774 nm, pulse duration
7, =94 ps, and a repetition rate 200 kHz) and then
propagate toward the two ends of the channel and couple
out through left and right grating couplers.

Figure I(c) presents the dispersion of the polaritons
emitted from the left and right grating couplers, taken at a
flat potential, where F;, = Fr = 0. The spectrum shows a
similar dispersion and occupation of LPs from the two sides
of the channel, as expected from symmetry. It also shows
that the gap in the ITO has a negligible effect, and that left-
moving LPs do not experience a significant reflection or
loss compared to right movers, as they experience a
continuous potential landscape and an identical dispersion
on both sections, Ex(|3]) = E.(|A]).

The situation is modified when a finite F'; is applied to
the left section: The left LP and MP modes become red
detuned with respect to the right LP and MP modes,
creating a dispersion mismatch for the left movers,
Exr(|8]) # EL(|B). This has an increasingly dramatic effect
on the dynamics as seen in Figs. 2(d) and 2(e): While the
right movers seem to have a slight increase in population,
the transmission of the left movers from the left output
coupler becomes much weaker for all energies, with
essentially zero transmission for all states above the
corresponding bare exciton energy.

This effect is explained qualitatively in the schematics in
the middle column of Figs. 1(c)-1(e): While the polariton
dispersion at the right section is unchanged, in the left section
itbecomes increasingly redshifted with increased F'; , and the
polaritons become dipolar [27]. As aresult, the f mismatch of
the LP modes with a given energy in the right and left sections
increases, creating an increased discontinuity in $( E) for the
left movers at the intersection between the two sections. This
also creates a discontinuity in the polariton group velocity v,
where polaritons moving to the left section experience a
sudden decreased Vgs i.e., a slowdown, in particular for
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FIG. 1. Electrically polarized polaritons in a split-gate waveguide. (a) Illustration of the device. A slab waveguide with 12 QWs in its

core. The ITO strip defines the optical mode laterally and serves as a top electrode. The channel is split, allowing an independent
electrical field in each section (Fg/F;). The polaritons are injected into the center of the channel, propagate to both directions, and
couple out through the gratings. (b) The energy of X, as a function of F. The white dots are the numerically calculated exciton energies
(see SM [40]), and the dashed black line is a quadratic fit AEy = —aF? with @ = 1.3 meV/(V?/um?). The black solid line plots the
calculated electric dipole length (right-hand axis). (c)—(e) Measured dispersion spectra from the two sides of the channel, for three
different values of AEx(F;, Fr = 0). The LP and MP fits are plotted with dashed black lines, whereas Xy, and the photon are marked
by solid black and dashed white lines, respectively. The middle column presents schematics of the step-potential effect. The increase in
AEy decreases the overlap of the LP in the two sections, decreasing the transmitted signal, until near blockage. (f)—(h) Cross sections of
the spectra, at E(|f|) = —11 meV, marked in (c)—(¢) by dotted white lines. The left-hand (right-hand) side corresponds to the
transmission (reflection). The rightmost column shows overlaid, normalized cross-section pairs with gray-filled overlaps.

F; can be clearly seen, as well as the mismatch in the
propagation constants £ on both sides. The rightmost
column plots the signal from the two sides overlaid, each
normalized by its own integral. The relative shift in f and
the decrease in the overlap of the two sides (gray filling) is
clearly seen. When Eg(||) lies in the LP-MP gap there is
essentially zero overlap and zero transmission, as seen in

polaritons with E (|3|) =~ Ex (F ). This discontinuity results
in a decreased LP transmission and an increase in reflection.
Strikingly, left movers with energies Ex(||) above Ex(F})
have no polariton states in the left section, as they lie in the
Rabi energy gap between the LP and the MP branches
(LP-MP gap), so they experience zero transmission as clearly
seen in the left spectra in Figs. 1(d) and 1(e).

In Figs. 1(f)-1(h) we plot a constant energy cross section
of normalized emitted intensity from the left and right
couplers, I, (E =—11meV,|B|). The decrease in the
transmission and increase in reflection with increasing

Fig. 1(h).

Figures 2(a)-2(c) plot the decreasing transmission (7)) of
3 different LP energies (integrated over all f), with
increasing Stark shift —AFEy(F;). Remarkably, it agrees
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FIG. 2. A tunable polariton electrical mirror with a voltage-
controlled potential step. (a)—(c) Transmission of the left-moving
polaritons as a function of —AEy(F ), for different energy cuts
(E=-7,-9,—-11 meV, respectively). The transmission (blue
symbols) is compared against the overlap of the states in the two
sides of the potential discontinuity (red dots). The error bars are
the standard deviation. (d)—(f) Transmission of the left-moving
polaritons for different step size [AEy(F;) = —=5,—8,—11 meV,
respectively]. The energy of the exciton is marked by a vertical
gray line. The signal at energies near £ = 0 results from the
residual bare exciton emission at the excitation point leaking into
the field of view of the collection optics.

well with the measured overlap between the polariton states
in both sections, as was plotted in Figs. 1(f)-1(h). This
validates that the transmission process through the dis-
continuity is coherent, conserving energy and momentum.

In Figs. 2(d)-2(f) we present T(Ey) for 3 different values
of F;. An electrically tunable zero transmission gap with a
very high extinction ratio is observed, demonstrating that
the polariton optical transmission can be selectively tuned
in a continuous manner by low-voltage electrical gating,
thus facilitating a tunable electro-optical Stark switch
for light.

III. ELECTRICALLY CONTROLLED OPTICAL
TRANSISTOR FOR DIPOLARITONS

Next, based on the concepts of our first device, we turn to
our second device, illustrated in Fig. 3(a), designed to realize
an electrically controlled polariton transistor, and to dem-
onstrate a blockade and an antiblockade for a dilute polariton
pulse, utilizing enhanced dipolar interactions of ultraslow
polaritons. The device, 200 pm long, is divided into three
sections: a short 10 pm section positioned 50 pm from the

left grating—*the gate“—and its two sides—*the channel.”
The two channel sections are held at F- = 0 at all times,
while a field F'; under the gate creates a local Stark shift of
Xing: [AEx = X (Fg) — Xin(0)]. Low-density polariton
pulses, each containing Np ~ 400 polaritons (see SM for
details [40]) are nonresonantly injected through the right
channel section, either 50 or 100 pm away from the gate
section, and then propagate in the two directions. Here we
consider only left movers that pass through the gate section.

Figure 3(b) presents the dispersion of the polaritons
emitted from the left grating for a flat potential F; = 0.
This is used as a reference. When the gate is biased, the LP
and MP states in the gate are redshifted with respect to
those of the channel, as presented in the schematics of
Fig. 3(c). This electrically induced discontinuity blocks the
dilute pulse of left movers with energies at the middle of the
LP-MP gap, E = —10.5 meV (see white dashed line), with
a maximal extinction ratio > 20 dB, limited only by the
measurement SNR. Figure 3(f) plots the transmission for
polaritons with E = —10.5 meV, as a function of —AFEy,
again displaying an electrical Stark-switch behavior for the
polaritons, but with an even sharper on-off switching field,
AF; ~0.5 V/pum, due to the well-type double disconti-
nuity in the effective potential, compared to the step-shaped
single discontinuity in the first device. Interestingly, the
transmission starts to increase again with a further increase
of F; when the LP in the channel coincide with the MP in
the gate. This effect will become of importance later for
demonstrating a blockade of dipolaritons.

Figure 3(e) shows the spatially resolved spectrum from
the gated device [(with AEy(Fg) = —7.5 meV]. A block-
ing in the transmission spectrum is also clearly observed at
the bottom grating at energies corresponding to the LP-MP
energy gap under the biased gate (red double arrow),
similar to the first device. This blocking of the transmission
through the gate is accompanied by an increase in emission
from the right coupler at the corresponding energies (red
single arrow), indicating that left movers were at least
partially reflected from the gate and became right movers.
The bottom of Fig. 3(e) shows the group velocities 25 (E)
of the polaritons under the gate and the channel, respec-
tively; the group velocity is calculated from the derivative
of the polariton energy dispersion with respect to the
momentum [Eq. (S15) in SM [40]]. While 0§ ~ 0§ ~
Dpp at low energies, where the LP are photonlike, there is a
growing mismatch at higher energies. Remarkably, at
polariton energies approaching the LP-MP gap in the gate,
vg dramatically drops toward the bare X, velocity vy,
resulting in an extreme slowdown of polaritons under the
gate, as large as vy/vy, ~ 107*. Interestingly, a weak
emission from under the gate (at x ~—50 pm) is seen
(marked by the double red arrow) at exactly the energy
range of these ultraslow dipolaritons. We thus attribute this
emission to ultraslow dipolaritons which are effectively
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FIG. 3. A dipolariton transistor: strong dipolar interactions of ultraslow polaritons. (a) Illustration of the second device. The principle

of operation is described in (b)—(d): (b) Flat potential with a relatively dilute polariton pulse fully transmits; (c) biased gate causes the LP
in the channel to overlap mostly with the LP-MP gap in the gate, resulting in a blockage; (d) Np is increased. This results in a
compressed pulse of slow polaritons under the gate. The repulsive dipolar interactions (E ;) induce a blueshift of the dispersion under
the gate, enabling transmission. (e) Right: microscope image of the device. The two Au gratings are at the top and the bottom, and the red
dot indicates the excitation spot. Left: measured spatially resolved spectrum. Top emission (x > 100 pm) of the right movers with a flat
potential, bottom emission (x < —100 pm) from left movers propagating through a biased gate (AE, = —7.5). The bottom spectrum
shows a transmission gap—marked by a double red arrow, which also points to a corresponding emission under the gate at the same
energy. The middle (x ~ 50 pm) section shows the emission of the uncoupled exciton under the excitation spot. Attached below is the
calculated group velocity [vg(E)] of the LP in the channel (blue) and the LP/MP in the gate (red). The red area marks the energy region
where v{ < 0§, and the gate polaritons become ultraslow. (f) T as a function of AEx(F). The sharp on-off transition of 7 happens
with AF; < 0.5 V/pm.

scattered out of the WG modes through mutual dipolar
interactions [27].

Next, we measure the effect of increasing Np on the
transmission. An example is shown in Fig. 3(d) for
Np~40000, where the transmission signal recovers
almost fully, even at the energies where it was essentially
zero at low Np. This strongly nonlinear transistorlike
behavior is explained in the schematics: As Np increases,
the repulsive dipolar interactions of the electrically

polarized polaritons penetrating under the gate results in
a blueshift AE,;; = g4, ng of the dipolaritons, where
9gaa(Fg) is the dipolar interaction constant [27] and ng
is the polariton density under the gate. This interaction-
induced blueshift screens the redshift discontinuity AEy,
until Eg(B) ~ Ec(B). As a result, the electrical blocking is
removed, as the interacting dipolaritons overcome the
potential well. Importantly, the interaction-induced screen-
ing effects with increasing Np are strongly enhanced not
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only by their dipolar nature [24,26-28,31,32,38], but also
by the dramatic slowdown of the polaritons under the gate,
vg < vgc, resulting in a spatial compression of the polariton
pulse, which for a fixed Np increases n; compared to n.:

_ Np(E)
ng — / dEW (1)

where w is the effective width of the optical mode in the
lateral direction ($) (more details on this can be found in the
SM [40]).

IV. BLOCKADE AND ANTIBLOCKADE
OF DIPOLARITONS

Figure 4 demonstrates how our electrically controlled
dipolariton transistor can be utilized to display both a polar-
iton blockade and an antiblockade behavior. Figure 4(a)
presents schematics of a blockade and an antiblockade. First,
the gate is biased such that the MP in the gate overlaps with
the LP in the channel and transmits polaritons. Then, Np is
increased, and the slow dipolaritons interact, shifting the
states in the gate, such that the LP-MP gap overlaps with the
LP branch in the channel, fully blocking transmission. This is
the mechanism identified with dipolariton blockade. A
further increase of Np results in an even larger interaction-
induced blueshift of the gate, until full transmission is
regained via an LP-LP alignment. This part corresponds to
an antiblockade process, similar to the facilitation shown for
Rydberg atoms [45]. In Fig. 4(b) we plot the transmission
spectrum as a function of ns [bottom x axis; see Eq. (1)] and
Np (top x axis), measured with a constant F'; (corresponding

to AE = —12 meV at low ng). Here, we observe a clear
blueshift of the LP-MP gap (white line guides the eye) as ng
increases. The blockade or antiblockade mechanism is
presented by two fixed energy cross sections of this map
(marked by the white dashed lines), plotted in Fig. 4(c): In the
top panel, the MP in the gate overlaps with the LP in the
channel at low N p, resulting in a high transmission. When N p
is increased to only ~1000, the 7 drops to a minimum,
demonstrating a polariton blockade behavior. By further
increasing Np, T rises again, demonstrating an antiblockade
behavior. The bottom panel presents a full antiblockade
behavior by again increasing Np to only ~1000.

Importantly, based on this demonstration, we estimate
that both polariton blockade and antiblockade at the
quantum level of only two polaritons should be feasible
in such a system. This can be seen by setting Np = 2 and
choosing a well-defined energy Ep for an injected polar-
iton pulse in Eq. (1). Such substitution simply gives
nG = 2/[epwopn(Ep. Fo)l.  where n=10G(E,. Fg)/
vpn- The pulse length 7p is limited from below by the
polariton spectral width yp (determined mostly by the
excitonic linewidth), p > #/yp, where in our case yp ~
0.3 meV (see Fig. S1 in SM [40]). This limits the polariton
pulse duration to be > 2.2 ps. Taking n§ = Any from
Table I, and substituting the values for 7p, Uph yields a
condition on the maximal width of the optical waveguide
mode for a true two-polariton blockade:

wn <4 x 1073 pm. (2)

For example, using the extracted value n = 2.5 x 1073
for E = —9 meV gives w < 1.5 pm, a value that should be

NP NP
I:_:I 10°  10* 10° 102 10*  10°
(a) < b 0 . € 11—
< 8 < o E = -9 meV
< [————
® { ]
_;g - 5 0.5' 8 r:o
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2 N o - = "E=1lmge |
£ - = e Joo
()
é 00 % ° 0 0 ;5 0.5 o®® :
E -15 = ' o
S ——— . ‘ N
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FIG. 4. Blockade and antiblockade of a small number of dipolaritons. (a) Principle of operation of the polariton blockade and
antiblockade. (b) Transmission spectrum of the polaritons with a constant gate bias [AEyx(Np — 0) = —11.7 meV] as a function of the
density in the gate n¢ (bottom axis), and Np (top axis). (c) Two slices of the transmission spectrum at £ = —9, —12 meV, respectively,
as a function of Np (ng), showing the blockade (pink) and antiblockade (blue) regimes. The slices are marked in (b) by white

dashed lines.
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TABLE 1. Toward a two-dipolariton blockade. The table
presents the values extracted from the two transitions described
in Fig. 4(c), namely the blockade (B) and antiblockade (AB).
ANp and Ang/sp are the corresponding polaritons number/
density difference for blockade/antiblockade, T, X w are the
corresponding values of the pulse duration times the channel

width in the current experiment.

B AB
E -9 —11 meV
AnB/AB 2.8 5.7 Hm_z
ANp 1000 1600
T, X W 1100 1100 pmps

easily achieved by standard lithography techniques and can
safely support guided modes.

While it seems that increasing y p allows for shorter pulses
and thus higher ng, we note that it also smears the trans-
mission response to increasing n§ and increases the polariton
losses; thus it is expected to yield no improvement.

V. LARGE DIPOLAR-INDUCED POLARITON
INTERACTIONS: EXPERIMENT AND THEORY

The density-dependent blueshift of the dipolaritons is
seen nicely by the shift of the LP-MP gap, marked by a
white line in Fig. 4(b). A linear fit to the shift of the gap at
low densities AE;; = guu(Fg)ng yields a distinctively
large g y(AEy = —11.7 meV) = 0.7 £ 0.2 meV pm?, a
value very similar to our previous results [27], confirming
the significant enhancement of dipolariton interactions over
nonpolar polaritons or fixed-dipole polaritons [30,31].

To understand and model this large density-dependent
polariton blueshift, we suggest a simple dielectric screening
model. The dielectric screening induced by the polarized
exciton part of the polariton can be presented by an
effective density-dependent dielectric constant €4,(ng).
The dipolar screening reduces the electric field in the
QW, as given by (see full derivation in Appendix A)

Eg=Fg/equng) = Fo/(1+ xaa), (3)
where

(Na/Va)dy _Nga _nga
ek

4)

Add = S Viey Lgey
Here N, and V; are the number and volume of the induced
excitonic dipoles, dy(Eg) = aEg, where « is the effective
polarizability of an exciton. L,(Eg)~ dy(Eg)/e is the
effective dipole layer thickness in the QW quantization
direction.

Generally, the energy of free dipoles with a magnitude
dy = eL,; and a density ng that are introduced into a
dielectric medium under a fixed bias Vs is (See

Appendix B for full derivation)

dynge
AEx(Fg,ng) = —dxFg + );0: ) (5)

where the first term comes from the dipole-field interaction
and the second from the uncorrelated dipole-dipole inter-
action (known as the plate capacitor formula). Importantly,
unlike the case of fixed dipoles, for induced dipoles
dy = aEg = aFg/eq(ng) = a(Fg/1 + ang/€)L,), sim-
ilar to the model in Ref. [27], Eq. (S18), but derived in a
different manner. This leads to the following nonlinear
density dependent blueshift:

AEdd(nG) = AEX(FG’ nG) - AEX(F&O)

= aF2, [1 - (Wﬂ

aFgnge

+d . (6)
eeo(1 +&ng/Ly)
Taking the result up to the first order in ng, we get
a’F%  aFge
AE ~ G145 ng, 7
da(nG) (Ld€o + ey )"G (7)

and we can identify

_AE4(ng) ed(Fg)
B ng B €o

Jaa (1+1/e). (8)

As can be seen, for induced dipoles, the largest contribution
for g, comes from the density-dependent reduction of dy,
a term which is absent for fixed dipoles.

The only parameter to evaluate in this model is a; this
can be done by a numerical solution of AEx(F). To do
that we first solve the Schrodinger equation of the wide QW
under an applied electric field to find the electron and hole
energy shifts and wave functions under an applied field
[26,46]. Then, we use a variational method to calculate the
changes in binding energy of the exciton under the same
field [47,48]. Then AEy(F,0) is calculated as the sum of
the single particle shifts and the change of the exciton
binding energy without any fitting parameters. Finally, we
set @ = AEx(Fg,0)/F%. A very good agreement was
found between the calculated AEy(F,0) and the exper-
imental results, as shown in Fig. 1(b), yielding

meV

=13 =
¢ pm?/V?2

©)

and therefore we have
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Fg
Fg=1 V/pm)’ (10)

9aa = 29 peV qu(
which for F; =2.9 V/um of Fig. 4 yields g, = 84 peV pm?.

The prediction of the model is plotted in Fig. 5(a)
together with the extracted AE of the LP-MP gap energy
from Fig. 4(b). For comparison, the exchange term gyng is
also plotted. The model prediction nicely follows the
experimental data and captures the more than an-order-
of-magnitude dipolar interaction enhancement over non-
polar polaritons, with no fitting parameters. We note that at
low densities, the model prediction is lower than the
experimental points [see Fig. 5(b)]. One contribution to
the discrepancy may be because our model does not take
into account the added screening of the induced polariza-
tion field of excitons in all adjacent QWs, which is expected
to penetrate all across the sample, as the sample thickness is
much smaller than the lateral size of the gate, such that the
effective screening field of all the active QWs should be
almost additive, Xdd = NQW)(dd’ and thus 9daaqa — NQngd'
In our structure, 8 QWs are essentially in strong coupling
with the WG mode. Setting an effective QW number,
Now =8, yields ggy~0.67 meV pm?, within the uncer-
tainty range of the measurements at very low densities. This
is still an open question however.

The effective interaction constant g,;; of field-induced
dipoles is different from that of fixed dipoles g,,, where the
latter contains only the screened dipole-dipole interaction
term in Eq. (5), and thus yields ., = edy/€ege [49,50], so

9da/Gaa = € + 1. (11)

For GaAs QWs, this ratio is egaas + 1 = 13.4. Figure 5(c)
shows the ratio of the field-induced dipole interaction
energy of Eq. (6) AE,, to that of fixed dipoles AE,,,
which is significantly larger than 1 over a wide range of
densities. This result may explain the mysterious, an-order-
of-magnitude discrepancy between the dipolar interaction
constant measured for WG dipolaritons with gated wide
single GaAs QWs [27,32] and those with asymmetric
double GaAs QWs [30,31]. It pinpoints the advantage of
using field-induced dipoles for large dipolar nonlinearities,
in particular for materials with large dielectric constants.
Importantly, this applies also for polaritons based on
interlayer excitons in transition metal dichalcogenides
heterostructures. It suggests that polaritons based on
quadrupolar excitons that were predicted [51] and recently
discovered [52-56] may be excellent for nonlinear devices
due to their field-induced dipole properties.

Finally, we exclude contributions to the interaction-
induced blueshift which are not polaritonic in nature.
Since the polaritons are much faster than bare reservoir
excitons and free carriers [by order of the mass ratio
(~10%)], and since the readout takes place at about
100 pm away from the excitation spot, such a pulsed
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FIG. 5. Field-induced dipolariton interactions. (a) Measured
blueshift of the LP-MP gap at the gate (red symbols). The dashed
blue line is the prediction of the polarization screening model,
Eq. (6) (no fitting parameters). The dot-dashed black line is the
prediction for y ;4 = Nqwxaq» Where Now = 8. For comparison,
the bare contact interaction of nonpolar excitons is shown by the
dotted blue line. The errors here are the uncertainty in the middle
of the LP-MP gap, the bars show the full width at half the depth.
(b) Enlarged view of the low-density regime of (a). (c) The
density-dependent interaction-energy blueshift ratio of the field-
induced dipoles to that of fixed dipoles.

excitation scheme spatially and temporally separates the
polaritons from excitons and other free carriers within each
pulse. To prevent pulse-to-pulse memory effects, the
repetition rate of the laser was selected to be slower than
any long-living charges in the system (SM, Sec. II [40]).
Intrapulse exciton accumulation under the gate, where the
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first polaritons arriving at the gate may disassociate or
scatter into excitons that later interact with the rest of the
polaritons, can also be excluded: The number of charges is
limited by the polaritons failing to transmit through the
gate, resulting in low densities over the effective gate area
(~120 um?), which cannot explain the large observed
blueshifts at high transmission. We therefore conclude that
the observed interactions are very likely polaritonic in
nature.

VI. CONCLUSIONS

Strongly interacting gated dipolaritons in wide QWs are
a promising platform for the first observation of the long-
sought two-polariton blockade, a crucial building block for
deterministic quantum photonic integrated circuitry. This
demonstration of the fundamental building blocks for
electrically controlled photonic logic circuitry in a scalable,
planar, on-chip photonic platform approaching the true
quantum limit will open up vast opportunities to realize
various types of complex photonic processing, either
classical or quantum, using dressed dipolar photons.
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APPENDIX A: INDUCED DIPOLE
SCREENING MODEL

From an electrostatic point of view, the sample (see SM
for exact details of the sample structure [40]) can be treated
as a series of capacitors, each with capacitance c;; hence,
the total capacitance is given by

1 -1 L -1 H,e.
C.. = — — —t — A—l’,
o <Z’ Ci) <Z’ A€i> 2oLl Tz

(A1)

where L; is the thickness of each dielectric layer, ¢; is the
dielectric constant of each layer, and A is its area. The total
capacitance is Q = CV,, where Q is the charge and V|, the
applied bias, and the displacement field between the
contacts is D = Q/A, the displacement field D = ¢E is
continuous across the layer boundaries. Using these

relations and the above equation, the electric field in the
QW is given by

Eqw = D/eqw = Q/(Aeqw) = CVy/(Aeqw), (A2)

By = Vo L&
M eqw LT Tiei

Now, when excitons are excited in the QW having a back-
ground dielectric constant ey, the electric field polarizes the
excitons, resulting in an additional dipolar screening of the
external field e,4;(ny), with a macroscopic polarization
PX = GMddEQW‘ Since PX = nxdx = nxaEQw, we find

(A3)

nya

€aa(ny) = 1+ yaa(ny) =1 +?,

(A4)

where ny is an effective three-dimensional density of
excitons. This additional screening can be accounted for

by replacing eqw by eqw - €44

Vo €aql [ ;€

Q €QW€dde;EQW LjeddHiq&j€i+LQWHi;éQW €
V 1
EQW - 0 , (A6)
Lsz, wi [L.e g+ 1
JFQW Law Hi;&Qwei
V 1 V 1
Eqw=7— - (A7)

L. ¢ = )
Lqw Z#Qwﬁé‘j—;’vedd +1 Lowres+1

where y = > .ow(L;/Low)(€qw/€;) is a property of the
structure. Generally, y ~ Lg/Lqw, wWhere Lg (Lqw) are the
widths of the sample and QW, respectively. In our case,
therefore, y > 1. For vanishing dipole density ¢,;, — 1, and
we can define (see Fig. 6)

Vo 1 Vg

E =0)=F, = _—
QW(”X ) 0 LQw7+1 Ls

(A8)

FIG. 6. Plate capacitor screening model: Illustration.
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for the sample under study, Fy,=0.9(Vy/Lg) =
0.85V, V/pm. Therefore, for a finite dipole density we get

€aa¥ +1 €a  14xa

Eqw(ny) = Fy (A9)

APPENDIX B: INTERACTION-ENERGY SHIFT
OF DIPOLAR EXCITONS

The energy of dipoles introduced into an electrically
biased dielectric medium e can be calculated as the energy
change in the medium when two oppositely charged layers
with a separation L, and total charge Q are inserted into the
biased medium. This change is given by [57]

av =5 [avie;-p -5 [ aviE- b))

1

(B2)
where Ej, D; are the fields without the dipoles and E;, D
are with them. The displacement field D = ¢yeE outside of
the inserted charged layers is unchanged while inside it
becomes D; = D; — nyp, where n,p = Q/A is the charge
density over some area A. Now, we can rewrite the system
energy as

AU:% / AV[(E; = nap/€0¢)(Di—nop) — E;-Dil,  (B3)

AU = % / dV[-2nypE; + n3p/eoel; (B4)
integrating the terms gives

AU = % / / dAdz[-2Q/AE, + 0*/A%y].  (BS)

AU = % ROE, — 207/ Aeyel, (B6)

AU = (QLy)E; — (QL,)(Q/A)/eqe. (B7)

Now, if we define QL, = —NeL, = Ndy, we can write the
energy per particle:

AU dxn,pe
Ay 4 E + U ’
N €€

(B8)

where e is the elementary charge. The first term is the Stark
shift from the dipole-field interaction and the second one is

the mean-field, uncorrelated dipole-dipole interaction term
(known as the plate capacitor formula); see Refs. [49,50].

Equation (B8) describes the energy either for fixed
dipoles (dy = d,) or for induced dipoles [dy = d(Ef)],
where the dipole is a function of the screened electric field
E (rather than of E;), which in turn depends on the dipolar
density (n,p), as demonstrated in Eq. (A9), d[E(ny)] =
aE¢(ny) =ak;/(1+ xa4q), Where yqq =nxa/ey, E;=Fo=
Eqw(ny=0), and E; = Eqw(ny). As we are interested in
a thin layer of dipoles, the density is ny = n,p/L,, wWhere
L, = dy/ e is the effective thickness of the layer. Explicitly,
the dipolar energies are given by

- don,pe
Uy = —doE; + %7 (B9)
0
aFE;
E; 1. ope
Usg = =t + 2 : (B10)
1 +)(dd €o€

Here, U, is the fixed dipole case, and U, is for induced
dipoles. Now if we look at the energy shift as the density
grows we can write AE = U(n) — U(n =0):

~ donype
AE, = % (B11)
ak;
AEy = ai?|1 - — Thzas "2D¢ (B12)
dd ! 1 + Xaa €p€ '

Taking this results up to first order in n,p, and substituting
Xaa = (anyp/Lae€p), gives
doe

AE;y =—nyp
€o€

(B13)

(B14)

We can identify and compare the interaction constants for
both cases, G4 gaq» bY setting dy = aE; and L, = dy/e:

- doe
9dd = ——

: B15
coe (B15)

doe

gdd:€—(1+1/€). (B16)
0

Thus, the ratio of the interaction constant for low densities
is given by

Jaa _

e+ 1. (B17)
9ad

For dipoles in vacuum (e = 1), the ratio of the interaction
constants is reduced to 2 as expected. This is intuitively
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understood as in this case the two terms in Eq. (B13)
become equal, and the induced dipole has equal energy
contributions from both the dipole-dipole term and the
dipole length reduction, while for the fixed dipole only the

first term contributes. (151
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