arXiv:2308.08289v3 [physics.optics] 21 Mar 2024

Electrically controlled photonic circuits of field-induced dipolaritons with huge

nonlinearities

Dror Liraiff] and Ronen Rapaport
Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 9190401, Israel

Jiaqi Hu, Nathanial Lydick, and Hui Deng
University of Michigan, Ann Arbor, MI 48109, USA

Loren Pfeiffer
Department of FElectrical Engineering, Princeton University, Princeton, NJ, 08544 USA
(Dated: March 25, 2024)

Electrically controlled photonic circuits hold promise for information technologies with greatly
improved energy efficiency and quantum information processing capabilities. However, weak non-
linearity 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 lim-
ited success so far. Here we demonstrate an electrically-gated waveguide architecture for 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 anti-blockade by compressing a dilute dipolar-polariton pulse ex-
hibiting very strong dipolar interactions. The large nonlinearities are well explained using a simple
density-dependent polarization field that very effectively screens the external electric field. Remark-
ably, we show that induced dipoles have an order of magnitude enhancement of the nonlinearities
as compared to fixed dipoles. We project that a quantum blockade at the single polariton level is

feasible in such a device.

I. INTRODUCTION

Photons are excellent carriers of information. Bits
or qu-bits can be encoded on their different degrees of
freedom, guided in complex on-chip integrated light cir-
cuits, and travel macroscopic distances with minimal loss
or decoherence [IH3]. 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 infor-
mation processing, such as gates and logic operations,
or to integrate them with electronic control and other
electronic-based states. Therefore, integrated logic cir-
cuits are still mainly made of purely electronic states,
either free-carriers or new attempts for circuits based
on bare excitons [4H7]. These approaches are limited
in their operation speed and in their ability to trans-
fer information coherently. A promising route to induce
photon-photon interactions is to strongly couple a con-
fined photon with a resonant electronic excitation to cre-
ate a light-matter superposition state known as a polari-
ton [8HI0]. Polaritons can preserve the photonic informa-
tion while enabling effective photon-photon interactions
and interactions with external fields via their matter con-
stituent. In atomic platforms, laser-controlled quantum
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operations utilizing Rydberg polaritons have been suc-
cessfully demonstrated [I1} [12], but on-chip integration
or electrical control are very challenging. In semiconduc-
tor platforms, microcavity exciton-polaritons have been
used to demonstrate optically controlled switches [13-
[15], routers [16, [I7] and transistors [I8H20], as well as a
few percent of anti-bunching[2T], 22], albeit only through
inefficient optical control and only in relatively bulky ver-
tical or free-space microcavities that are still challenging
for integration. Moreover, the nonlinearity of these po-
lariton systems, even though much stronger than con-
ventional optical materials remain limited due to the
contact-like interactions of polaritons [23H25]. Alterna-
tively, exciton-polaritons in waveguide structures have
recently been shown to feature nonlinearities over an
order-of-magnitude greater than their microcavity coun-
terpart [26H28]. In this system, electrical gates can
be placed in the proximity of the waveguide to polar-
ize the excitonic component of the polaritons, creating
dipolar-polaritons, or dipolaritons, which interact with
each other strongly through the long-range dipole-dipole
interactions [26H32]. The waveguide dipolaritons thus
hold great promise for constructing electrically-controlled
complex quantum-light circuitry on-chip [33H39], yet no
such demonstration has been made.

In this work, we make an important step towards
polariton-based quantum circuitry, by using sectioned
electrically-gated waveguide devices, and demonstrate a
reflecting polariton electrical switch and a polariton tran-
sistor, operating with a very low number of photons. We
first show that fast propagating polaritons in a sectioned
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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, display-
ing both a blockade and an anti-blockade for a dilute po-
lariton pulse. The switch and transistor display an excep-
tional extinction ratio up to > 20dB. The apparent huge
non-linearity of the very dilute polariton pulse is due to
a combination of the strong field-induced repulsive dipo-
lar interactions [27], together with a drastic slow-down of
the polariton speed under the electrical gate, where the
polaritons suddenly become dipolar and exciton-like and
are ”squeezed” into a high-density, strongly interacting
pulse. The strong nonlinearities are well explained by an
effective field-induced dipolar screening model, elucidat-
ing the large interaction enhancements of induced dipoles
compared to non-polar polaritons and fixed-length dipo-
laritons. 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. [T, is designed to realize an electrostatic potential-
step for the polaritons and to demonstrate an electrically-
controlled Stark switch for polaritons. The device is fab-
ricated by depositing a 20-micron wide and 200-micron
long Indium-Tin-Oxide (ITO) strip on top of an AlGaAs
slab waveguide (WG) sample containing multiple GaAs
quantum wells in its core. The full details of the sam-
ple, which is similar to the one in our previous works
[26] 27, [34], can be found in the SM. The strong inter-
action between the heavy-hole exciton Xp;, the light-
hole exciton Xjp, and the Transverse-electric (TE) WG-
photon results in 3 polariton modes: lower polariton
(LP), middle polariton (MP) and an upper polariton [26]
(the polariton modes resulting from the Transverse mag-
netic (TM) WG-mode, seen in Fig. are not discussed
in this work). The dispersion relation of the LP/MP
along the bare modes (X}, /photon) are plotted on top
of measured spectra in Fig. [[JC-E. The ITO strip later-
ally confines the optical modes, 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. S23 in the SM) under each section polar-
izes 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 inter-
acts with the same electric field resulting in a Stark-shift
of the exciton, AEx (F) = Xpn(F) — Xpr(0) = —%aFQ,
where alpha is the polarizability, as is seen in Fig. [IB.
This stark-shift of the exciton and thus of the whole
polariton dispersion as well as the polariton dipole mo-

ment can be controlled independently in each section by
the corresponding applied bias. The polariton energies
here after are quoted relative to Xpp,(0) = 1527meV as:
E(|8]) = E(|8]) — Xnn(0), where 3 is the WG-polariton
propagation wavevector.

A schematic description of an experiment, done at
T ~ 5K, is shown in Fig. [[A. The WG-polaritons are in-
jected to right channel ~ 15 microns from the ITO gap,
using a non-resonant pulsed laser (A, = 774nm, pulse
duration 7, = 94 ps, and a repetition rate 200 kH z) and
then propagate towards the two ends of the channel and
couple out through left and right grating couplers.

Figure presents the dispersion of the polaritons
emitted from the left and right grating couplers, taken
at a flat potential, where Fy, = 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 sig-
nificant reflection or loss compared to right movers, as
they experience a continuous potential landscape and an
identical dispersion on both sections, Er(|5]) = EL(|5]).

The situation is modified when a finite Fp, is applied
to the left section: the left LP and MP modes be-
come red-detuned with respect to the right LP and MP
modes, creating a dispersion mismatch for the left movers
Er(|8]) # EL(|8]).- This has an increasingly dramatic
effect on the dynamics as seen in Fig. 2D,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 es-
sentially zero transmission for all states above the corre-
sponding bare exciton energy.

This effect is explained qualitatively in the schematics
in the middle column of Fig. [[C-E: While the polari-
ton dispersion at the right section is unchanged, in the
left section it becomes increasingly red-shifted with in-
creased Fp,, and the polaritons become dipolar [27]. As
a result, the 8 mismatch of the LP modes with a given
energy in the right and left sections increases, creating
an increased discontinuity in S(F) for the left movers at
the intersection between the two sections. This also cre-
ates a discontinuity in the polariton group velocity, v,
where polaritons moving to the left section experience a
sudden decreased vy, i.e., a slow down, in particular for
polaritons with Eg(|8]) ~ Ex(Fr). This discontinuity
results in a decreased LP transmission and an increase in
reflection. Strikingly, left movers with energies Fr(|3])
above Ex(Fp) have no polariton states in the left sec-
tion, 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
Fig[ID,E.

In Fig. [IF-H we plot a constant energy cross-section
of normalized emitted intensity from the left and right
couplers Ip 1 (E = —11meV,|B|). The decrease in the
transmission and increase in reflection with increasing
Fr, can be clearly seen, as well as the mismatch in the
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FIG. 1. Electrically Polarized Polaritons in a split-gate waveguide

(A) Hlustration 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 (Fr/Fr). The polaritons
are injected into the center of the channel, propagate to both directions and couple out through the gratings. (B) The energy
of Xnp as a function of F. The white dots are the numerically calculated exciton energies (see SM), and the dashed black
line is a quadratic fit AEx = —(1/2)aF? with a = 2.6meV/(V?/um?). The black solid line plots the calculated electric
dipole length, (right axis). (C-E) Measured dispersion spectra from the two sides of the channel, for three different values of
AEx(Fr,Fr = 0). The LP/MP fits are plotted with dashed black lines, whereas X, 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 AEx 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(|8]) = —11meV, marked in (C-E) by dotted white lines. The left (right) side corresponds
to the transmission (reflection). The right-most column shows overlaid, normalized cross-section pairs with gray-filled overlaps.

propagation constants S on both sides. The rightmost
column plots the signal from the two sides overlaid, each
normalized by its own integral. The relative shift in 5 and
the decrease in the overlap of the two sides (gray filling)
is clearly seen. When Eg(|3|) lies in the LP-MP gap
there is essentially zero overlap and zero transmission, as
seen in Fig. [TH.

Fig. —C plots the decreasing transmission (T') of 3
different LP energies (integrated over all ), with increas-

ing Stark shift, —AEx (Fy). Remarkably, it agrees well
with the measured overlap between the polariton states
in both sections, as was plotted in Fig. [[F-H. This vali-
dates that the transmission process through the discon-
tinuity is coherent, conserving energy and momentum.
In Fig. —F we present T(Eg) 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
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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 —AEx(Fr), for different energy cuts (E =
—7,—9,—11meV respectively), the transmission (blue sym-
bols) is compared against the overlap of the states in the two
sides of the potential discontinuity (red dots). (D-F) Trans-
mission of the left moving polaritons for different step size
(AEx(Fr) = —5,—8,—11meV 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.

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. BJA, designed to
realize an electrically controlled polariton transistor, and
to demonstrate a blockade and an anti-blockade for a
dilute polariton pulse, utilizing enhanced dipolar inter-
actions of ultra-slow polaritons. The device, 200-micron
long, is divided into three sections: a short 10-micron
section positioned 50-micron from the left grating - "the
gate”, and its two sides - “the channel”. The two chan-
nel sections are held at Fo = 0 at all times, while a field
F¢ under the gate creates a local stark-shift of X ¢:
(AEx = Xpn(Fg) — Xpp(0)). Low-density polariton
pulses, each containing Np =~ 400 polaritons (see SM
for details) are non-resonantly injected through the right
channel section, either 50 or 100 microns away from the

gate section, and then propagate in the two directions.
Here we only consider left movers that pass through the
gate section.

Figure presents the dispersion of the polaritons emit-
ted from the left grating for a flat potential Fz = 0. This
is used as a reference. When the gate is biased, the LP
and MP states in the gate are red-shifted with respect
to those of the channel, as presented in the schematics
of Fig. BC. This electrically-induced discontinuity blocks
the dilute pulse of left movers with energies at the mid-
dle of the LP-MP gap, E = —10.5meV (see white dashed
line), with a maximal extinction ratio > 20dB, limited
only by the measurement SNR. Fig. plots the trans-
mission for polaritons with £ = —10.5meV, as a function
of —AFEx, again displaying an electrical Stark-switch be-
havior for the polaritons, but with an even sharper on-off
switching field, AFg ~ 0.5V/um, due to the well-type
double discontinuity in the effective potential, compared
to the step-shaped single discontinuity in the first de-
vice. Interestingly, the transmission starts to increase
again with a further increase of Fg 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.

Fig. BE shows the spatially resolved spectrum from the
gated device (with AEx(Fg) = —7.5meV). A blocking
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 transmis-
sion through the gate is accompanied by an increase in
emission from the right coupler at the corresponding en-
ergies (red single arrow), indicating that left movers were
at least partially reflected from the gate and became right
movers. The bottom of Fig. shows the group veloc-
ities v§"“(E) of the polaritons under the gate and the
channel respectively, the group velocity is derived from
the derivative of the polariton energy dispersion with re-
spect to the momentum (Eq. S15). While v§ ~ v§ ~ vy,
at low energies, where the LP are photon-like, there is a
growing mismatch at higher energies. Remarkably, at po-
lariton energies approaching the LP-MP gap in the gate,
v? dramatically drops towards the bare Xy velocity vx,
resulting in an extreme slow-down of polaritons under the
gate, as large as vx /vy, ~ 1074 Interestingly, a weak
emission from under the gate (at © ~ —50um) is seen
(marked by the double red arrow) at exactly the energy
range of these ultra-slow dipolaritons. We thus attribute
this emission to ultra-slow dipolaritons which are effec-
tively 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. for
Np =~ 40000, where the transmission signal recovers al-
most fully, even at the energies where it was essentially
zero at low Np. This strongly non-linear transistor-
like behavior is explained in the schematics: As Np in-
creases, the repulsive dipolar interactions of the electri-
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FIG. 3. A dipolariton transistor: strong dipolar interactions of ultra-slow polaritons

(A) Illustration of the second device. The principle of operation is described in B,C, and 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 (Eq4q) induce a blue-shift 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 (z > 100um) of the right movers with a flat potential, bottom
emission (z < —100pm) 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 (z ~ 50um) section shows the emission of the uncoupled exciton under the excitation spot. Attached
below is the calculated group velocity (v, (E)), of the LP in the channel (blue) and the LP/MP in the gate (red). The red area
marks the energy region where vy’ < vgc, and the gate polaritons become ultra-slow. (F) T as a function of AEx(Fg). The
sharp ON-OFF transition of T happens with AFg < 0.5V/um.

down of the polaritons under the gate, vf < Ug, result-
ing in a spatial compression of the polariton pulse, which

for a fixed Np increases ng compared to ng

cally polarized polaritons penetrating under the gate re-
sults in a blue shift AEg; = gqq - ne of the dipolaritons,
where ¢44(F¢) is the dipolar interaction constant [27]
and ng is the polariton density under the gate. This
interaction induced blue-shift screens the red-shift dis-
continuity AEx, until Eg(8) ~ Ec(8). As a result, the
electrical blocking is removed, as the interacting dipo-
laritons overcome the potential well. Importantly, the
interaction-induced screening effects with increasing Np
are strongly enhanced not only by their dipolar nature

[24, 2628, [31] [32, [38], but also by the dramatic slow-

_ Np(E)
ng _/dETp~w~v§(E)

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

(1)
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FIG. 4. Blockade and anti-blockade of a small number of dipolaritons

(A) principle of operation of the polariton blockade and anti-blockade. (B) transmission spectrum of the polaritons with a
constant gate bias (AEx(Np — 0) = —11.7meV) as a function of the density in the gate ne (bottom axis), and Np (top axis).
(C) Two slices of the transmission spectrum at E = —9, —12meV respectively as a function of Np (n¢), showing the blockade
(pink) and anti-blockade (blue) regimes. The slices are marked in B by white dashed lines. .

IV. BLOCKADE AND ANTI-BLOCKADE OF
DIPOLARITONS

Fig. [] demonstrates how our electrically controlled
dipolariton transistor can be utilized to display both a
polariton blockade and an anti-blockade behavior. Fig.
@A presents schematics of a blockade/anti-blockade: first,
the gate is biased such that the MP in the gate over-
laps 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 block-
ing transmission. This is the mechanism identified with
dipolariton blockade. A further increase of Np results in
an even larger interaction-induced blue-shift of the gate,
until full transmission is regained via an LP-LP align-
ment. This part corresponds to an anti-blockade pro-
cess, similar to the facilitation shown for Rydberg atoms
[40]. In fig. we plot the transmission spectrum as
function of n¢ (bottom x-axis, see Eq.(T))) and Np (top
x-axis), measured with a constant F (corresponding to
AE = —12meV at low ng). Here, we observe a clear
blue-shift of the LP-MP gap (white line guides the eye) as
ng increases. The blockade/anti-blockade mechanism is
presented by two fixed energy cross-sections of this map
(marked by the white dashed lines), plotted in [4IC: In
the top panel, the MP in the gate overlap with the LP in
the channel at low Np, resulting in a high transmission.
When Np is increased to only ~ 1000, the T" drops to a
minimum, demonstrating a polariton blockade behavior.
By further increasing Np , T rises again, demonstrating
an anti-blockade behavior. The bottom panel presents

a full anti-blockade behavior by again increasing Np to
only ~ 1000.

B AB
E -9 —11 meV
AEdd 2 3 meV

Ang 28 57 um™2
AN, 1000 1600
n 10 25

T XWw < 2 2 pm-ps

TABLE I. Towards a 2-dipolariton blockade The ta-
ble presents the values extracted from the two transitions
described in figure Ep7 namely the blockade (B) and anti-
blockade (AB). AFEjyq is measured by the energy shift of the
Rabi gap between the markers, measured from Fig. EIB ANp
and Ang are the corresponding difference of the x-axes be-
tween the two markers in Fig. Ep, n is the extracted energy
averaged density compression ratio defined by n = ng/nc.
Tp X w are the corresponding extracted target values needed
to observe a 2-polariton B(AB).

Importantly, based on this demonstration, we estimate
that both polariton blockade and anti-blockade at the
quantum level of only 2-polaritons should be feasible in
such a system. This can be seen from Eq. [1] that suggests
that by further reducing 7, x w by a factor of %, a sim-
ilar ng can be achieved with Np = 2. This implies that
TpXw < 2pm-ps should allow a true 2-polariton blockade
and anti-blockade. The estimates of the relevant values
extracted from our experiment and the projected target
Tp X w are presented in tablem in the current experiments
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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 polar-
ization screening model, Eq. [ (no fitting parameters). For
comparison, the bare contact interaction of non-polar exci-
tons is shown by the dotted blue line. The inset shows the
low-density regime. (B) The density-dependent interaction-
energy blue-shift ratio of the field-induced dipoles to the un-
biased fixed dipoles.

we estimate 7, x w >~ 1100pm - ps. This estimation of Np
and 7, X w is strict and puts an upper bound on n¢g (see
SM for more details). The polariton natural linewidth
vp < 0.3meV (see Fig. S1) Fourier limits the polariton
pulse duration to be > 2.2ps. This in turn implies that
the lateral width of the optical mode should be =~ 1um,
a value that should be easily achieved by standard lithog-
raphy techniques and can safely support guided modes.

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

The density-dependent blue shift of the dipolaritons is
seen nicely by the shift of the LP-MP gap, marked by a
white line in Fig. [4B. A linear fit to the shift of the gap at

low densities: AEqq = gaa(Fc) - ng yields a distinctively
large gaa(AEx = —11.7meV) = 0.7 & 0.2meV - um?, a
value very similar to our previous results [27], confirming
the significant enhancement of dipolariton interactions
over non-polar polaritons or fixed-dipole polaritons [30}
31].

To understand and model this large density-dependent
polariton blue-shift, we suggest a simple dielectric screen-
ing model. The dielectric screening induced by the polar-
ized exciton part of the polariton can be presented by an
effective density-dependent dielectric constant egq(ng).
The dipolar screening reduces the electric field in the
QW, as given by (see full derivation in the SM sec.
IIci1)

Eq =Fg/eqa(ne) = Fo /(1 + Xaa), (2)
where,

_(Nd/vd)-dx_Nd « -
Xdd = — (= 1

eoFa Va

ng o«

€0 Laeo )
Here N; and V; are the number and volume of the in-
duced excitonic dipoles, dx (Fg) = aFg , where « is the
effective polarizability of an exciton. Ly = dx(Fg)/e
is the effective dipole layer thickness in the QW quanti-
zation direction. The reduced field Eg with increased
ng leads to a reduced Stark shift, AEx(Fg,ng) =
—(1/2)aE%, and thus an apparent blueshift,

AEdd(ng) = AEx(Fg,O) - AEX(F(;,ng) =

. Y @
(1+ &ne/L) .

Taking the result up to the first order in ng we get:

1

2 12
o FE

M) Lo

nag, (5)

and we can identify:
gaqa = &*F%/(Leg) = ed(Fg)/eo, (6)

The only parameter to evaluate in this model is . This
can be done by a numerical solution of AEx (Fg). 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 ap-
plied field [26] 41]. Then, we use the variational method
to calculate the changes in binding energy of the exciton
under the same field [42] [43]. Then AEx(Fg,0) is cal-
culated as the sum of the single particle shifts and the
change of the exciton binding energy without any fitting
parameters. Finally, we set « = 2AEx(Fg,0)/F2. A
very good agreement was found between the calculated
AEx(Fg,0) and the experimental results, as shown in

Fig. [[B, yielding:

a=26——1 (7)



and therefore we have:

Fa

Fg = 1V/mn)7 ®)

9aa = ATpeV pm? - (

which for Fg = 2.9V/um of Fig. yields gqq =
137ueV um?.

The prediction of the model is plotted together with AE
extracted from the LP-MP gap energy from Fig. B are
plotted in Fig. [fJA. For comparison, the exchange term,
gong, is also plotted. The model prediction nicely fol-
lows 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 inset). One possible
explanation for the discrepancy is that our model does
not take into account the added screening of the induced
polarization field of all adjacent QWs, which is expected
to be almost constant across the sample, as the sample
thickness is much smaller than the size of the gate. This
means that the effective screening field of all the active
QWs should be almost additive, x4qa — Now Xad, and
thus gga = Now - gdq- In our structure, 8 QWs are es-
sentially in strong coupling with the WG-mode. Setting
an effective QW number Ngow =~ 5, can explain the factor
of ~ 5 in between the measured value and the calculated
value at very low densities.

Remarkably, the effective interaction constant, ggq, of
induced dipoles is different from that of fixed dipoles
(known as the plate capacitor formula), gaq = ed/ege
|44, [45], so

9dd/Jad = €. (9)

For GaAs QWs, this ratio is egqas = 12.4. Fig. [|B)
shows the ratio of the field-induced dipole interac-
tion energy of Eq. [ AFE4 to that of fixed dipoles
AE4; = Jaang, 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, B2]
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 mate-
rials with large dielectric constants. Importantly, this
applies also for polaritons based on interlayer excitons
in TMD heterostructures. It suggests that polaritons
based on quadrupolar excitons that were predicted [40]
and recently discovered [47H51] may be excellent for non-
linear devices due to their field-induced dipole properties.

Finally, we exclude contributions to the interaction-
induced blue shift 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
100pum away from the excitation spot, such a pulsed exci-
tation scheme spatially and temporally separates the po-
laritons from excitons and other free carriers within each
pulse. To prevent pulse-to-pulse memory effects the rep-
etition rate of the laser was selected to be slower than any
long living charges in the system (SM Sec. II). Intra-pulse
exciton accumulation under the gate, where the first po-
laritons arriving at the gate may disassociate or scatter
into excitons that later interact with the rest of the po-
laritons, 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
(~ 120um?), which cannot explain the large observed
blue-shifts 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 2-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 pho-
tons.
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