RAPID COMMUNICATIONS

PHYSICAL REVIEW B 91, 081404(R) (2015)

Optical bistability in electrically driven polariton condensates
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We observe a bistability in an electrically driven polariton condensate, which is manifested by a memory
dependent threshold characteristic. In contrast to the polariton bistabilities previously observed in resonantly
optically pumped microcavities, our effect occurs under nonresonant electric pumping and is triggered by the
current injection scheme. We explain the origin of the bistability by a dependence of the electron-hole tunneling
lifetime on the carrier density in the embedded quantum wells. The field screening effect creates a positive
feedback loop, which yields the bistable behavior of the condensate. We develop a rate-equation-based model
which qualitatively explains the occurrence of the hysteresis under current injection, its reduction with increased
magnetic field, and the absence of bistability under optical pumping.
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Introduction. Exciton polaritons evolve in semiconductor
microcavities as the result of strong coupling of optical and
matter modes [1]. Being low-mass bosons, they manifest
quantum coherent properties at temperatures ranging between
tens of Kelvin in GaAs and CdTe-based structures [2,3]
and room temperature in wide-band-gap materials, such as
GaN-based compounds, ZnO, and organic semiconductors
[4-7]. Due to polariton condensation, the microcavity becomes
a source of coherent emission, which was first predicted in
Ref. [8].

Rather conveniently, polariton condensates can be gener-
ated optically [2,3], and electrical injection of polaritons in
GaAs-based microcavities has also been demonstrated [9,10].
It is in particular the latter scheme which provides an entirely
different platform for practical polariton devices, ranging from
light sources with low power consumption to electrically
controlled integrated circuits.

Such photonic architectures are based on the strong nonlin-
earities of the quasiparticles inherited from the excitonic part.
While the droplets of polariton condensates can propagate
over macroscopic distances in designed channel structures
[11,12] and two-dimensional systems [13], it is the matter part
which allows for the efficient manipulation of the propagating
condensate [14-16]. Technological achievements have opened
a route to the creation of polariton-based logic elements [17—
22] and optical integrated circuits [23,24], which can, in prin-
ciple, work at relatively high temperatures in wide-band-gap
systems. Bistability [25,26] and multistability [27,28] allow
for fast [29] and energy efficient switching in such integrated
circuit architectures. Furthermore, the inherent memory effect
comprised in the hysteresis can be straightforwardly exploited
to create a polaritonic memory device as a key ingredient in
a logic circuit. The occurrence of conventional bistability in
polariton systems is a consequence of the polariton system’s
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huge nonlinearities and the spin degree of freedom acquired
by the excitonic component of the quasiparticles. However, to
date, bistable effects in polariton systems were only observed
under resonant optical injection conditions as an interplay
between the density dependent energy shift of the reservoir and
the injection efficiency of the pump laser [30], which makes
this effect rather cumbersome to implement and difficult to
scale. Schemes to achieve bistability in polariton condensates
under nonresonant pumping are sought after and predicted
[31], based on specially patterned subwavelength grating
microcavities [32], yet the experimental demonstration of such
an effect is elusive to date. Here, we present evidence for
a bistable polariton system operated entirely off resonantly,
under electrical injection conditions.

For the description of the observed phenomenon, we exploit
a set of standard rate equations, which describe the formation
of a polariton condensate from an incoherent electron-hole
reservoir, similar to Refs. [1,33]. The difference in our
approach, which eventually results in bistability, lies in a
feedback mechanism which takes into account an interplay
between the persisting electric field of the polariton diode and
electrostatic screening. This model explains the occurrence of
bistability in our polariton diode under electrical injection, the
absence of the effect under nonresonant optical injection, and
finally the magnetic field dependency of the hysteresis.

Experimental setup. The sample which we study in this
work is similar to the one discussed in Ref. [9]. It is composed
of 23(27) doped AlAs/GaAs distributed Bragg reflectors
(DBRs) in the bottom (top) mirror. Holes can be injected
through the carbon doped top mirror, and electrons through
the silicon doped bottom DBR and the n-type doped GaAs
substrate. The intrinsic A-thick GaAs Fabry-Pérot cavity spacer
contains four InGaAs quantum wells (QWs). Strong coupling
conditions are confirmed by photoreflection measurements
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FIG. 1. (Color online) (a) Sketch of the polariton laser diode.
(b) Electroluminescence spectrum of the polariton diode recorded at
low pumping conditions (j = 5.6 A/cm?). The sample temperature
was set to 6 K and a magnetic field of 5 T was applied. The black
dashed curve depicts the theoretical dispersion of the lower polariton,
while the green dashed curve indicates the bare photon resonance.
(c) Dispersion of the electrically injected polariton condensate. The
injection current amounts to j = 57.3 A/cm?.

and angular resolved electroluminescence for various exciton-
photon detuning conditions, and we can extract a Rabi splitting
of 5.5 meV (6 meV for a magnetic field of 5 T) [9]. In order
to facilitate efficient current injection into the QWs, we etch
micropillars with a diameter of 20 pm into the layer structure,
which are later planarized by a polymer (benzocyclobuthene),
and ring contacts are lithographically defined and evaporated
on the top of the pillars. Hence, current can be injected through
the ring into the structure without blocking the central emitted
signal. Furthermore, the sample can be excited optically with
a pump laser. A sketch of the device under investigation is
depicted in Fig. 1(a).

Experiment. The formation of a polariton condensate
under incoherent electrical injection conditions is evident
from the electroluminescence spectra, recorded under con-
tinuous wave (cw) conditions shown in Figs. 1(b) and 1(c).
The spectra were recorded at a sample temperature of 6 K
in a Fourier space setup, which allows us to assess the
dispersion characteristics of the emission up to 2 1/um.
Under moderate pumping conditions (j = 5.6 A/cm?), and
at an applied magnetic field of 5 T, the momentum resolved
luminescence follows the lower polariton branch [black dashed
line, Fig. 1(b)]. The exciton-cavity detuning § = E, — E, of
the chosen device amounts to —5.5 meV, which is on the order
of the Rabi splitting. At sufficiently large pumping powers
[Fig. 1(c)], the formation of a polariton condensate is indicated
by the strong luminescence from the lowest energy state, and
the low signal from the excited states. As we show in the
Supplemental Material [34], we can clearly resolve a Zeeman
splitting in the emission from the ground state in this regime
by applying polarization resolved spectroscopy, which proves
that strong coupling conditions are preserved.

We will now focus on the power dependence of the lumi-
nescence emitted from the polariton ground state. Therefore,
we plot the emitted photon flux at zero in-plane momentum as
a function of the excitation current in Fig. 2(a). Confirming the
observations that we have reported previously [9], we observe
a double threshold in the input-output characteristics [35-38],
which strongly suggests a crossover from the linear regime to
polariton lasing (at j = 50 A/cm?, and a subsequent transition
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FIG. 2. (Color online) (a) Input-output characteristics of the light
emitted from the energy ground state. The polariton laser is
characterized by the occurrence of a double threshold. A strong
bistability is observed for the first transition from the linear regime
to the condensate. (b) Polariton dispersions recorded in the bistable
range at a magnetic field of 5 T with increasing pump current, and
(c) with decreasing current. (d) Size of the hysteresis as a function
of the applied magnetic field. (e) The experiment is repeated for
nonresonant optical injection. No hysteresis can be observed in the
polariton laser threshold.

(at j = 110 A/cm?) into the regime of cavity mediated from an
electron-hole plasma. It is worth noting that while the second
threshold into the weak coupling regime acquires the shape
of a smooth S in the double logarithmic plot, the polariton
lasing threshold features a sudden increase in intensity. More
importantly, we observe a strong modification of the behavior
when the injection current is ramped from high to low values.
Here, the polariton laser regime can be established over a
significantly extended current range, down to a value of
j = 25 A/cm?, giving rise to a strongly pronounced bistability
in the system. In order to further visualize this effect, we plot
both the energy momentum dispersion of the device recorded
at an injection current of j = 40 A/cm?, once under increasing
current [Fig. 2(b)] and once with decreasing injection current
[Fig. 2(c)]. Whereas the dispersion in Fig. 2(b) features all
attributes of polaritons in the linear regime, the characteristics
in Fig. 2(c) evidence a polariton condensate formation.

This bistability is only observed at the polariton laser related
threshold, whereas the second threshold into the weak coupling
regime remains completely unaffected by the direction we
ramp the injection current. We repeated this experiment under
various magnetic fields, and consistently observed bistable
behavior over a range between 1 and 5 T. We note that the
polariton laser threshold at 0 T cannot be unambiguously deter-
mined in the device that we discuss here. We plot the size of the
hysteresis loop in terms of the difference between the threshold
for polariton lasing with increasing and decreasing injection
current [Fig. 2(d)]: A strong dependence of the hysteresis on
the magnetic field is observed, with a marked decrease of
the size of the hysteresis loop with increasing magnetic field.
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We carried out polarization dependent measurements which
reveal a degree of linear polarization of 0.08 in the condensate
regime. This indicates a different mechanism responsible
for the bistability than in electrically driven vertical-cavity
surface-emitting lasers (VCSELSs) [39]. One could also expect
that a mode competition between the Zeeman branches
causes the bistability. Therefore, their hysteresis behavior was
investigated separately via polarization resolved spectroscopy
and no dependence could be found [34]. Additionally, we
carried out this experiment under optical pumping conditions.
Here, the polaritons were excited by an off-resonant cw laser,
which was tuned to the frequency of the first interference
minimum of the stop band (approximately 50 meV above the
polariton resonance). Polariton condensation is established
under these excitation conditions, which is indicated by the
nonlinearity in the input-output curve shown in Fig. 2(e). As
we have demonstrated elsewhere [40], under optical pumping
the system preserves the typical polaritonic properties once
this threshold is crossed, such as a notable blueshift of
the lasing mode, a consistent linewidth broadening towards
higher injection powers, and strong sensitivity to an applied
static electric field, which allows us to clearly distinguish
this threshold from a conventional photon laser threshold.
Although a slightly increased output power is observed for
low optical excitation powers during the down sweep, it is
important to note that around threshold no notable hysteresis
is observed. This behavior is irrespective of the strength of the
magnetic field, which strongly suggests that the hysteresis is
caused by an effect related to the current injection scheme.

Theory. In order to explain the observed behavior, we solve
the polariton rate equations which govern our nonresonantly
driven system. Polariton condensation is achieved under
electrical injection via the initial population of charged carriers
(electrons and holes), which relax into quantum well excitons
and finally condense into polaritons. The corresponding rates
of exciton formation (W), dissociation (W), and conden-
sation r(n, + 1) are illustrated in Fig. 3(a), together with
the decay rates for charged carriers (y), excitons (yy), and
polaritons (y,). While we will assume the parameters W ,, r,
and y, to be constant, we will later account for a nonlinear
dependence of y on the carrier density n as a result of
electrostatic screening. Additionally, the exciton decay rate
acquires a dependency on the magnetic field B, since the
oscillator strength increases with B.
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FIG. 3. (Color online) (a) Illustration of processes leading to
polariton condensation under electrical injection. (b) Driving of
electrons and holes out of the system by the applied electric field,
resulting in the decay y.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 91, 081404(R) (2015)

Assuming a spatially homogeneous excitation, the numbers
of charged carriers (n), excitons (n,), and polaritons (n,,) in
the micropillar evolve according to the coupled rate equations:

on )
5=P—Wln + Wan, —yn, (1)
on, 2
az = Win~ — Won, — yny, — r(np + Dny, (2)
—L =r(n,+ Dny — ypn,. 3)

at

We have assumed that the electron and hole populations
are similar, being described by a single pumping rate P,
corresponding to the application of an electric field across
the quantum wells. The electric field is also responsible for
driving the free carriers out of the structure, corresponding to
the decay rate y [see Fig. 3(b)]. Typically the decay rate grows
exponentially with the electric field [41]. However, since we
operate our diode in the forward direction, the dependency
of the internal electric field on the applied voltage is modest.
Nevertheless, as we inject more carriers into the active region,
a persisting internal field can be further decreased due to the
screening of the electric field by free carriers. This results in a
decrease of the carrier decay rate with increasing bias,

Yy = yoe_cns (4)
where yy and ¢ are constants. The steady-state solution to
Egs. (1)-(3) is

P = Win* — Wan, + yoe 'n, 5)
ny
n =\/—[W2+Vx+r(np+1)], (6)
Wi
riy
ny=—-=*_, 7)
yp — Iny

The reduction of the loss rate y upon increasing the carrier
density n generates a positive feedback which is sufficiently
strong to cause bistability in our system. This is evident
in Fig. 4(a), where we plot the polariton number n, as a
function of the pump power P, obtained from Egs. (5)—(7).
Qualitatively similar hysteresis behavior is also obtained with
different forms of the introduced nonlinearity. As we show in
the Supplemental Material [34], bistability is also present when
n enters Eq. (4) with a quadratic or square root dependence in
the exponent.

As we have shown above in Fig. 2(e), the hysteresis is absent
under nonresonant optical pumping. The localized excitation
of electrons and holes leads to a significantly faster exciton
formation and therefore reduces the free carrier density.
Being electrically neutral, excitons contribute very little to
the screening of the external electric field. This is why the
bistability is only seen in the case of electrical injection. This
behavior is confirmed by our theory, as we take y = 0 in the
absence of an applied electric field and replace the quantity
Win? — Won, in Eq. (2) with P (which now represents the
exciton pumping rate). The according curves are plotted as
dashed lines in Fig. 4(a).
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FIG. 4. (Color online) (a) Power dependence of the polariton
number, for different magnetic field strengths. Solid curves show
results under electrical injection, where y is defined by Eq. (4);
dashed curves show results under optical injection, where y = 0.
(b) Dependence of the width of the hysteresis zone on the mag-
netic field. Parameters: » = 1073 ps™!, W, = 1.5 x 1073 ps™!, W, =
0.2ps™, % =03ps7!, 3,0 =0.03ps7!, ¥, =1/15ps™!, B, =1
T,c=0.01 ps~!.

We can also account for different magnetic field strengths
in the system in our model. With increasing magnetic field, the
exciton decay rate is expected to increase [42]:

BZ
Yx = Vx,0 (1 + _) . (8)
B}

Consequently, this additional loss channel weakens the in-
fluence of the nonlinearity generated by the feedback between

pumping and screening, and the effect is continuously smeared
out. This is directly reflected in the width of the hysteresis
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region, which successively decreases for increasing magnetic
fields, as shown in Fig. 4(b). While this is in qualitative
agreement with the experimentally observed behavior for large
magnetic fields >2 T, the additional, nonmonotonous behavior
observed experimentally may be due to the magnetic field de-
pendence of carrier diffusion rates. Accounting for this effect
would require a description of the spatial degrees of freedom,
which is beyond the scope of this Rapid Communication.

Conclusion. We observed optical bistability in an electri-
cally driven polariton laser. This demonstration of bistability in
polariton lasers under electric injection is explained in terms of
an interplay between the tunneling lifetime of the electron-hole
reservoir and electrostatic screening, which causes a positive
feedback loop under electrical injection, leading to strong
hysteresis. This work opens up a route towards hybrid electro-
optic polaritonic devices, where coherent optical signals are
injected electrically and memory elements in polaritonic
integrated circuits.
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