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Abstract:  We demonstrate dipole induced transparency in an intefjrate
photonic crystal device. We show that a single weakly cadigjgantum
dot can control the transmission of photons through a photorystal
cavity that is coupled to waveguides on the chip. Controf éve quantum
dot and cavity resonance via local temperature tuning, disaseef cient
out-coupling with an integrated grating structure is destrated.
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1. Introduction

The photonic crystal (PC) platform enables robust intégnabf optical resonators and quan-
tum dots (QDs) into optical networks for classical and queminformation processing [1, 2].

Essential progress has been recently made with the deratiostof coherent probing of sin-

gle QDs coupled to photonic crystal cavities[3], which opéme possibility of creating new

optical devices where the ow of light is controlled via itsteraction with the QD-resonator
system. Two recent experiments demonstrate the poteffittalJ-cavity system to generate
nonclassical states of light and to mediate photon-phattaractions [4, 5], which is crucial

for numerous quantum information processing applicatj6hs
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Fig. 1. (a) Photonic crystal device used to probe dipole éedutransparency. The device
consists of a PC cavity coupled to a PC waveguide terminatédaagrating outcoupler.
For local temperature control, the cavity is placed next toedal pad that can be heated
using an external laser beam. To increase the thermal timulaf the structure, the PC
waveguide is interrupted and a narrow ridge waveguide Brikserted. (b) Magni ed view
of the grating outcoupler. (c) Magni ed view of the ridge vesuide link

However, both of these experiments focused on QDs stror@ipled to cavities (i.e., the
regime in which the QD-cavity eld coupling strengghis greater thak=2 wherek is the cav-
ity eld decay rate). On the other hand, it has been theca#lifigpredicted [7, 8] that a weakly
coupled QD (withg < k=2) can also control the photon transmission through a résgres
long as the system is in the strong Purcell reginfekg > 1, whereg is the QD decay into
modes other than the cavity mode). Such a regime is muchréasiehieve in the solid state
systems, ag << @;k, as opposed to the atomic physics systems wkieéseon the same order
asg[9]. This is especially important for the integrated sturets, where cavities are coupled
to waveguides, as such coupling degrake$Ve refer to such dipole assisted control of the
photon transmission through a cavity as the dipole indu@tsparency [7, 8]; this effect can
be classically explained as destructive interferenceeabttiput port of the PC cavity induced
by the QD dipole. Thus, by controlling the state of the quamtlot one can change the cavity
transmission function from transparent to opaque. The sththe quantum dot can be con-
trolled either by shifting its resonance frequency via @asi effects such as the AC Stark shift
[5], DC Stark shift [10], Zeeman shift [11], or by saturatif#) 5] using coherent laser beams



or injected carriers.

2. Device design and principle of operation
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Fig. 2. Schematic showing the operation of the device. Aihgaaser is used to control the
device temperature thus changing the resonance frequéniog oavity and the quantum
dots coupled to it [12]. A probe laser is injected into theigefvom the top. The cavity eld
couples to the waveguide mode and then it is scattered fremgréting outcoupler into the
collection lens. A pinhole is used to collect only the outpeattered by the grating. Using
this device, the transmission function of the cavity canrmdyzed for different frequencies
of the resonator, quantum dot and probe laser.

In order to utilize the full potential of PCs and enable higtelity, low off-chip loss opera-
tions, photonic information should be kept on the chip antaupled at the nal information
processing step. Such a scheme results in ef cient cavdyeguide coupling, enhanced signal-
to-noise ratios by separation of the input and output chianaed single mode operation, where
a single cavity mode couples to a single waveguide mode.isrettperiment we take the rst
step in this direction by designing a device that enableslop-transmission measurements of
PC cavities with coupled quantum dots.

To this end, we designed a photonic crystal device that iateg cavities and waveguides.
For ef cient light scattering out of the plane of the chipetivaveguide is terminated with a
grating outcoupler. This allows us to measure the transomss a probe beam injected into
the cavity from the top, then coupled into the waveguide amdaupled by the grating. The
measurement principle is depicted in Fig. 2.

To achieve both large coupling ef ciency into the waveguéahel quality factors high enough
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Fig. 3. Simulation of the L3 cavity eld coupled into the waygde whose output is verti-
cally scattered by the grating outcoupler. (a) Magnetid distribution in the plane of the
photonic crystal, i.e., the x-y plane (the domind@ycomponent is shown) (b) Energy den-
sity radiated from the structure, shown in the vertical sreaction through a plane passing
through the middle of the waveguide and the cavity (x-z plahtst of the vertically ra-
diated energy is scattered from the grating outcoupler k& dimensional view of one
of the electromagnetic eld density isosurfaces. This shidhe pro le of the evanescent
cavity and waveguide eld and indicates that most of eneegiiated vertically comes from
the grating outcoupler.

for strong Purcell enhancements, we choose a linear ttokedefect cavity (L3) [13] that
is butt coupled to a PC waveguide with a two-hole separatigiwvéen the cavity and the
waveguide[14]. The device is further integrated with a mbtating pad that enables local
temperature tuning of the QD and cavity resonance via eatéaser beams [12, 3]. The sus-
pended structure is connected to the rest of the substrataliysix narrow bridges to reduce
the thermal conductivity [12]. One of the main thermally dantive elements is the photonic
crystal waveguide. For increased thermal insulation werinpted the photonic crystal waveg-
uide and used a narrow ridge waveguide link.

To couple light from the photonic crystal waveguide out & fthane of the chip, we designed
the grating outcoupler shown in Fig. 1(b). The grating oufler consists of & =(2n) pitch



grating that causes destructive interference in the falvgaopagation direction and scatters
most of the light into the collection lens. The grating isseff from the output port of the
waveguide by =(2n) (Fig. 3(a)).

To verify the scattering properties of the grating, the dewivas simulated using the nite
difference time domain method. Due to limited computingrases, a smaller scale structure
than the one shown in Fig. 1 was simulated. The structureagistin Fig. 3 (a) and consists
of a L3 photonic crystal cavity butt coupled to a shorter P@Gegaide that is directly termi-
nated with the grating outcoupler. Figure 3(a) shows theildigion of thezcomponent of the
magnetic eld B;), and shows how the cavity couples to the waveguide. In Bd#b,c) we
plot the energy density of the electromagnetic eld, thuswimg that the eld scattered in the
zdirections comes primarily from the grating. From the tineelation of the outcoupled eld,
we computed that 50% of the light outcoupled from the waveguide is scattenethle grat-
ing and collected into the microscope objective with 0.7Betical aperture (NA) used in the
experiment.

3. Theoretical analysis
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Fig. 4. Schematic of the cavity mode coupling into varioustphic channels. The cavity
couples with coupling constaift,k to the forward and backward propagating modgs
andagt of the probe beam. The other coupling channel of interebei®titward propagat-
ing waveguide modwoyt With coupling rate to cavity equal thygk. The cavity loss into
all other coupling channels is(1 hwg hg). Therefore, the total cavity eld decay rate
is k. The uncoupled quantum dot decay ratg is

Following a coupled mode theory formalism similar to the alescribed in Ref. [7], the
transmission function of the system is described by the @ibam
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wherewg, is cavity emission outcoupled into the waveguide apds the mode of the lens
used for coupling into the cavity. The coupling between tagty and the quantum dot
the dipole decay rate without a cavitygsandwe, wgp, w are the resonance frequencies of the
cavity, quantum dot and probe laser respectively. The tataty lossk is divided into the loss
into the waveguidégk , loss into the mode of the lerfig k, and loss into all the other channels
k(1 hwg ha) as shown schematically in Fig. 4.

To probe the dipole induced transparency we kept the praee onstant and scanned the
cavity and quantum dot resonance using local temperatanneguDuring the local tuning pro-
cess the cavity and quantum dot frequency shift linearlylie input power of the heating
laser, with the quantum dot shifting approximately threees faster. The formula in Eq. 1 can
be rewritten in terms of the power of the heating lag®ra(nd the shifting rates of the cavigy)
and quantum do#{gp) with respect to the probe laseadp  3ac):
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When no quantum dot is coupled to the cavily=( 0) the transmission functioh(P) has a
Lorentzian shape. The effect of a coupled quantum dot is p ir¢he transmission function
[3, 7]. We stress that the transmission drop is not causedbgrption, but by the destructive
interference at the output port caused by the interactidwden the probe eld, cavity eld
and the coherently driven quantum dot. While this effecteifemed in literature as “dipole
induced transparency” [7], in this particular con guratithe dipole does not change the cavity
transmission from opaque to transparent but the other waynalr (the quantum dot would
induce transparency in a drop lter con guration [7]).

4. Experimental implementation

The device was fabricated on a quantum dot wafer grown by catde beam epitaxy on a Si
n-doped GaAs(100) substrate with a Grfin buffer layer, and a 10-period distributed Bragg
re ector consisting of quarter-wave AlAs/GaAs layers tgirave collection ef ciency into the
lens. The distributed Bragg re ector is separated by a 91&aai cial layer of Alg.gGay.2As
from the 150-nm GaAs membrane that contains a central ldygaibassembled InGaAs/GaAs
guantum dots. The structure was fabricated using standaotren beam lithography, dry
plasma etching and wet etching with hydro uoric acid. To miize the probability that more
than one quantum dot couples to the same cavity mode, we ssadge with low quantum dot
density (100 quantum dots perm?). The tuning pad was deposited as described in Ref.[12].

The sample was placed inside a continuous ow liquid heliupostat and the measurements
were performed using an experimental setup similar to taatidbed in Ref. [3]. Using above-
band photoluminescence (PL) under weak excitation, we uned§) = 6140 for the cavity
quality factor, and a quantum dot weakly coupled to the gaésonance was identi ed. The
photoluminescence spectrum collected from the gratindgeadbeally tuning the temperature is
shown in Figs. 5(a-d). Since the cavity-QD system is in thakx@upling regime, the spectrum
does not show polariton anticrossing [12].

To characterize the grating outcoupler, a small apertui wsad to collect photolumines-
cence either from the grating or the cavity. The collecteztja are plotted in Fig. 5(f). After
background subtraction, the ratio between the gratingctdt PL and cavity collected PL was
measured to b@Lga=PLcay = 0:63. Since for this cavityQ = 6140, assuming a uncoupled
quality factor ofQ. = 10000 (similar to uncoupled cavities fabricated on the seig) the Q
corresponding to coupling into the waveguide can be dedas€¥,g = 15900 [14]. This im-
plies that 39% of the cavity PL couples into the waveguide an@1% is radiated vertically
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Fig. 5. (&) Two dimensional photoluminescence plot takehasquantum dot is tuned
into resonance with the cavity by changing the power of thetihg laser (plotted on the
vertical axis). (b-d) Photoluminescence plots at threfedifit crossections marked by the
horizontal lines in panel. As expected for the weak coupling regime, the QD and theycavi
lines cross. (e) Transmission measurement done by chatignmpwer of the heating laser
while the probe beam is kept xed at the frequency marked fey\tbrtical line in panel
b. The plot shows the Lorentzian pro le of the cavity resorarnd the dipole induced
transparency transmission dip induced by the quantum dw.dashed line is the direct
theoretical twith Eq. 2. The solid line ttakes into accotuthe uctuations in the system.
(f) Comparison between the photoluminescence spectraatetl from the top of the cavity
and the grating outcoupler. The two spectra were taken assngall aperture to collect only
the photoluminescence from the area of interest. The rétiveagrating outcoupled cavity
photoluminescence to cavity outcoupled photoluminese&n6.64.

(because of the re ecting DBR under the cavity), thus intliigaa ratio ofPLgrat=PlLcay= 0:64
between the grating collected and cavity collected PL. Thisber is in excellent agreement
with the one observed experimentally. However, we stressdbspite the good matching the
estimation is not completely accurate because the coufdswsps at the PC/ridge waveguide
interface and the coupling ef ciencies into the numerigaédure of the lens were not taken
into consideration. The losses in the system can only davaxthe value foPLgrat=PLcav Ob-
served experimentally, so the experimental result ind#tat the grating radiates into the NA
of the lens more ef ciently than the cavity. This is in agremmhwith simulations which show
that 50% of the light coupled into the waveguide is coupled interslwith NA=0.75 while
only 30% of the light radiated by the cavity is coupled into the sdwA (these estimations



take the back re ection of the DBR stack into consideratidrt)e exact coupling ef ciencies
both form the grating and the cavity are currently under ncareful characterization. Further
design optimizations could lead Rl_grat >> Plcay, as desired.

The transmission measurements were performed using adoalisde laser (focal spot
1) tuned to 929.65nm. The relative wavelength of the probhk véspect to the cavity and
guantum dot frequency is marked in Fig. 5(a). First, the dogmf the laser into the cavity was
optimized using the cross-polarized re ectivity techrégdescribed in Ref.[3]. Once coupled,
a small aperture was used to collect only the laser lightstratied from the cavity into the
waveguide and then scattered by the grating. The experahgatia for the device transmission
is shown in Fig. 5(e). The data shows the Lorentzian trarsoridunction of the cavity with
a abrupt drop in transmission caused by dipole inducedpeaerscy with the weakly coupled
guantum dot, as theoretically predicted [7]. To avoid quentot saturation, the experiment
was performed at low probe power (tens of nW) [3].

a] [b]
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Fig. 6. (a) Prototype structure consisting the of photomistl resonators evanescently
side coupled to a waveguide. Each resonator is next to anlggaeid so the its temperature
and thus its resonance frequency can be controlled indepégd(b) Magni ed view of the
waveguide coupled resonator and its heating pad. The tesmsirrounding the resonator
provide local thermal insulation.

To compute the parameters of the system, the data was t vgtl2Eand the following values
were obtainedg=2p = 9:4GHz,k=2p = 33GHz,g=2p = 0:3GHz. The result of the theoretical
tusing Eq.2 is shown in Fig. 5(e). As seen from the t, our das not fully described by Eq.2
because of various sources of noise in the system, mainliethperature uctuations due to
small power uctuations of the heating laser (which in tundiice wavelength uctuations of
the QD)[3]. When taking into account these uctuations (asafibed in [3, 5]), the solid line
tis obtained, in better agreement with the experimentabda

5. Conclusion

In conclusion, we observed dipole induced transparencyghatonic crystal device that in-
tegrates resonators, waveguides, outcouplers and loci@mgtelements. This shows that the
coherent probing of coupled resonator-QD systems can bemaronly in re ectivity but also
in transmission measurements. In addition, the contrdhefight transmission through a res-
onator is done using a weakly coupled QD. The prototype @estiown in this paper contains
most of the building blocks of future quantum dot - photomigstal networks for classical and
guantum information processing. To increase the perfoomamd functionality of future de-
vices the coupling into the resonator should be done viah@naetaveguide and more cavities
and quantum dots should be interconnected. A prototypgesithis kind is shown in Fig. 6.
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