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Abstract
We demonstrate fast nonlinear optical switching between two laser pulses with as few as 140
photons of pulse energy by utilizing strong coupling between a single quantum dot (QD) and a
photonic crystal cavity. The cavity-QD coupling is modified by a detuned pump pulse, resulting
in a modulation of the scattered and transmitted amplitude of a time synchronized probe pulse
that is resonant with the QD. The temporal switching response is measured to be as fast as 120

ps, demonstrating the ability to perform optical switching on picosecond timescales.



Nonlinear optical interactions are essential for a broad range of photonics applications.
Such interactions enable all-optical switching, which plays a key role in increasing informa-
tion bandwidth in telecommunications systems and could potentially reduce power consump-
tion in computer processors [1]. Currently, there is also great interest in achieving optical
switching at low photon numbers for applications in quantum information processing and
quantum networking [2-4]. However, the majority of nonlinear optical processes rely on
weak nonlinearities from a large ensemble of atomic systems and thus require high optical
energies [5].

One promising method for reducing optical switching energies is to exploit the strong
atom-light interactions between a quantum dot (QD) and a photonic crystal cavity. These
interactions can enable the strong coupling regime where the cavity and QD mix to form
new dressed polariton states, resulting in a modification of both the QD emission spec-
trum [6] and cavity spectrum [7-11]. In the strong coupling regime the cavity-QD system
can exhibit a large nonlinear optical response at low optical powers [12-16]. Controlling
these nonlinearities on fast timescales could enable all-optical switching at extremely low
energies.

Here we demonstrate that interaction between a single QD and a cavity in the strong
coupling regime can be optically modulated on picosecond timescales to enable all-optical
switching at extremely low energies. We study the specific example of a photonic crystal
defect cavity coupled to an indium arsenide (InAs) QD. The response of the strongly cou-
pled system is modulated by a picosecond pump laser pulse that induces a large nonlinear
response, resulting in an observed modification of the transmission and scattering amplitude
of a second incident probe pulse. The pump energy required to perform optical switching is
measured to be as low as 140 photons. Switching response times as short as 120 ps are also
reported, which are ultimately limited by bandwidth constraints imposed on the pump and
probe pulses by the cavity-QD coupling strength. We implement this approach in a planar
photonic crystal cavity-waveguide structure that is compatible with large scale integration
for development of complex devices on-a-chip.

Fig. 1a shows a scanning electron micrograph (SEM) of the device, which is composed of
a gallium arsenide (GaAs) photonic crystal cavity coupled to a row defect waveguide. The
initial wafer for device fabrication consisted of a 160 nm GaAs membrane with an InAs QD

layer grown at the center (with QD density of approximately 10 um~2), on a 1 um thick



sacrificial layer of aluminum gallium arsenide (Alg75Gag2As). Photonic crystal structures
were defined using electron-beam lithography, followed by inductively coupled plasma dry
etching and selective wet etching of the sacrificial AlGaAs layer. Details of the device design
have been previously reported [11].

The pump and probe pulse are injected via grating couplers [17] into the waveguide.
The probe pulse is collected either directly from the cavity (direct cavity scatter) or from
the output coupler (transmitted waveguide signal) by spatial filtering. Fig. 1b shows the
cavity photoluminescence (PL) spectrum, attained by exciting the cavity with a 780 nm
pump laser. The PL exhibits an emission peak for the cavity mode, along with additional
emission peaks for several coupled QDs. The QD used for all measurements reported in this
letter is labeled in the figure. By fitting the cavity mode to a Lorentzian, we determine the
cavity energy decay rate to be /27 = 29.0 £ 0.2 GHz (Q=11900) (all error bounds quoted
in this paper are based on a 90% confidence bound for the nonlinear regression). The
cavity-waveguide coupling rate is determined to be x)/2m = 2.9 = 0.1 GHz by measuring
the waveguide transmission at a temperature of 51 K when the QD is well detuned from
the cavity mode [11]. The fraction of power coupled to the cavity from the waveguide is
given by 1 — (1 — rg)? = 0.36 where 1y = 2k||/k = 0.2. Thus, the in-plane coupling rate
reported here offers a good tradeoff between high cavity () for strong coupling and efficient
cavity excitation through the waveguide. The coupling efficiency of the grating couplers is
also measured by observing the Stark shift on the detuned QD as a function of incident
pump power, as describe in Ref. [16]. From these measurements we determine the coupling
efficiency into the waveguide from the out-of-plane direction to be n = 0.008. Full details
of the measurement of the cavity-waveguide coupling rate and input coupling efficiency for
the device used in this work are provided in supplementary material.

Fig. 1c shows the resonant cavity scattering spectrum as a function of temperature when
the waveguide is excited by a broadband LED that serves as a white light source. Light is
collected directly from the cavity mode and is measured via a grating spectrometer with reso-
lution of 23 peV. As the temperature is increased, the QD identified in Fig. 1b red-shifts and
becomes resonant with the cavity. As the QD is tuned across the cavity mode the scatter-
ing spectrum exhibits an anti-crossing due strong coupling between the two systems [7—10].
Fig. 1d shows the measured scattering spectrum taken at 39 K when the QD is resonant with

the cavity, which exhibits a doublet representing the two polariton modes. The solid line in



Fig. 1d is a theoretical fit assuming a Jaynes-Cummings interaction model [11, 18]. From
the theoretical fit we determine the cavity-QD coupling strength to be g/2m = 13.4 4+ 0.2
GHz, and the QD linewidth to be 7,4/27m = 5.8 £ 0.5 GHz. The fact that g > x/4 ensures
that the system is operating in the strong coupling regime.

The nonlinearity of the device is first studied under continuous wave excitation by in-
jecting a second pump field from a narrowband tunable external cavity diode into the input
grating along with the broadband LED. The pump field is detuned from the cavity resonance
by 35 GHz. Fig. 2 plots the resulting scattering spectrum, taken when the QD is resonant
with the cavity, for both 0.1 W (panel a) and 14.5 pW (panel b) pump power, measured
after the focusing lens. The dashed red line shows the scattering spectrum when only the
pump is present. At 14.5 uW of pump power indirect emission from the cavity polaritons
is observed due to inelastic scattering of the pump laser, an effect that has been previously
reported in a number of works [19-22]. The blue curve shows the elastic scattering spectrum
of the broadband LED when injected with the pump, where we have subtracted the inelastic
scattering contribution. At 0.1 uW the pump field is weak and does not affect the cavity
scatter, which exhibits a dip at the bare QD resonant frequency. As the pump power is
increased to 14.5 W, the position of the dip induced by the QD is red shifted due to the
optical Stark effect [16, 23-25]. In addition, the contrast of the dip is partially reduced due
to saturation of the QD by the strong pump field. These effects combine to enable the pump
field to optically modify the cavity scatter and waveguide transmission, providing the pos-
sibility for all-optical switching. We note that the contrast of the dip in Figure 2 is reduced
as compared to Figure 1d. This reduction in contrast occurs because the sample is excited
with a large LED power in order to minimize the relative contribution of inelastic photons
from the pump. The large LED power partially saturates the QD resulting in a degraded
contrast. In addition, it is also noted that in panel b the dip in the inelastic scattering
contribution does not line up with the dip of the elastic scattering spectrum. This behavior
is fully expected and is consistent with the predicted behavior of a two-level system strongly
coupled to a cavity. Additional discussion on this point is included in the supplementary
material.

The measured elastic scattering spectra can be compared to theoretical predictions based
on numerical solution of the master equation [26]. The details for these calculations are

provided in the supplement. All calculations are performed using an open source quantum



optics toolbox [27]. The calculated spectra are plotted in Fig. 2¢ for several different values
of the pump power, defined as the power incident on the grating coupler. At low powers, the
spectrum exhibits a doublet feature consistent with the measured spectrum shown in Fig. 2a.
As the pump power is increased, the elastic scattering spectrum becomes asymmetric due
to Stark shift of the QD, consistent the measured spectrum in Fig. 2b. In addition, the
contrast of the dip is reduced due to QD saturation. At even higher powers the linewidth of
the lower polariton, which becomes increasingly QD-like with larger Stark shift, experiences
power induced broadening [16, 22] that may further serve to modify the scattering spectrum
by reducing the atomic cooperativity [8].

In order to dynamically modify the cavity spectrum on fast timescales the sample is
excited with a pump and probe laser pulse generated from two synchronized Ti:Sapphire
lasers. The pump laser has a pulse duration of 140 ps. The probe laser, whose initial pulse
duration is bps, is filtered down to a bandwidth of 0.02 nm (7 GHz)using a Fabry-Perot
cavity, resulting in a 45 ps exponential pulse. The bandwidth of the probe laser is chosen to
be approximately one quarter of the spectral width of the dip induced by the QD in the cavity
scattering spectrum, which is equal to 2¢g in the strong coupling regime. The pump pulse is
synchronized to the probe by a piezo feedback in the laser cavity, and the delay between the
two pulse is controlled electronically by a phase-locked loop in the synchronization circuit.
The wavelength of the pump and probe fields are selected such that when the QD is resonant
with the cavity mode, the probe is resonant with the bare QD frequency while the pump
wavelength is resonant with the lower polariton. The average pump power is set to 1 pW,
while the probe power is set to 40 nW to ensure that it is in the linear response regime of
the cavity-QD system. Temperature tuning is used to tune the QD through the probe field
center frequency. The pump and probe fields are collected either directly from the cavity or
from the output coupler, and are separated by a grating spectrometer.

Fig. 3a shows the probe scattering intensity collected directly from the cavity as a function
of temperature when the delay between pump and probe is set to either 0 ns (simultaneous
excitation) or 4 ns. The 4 ns delay is chosen because it is much larger than all the decay
times of the cavity-QD system. In this case, the pulses excite the cavity at different times
and therefore do not interact. The probe scattering is suppressed when resonant with the
QD (42 K) due to cavity-QD interactions. We note that the temperature where resonance

is achieved is slightly different than that of Fig. 1c because of a gradual red-shift of the



cavity resonance frequency observed over the course of the measurement process. When the
pump and probe arrive simultaneously at the cavity (zero ns delay), a significant increase
of the cavity scatter is observed at the same temperature. The switching contrast in the
scattering spectrum, defined as n, = (I, — IT. /I3 where IS, and I’ are the probe
scattering intensities at zero and 4 ns delays respectively taken at 42 K sample temperature,
is calculated to be 0.44.

In Fig. 3a the scattering spectrum is also plotted for the case where only a control pulse is
injected (blue diamonds). In this case there is still some optical energy at the QD frequency,
which is mostly dominated by the spectral overlap between the signal and control. In contrast
to the continuous wave measurements shown in Fig. 2b, inelastic scattering of pump photons
contributes very little in the pulsed measurements. We attribute this difference to the fact
that the measured inelastic scattering energy is proportional to the average control power
while Stark shift and saturation are proportional to peak control power. In pulsed operation,
we can achieve a high peak power with a relatively low average power, which significantly
reduces the inelastic scattering contribution.

In addition to cavity scattering intensity, the waveguide transmission intensity can also
be measured by collecting the probe field from the output coupler. The results of this
measurement are shown in Fig. 3b. At the output coupler the spectrum exhibits the con-
jugate effect. At 0 ns delay the transmission exhibits an anti-resonance, while at 4 ns
a double anti-resonance can be observed. This double anti-resonance is consistent with
the continuous wave measurement of the waveguide transmission spectrum, as described
in the supplementary material. The switching contrast in transmission is calculated to be

(I —I5. /1T =0.13, where I1 and I3, are the probe transmitted intensities at

zero and 4 ns delays respectively taken at 43 K sample temperature, which is significantly
lower than 7. This reduction results from the fact that 7, is limited by the bare cavity

transmission contrast denoted AT = 1 — (1 — r()?

, where 79 = 2x)|/k. Using the values
of k) /2 = 2.9 GHz and /27 = 29 GHz measured under continuous wave excitation we
determine that AT = 0.36. In the supplementary material it is shown that 7, < AT with
equality attained in the limit C' = 2¢?/y,ax > 1, where C is the atomic cooperativity.
A relationship between 7, n, and AT is also derived and used to calculate AT, which is

shown to be consistent with the value measured under continuous wave excitation when the

bandwidth of the probe pulse is properly taken into account.



To measure the switching time of the system, the sample temperature is fixed at the
strong coupling point and the cavity scatter is measured as a function of delay between
pump and probe. The measurement results are shown in Fig. 4. The scatter exhibits a
sharp peak near 0 ns delay. The temporal response of the system is asymmetric due to the
fact that the probe pulse is filtered by a Fabry-Perot cavity and is therefore an asymmetric
exponential pulse. The pump pulse shape was also measured using a high speed detector
and found to be asymmetric. We fit the scattering intensity to a double-sided exponential of
the form S(7) = Alexp(7/t,)®(—7)+exp(—7/t;)®(7)] where ®(7) is a unit step function, A
is a normalization constant, and ¢, (¢f) is the rise (fall) time of the response. The optimal fit
is attained for ¢, = 47+ 10 ps and t; = 127 £ 19 ps. The switching time, defined by the full
width half maximum width, is A7 = 120415 ps. This switching time is limited by the pulse
duration of the pump and probe. Using a faster pump-probe excitation would reduce this
time, but would also decrease the switching contrast because the bandwidth of the probe
would be increased relative to the spectral width of the transmission dip shown Fig. 1d. In
the strong coupling regime the bandwidth of the transmission dip is approximately equal
to 2g. The probe pulse must be longer that ¢g=! = 12 ps (assuming a transform limited
gaussian pulse shape) to fit within this bandwidth, which sets the fundamental limit for the
switching response time.

Fig. 5a plots the relative change in probe scattering intensity, defined as 8 = (I3, —

n/s,,. -1t and IT

max min ax min

) where I is the scattering intensity and I are previously defined,
as a function of the pump strength. The bottom axis indicates the pump strength in units
of photons per pulse propagating in the waveguide mode, calculated using E = P,.n/hw,R
where R = 76.3 MHz is the laser repetition rate, n = 0.008 is the grating coupler efficiency,
and w, is the frequency of the pump pulse. The top axis indicates the pump strength in
units of average pump power incident on the grating coupler, denoted Pj,.. Measurements
in Fig. 5a are shown for three different values of A = w, —w,q, where the probe is always set
to be resonant with the bare QD frequency wyq. For each curve, as the pump pulse energy
is increased, the device makes a smooth transition from $ = 1 to an asymptotic value of
£ = 0 at high pump energies. The pulse energy required to achieve switching increases with
increased detuning, which is expected because fewer pump photons couple to the cavity

mode.

The lines in Fig. ba plot the theoretically predicted switching curve obtained by numer-



ical integration of the master equation. A single fitting parameter is introduced into the
simulation to relate the simulated driving amplitude of the cavity to the pump pulse en-
ergy. This fitting parameter accounts for variations in the pump pulse duration, which was
found to change substantially depending on the laser cavity alignment, as well as potential
imperfect alignment of pump field to the grating coupler. A detailed description of these
numerical calculations is provided in the supplement. The calculated solutions exhibit very
good agreement with the experimental measurements. In addition to the switching curves,
two horizontal lines are plotted which represent the 3 dB and 10 dB change in 5. We de-
fine the pulse energy where these lines and the theoretical switching curves intersect as the
3dB and 10dB switching energies of the device, denoted Fsyp and FEig4p respectively. For
A = 11.4 GHz we attain Fsyp = 140 and Ejoyp = 440 photons respectively. The ability to
perform optical switching at these low photon numbers is a striking demonstration of the
large nonlinearities that can be achieved using cavity-QD interactions in the strong coupling
regime. Fig. 5b plots the measured value Esg, as a function of A, along with the numerically
calculated values from the master equation. Numerical calculations are performed using a
single fitting parameter to relate the simulated driving amplitude to the pump pulse energy
for all detunings. Both experiment and theory indicate that when A < ¢ the nonlinear-
ity is not a strong function of the pump detuning. This behavior is explained by the fact
that in this regime A is less than the modified spontaneous emission rate of the QD, which
ultimately limits the nonlinearity of the system.

In conclusion, we have demonstrated fast optical switching at ultra-low energies by uti-
lizing strong coupling between a QD and photonic crystal cavity. In our current device only
36% of the pump energy from the waveguide couples to the cavity mode. By using better
device designs this coupling efficiency could be significantly improved [29] to further reduce
the switching energy. Ultimately, the minimum energy required to perform switching is
given by the steady state energy stored in the cavity which is estimated from coupled-mode
theory [28] to be E..w = 210/(Kk7Te) Eswiten = 2 photons. This limit could be achieved by
pulse shaping of the pump field to match the cavity lifetime in order to enable nonlinearties
near the single photon level, which are of great importance in quantum optics and quantum
information.
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FIG. 1: (Color online) (a) SEM image showing fabricated device, and illustrating pump-probe
measurements. (b) Low power PL measurement of cavity. (c) Cavity scatter under broadband
LED excitation as a function of temperature. Dotted lines indicate the temperature dependence of

QD and cavity. (d) Scattering spectrum taken at 39 K when the QD is resonant with the cavity.
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FIG. 2: (Color online) Cavity scattering spectrum for (a) 0.1 pW and (b) 14.5 W pump field
powers. The dashed red line shows the cavity scattering spectrum with only the pump field
(no signal). The solid blue line shows the scattering spectrum of the probe, with pump scatter
subtracted. (c) Theoretical scattering spectrum as function of incident pump power before the

grating.
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the output coupler. Scattering spectrum with pump only indicated as blue diamonds in panel a.
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FIG. 4: (Color online) Cavity probe scattering intensity as a function of pump-probe delay. Solid
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