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ABSTRACT We propose a design of a Y-shaped electrically controlled optical ~ ....r \
switch based on the studies of propagation of an exciton—polariton condensate in
a patterned optical microcavity with an embedded quantum well. The polaritons
are driven by a time-independent force due to the microcavity wedge shape and by

Metal layer

pumping

a time-dependent drag force owing to the interaction of excitons in a quantum !

well and the electric current running in a neighboring quantum well. It is

demonstrated that by applying the drag force one can direct more than 90% of the
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polariton flow toward the desired branch of the switch with no hysteresis. By considering the transient dynamics of the polariton condensate, we estimate

the response speed of the switch as 9.1 GHz. We also propose a design of the polariton switch in a flat microcavity based on the geometrically identical

Y-shaped quantum wells where the polariton flow is only induced by the drag force. The latter setup enables one to design a multiway switch that can act

as an electrically controlled optical transistor with on and off functions. Finally, we performed the simulations for a microcavity with an embedded gapped

graphene layer and demonstrated that in this case the response speed of the switch can be increased up to 14 GHz for the same switch size. The simulations

also show that the energy gap in the quasiparticle spectrum in graphene can be utilized as an additional parameter that controls the propagation of the

signals in the switch.

KEYWORDS: optical circuits - nanostructures - exciton polaritons - drag force - graphene

mental and theoretical efforts were de-

voted to find the optimal ways to tune
the optical properties of semiconductors
and graphene by application of external
electric and magnetic fields. The motivation
of the research in this field lies in the
potential applications for integrated circuits
in optical and quantum computers, for
secure information transfer, and in new light
sources.' One of the promising approaches
is in the use of polaritons, which are a
quantum superposition of cavity photons
and excitons in a nanometer-wide semi-
conductor layer (a quantum well).> "> Since
polaritons are interacting Bose particles, a
polariton gas can transit to a superfluid state
that, under certain conditions, propagates
in a microcavity almost without dissipa-
tion.°~® Because of a small effective mass,
10~* of the free electron mass, the super-
fluid transition occurs at relatively high
temperatures that are comparable with
the room temperature. Polaritons can pro-
pagate in the sample with a speed up to a

In the past decades, substantial experi-
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few percent of the speed of light, which is
much faster than that of electric-field driven
electrons and holes in semiconductors.®
However, one of the main problems to be
solved in actual design of polariton-based
optical devices is in weak response of polari-
tons to an external electric field owing to
their net zero electric charge.

In this paper, we propose a design of
polariton-based, electrically controlled switch,
in which the polariton propagation is con-
trolled by means of a drag force. Recently, it
was shown that the drag caused by an electric
current results in entrainment of polaritons
and in formation of a persistent, directed
polariton current in the microcavity.!"'? The
force is exerted on the exciton component of
polaritons.'® The drag results in generation of
the polariton flux proportional to the driving
electric field E,

j=7vE M

where y is the temperature-dependent drag
coefficient. In addition to the electrically
controlled drag force, the polaritons can also
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be accelerated by a constant, time independent
force, which is caused by the wedge-like shape of the
microcavity.'*'>

In this paper, we propose the polariton switches
of two types. In the first design, the polariton flow in
the switch is produced by a constant force due to the
wedge-like shape of the microcavity whereas the drag
force is utilized to switch the direction of the flow. In
the second design, the polariton flow in the required
direction is only produced by the drag force. In both
cases, the photons propagate in the microcavity, and
the excitons are located in a quantum well (QW)
embedded in the microcavity. Below we describe the
both types of the switches in details.

In the first design, we take advantage of a patterned
microcavity to create a potential-energy landscape for
polaritons in the form of one-dimensional channels, or
“polariton wires”, which are somewhat similar to the
ordinary wires that conduct electrical current. How-
ever, in our case, the wires conduct polaritons and help
one to transport photons to a desired location in the
semiconductor structure. Recently developed experi-
mental techniques, which enable one to produce such
guiding potentials for polaritons, include deposition of
a metal pattern on the Bragg reflectors,'® modulation
of the cavity layer thickness in a mesa structure,'”'
or varying the chemical composition of the structure
during epitaxial growth.' The polariton channels of
complex shape and topology can also be engineered
directly in an air-filled microcavity by creating quasi-
one-dimensional waveguides, or micropillars.2>—23

To design a polariton switch, we utilize a Y-shaped
channel shown in Figure 1. We assume that polaritons
are created at a constant rate by the external laser
pumping at the stem of the channel, and then propa-
gate toward the junction under the action of a constant
force due to the microcavity wedge-like shape. After
reaching the junction, the polariton flow splits be-
tween the two branches. If no drag force is applied to
the polaritons, the flux is distributed equally between
the branches. However, if the drag force is exerted
on the polaritons in the region of the junction in
the direction normal to the stem, the polaritons are
“pushed” toward one branch and hence, the fluxin that
branch increases. Simultaneously, the flux through
another branch decreases due to approximate con-
servation of the total number of polaritons and
in effect, the polariton flux is redistributed between
the branches. The drag force in the junction region is
produced by the electric current running in a neigh-
boring quantum well, which has a form of a stripe
placed in a microcavity perpendicular to the stem of
the channel. Thus, the heterostructure encompasses
two parallel quantum wells, separated by a nanometer-
wide semiconductor or dielectric barrier, placed in an
optical microcavity. We demonstrate below that more
than 90% of the total polariton flux can be dynamically
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Figure 1. (a) Schematic of the wedge-shaped microcavity
formed by two distributed Bragg reflectors (DBR) that
encompasses an embedded quantum well. The excitons
are located in a quantum well (gray) between the reflectors.
Polaritons in the microcavity are formed as a quantum
superposition of excitons and cavity photons. The force F,
is exerted on the polaritons in x-direction owing to a small
opening angle a. = (h, — h,)/L < 1 of the microcavity, where
h, and h, are the microcavity lengths at the opposite edges
and L is the horizontal size of the microcavity. A metal layer
deposited on the upper DBR creates a Y-shaped potential
energy landscape for the polaritons shown in Figure (b). The
maximum depth of the channel formed by the energy
landscape, UM, is defined in the text. The polaritons are
created by an external laser radiation in the stem of the
channel and propagate toward the junction due to the force
F.. A driving electric current | runs perpendicularly to
the stem of the channel in a quantum well (green) located
at the junction at a distance D from the quantum well with
the excitons. The polariton flux j propagates along one
branch of the channel in response to the drag created by the
current. The polariton switch is also considered for the case
where the quantum well is changed to a gapped graphene
layer.

redistributed between the branches for realistically
achievable drag forces.

The second type of the polariton switch is based on
a flat microcavity where the mirrors are parallel to
each other. In this design, the excitons are located in
a Y-shaped semiconductor quantum well, see Figure 2.
The neighboring current-carrying quantum well is
geometrically identical to this structure. In contrast
to the switch of the first type described above, in this
design we do not use the patterned microcavity. Instead,
the polaritons are guided by the Y-shaped structure. The
electric current in the quantum well is generated by the
external voltage. The drag force exerted on the cavity
polaritons by the electric current is directed parallel to
the channel and induces the polariton flow along one
of the branches. The polariton flow is redistributed
between the branches in response to switching electric
voltage applied to the current-carrying quantum well.
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Figure 2. Schematic of the polariton switch where the
polariton flux in a flat microcavity is induced by the drag
due to an electric current running in the circuit. Both the
current-carrying quantum well and the quantum well con-
taining the excitons have identical geometrical Y shape and
are positioned parallel to each other. The diffraction Bragg
reflectors are positioned parallel to the quantum wells and
the quantum well and are not shown. The position of switch
S controls the direction of the polariton flow.

The advantage of this design is 2-fold. First, it enables
one to reverse the polarity of the driving voltage and, in
effect, to apply the drag force that “pushes” the polar-
itons toward the excitation spot. In this case, the polar-
iton flow in the channel is not formed. Thus, this design
allows one to realize a three-way switch that enables
one not only to redistribute the photons between the
branches but also to block the photon propagation. The
proposed design can be used as an electrically controlled
optical transistor, which can block the photon propaga-
tion in response to the external signals. Second, this
design can also potentially be extended to more com-
plicated topology with three and more output channels
to create a multistate optical switch.

Optical transistors are now under active considera-
tion, including those controlled by electric or optical
signals.?*~?” Recently, an electrically controlled diode
has been designed based on the optical bistability in a
GaAs-based microcavity.”® In that setup, the regimes of
weak and strong exciton-photon coupling were rever-
sibly switched by applying an external, controlling
electric field. The off-to-on ratio of the transmitted
signal of the diode varied from 1/5 to 1/10 depending
on the bias voltage,®® which is close to that in our
design. Similar off-to-on ratio in the signal was demon-
strated for all-optical transistors.® However, in contrast
to the electrically controlled diode,?® our design does
not show the hysteresis between the states and thus, it
is suited as a switching element in integrated circuits.
Specifically, the electrically controlled optical switch
can be utilized a routing element that conjunct the
optical circuits with the peripheral electronics.

The energy consumption of a device is a parameter
important for its practical use in integrated circuits. One
can estimate the Joule heat released on the proposed
device under relevant experimental conditions. The
experiments relevant to the electron—hole Coulomb
drag effect have been performed for GaAs/AlGaAs
quantum wells.>*3° In these measurements, the simple
bar mesas were fabricated with the width w = 40 um
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and length / = 400 um; the thickness of the quantum
wells was 20 nm;*° the separation between quantum
wells in the samples was D = 20 or 30 nm.>° The applied
dc driving current was less than / = 1 nA3° The heat
P released per unit time from GaAs/AlGaAs coupled
quantum wells due to Coulomb drag is estimated as P =
I(Varag + Vied, Where Vyrag = lparagl/w is the drag voltage
across the quantum well with the dragged quasiparti-
cles, parag is the drag resistivity,”® Vi, = lp,l/w is the
voltage across the quantum well that carries the driving
current, and p,, is the resistivity of GaAs quantum well.
At T=3Kand the carrier density n,, =6 x 10" m 2 the
measurements gave py = 0.1 Q and pgrag = 0.5 Q.2
Thus, the estimate of the heat released per unit
time from GaAs/AlGaAs coupled quantum wells due
to Coulomb drag gives P = 6 x 10 '® W, which is
much lower than P ~ 1078 W per transistor in modern
computer microchips.

In our design, the quantum wells containing the
excitons can be fabricated by using a number of
materials, including GaAs,3>*® CdTe* WSe,>*® and
gapped graphene 337 In this paper, we focus on GaAs
quantum wells since this material is widely used in the
practical design and fabrication of optical cavities.**°
We also performed the simulations for a microcavity
with an embedded gapped graphene layer and com-
pare the results with those for a microcavity with
an embedded GaAs quantum well. Superfluidity of
an exciton—polariton condensate has recently been
considered for microcavities with embedded gapped
graphene.® The advantage of gapped graphene is
in the possibility of tuning the mass and the sound
velocity in the spectrum of quasiparticles by changing
the energy gap between the valence and conduction
bands*® and through that to optimize the performance
of the system. The energy gap in graphene can be
created and changed in a wide range by applying
the external electric field.*' ~** Another advantage of
considering excitons in a graphene layer is in the
absence of the fluctuations of the width due to the
fact that graphene is a two-dimensional one atomically
thin layer. Thus, the use of graphene can help to avoid
difficulties related to scattering of the polaritons
on structural defects in the microcavities. Additionally,
the drag in graphene dominates in a wide range of
temperatures.*

RESULTS AND DISCUSSION

Electrically Controlled Optical Switch in a Wedge-Shaped
Microcavity. We study propagation of the polariton
condensate in a patterned microcavity by numerically
integrating the nonequilibrium Gross—Pitaevskii equa-
tion for the wave function W(r, t) of the polariton
condensate in the microcavity. (Here, r = (x, y) is a
two-dimensional vector in the plane of the microcavity,
and t is time.) The model is described in detail in
the Methodology section. Specifically, we determine
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the conditions that enable one to control the polariton
spreading in a potential landscape.

The layered semiconductor structure considered
in this section is shown in Figure 1a. The excitons
are positioned in the quantum well embedded in the
microcavity. The free electrons are located in the
neighboring, parallel quantum well that has a form
of a stripe and placed at the junction of the Y-shaped
channel perpendicularly to the channel stem. In the
simulations, we used the value of the drag coefficient
y corresponding to the distance between the quantum
well and the stripe equal D = 17.5 nm."" The decrease
of the distance D results in rising drag and thus in
stronger entrainment of the polariton quasiparticles
by the driving electric current. The heterostructure
is placed between two high-quality multilayer mirrors
(distributed Bragg reflectors, or DBR). Figure 1b de-
monstrates the Y-shaped potential-energy landscape
for the polaritons due to patterning of the microcavity.
The reflectors form a wedge opened toward the
positive direction of the x-axis (that is, to the right in
Figure 1) that results in a constant force exerted on the
polaritons in a microcavity, as explained in Methodol-
ogy. In the simulation, we vary the constant force F, in
the range from 0.5 to 19 meV/mm that corresponds to
the representative experimental values.'*'® The polar-
itons are created by an external laser radiation in
the region of the stem. In what follows, an excitation
spot has a Gaussian profile with a full width at half-
maximum (fwhm) of 65 um, centered in the stem part
of the channel at r = (250, 250) um.

The effect of patterning on the polariton conden-
sate propagation in a microcavity with an embedded
GaAs quantum well is shown in Figure 3. In the
simulations, the maximum depth of the confining
potential that forms the channel is set equal
UmaY — _1 eV. It is seen in Figure 3a that without
the pattern (that is, without the confining potential in
the (x, y) plane), a polariton condensate driven by the
constant force F, forms a wide trail in the direction of
the force with the length >400 um. At large distances
from the excitation spot the condensate density
decreases due to the finite lifetime of polaritons. The
propagation of the condensate under the same con-
ditions in the presence of a Y-shaped pattern is shown
in Figure 3b. As is seen in this figure, the polariton flow
propagating in the patterned microcavity is localized in
the channel formed by the pattern. In the region of the
junction x &~ 500 um, the polariton condensate flow
splits between the “upper” and “lower” branches of the
Y-channel. The polariton density in the channel at the
distance x ~ 600 um from the source is significantly
higher than that in the microcavity without the chan-
nel (cf. Figure 3a and b). The increase of the polariton
density is caused by the confining potential that
prevents the polariton flow from spreading in the
(x, y) plane.
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Figure 3. Propagation of the polariton condensate in a
wedge-shaped microcavity with an embedded GaAs quan-
tum well (a) without and (b) with the pattern deposited on the
Bragg reflectors. The constant force acting on the polaritons
in the x-direction owing to the wedge is F, = 13 meV/mm. The
color bar shows the polariton density n = |W(r, t)|2. The figure
shows the steady state reached after the polariton source is
turned on. The polariton flux splits between the upper and
lower branches of the channel in (b). Red arrows show the
direction of the polariton flow.
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Figure 4. (a) Redistribution of the polariton flux between
the upper and lower branches of the channel in response to
the driving drag force Fy.q in the region of the junction. The
boundaries of a current-carrying quantum well 400 um < x <
600 «m, in which the drag force is exerted on the polaritons,
are shown by vertical dashed lines. The cross-section of the
branches, at which the polariton flux Jin eq 2 is determined,
is labeled as x;. (b) Dependence of the polariton flux in the
upper J, and lower Ji,,, branches on time after the polar-
iton source is turned on. The transient oscillations last for
t ~ 200 ps after the source is switched on, and then the
system reaches a steady state. The simulations are done
for a wedge-shaped microcavity with an embedded GaAs
quantum well.

To probe the effect of the drag force on the
polariton flow, in addition to the constant force F, we
applied the force Fyag in a stripe directed in y-direction
in the region of the junction. In Figure 4a the area
400 um < x < 600 um, in which the drag force Fy.q is
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exerted, is bounded by the dashed lines. We found in
the simulations that, due to the drag, the polaritons
tend to propagate in the channel in the direction of the
drag force Fyrag and therefore, they mostly move in the
upper branch of the channel in Figure 4a. To character-
ize the redistribution of the polaritons between the
upper and lower branches we calculated the total
polariton flux propagating in the branch,

J= /‘dev(r, ) )

where j(r, t) = j(r, t)-v is the component of the
polariton flux density parallel to the channel, v is a unit
vector along the branch, and
. h
jirt) = %(W*(r, HVW(r, t) — W(r, ) VP*(r, t)) (3)
is the flux density.*> We integrate in eq 2 over the
cross section of the branch. The flux J was calculated at
X =X, =700 um, that is, at a distance from the junction
much larger than the width of the channel ac, ~ 60 um.
Figure 4b shows the dependencies of the total
polariton flux trough the upper (red curve) and lower
(blue curve) branches as functions of time t in a micro-
cavity with GaAs quantum well in the presence of the
drag force Fyag = 4 meV/mm. The polariton source is
turned on at the moment t = 0. According to the results
shown in Figure 4b, the polaritons reach the point x; at
t ~ 60 ps after the source is turned on. During the time
interval 60 ps < t < 200 ps the polariton flux exhibits
transient oscillations, and then tends to a constant
value att = 200 ps. As it follows from Figure 4b, the flux
through the upper branch of the channel in the steady
state is J &~ 2.2 x 10" s, which is ~4.1x larger than
that through the lower branch. Therefore, the polariton
flow is redistributed among the branches in response
to the drag force owing to the external, driving electric
current. To quantify the redistribution of the polariton
flux in the channel, we studied the dependence of the
flux J on the drag force Fypag. It is shown in Figure 5 (left
scale) that the flux in the upper branch, J,,, gradually
increases with the rise of the drag force Fyy,4. Iniits turn,
the flux through the lower branch, Ji,\,, decreases thus,
the total flux Jior = Jup + Jiow remains approximately
constant. To more fully characterize the performance
of the system, we determined the fraction of the polar-
iton flux propagating in the upper branch as follows,

Q= (Jup/JtOt) X 100% (4)

The dependence of the fraction Q on the drag force Fyrag
for the data on the left scale of Figure 5 is shown on the
right scale in the same figure. It is seen that up to 79.2%
of the polariton flux propagates in the upper channel
whereas only 20.8% of the flux propagates along the
lower channel for the drag force Fgrag = 4 meV/mm.

To study the effects of the channel depth on the
performance of the system, we simulated the polariton
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Figure 5. Redistribution of the polariton flux between the
upper branch, J,; (red points), and lower branch, J,,, (blue
points), in response to the driving drag force Fg,4 is shown
on the left scale. The polaritons fluxes in the upper and
lower channel are determined at the cross-section labeled
as x; in Figure 4a in a steady state after the transient
oscillations damped. The dashed lines are shown to guide
the eye. The right scale shows the fraction of the total
polariton flux Q (green open squares) directed toward the
upper branch, as defined in eq 4. The simulations are made
for a wedge-shaped microcavity with an embedded GaAs
quantum well with F, = 13 meV/mm.
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Figure 6. Redistribution of the polariton flux in the shallow
channel in a wedge-shaped microcavity with an embedded
GaAs quantum well. In these simulations, the maximum
channel energy depth is set equal UT2 = —0.25 eV, which is
four times smaller by absolute value than in other simula-
tions. The inset shows the steady-state polariton distribu-
tion in the channel where the drag force F;,g =6 meV/mmis
applied at the junction. The color bar shows the polariton
density. The main plot shows the fraction of the polariton
flux running in the upper brach of the shallow channel as a
function of Fg..g. Points present the results of the simula-
tions; the dashed line is shown to guide the eye. It is seen
that the performance Q > 90% can be reached for Fy.g =
6 meV/mm.

flow in the patterned microcavity with GaAs quantum
well for different maximum channel depths U2
varied from —1 to —0.25 eV. We found that the
performance of the system only weakly depends on
the channel depth in this region of parameters. The
results of the simulations for a “shallow” channel with
Ulma) = _0.25 eV are shown in Figure 6. It is seen in
Figure 6 that as much as 93% of the total polariton flux
is redistributed toward the upper branch if the drag
force Fyrag = 6 meV/mm is applied to the system.

To better understand the effects of the system
size on the system performance we determined the
dependence of Q on the drag force Fg,.q and on the
constant force F, for a sample, which is twice smaller
than that in the above studies. In these simulations,
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Figure 7. Performance Q of the system for a twice smaller
sample. The simulations are made for a wedge-shaped
microcavity with an embedded GaAs quantum well. The
main plot shows the dependence of Q on the constant
accelerating force F, for fixed drag force Fgag = 2 meV/mm.
The inset shows the dependence of Q on Fg,,4 for F, =
9 meV/mm. The points show the results of the simulations,
the lines are shown to guide the eye. It is seen that the
performance Q ~ 90% can be reached in a smaller sample
for lower F, force.

all geometrical sizes of the channel were reduced twice
including the total channel length, the channel width,
and the width of the current-carrying quantum well.
The polariton fluxes J,, and Jio\, in the upper and lower
channels were determined at the cross-section x;
positioned at the distance of 100 um from the junction,
to keep the same distance-to-channel width ratio.
However, to avoid the effects related to the numerical
accuracy, we kept the numerical box size the same as in
the previous simulations.

We found that in the small channel, high-enough
performance Q can be reached for smaller drag forces
Farag- The system demonstrates the increase of the
fraction Q from 55.6 to 83.7% when Fy,q varies from
0.5 to 2 meV/mm at fixed F, = 9 meV/mm, as is shown
in the inset in Figure 7. On the other hand, the fraction
of the polaritons in the upper channel gradually de-
creases from 87.3 to 61.0% with the increase of the
constant force F, from 6 to 19 meV/mm for fixed Fgrag =
2 meV/mm (see the main plot in Figure 7). This can be
understood as follows. For small F,, the acceleration of
the polaritons due to the microcavity wedge shape
is small and hence, the polariton flow velocities at the
junction are relatively low. Thus, even a small drag
force can effectively redistribute the polariton flux
between the channels. At high F,, the polariton velocity
at the junction increases and the effectiveness of the
system for small drags drops. Thus, there is an opti-
mum set of parameters (F,, Farag) that provides the
maximum performance Q of the system.

In all simulations above, we studied the polariton
flow in a patterned microcavity with an embedded
GaAs quantum well. To understand the effects of
the material properties on the polariton dynamics,
we also simulated the flow of a polariton condensate
in a microcavity with an embedded graphene layer.
The parameters are detailed in the Methodology
section. For an embedded gapped graphene layer,
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Figure 8. (a) Redistribution of the polariton flux between
the upper and lower branches in response to the magnitude
of the driving drag force Fy.g in a microcavity with an
embedded gapped graphene layer. The polariton fluxes in
the upper and lower branches, J,;, and Ji,,,, are determined
at the cross-section with the same x-coordinate (x,) as for
the microcavity with GaAs quantum well. (b) Performance of
the system Q, eq 4, as a function of the energy gap in
graphene. It is seen that up to 77% of polaritons are
propagating through the upper channel if the drag force
Farag = 4 meV/mm is applied at the junction.

the polariton mass and the speed of sound in the
condensate can be tuned by changing the energy gap
in the quasiparticle excitation spectrum o. The redis-
tribution of the polariton flux in a “large” channel
(identical to that in Figure 3) is shown in Figure 8a for
the energy gap 6 = 0.3 eV. It is seen that the response
of the system to the applied drag force is similar to
that for an embedded GaAs quantum well (cf. Figure 5).
We studied the dependence of the polariton fraction Q
in the upper channel on the energy gap 6 keeping
the forces F, and Fgr.g fixed. In these simulations, we
varied the gap 6 from 0.1 to 0.5 eV that corresponds to
the experimentally accessible range.*' =3¢ It is shown
in Figure 8b that the performance of the system grows
with the increase of the energy gap d, and it reaches
~77% for the maximum gap 6 = 0.5 eV. Thus, a
patterned microcavity with an embedded graphene
layer at high energy gap ~0.5 eV demonstrates the
performance comparable with that for a microcavity
with an embedded GaAs quantum well.

Finally, to estimate the response speed of the
system, we studied the transient dynamics of a polar-
iton condensate in the channel when the direction of
the driving current is inverted. The main plot in Figure 9
shows the obtained results for a microcavity with
GaAs quantum well. In these simulations, we waited
for t = 273 ps after the pumping was turned on until
the system reached an equilibrium in the presence of a
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400 500
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Figure 9. Main plot: Response of the system to switching
direction of the drag force in a microcavity with an em-
bedded GaAs quantum well. The drag is directed toward the
upper channel at t < t, = 273 ps after the source is turned on;
the polaritons mostly propagate via the upper branch. The
direction of the drag is changed to opposite at t = t,, and
then the transient oscillations of the polariton flux occur for
~110 ps. After the oscillations are damped, most of polar-
itons propagate via the lower branch. The red curve shows
the time dependence of the polariton flux in the upper
branch, and the blue curve shows the same dependence
in the lower branch. The simulations are made for F, =
13 meV/mm and Fqr.g = 4 meV/mm. The inset shows the
same dependence calculated for a microcavity with an
embedded graphene layer with the energy gap 0 = 0.5 eV.
In this case, t, = 180 ps and the transient oscillations last for
~70 ps after the direction of the drag was changed.

drag force. In this steady state, the polaritons mostly
propagated in the upper channel, in accordance with
our previous consideration. At t = to = 273 ps, we
changed the direction of the drag force to opposite.
Since the drag force now pushes the polaritons down
in the junction area, the polaritons tend to propagate
via the lower channel, whereas the flux through the
upper channel decreases. After the transient oscilla-
tions were damped, the system came to a new equi-
librium state where most of the polaritons propagated
through the lower channel. The spike on the curves at
t ~ 300 ps is caused by the arrival of the precursor wave,
which is the shock-like disturbance of the polariton
condensate density propagating with a sound velocity
from the region of the junction. According to Figure 9
(main plot), the characteristic switching time of the
system between the two states where the polaritons
propagate via the upper and lower branches is t, ~
110 ps. This means that the maximum switch frequency
for this junction can reach = t;,) ~ 9.1 GHz at the given
linear size of the system. The inset in Figure 9 shows the
same dependence as in the main plot, but calculated
for a microcavity with gapped graphene at 6 = 0.5 eV.
In this case, the moment at which the direction of the
dragis reversed is to = 180 ps. It is seen that the transient
oscillations in the microcavity with graphene are
damped after ty,, ~ 70 ps. Thus, the maximum switch
frequency for the switch with graphene can reach
f &~ 14 GHz at the given linear size of the system. The
higher response speed for a microcavity with graphene
is caused by lower effective mass (and hence, higher
mobility) of polaritons.

BERMAN ET AL.

Polariton Switch in a Flat Microcavity. We now consider
another design of the polariton switch based on the
drag effect. In this case, the reflectors are parallel to
each other. In such a “flat” microcavity the only force
acting on the polaritons is the drag force due to the
interactions with the current. Flat microcavities are
widely used in the studies of exciton polaritons in
semiconductor heterostructures.>®3?

In this design, the microcavity has no decoration.
The Y-shaped channel is formed by the stripes made of
semiconductor quantum wells or gapped graphene.*’
While the design of a nanojunction of the graphene
stripes is technologically challenging, the possibility
of fabrication of a junction of graphene stripes with
help of the covalent functionalization has recently
been proposed.*® We note that the utility of electric
splitters based on graphene structures has recently
been discussed in the literature.*® The current-carrying
quantum well is now also Y-shaped; that is, its shape is
identical to the channel shape. Similarly to the design
above, the excitons in the quantum well or gapped
graphene structure are excited due to the laser pump-
ing at the stem of the channel. The main concept is
schematically illustrated in Figure 2.

The voltage V is applied across the electron quan-
tum well between the stem and one of the branches.
The polaritons are formed by excitons and cavity
photons and are dragged by the electron current in
the electron quantum well along one of the branches.
The direction of the electric current and, hence, of the
polariton flux is defined by the electric switch S (see
Figure 2). If the switch S is closed in position A then,
the electric current in the electron quantum well runs
along the upper branch. Because of the drag effect
caused by the interactions between the excitons and
the electrons,'"""? the electron current induces the flow
of polariton quasiparticles in the cavity along the upper
branch. Then, if the switch is closed in position B, the
flow of polariton quasiparticles propagates along
the lower branch. Thus, the path of the polaritons in
the Y-shaped channel can be dynamically changed by
changing the position of the switch S.

The switch can also be completely locked by closing
both positions A and B and changing the polarity of the
driving source V. In this case, the electron current (and
hence, the drag force) is directed toward the stem and
prevents the polaritons from spreading in the channel.
As a result, the polaritons are localized in the region
of the excitation spot in the stem, and the switch is
locked.

The flux density j of the polariton superfluid in the
channel is given by eq 1. For the polaritons velocities
smaller than the speed of sound ¢, in the polariton
superfluid, the polariton flux density can be found as
follows'?

j=nv = yE (5)
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where n,, is the density of the normal component in
the polariton subsystem formed by the quasiparticles,
and v is the average velocity of the dragged polariton
quasiparticles. Estimating the magnitude of the
electric field as |E| = V/L, where V is the voltage across
the channel and L is the length of the channel, one
obtains for the magnitude of the averaged polariton
velocity

v =" (6)

The time t, required for a quasiparticle to propagate
across the channel, is estimated as
t=£ = n”—LZ (7)

v yv

In the relevant parameter range (see Methodology),
eq 7 gives the estimate t ~ 49 ps for the polariton
propagation time in the channel of the total length
L = 30 um with GaAs quantum well for the voltage
V = 8 mV. The average velocity of the polariton
quasiparticles calculated from eq 6 in this case is v ~
6.1 x 10° m/s, which is smaller than the sound velocity
in the polariton superfluid ¢, = 7.4 x 10°> m/s. Therefore,
the breakdown of superfluidity in the system does not
occur.® For a shorter channel of length L = 10 um, the
polariton propagation time is reduced to t = 15 ps
and the velocity is v ~ 6.9 x 10° m/s for the voltage
V=3 mV.For higher voltage V=5 mV, the propagation
time becomes as short as 9 ps; however, the polariton
velocity v = 1.1 x 10° m/s exceeds the sound velocity
¢s; thus, the superfluidity breakdown should occur
under these conditions.® In this case, the polariton
flow at low densities can be seen as a propagation of
a normal polariton gas along the channel.

In the case of a microcavity with embedded gra-
phene with the energy gap d = 0.2 eV, the sound
velocity is increased to ¢, = 2.6 x 10° m/s. For a 30 um-
long channel and V = 7 meV the propagation time is
35 ps, and the average polariton velocity is 8.7 x 10° m/s.
For graphene with 0 = 0.5 eV, one has ¢, = 7.3 x 10° m/s,
which is similar to that in a condensate in a GaAs-
based microcavity. For the same parameters L = 30 um
and V = 7 meV, one obtains t = 43 ps and v = 7.0 X
10° m/s that again lies in the experimentally accessible
range.

From the above estimates it follows that polaritons
with the lifetime 7 ~ 50 ps can be utilized to design the
switch. The most favorable conditions for the observa-
tion of the superfluid polariton flow in the channel
can be achieved at high polariton densities n, that is,
at relatively high sound velocities ¢, o< v/n.

CONCLUSIONS

In the above studies we considered two designs of
an electrically controlled optical switch. In both cases,
we focused on the propagation of polaritons, which
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are a quantum superposition of cavity photons and
excitons. A significant challenge is designing a
system where the direction of the polariton flow is
controlled by means of the electrical current since
both photons and excitons are electrically neutral.
In our studies, to control the polariton propagation
we utilize the drag effect, which is the entrainment of
polaritons by an electric current running in the neigh-
boring quantum well. Recently, the drag of polaritons
by the electric current in an unrestricted planar
microcavity has been considered theoretically. In the
above studies, we utilize this approach to design the
nanostructures, in which the polaritons are localized
in a circuit made by quasi-one-dimensional polariton
wires.

In the first setup, the polaritons propagate in the
Y-shaped channel due to a constant force created in a
wedge-shaped microcavity. In this case, the controlling
drag force is directed perpendicularly to the direction
of the stem of the channel and it pushes the polaritons
in one of the two branches. Changes in the direction
of the electric current results in switching of the path in
which the polaritons propagate.

In the second setup, the polaritons in a flat micro-
cavity are considered. In this case, the constant force
is absent and the polaritons are only dragged by an
electric current running in a Y-shaped quantum well.
The latter setup is more technologically challenging,
mostly due to the requirement of a high-quality
junction, however, this scheme provides additional
advantages for the polariton flow control. Specifically,
the magnitude of the polariton flow can be tuned by
setting the voltage across the channel to a given value.
In both designs, the propagation of polariton conden-
sate in a microcavity with embedded graphene
with the energy gap 6 = 0.5 eV is similar to that in a
microcavity with a GaAs quantum well. Therefore, our
simulations demonstrate that the performances of
the system with gapped graphene and with a GaAs
quantum well are close to each other. However, due to
small effective mass of the quasiparticles in gapped
graphene, the response speed for the switch with an
embedded graphene is about 1.5 x higher that that for
a microcavity with a GaAs quantum well. We suggest
that faster response speed of the switches with gra-
phene might be one of the factors that will stimulate
the investigations in this direction.

The simulations are done for polaritons with the
lifetime 7 = 100 ps. Such long-lifetime polaritons have
recently been obtained in GaAs-based microcavities.”
However, our estimates show that polaritons with the
lifetime 7 ~ 50 ps can also be utilized in the proposed
switches.

The optical switches with microcavity polariton con-
densate can be applied as a basic element of optical
logic circuits.?* 7 The setup that we proposed in this
paper improves the flexibility of the device functions
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since it can be used as a standard optical transistor with
on and off functions as well as a two- or multiway

METHODOLOGY

The dynamics of the polariton condensate were captured via
the nonequilibrium Gross-Pitaevskii equation for the conden-
sate wave function W(r, t)>°

2
wIPOO R w04 vt oW
ot 2m
+ gW(r, W, > — gwm t) +iP(r) ®)

where m is the polariton mass, r = (x, y) is a two-dimensional
vector in the plane of the microcavity, t is time, g is the
polariton—polariton interaction strength, 7 is the polariton life-
time, and the source terms P(r) describes incoherent laser
pumping of the polariton reservoir. In our simulations, we set
7 =100 ps."”

The effective potential for the polaritons

UK, £) = Uconf(r) + Uw(r) + Uex(r, 1) + Udrag (r, t) )

is the sum of the confining potential owing to microcavity
patterning Ucon(r), @ linear potential corresponding to a con-
stant accelerating force in a wedge-shaped microcavity U,,(r),
the interactions of polaritons with a cloud of uncoupled ex-
citons created by the laser radiation Ue(r, t), and a time-
dependent drag potential Ugng(r, t) caused by the driving
electric current. The confining potential U.on¢(r) that forms the
Y-shaped channel is shown in Figure 1b. We varied the depth of
the channel compared to zero value outside the waveguide
from U2 = —1 to —0.25 eV.'®""® Account of the interactions
of polaritons with the excitons is important for the polariton
dynamics.50 The respective potential Uel(r, t) was set in a
Gaussian form with fwhm of 65 um and height of 5 meV. The
average force acting upon a polariton wave packet in a wedge-
shaped microcavity is F(r) = —VEc(r), where Ec(r) is the energy
of the polariton band taken at the in-plane wavevector of the
polariton k = 0."*'> For the wedge-like microcavity considered
in this paper, the energy Ec(r) is a linear function of the spatial
coordinate thus, the force is coordinate-independent. The
corresponding potential is

Uw(r) = —Fxx (10)

where F, = |dE(r)/dx|, and we suppose that the force is applied
in x-direction, along the stem of the Y-shaped channel.

The potential that represents the drag force in y-direction is
taken equal

Udrag rt) = *Fdrag(t)y (11)

in a stripe 400 um < x < 600 um and Ugrag(r, t) = 0 otherwise.
The drag force exerted on polaritons by charges moving in a
neighboring quantum well is estimated in the t-approximation
as

E(¢
Farg(t) — P — MVE@)
Tp NTp

(12)

where (p) is the average gain of the linear momentum of
polaritons owing to the drag, 7, is the polariton momentum
relaxation time, E(t) is a time-dependent electric field applied in
the plane of the quantum well with free electrons,

 3E@)stksT)?

13
2k’ cm 3

n

is the density of the normal component in a polariton
superfluid,®’ £(3) & 1.202 is the Riemann zeta function, s = 4
is the spin degeneracy factor, kg is the Boltzmann constant,
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router that directs the optical signals to the ultimate
destination.

T is temperature, and ¢, = (gn/m)”2 is the sound velocity in the

spectrum of collective excitations in the polaritonic system.
The polariton effective mass is>

m = 2(mg!+clc/Verh) ™! (14)

where my, is the exciton effective mass, L¢ is the length of the
microcavity, ¢ is the dielectric constant of the microcavity, and ¢
is the speed of light in vacuum. In the simulations for a GaAs-
based microcavity, we set € = 13 and Mgy = Mo + My, = 0.24my,
where m. = 0.07my and my, = 0.17m, are the electron and hole
effective masses, respectively, and myq is the free electron mass.
We consider the case of zero detuning where the cavity photons
and the excitons are in the resonance at k = 0. In this case, the
length of the microcavity is>2

whc
\/‘E(Eband - Ebinding)

where where Ep,ng is the band gap energy and Epinging is the
binding energy of a 2D exciton. In GaAs/AlGaAs quantum wells
we set Epang = 1.51 eV and Epinging = 7 meV.>

Formation of the excitons in graphene requires a gap in the
electron and hole excitation spectra, which can be created and
dynamically tuned by applying an external electric field in the
direction normal to the graphene layer.*' = The gap can also
be opened by chemical doping of graphene.*® The polariton
mass m and the interaction strength g in gapped graphene
depend on the energy gap 0. For the gapped graphene one has
Epand = 20 and Epinging = Vo — C/6°, that results in the following®

Lc = (15)

mhc
Ve — Vo +C/6%)

where V, = e¥/4meeyr’, C = (heve)?/8meeor’, e is the absolute
value of the electron charge, ¢, is the permittivity of free space,
and vg ~ 10° m/s is the Fermi-velocity of the electrons in
graphene. The parameter ' is found from the equation

Le = (16)

20220 —hw)r® —2g0°r? +qhve)? = 0 (17)

where g = e*/4mee,. For dipolar excitons in GaAs/AlGaAs
coupled quantum wells, the energy of the recombination peak
is hwo = 1.61 eV.>* We expect similar photon energies in
graphene. However, its exact value depends on the graphene
dielectric environment and substrate properties. The exciton
effective mass in gapped graphene is®

_ 2
Cv2

The polariton—polariton interaction strength is>

Mex (18)

2
~ 3e‘ag

= 19
8mege (19)

where ag = 277eoeh?/m,e? is the two-dimensional Bohr radius of
the exciton and m; is the exciton reduced mass. For GaAs/
AlGaAs quantum wells we set m, = memy/(me + my,). The exciton
reduced mass in gapped graphene was set equal m, = (1/4)m,.”

Following ref 12 it is easy to obtain that the drag coefficient y’
in graphene is connected with the drag coefficient y in a GaAs
quantum well via the following equation

e—1\%,
! — eZ —Z
v r(E2)
where z = gn/kgT, and the parameters that relate to graphene
are marked with prime.

By taking the polariton condensate density n = 10'* m
the separation between GaAs quantum wells D = 17.5 nm,

(20)

-2
v
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the drag coefficient y =6 x 10'® (Vs)™' and the relaxation time
T, =6 X 10~"" s as representative parameters for temperature
T=10K,">*°~>8 from eqs 12—15 and 19 one obtains n, = 2.6 x
10" m™" and the drag force Fy;,g = 0.17—8.3 meV/mm for the
working range of electric fields £ = 0.01—0.5 V/mm. For the
structure that encompasses a gapped graphene layer we expect
similar 7,. For graphene at 6 = 0.2 eV and D = 17.5 nm,
eqs 12—14 and 16—20 give n, = 3.5 x 10" m™', »/ =13 x
10'® (Vs)"" and Fyyaq = 0.13—6.6 meV/mm for the same range of
electric fields E = 0.01—0.5 V/mm. For graphene at 6 = 0.5 eV,
one obtains n, = 3.5 x 103 m™, Y =11x 10" (Vs) " and the
drag force Fgrag = 0.17—8.3 meV/mm for the same range of
electric fields and D. We restrict our consideration to the
case where the response of the system to the drag is linear
(cf. Figures 5 and 8a), and hence, eq 1 is applicable.

The numerical code we devised for the simulations is avail-
able for researchers upon request.
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