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We report on a new type of optical nonlinearity in a polariton p-i-n microcavity. Abrupt switching
between the strong and weak coupling regime is induced by controlling the electric field within the cavity.
As a consequence, bistable cycles are observed for low optical powers (2-3 orders of magnitude less than
for Kerr induced bistability). Signatures of switching fronts propagating through the whole 300 X

300 wm? mesa surface are evidenced.
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After its first observation in a Fabry-Perot cavity con-
taining Na vapor [1], optical bistability has been widely
explored in solid state systems for its possible application
in all optical circuits and optical computing [2]. A common
approach is the use of a microcavity in which the resonance
frequency depends on the stored optical energy: optical
,\/(3) nonlinearities, of electronic or thermal origin, have
been used to obtain bistability in one-dimensional [3,4] and
two dimensional [5,6] photonic devices, with switching
incident powers around 1 kW/cm?. When part of a spa-
tially extended bistable system is switched from one stable
state to the other, a front is formed between spatial regions
in different states. If this front is locked, spatial solitons can
be observed [7,8]; otherwise the front propagates along the
surface until the whole sample has switched state [9].

Recently optical bistability of microcavity polaritons
has been theoretically proposed to generate propagation
of switching fronts which can be used for all optical
computation [10]. Polaritons are mixed exciton-photon
quasiparticles resulting from the strong coupling regime
of excitons with a resonant cavity mode [11]. Polariton-
polariton scattering gives rise to giant y®-type nonline-
arities [12,13] which have been recently shown to generate
optical bistability [14]; indications of spatial solitons were
also reported [15]. Another approach for optical bistability
is to use the switch from strong to weak coupling regime
due to exciton bleaching at high pumping power [16,17].
This method has been theoretically proposed in 1996 [18],
and some experimental indication has been reported in
2004 [19].

In this work, we experimentally demonstrate low-power
optical bistability based on a new nonlinear mechanism.
Switching between strong and weak coupling regime is
induced controlling the internal electric field of a p-i-n
microcavity. Well-defined hysteresis cycles are observed
both scanning the external bias or the optical power. A
model including the changes of optical and electronic
properties between the strong and weak coupling regime
is developed and gives a good overall description of the
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observed cycles. Finally, we show that a local excitation
can produce commutation of the whole mesa.

The sample [see Fig. 1(a)] is described in detail in
Ref. [20]. Grown on an n-doped GaAs substrate, an
undoped GaAs cavity containing 3 Ingo5GagosAs
QWs is surrounded by a p- doped and an n-doped
Gag oAl ;As/Gag AlygAs Bragg mirror. 300 wm square
mesas, etched down to the substrate, were connected with
metal contacts. The diode under study, maintained at 10 K,
presents a zero detuning between the cavity mode at nor-
mal incidence and the QW exciton resonance.

Let us first describe the two operating regimes of our
bistable structure. Figure 1(b) summarizes photocurrent
spectra under normal incidence measured for different
values of the external bias V. For Vg > 0.3 V, two distinct
photocurrent peaks are resolved, attributed to the upper and
lower polariton branches (polariton dispersion has been
fully characterized in Ref. [20]): the system operates in
the strong coupling (SC) regime [11]. On the opposite,
below 0.2 V, photocurrent spectra exhibit only one peak
(the cavity mode): the sample has abruptly switched to the
weak coupling (WC) regime. To understand this behavior,
the electric field E at the QW position has to be considered:
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FIG. 1 (color online). (a) Schematic sample structure.
(b) Photocurrent as a function of the laser energy measured
with an optical power P = 10 W/cm? and for different voltage
bias. Spectra have been vertically shifted for clarity.
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region thickness. In the measures of Fig. 1(b), Z = 50 Q)
is the coupling impedance of the voltmeter and ZI can be
neglected.

For Vz = 0.2 V, E lies around 55 kV/cm so that the
Stark effect is too small to induce the loss of SC regime
[21]. The abrupt switch between SC and WC regime can be
understood considering the enhanced tunneling of elec-
trons and holes out of the QW in presence of the electric
field. The tunneling time 7/, ., (i = e, h) is given by [22]

. 2mi L2 4
i — i~QW #7173
Tiunnel — har exP(?)heE Vzmz Ui )’ (2)

where m; and U, are, respectively, the effective mass and
confinement barrier of electrons and holes, Loy = 8 nm
the QW width and e the electron charge. In the present
QWs the barrier height is rather small : U, = 42 meV,
U, =5 meV. For E = 55 kV/cm Eq. (2) yields 7/ | ~
0.15 psand 7¢,,; ~ 0.4 ps, so that 7! is comparable to
the Rabi oscillation period (~0.12 ps). The sample
switches from SC to WC because the exciton is destroyed
by carrier tunneling out of the QW before a Rabi oscilla-
tion can be completed. Notice that the physics governing
the switch is completely different than in previous reports
[19]. Instead of bleaching the exciton by Coulomb inter-
action screening and phase space filling [16,17], here the
light matter interaction is modified by the internal electric
field. This mechanism is more similar to the self-electro-
optic effect device (SEED) [23,24], in which the electric
field changes the QW absorption by quantum-confined
Stark effect.

The abrupt change in reflectivity described above can be
exploited to generate optical bistability. Let us consider
experiments where the laser is resonant to the lower polar-
iton energy and its power P is modulated by a symmetric
triangular wave. It is focused into a 50 wm diameter spot
with a 10° angular aperture. The photocurrent is measured
with an oscilloscope across a Z = 10 k() load resistance.
In Figs. 2(a)-2(c), Vp is constant and chosen so that in the
dark the sample operates in the WC regime. Clear hystere-
sis cycles are observed in the photocurrent. Indeed, when P
is increased starting from zero (forward ramp), the sample
is initially in the WC regime and the reflectivity dip lies at
the energy of the uncoupled cavity mode so that the laser is
out of resonance. The photocurrent (proportional to P),
being negative, progressively reduces E through the ZI
term of Eq. (1). Eventually £ becomes low enough for
the sample to switch into the SC regime. As a result, the
laser becomes resonant and an increased power is trans-
mitted with a further reduction of E, providing a positive
feedback loop. Notice that once in the SC regime, the
current tends to saturate; when ZI approaches the value
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FIG. 2 (color online). (a) and (b) experimental (black) and
simulated (green) photocurrent as a function of the excitation
power for to values of the bias. (c) Photocurrent as a function of
excitation power for Vz = 0.22 V. (d) and (e) Differential pho-
tocurrent spectra measured for Vz = 0.22 V with a chopped
probe (Ppgpe ~ 5 W/em?), (d) P =0 and (e) P =25 W/cm?.
(f) Experimental (full symbols) and simulated (open symbols)
pump powers for the SC— WC and WC — SC. (g) and
(h) photocurrent measured varying the bias at fixed excitation
power.

Ve — ¢, [see Eq. (1)], E tends to zero and the tunneling
times out of the QW [given by Eq. (2)] become much
greater than the radiative recombination time. In this re-
gime increasing the pumping power increases the flux of
emitted photons rather than the photocurrent. When P is
reduced, starting from the SC regime (backward ramp), the
initial transmission of the laser is high. Thus, for the same
value of P, the photocurrent is more intense and E is lower
than in the forward ramp. This means that the switch
occurs at a lower P, thus opening the bistable cycle.

To support this interpretation, pump and probe experi-
ments were performed. The sample was biased at Vp =
0.21 V, and two collinear beams were used: a constant
pump and a chopped tunable probe (with Ppgpe =
5 W/cm?). The photocurrent was then filtered with a
lock-in amplifier to isolate the differential signal generated
by the probe. Such differential photocurrent spectra on
each side of the hysteresis cycle are shown in Fig. 2(d)
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and Fig. 2(e) (corresponding to P =0 and 25 W/cm?).
The transition from a single photocurrent peak (WC re-
gime) to a double peaked spectrum (SC regime) is clearly
evidenced. The observed bistability cycles at fixed bias
have been reproduced using a phenomenological model.
We describe the transition from SC to WC driven by the
electric field considering the associated changes in several
physical quantities and in carrier dynamics. Across the
transition, the cavity transmission 7', the conversion effi-
ciency of photons into carriers 7, and the radiative lifetime
Traq Vary between their WC and SC values. To simulate the
transition from WC to SC, transmission spectra were com-
puted for increasing values of the exciton dephasing time
(7x). The transfer matrix method [18,25] was used, solving
Maxwell equations in each layer and imposing continuity
conditions at each interface. The evolution with 7y of the
calculated transmission coefficient at the energy of the
laser pump is well reproduced using

T = T + We— Isc 3)
1+ B*7y

with B8 = 4.7 X 10" s7!. Tywe = 0.01, while in the SC
regime the cavity transmission under normal incidence
amounts to 65%. However due to the 10° angular aperture
of the excitation beam, the polariton resonance acts as an
angular filter: we estimate that Tgc = 0.02. To model the
transition for n and 7,4, the same dependence on 7y as in
Eq. (3) is used. In WC regime nwc = 0.02 corresponds to
the 2% QW absorption. In SC regime all photons entering
the cavity become polaritons and ngc = 1. In WC regime
7VE = 200 ns is the carrier radiative recombination time
for a density around 10° cm™2 [26]. In SC regime 75§ =
2 psis the polariton recombination time, given by twice the
cavity lifetime.

For a given photocurrent, the electric field E is given by
Eq. (1). The exciton dephasing time is therefore driven by
the competition between phonon dephasing and tunneling

7x(E) = [— +

out of the QW
" I @
X0 Tleunnel (E ) T?unnel (E ) ’

where 7y, = 10 ps is the exciton dephasing time due to
interaction with phonons for £ = 0. Under steady state
conditions the photocurrent / is linked to the population
of electrons and holes through

n.(E) ny(E) ]

7-teunnel (E ) 7-thunnel (E )

where e is the elementary charge. Moreover, since elec-
trons and holes injected by the laser can either recombine
radiatively with decay time 7,,4(E) or tunnel out of the QW,
we get

1 1 1

I=Ie+lh=e[ (5)

i Trad (E) Téunnel (E)
ho Tog(E) + 7l 4(E)

n,(E) = n(E)T(E) (6)

where hiw = 1467.5 meV is the laser energy.

From Egs. (5) and (6), we deduce the explicit depen-
dence of the pump intensity on I:

h

— ]t1unnel (7)

tunnel)

 hol (Trag + Topne) (Traa T 7

eNT Trg(2Tpeq + Tiunnel
A good overall agreement is found between simulated and
experimental curves as shown in Figs. 2(a) and 2(b) [27].
The width of the hysteresis cycles is well reproduced.
Notice that there is a small discrepancy in the additional
feature that appears in the experiment as a small bump at
I = =70 pA in Fig. 2(a) or at I = —40 pA in Fig. 2(b).
The simulated curves also present a feature at these current
values, coming from the interplay between the increase of
T and of 7, . during the switch. However a detailed
microscopic model is needed to obtain a complete agree-
ment. We define Pywc_gc and Pgc_wc as the pump powers
of the switch between WC and SC and vice versa.
Simulated and experimental values of these two quantities
are summarized in Fig. 2(f). The very good agreement
between the model and the experiment further support
the interpretation of the observed cycles in terms of switch-
ing between SC and WC regime.

The sample can also be driven varying the bias at fixed
P: similar bistable cycles are observed as shown in
Figs. 2(g) and 2(h). In these conditions, bistability has
been observed for P as low as 0.7 W/cm? [Fig. 2(h)].
Although still greater than the pumping powers used in
SEEDs (in which bistable cycles have been observed for
optical powers as low as 100 uW/cm? [24]), our device is
more than 2 orders of magnitude more efficient than pre-
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FIG. 3 (color online). Real space image (in logarithmic color
scale) of the pump spot reflected on the sample surface. Vz =
=2 Vand Ppypp ~ 2 kW /cm? setting the system in the bistable
region. (a) the sample is in WC regime; (b) similar than (a) but
with the writing laser beam shone in region 1: the whole surface
has switched into the WC regime; (c) reflected intensities
averaged on region 1, 2 and 3 during the sequence indicated
on top.

266402-3



PRL 101, 266402 (2008)

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2008

viously reported cavity based devices [3—-6]. It is indeed the
first demonstration of low-power optical bistability for
polaritonics [10,14,19].

Bistability curves have been observed tuning the laser to
both the lower and upper polariton branches. On the con-
trary, when tuning the laser to the cavity mode energy, the
feedback between the photocurrent and the laser trans-
mission is negative, and no bistability was observed. The
sample switching time between the two states could not be
measured : the present diodes have a cut-off frequency of
~1 kHz due to their large areas. This effect should how-
ever be greatly reduced by patterning the diodes in the form
of micron-sized micropillars [28].

Let us finally consider regions prepared in different
states and address the existence and the propagation of
switching fronts connecting them. The sample was homo-
geneously illuminated by a laser tuned to the lower polar-
iton energy. A spatial image of the reflected light intensity
is shown in Fig. 3(a). P~2kW/cm? and Vz = -2V
were chosen to set the sample in the bistable region,
initially in the WC state. A writing laser beam was focused
on a ~20 wum spot in region 1 within the pump spot. Its
intensity is high enough to switch the sample to the SC
state. As shown in Fig. 3(b), the writing beam induces a
reflectivity drop on the whole surface. This is further
illustrated in Fig. 3(c) where the reflected intensity aver-
aged over each of the three regions labeled 1,2 and 3 are
summarized. Regions 2 and 3 are 40 pm apart from region
1. Initially, the whole sample is in the WC and presents a
high reflectivity. At = 1.1 s the writing beam is turned on
and all three regions switch to the SC state with lower
reflectivity (this is not visible in region 1 because the
reflectivity drop is compensated by the reflected writing
beam). At t = 2.7 s the writing beam is turned off and all
regions remain in the same state. The pump is turned off at
t = 5.1 s and on again at = 5.5 s: the sample has come
back to the WC state and the previous sequence is repeated.
These measurements highlight that commuting a small
area within the pump spot induces a switch of the whole
excited region. This necessarily occurs through the propa-
gation of a switching front across the sample [9]. In our
case, it propagates over distances of several tens of
microns.

In conclusion, we have demonstrated pronounced opti-
cal bistability in a p-i-n microcavity based on a new
electro-optic mechanism. Driving the internal electric field
within the cavity produces a strong nonlinearity with a
positive feed back, due to abrupt switching between strong
and weak coupling regime. Signatures of switching fronts
propagating over long distances are evidenced. Such fronts
could in the future be guided by lateral patterning of the
diodes into 1D structures. This opens the way toward the
realization of new polariton based optical logic gates as
proposed in ref. [10]. Devices with fast switching times
could be achieved by lateral processing of the microcavity

into micron-sized pillars. The observed low-power bista-
bility relies on the bleaching of the strong coupling regime
due to the internal electric field, and could easily be trans-
ferred into large band gap materials [29] for room tem-
perature operation.
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