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We discuss optical nonlinearities in biased semiconductor microcavities. Optical nonlinearities arise
from field screening by spatially separated electron—hole pairs in biased quantum wells (QWs).
However, in wide QWs where the spatial separation is large, biasing is accompanied by a drastic
decrease of oscillator strength, and has a negative impact on the optical nonlinearity. We show
here that in an exciton polariton microcavity in the strong coupling regime, a decrease in oscilla-
tor strength only weakly affects the optical nonlinearity. Gigantic enhancement of photon—photon
interaction is then realized by biasing, and the single-photon blockade limit can be reached.

The principal obstacle to the realization of few-photon optical devices is the usual
weakness of photon—photon interaction. Photon—photon interaction can be increased
in semiconductor nanostructures by designing large optical nonlinearities, but those are
usually achieved at the cost of a strong absorption and sometimes at the cost of speed.
Atomic dark resonances were proposed in atomic systems as a mean to obtain giant
nonlinearities without loss and to achieve photon blockade, i.e. a system allowing the
transit of only a single photon at a time, in analogy with Coulomb blockade [1, 2]. Un-
fortunately, a similar scheme cannot be adapted to semiconductor structures, due to the
short dephasing times inherent to them. It is however highly desirable to realize photon
blockade in semiconductors, as well for device applications as for the extreme adapt-
ability of these systems.

We demonstrate in this article that huge absorption-free optical nonlinearities can be
obtained in biased exciton polariton microcavities. These nonlinearities could lead to
few-photon or single-photon blockade.

Biasing quantum well (QW) as a mean of enhancing optical nonlinearities has al-
ready been proposed more than ten years ago [3 to 6]. The nonlinearity arises from the
field screening by the electron—hole dipole induced by the biasing. This process was
found however practically of little use. A gain of nonlinearity arises only at small bias
and in narrow QWs, where carrier separation is relatively small. The strongest optical
nonlinearity was found for 7 nm wide QWs and with an electric field of 150 kV cm™!.
In wider QWs, the carrier separation is enhanced, but the gain due to increased screen-
ing is injured by the decrease of oscillator strength.

The situation is very different in exciton polariton microcavities. In the strong coupl-
ing regime, which usually prevails in QW microcavities, photon—exciton coupling is
saturated and is not injured, in first-order approximation, by decrease in oscillator
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strength. We will show in the following that we can use wider QWs to increase the field
screening effect by several orders of magnitude at no detriment of the photon—exciton
interaction.

A semiconductor microcavity is typically formed of a semiconductor layer a wave-
length thick, clad by two distributed Bragg reflectors (DBR), see e.g. [7]. A DBR is
made of alternative dielectric materials of different refraction indexes and of quarter-
wavelength thicknesses. The microcavity is highly reflective on a wide wavelength
range and has a sharp transparency line at its resonance frequency. The width I'; of
this resonance depends on the quality and number of periods of the DBRs, and prac-
tically can be nearly as sharp as I'c ~ 0.1 meV. A photon coupled to the resonance
will penetrate in the cavity and stay there for a finite time 7. given by t. =#h/T,
where 7 is the Planck constant. In 1992, it was demonstrated that cavity photons
couple very strongly to QW excitons at resonance, creating exciton polaritons, a quan-
tum combination of a photon and an exciton [8]. Coupling energies as large as
Q. =20 meV were observed in multi-QW microcavities. Those polaritons give rise to
a splitting of the cavity resonance, called the vacuum field Rabi splitting, and is ob-
served as two peaks separated by the coupling energy 2. in the transmission charac-
teristic of the microcavity. The coupling energy is related to the exciton oscillator
strength and cavity parameters as
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where e is the electric charge, fyy is the heavy-hole excitonic oscillator strength, n. is
the refraction index of the cavity, ¢; is the vacuum dielectric constant, m is the electron
mass, and L.y is the effective length of the microcavity [9].

Such exciton polariton systems are virtually absorption-free, as an external photon
can only couple to the exciton through the cavity mode and then can only relax back
into the cavity mode. Also, contrary to usual QW excitons, polariton lineshape is lim-
ited by the cavity photon lifetime, and they exhibit typically much sharper features.

The energy of the polaritons is given
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where A = ¢ — ¢ is the detuning be-
tween excitonic energy ¢x and cavity
photon energy ¢.. The energy ¢, desig-
nates the upper polariton and e_ desig-
nates the lower one (Fig. 1).
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In the following, we discuss an optical switching of a microcavity from a transparent
mode to a reflective mode by shifting the excitonic resonance. In order to switch the
microcavity for an incoming photon initially resonant with a polariton line, we need to
shift the polariton energy by an amount larger than its width. In a microcavity initially
at resonance with the exciton (¢x = ¢.), this can be achieved by shifting the excitonic
energy by at least an energy o given by

oy (3)

where o, and o_ are the minimum excitonic shifts to detune the upper and lower
polaritons, respectively. y is given by v = Qc /I ..

In order to realize a photon blockade, we need a large nonlinear excitonic shift and,
for the upper polariton case, a small Rabi splitting. These two conditions can be rea-
lized simultaneously in a microcavity with an electrically biased QW. Electron-hole
pairs in a biased QW are spatially separated. The effect of the spatial separation is
twofold. First, carrier separation enhances the nonlinear response of the excitonic sys-
tem, as an exciton creates an electric field that screens the applied field, shifting the
energy level by an amount proportional to the electron—hole separation as illustrated
in Fig. 2. Second, the reduction of excitonic oscillator strength results in a decrease of
Q. [10, 11]. Let us emphasize that contrary to pure excitonic system, this is the only
consequence of the decrease of excitonic oscillator strength, as long as we stay in the
strong coupling regime (y > 2), and that it barely affects the optical nonlinearities. As a
result, large bias and wide QWs can be used, where large screening effects occur, yield-
ing huge nonlinearities.

We note that the key point to improve the optical nonlinearity is the spatial separa-
tion of the electron-hole pairs. This separation can be obtained by other means than
applying external bias. For example, built-in bias can be obtained by adequate doping.
Also, step QWs and type-I-type-II structures present spatial separation and should
exhibit enhanced photon—photon interactions.

Figure 3 shows the shift in excitonic energy induced by screening by an exciton popu-
lation Nx of 10 cm™2 as a function of applied electric field and for different QW
widths. The shift was obtained by solving the one-dimensional Schrédinger equation
self-consistently for a uniform electron—hole population in a biased GaAs—AlAs QW.
As expected, the screening effect is larger in wider QWs.

(a) (b)

———— i Fig. 2. Effect of biasing with finite popula-
tion on excitonic energy. a) Excitonic en-
ergy in an empty biased quantum well. b)
Change of excitonic energy when applied
electric field is screened by excitons
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functions perpendicular to the QW. We neglected the contribution of the in-plane
excitonic wavefunction.

The calculations were performed for a cavity linewidth of I'. = 0.1 meV, which corre-
sponds to a photon lifetime of 7. = 7 ps. Solid lines are for the upper polariton branch,
and dashed lines for the lower one. Each curve is traced for electric fields F satisfying
the condition Q. (F) > 2I'.. When F is larger than that, the cavity leaves the strong
coupling regime and switching is suppressed. In Fig. 4, the shadowed region corre-
sponds to a single photon penetrating a microcavity pillar of 0.3 um diameter. In this
region, the microcavity could theoretically be switched between a transparent and a
reflective mode by a single photon. This region is reached in both polariton branches
with a 100 nm thick QW and an applied field of 0.5 kV cm~!. We note that in narrow
microcavity pillars, the lateral confinement of the light field should also be taken into
account, and is expected to yield a further increase of the screening effect.

Concerning the Rabi splitting €2, as long as we have y > 4, its value only weakly
affects the shift of the lower polariton. For the upper polariton branch, a small Q. is
advantageous for larger nonlinearity.
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smaller excitonic shift than the lower polariton (0. < 0_), in order to be detuned from
the incident light. However, upper polariton branch suffers from scattering and presents
typically a larger linewidth than the lower polariton. For lossless operation, the lower
polariton line should be used.

In order to minimize the size of the switching intensity, we want a small I"; and small
diameter microcavity pillar. It is however a technological challenge to realize a micro-
pillar that presents a small diameter and a high Q-factor simultaneously.

Applications of this switching process are numerous. For example, a wavelength con-
verter can be realized with the input light tuned on the lower polariton energy. A cw
light resonant with the cavity photon energy should reproduce the temporal depen-
dence of the input light at the exit of the device, as the polariton energy is switched in
and out of resonance. In the same configuration, an all-optical on/off switch can be
realized with the control light tuned to the polariton energy, and the signal light reso-
nant with the cavity line. Another application is a saturable mirror. A light incident on
the cavity line will be reflected as long as the polariton is out of resonance. The light
will couple weakly to the polariton through the tail of its lineshape. When the power of
the incident light is large, it will shift the polariton line toward the cavity line and the
cavity will become transparent.

In the single-photon blockade limit, strong photon anti-bunching is expected. Also,
by driving the cavity with a 100 fs pulsed laser, we can realize a single-photon turnstile
device. The highly non-classical light that exits a photon turnstile has an intensity noise
well under the classical shot noise limit and is of particular interest for optical commu-
nications.

In summary, we discussed the optical nonlinearity of electrically biased exciton polar-
iton microcavities. We found that improvements of several orders of magnitude can be
obtained over their unbiased counterpart, which allows to approach the limit of single-
photon blockade. More detailed calculation, including the full excitonic wavefunction
and the effect of lateral confinement of polaritons in microcavity pillars should be car-
ried out to determine if this limit could actually be reached experimentally.
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