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Abstract

Quantum dots in photonic crystals are interesting both as a testbed for fundamental cavity quantum electrodynamics (QED)

experiments and as a platform for quantum and classical information processing. We describe a technique to coherently access the

QD-cavity system by resonant light scattering. Among other things, the coherent access enables a giant optical nonlinearity

associated with the saturation of a single quantum dot strongly coupled to a photonic crystal cavity. We explore this nonlinearity to

implement controlled phase and amplitude modulation between two modes of light at the single photon level—a nonlinearity

observed so far only in atomic physics systems. We also measured the photon statistics of the reflected beam at various detunings

with the QD/cavity system. These measurements reveal effects such as photon blockade and photon-induced tunneling, for the first

time in solid state. These demonstrations lie at the core of a number of proposals for quantum information processing, and could also

be employed to build novel devices, such as optical switches controlled at the single photon level.

# 2008 Elsevier B.V. All rights reserved.
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Several proposals for scalable quantum information

networks and quantum computation rely on direct

probing of the cavity-quantum dot coupling by means of

resonant light scattering from strongly or weakly

coupled dots [1–6]. Such experiments were performed

in atomic systems [7–9] and superconducting circuit

QED systems [10]. In 2007, we showed that the

coupling between a QD and a cavity can also be probed

in solid-state systems. The quantum dot (QD) strongly

modifies the cavity transmission and reflection spectra

as predicted [5] (this result was simultaneously reported

by Srinivasan and Painter for a QD strongly coupled to

a microdisk resonator [11]). When the QD is coupled to

the cavity, a weak laser beam that is resonant with its

transition is prohibited from coupling to the cavity. As

the average probe photon number approaches unity

inside the cavity, we observe a giant optical nonlinearity

as the QD saturates. This technique, which we call

Coherent Optical Dipole Access in a Cavity (CODAC),

represents a first major step toward quantum devices

based on coherent light scattering and large optical

nonlinearities from QDs in photonic crystal cavities.

1. Coherent access of quantum dot–cavity
system

We use an L3 photonic crystal cavity [13] resonant

at wavelength lcav� 926 nm and having quality factor
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Q ¼ 1:0� 104 and field decay rate k=2p ¼ 16 GHz.

The structure, shown in Fig. 1(a), also contains a metal

pad which is used to heat the photonic crystal with an

additional laser beam [12]. The cavity is strongly

coupled to a QD, with a polariton splitting of

0.05 nm. The corresponding cavity–dot coupling rate

g=2p ¼ 8 GHz. This splitting is seen in the (incoherent)

photoluminescence (PL) measurements in Fig. 1(b, c),

where the QD is tuned through the cavity by changing

the structure’s temperature. Then we probed the system

coherently, by reflecting a near-resonant laser beam

from the cavity. The setup and measurements are given

in Ref. [14]. Briefly, the signal reflected by the cavity is

monitored in cross-polarization with respect to the input

beam to reduce background [15]. Then reflectivity is

measured by temperature-tuning the cavity/QD reso-

nances through the reflected narrow-linewidth probe

laser beam. The probe’s incident power is in the weak

excitation limit corresponding to fewer than one photon

inside the cavity per cavity lifetime (3 nW measured

before the objective lens), as required for probing the

Vacuum Rabi splitting. As the single QD sweeps across

the cavity, it coherently scatters the probe laser to

interfere with the cavity signal. Instead of observing a

Lorentzian-shaped cavity spectrum, a drop in the

reflected signal is observed at the QD wavelength with

a linewidth of g2=k, as expected [5].

Earlier probing of the strongly coupled cavity/

quantum dot system was done by photoluminescence

[12,16–19]. Since excitons spontaneously recombine to

produce the signal in these measurements, that

technique represents an incoherent probing of the

system. By contrast, the CODAC method described here

represents a direct, coherent optical pathway to probe

the system. The coherence results in the reflectivity dip:

the quantum dot scatters photons p out of phase with the

cavity field, which results in this case in a destructive

interference.

We find good agreement between the measured

reflectivity and theory [14], using the above-mentioned

cavity/QD parameters and the tracked QD and cavity

wavelengths shown in the bottom of Fig. 2(a). The QD-
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Fig. 2. Resonant probing of QD/cavity system. (a) The cavity and quantum dot are scanned across the fixed probe by temperature tuning. The

reflected intensity drops when the QD becomes resonant with the probe beam. (b) The QD is saturated at extremely low power, representing a large

optical nonlinearity. hncavi denotes the average photon number in the cavity.

Fig. 1. (a) Photonic crystal structure containing cavity and laser heating pad. (b) The spectrum of strongly coupled QD/cavity system tuned through

resonance by tuning the temperature [12]. (c) Cavity/QD anti-crossing. The red lines show the QD/cavity tuning if the two were uncoupled.
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induced feature does not reach zero because of

fluctuations in the heating power (and hence QD

resonance). When this noise is taken into account in our

fit by convolving the spectrum with a Gaussian filter

(FWHM ¼ 0:005 nm), the theoretical model matches

the data (black fits). Another reason why the dip does

not reach closer to zero, as predicted by theory, is that

the dot randomly jumps between different states which

can be resonant or off-resonant from the cavity. The

resonant state produces a dip while the off-resonant

state does not. As a consequence, the dip height is

averaged between the occupation probabilities. This

‘blinking’ was less significant than thermal jitter in this

QD/cavity, but we have observed that it can play a big

role in other systems. The reason for blinking is

probably primarily random charging [20].

So far, we have shown reflectivity spectra obtained at

the narrow wavelength range of the probe laser. This

technique provides higher resolution than the spectro-

meter. However, if the quantum/cavity coupling is high,

then the QD-induced feature can also be resolved when

the cavity is probed with a broad-band source which is

then analyzed on a spectrometer. For lack of a broad-

band continuous-wave source near 928 nm, we used the

Ti:Sapph laser in pulsed mode (� 3 ps duration and

� 0.3 nm width). The probe intensity was very low,

about 1 nW before the microscope’s objective lens, so

that the pulses do not saturate the quantum dot. The

reflected signal is shown in Fig. 3(a), normalized by the

roughly Gaussian spectrum of the probe. This QD/

cavity system is identical in design to the one discussed

above, with a Q value near 10,000. The quantum dot has

slightly higher coupling with g=2p ¼ 16 GHz. Because

of the limited resolution the spectrometer (0.03 nm), the

features are blurred. Otherwise the reflected spectrum

agrees with theory, which is plotted in Fig. 3(b). It is

possible to probe the system in broad-band when its

response is linear, as in this weak-excitation limit where

the average intracavity photon number hni� 1. When

the probe intensity grows, the two-level nature of the

quantum dot causes a large nonlinearity. We discuss

this next.

2. Giant optical nonlinearity

In Fig. 2(b), we show that the reflectivity of the cavity

changes as the probe beam reaches � 1 intracavity

photon. Pin is increased from the low-excitation limit at

5 nW before the objective (corresponding to average

cavity photon number hncavi� 0:003 in a cavity without

QD) to the high-excitation regime with Pin� 12 mW

(corresponding hncavi� 7:3). Here, hncavi is estimated as

hPin=2k�hvc, where h� 1:8% is the coupling efficiency

into the cavity at this wavelength. We modeled the

saturation behavior by a steady-state solution of the

quantum master equation following Ref. [21] using

independently measured system parameters [14]. We see

very good agreement over three orders of magnitude of

the pump power [14].

2.1. Amplitude and phase control

Since the QD-induced feature is an interference

between the cavity field and the dot-scattered field, we

can use its rapid saturation to change the phase of a

signal beam with the field of a control beam. Such a

controlled phase shift is attractive for constructing two-

qubit quantum logic gates with photons [22]. A

controlled phase gate, which may be realized by an

atom in a high quality (Q) cavity [23], performs this

function. In this gate, the accumulated phase of one

beam is conditioned on the total number of photons

interacting with the atom, and the presence of other

photons can be measured without destroying them
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Fig. 3. (a) Broad-band cavity reflectivity from cavity, as the quantum dot is tuned through the anti-crossing point. (b) Reflected signal (theory).
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[24,9]. Based on the giant optical nonlinearity, we

review in this section a conditional phase measurement

[25]. We employ the same type of cavity design as

described above, with a Q value near 10,000. A

quantum dot is strongly coupled with vacuum Rabi

frequency g=2p ¼ 16 GHz.

We measure the phase of cavity-reflected photons by

interfering them with a reference beam of known

intensity and phase. The setup is detailed in Ref. [25].

Briefly, the setup consists of a polarized laser beam that

passes a quarter wave-plate (QWP) at an angle u to the

beam’s polarization, and then reflects from the cavity

and passes back through the wave plate. The component

that is along the linearly polarized cavity is reflected

with reflectivity rðvÞ, while the orthogonally polarized

component reflects from the cavity and an underlying

Distributed Bragg Reflector with unity reflectivity. In

passing back through the QWP, these two reflected

components are in general mixed. After they pass

through a polarizing beam splitter (PBS), they are

collected through a spectrometer on a silicon CCD. The

intensity on the detector thus corresponds to inter-

ference between the reference beam, directly reflected

from the sample, and the probe beam that is reflected

from the cavity. The interference allows extraction of

the phase difference between the reference and probe

beams. Specifically, the detected signal Is is

Isðv; uÞ ¼ jAðuÞðrðvÞ þ eiCðuÞÞj2; (1)

where AðuÞ is a coefficient that depends on the QWP

angle u relative to the vertical polarization of the PBS,

rðvÞ ¼
2k

ffiffiffi

h
p

iðvc � vÞ þ kþ ðg2=ðiðvd � vÞ þ gÞÞ � 1;

(2)

is cavity reflectivity for a probe at frequency v, a cavity

at vc, and a QD at vd and having natural decay rate

g=2p� 0:1 GHz in the bulk semiconductor.
ffiffiffi

h
p

is the

coupling efficiency of the probe beam (assumed to be

polarized with the cavity) into and out of the cavity.

CðuÞ is the reference phase delay:

eiCðuÞ ¼ cos 2ð2uÞ þ isin ð2uÞ
cos 2ð2uÞ � isin ð2uÞ ; (3)
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Fig. 4. (a) Measured reflectivities at different QWP settings u as the dot and cavity are tuned through the probe beam by changing temperature (scan

count). The data are fit by the model of Eq. (1). (b) Quantum dot, cavity, and probe wavelengths as a function of temperature scan. (c) Reflected

phase, extracted from model Eq. (1).
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The amplitude at the detector is proportional to the

modulus squared of AðuÞ, where

AðuÞ ¼ i

2
ðcos 2ð2uÞ � isin ð2uÞÞ; (4)

By changing the QWP angle u, we can produce

different interference conditions between the complex

cavity reflectivity rðvÞ and the known u-dependent

term eiCðuÞ.

2.1.1. Phase measurement

We deduce the phase of r by fitting the observed

IsðvÞ with the model of Eq. (1), as detailed in Ref. [25].

Then we can verify that the QD-induced feature is

produced by an interference effect by varying the phase

through u. Fig. 4(a) shows that as the phase is changed,

the QD-feature evolves from destructive to constructive,

and the dip at u ¼ 0� changes to a peak at u ¼ 33�. Each

fit to the model matches the observation well and gives

the signal phase fr ¼ arctan ðIm½rðvÞ�=Re½rðvÞ�Þ,
where Re½rðvÞ� and Im½rðvÞ� are the real and

imaginary parts of the cavity reflectivity rðvÞ. The

phase fits for eleven scans with different QWP angles u

are superposed in Fig. 4(c). As the signal wavelength

traverses the cavity resonance, fr changes from 0 to�p.

An additional phase change occurs at the quantum dot

resonance, where the phase varies by almost p over the

dot bandwidth (2g2=k ¼ 2p� 32 GHz). Instead of

fitting the data by the analytical model, we can also

directly deduce the real and imaginary components of

the cavity reflectivity by measurements of Eq. (1) at

different phases. This phase measurement is detailed in

Ref. [26].

2.1.2. Phase control at single wavelength

When the control and signal are at nearly the same

wavelength, the nonlinear interaction between them

(Fig. 5(a)) arises from the saturation of the QD in

the presence of cavity coupled photons [14]. We

observe a phase change of 0:24p (43�) when the control

photon number is increased from nc ¼ 0:08 to 3. R=R0

increases from 0.5 to 1.0 at saturation. In these

measurements, the wavelength is red-detuned by

� 0.014 nm (g=3:5) from the anti-crossing point (see

Ref. [25]).

It may be easier to separate control and signal beams

in wavelength. In that case, the signal and control beams

would clearly no longer be interchangeable. But

detuned beams would be suited for applications such

as quantum nondemolition (QND) detection, where the

control beam accumulates a phase in the presence of the

signal beam, or all-optical control, where a control

beam switches the transmission of the cavity to the

signal beam. For this measurement, we consider another

dot that is also strongly coupled with a vacuum Rabi

frequency g=2p ¼ 8 GHz. We detuned the control

beam by Dl ¼ �0:027 nm (’ g) from the signal beam.

With a constant signal intracavity number ns� 0:2, we

then varied the control photon number nc. The photon–

photon interaction is mediated primarily by the QD

saturation through the control beam, though some

detuning occurs by the AC Stark effect, which can

create large phase shifts [27]. In Fig. 5(b), we plot the

phase and intensity of the signal beam when it is red-

detuning by 0.4 g from the cavity, which in turn is

resonant with the QD. Here the phase is plotted with

respect to the phase when the control beam is off,

Dfr ¼ fr � frðnc ¼ 0Þ	fr � fr;0.
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Fig. 5. Saturation of the QD-induced interference and its corresponding phase. (a) The dot was detuned from the cavity by g=3:5; the control and

probe beams are identical here. The measured saturation agrees with theory (solid line). The dashed curves show the expected phase and intensity

when the control intensity is doubled. The nonlinear phase shift frðncÞ � frð2ncÞ is maximized at nc ¼ 0:1, indicated by the arrow. (b) Nonlinear

response to control photon number nc when the signal beam is 0.009 nm (� g=3) from the dot resonance (vertical lines in a and b).
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Quantum gates require a large phase change of a

signal photon, conditioned on a single control photon

[23,28,29]. Furthermore, they require that both signal and

control photons have the same wavelength and duration.

We measured the differential phase change by the

difference between the phase evaluated at nc and 2nc

(Fig. 5(a)). This gave a maximum differential phase shift

of 0:07p (12�) at nc ¼ 0:1 and maximum amplitude

change of 15% at nc ¼ 0:43. Theoretically we estimate

a maximum of ’ 0:15p (27�) for phase and 20%

amplitude modulation with our system parameters, when

the quantum dot is tuned on resonance with the cavity.

A controlled phase gate requires a p phase shift

[23,30]. Relying on the saturation of the dot, this would

require repeated interactions, possibly by cascading

several QD/cavity systems in series. In this case, the

coupling losses would grow exponentially. A more

efficient, on-chip integrated architecture [31], promises

to improve efficiencies. A second, though smaller, source

of coherence loss is QD spontaneous emission. It is useful

in this respect that the spontaneous emission into non-

cavity modes is suppressed by the PC bandgap [32].

3. Conclusions

In conclusion, we have demonstrated a technique to

coherently access a QD in a photonic crystal cavity. This

photonic access enables a giant nonlinear optical

response of the QD/cavity system, occurring at the

single photon level [14]. This nonlinearity allows

conditional phase and amplitude changes of a signal

photon via a control beam [25]. Alternatively, the signal

photon’s phase may be changed by as much as p by AC-

stark shift of a control photon. A controlled p� gate

would enable a full set of quantum logic gates [30]. From

measurements of the second-order coherence function,

we also demonstrated that the cavity/QD system provides

a photon–photon interaction which results in either

photon blockade or photon-induced tunneling [33].

These results suggest that the QD/cavity system is very

promising for quantum and classical information

processing. Currently, the coupling efficiencies into

and out of the cavity are still low—on the order of 2–5%.

By adopting an on-chip approach and exploring better

off-chip couplers, we hope to bring this efficiency near

unity and thus enable efficient, controlled interactions

between single photons.
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