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Abstract: Linear and non-linear thermo-optical dynamicalimezs were
investigated in a photonic crystal cavity. Firste imave measured the
thermal relaxation time in an InP-based nano-cawittyh quantum dots in
the presence of optical pumping. The experimentthod presented here
allows one to obtain the dynamics of temperature manocavity. It is based
on reflectivity measurements of a cw probe beamplezl through an
adiabatically tapered fiber. Characteristic timésl@+0.2 us and 0£0.2
ps for the heating and the cooling processes wa@ned. Finally, thermal
dynamics were also investigated in a thermo-optictable regime.
Switch-on/off times of 2 us and 4 ps respectiveravmeasured, which
could be explained in terms of a simple non-linedynamical
representation.
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1. Introduction

Active Photonic Crystal nanocavities have recemdgeived much attention due to their
importance for quantum optics and quantum electrathics [1], as well as for dynamical
and nonlinear control of light in photonic circu[@]. In particular, in the context of active
semiconductor devices, silicon and IllI-V-based mavities have been shown to exhibit
interesting optically induced gain/absorption pmigs leading to ultrafast switching and
bistability, among others [3-6].

Photon emission and/or carrier induced nonlinesxitire obtained through the excitation
of electrons in semiconductor conduction bandsctEda-hole nonradiative recombination
processes play a fundamental role in the relaxaifoexcited electronic populations. These
are mediated by phonons which become source of ki¢laile heating turns out to be an
unwanted effect in most photonic devices becausiwtimental thermal loading (specially in
photonic crystal suspended membranes), it canb@sgsed as a mechanism for fast switching
(up to 10 MHz-bandwidth) as long as the dimensioineptical cavities are small enough [7-
9]. Moreover, in the context of novel non-lineamdynical mechanisms relying on multiple
time-scale processes, it has been demonstratedthtbaso-called thermo-optical excitable
dynamics may lead to repetition rates as high @iz [10].
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It is worth pointing out that, in all the aboveusitions, an insight into dynamics of heat
dissipation is of central importance since it pd®a information about the characteristic time
scales to take into account when pumping the sammeder to avoid heating up the material,
i.e. by modulating the optical pump faster thanttitemal relaxation time. In particular, quasi
cw light injection for nonlinear operation or lasemission requires the pump pulse to be
longer than the carrier recombination lifetime, borter than the thermal time. For instance,
we have recently demonstrated optical bistabitita 2D PhC following this approach [3].

In the case of self-induced heating phenomena rarénd nano optical cavities (i.e.,
when the heat is produced by optical excitationthef resonant mode in the cavity) the
characteristic heat dissipation times strongly delpen the cavity size. As it has been pointed
out in [9], these scale with the characteristicityalength, i.e. small cavities dissipate heat
faster. The equilibrium temperature, in turn, ssaléth the inverse cavity length, mainly due
to the reduced heat capacity of small cavitiest #esmal processes are thus compatible with
high thermal loading, showing the importance ofriiid measurements in small cavities,
such as photonic crystal nanocavities.

Thermal relaxation often involves several time assalThis is especially the case for
complex geometries such as a air-bridge photonjstak slabs, where thermal dynamical
measurements are particularly relevant since:d)hbat sink is a complex process given by
the actual three-dimensional structure; ii) if &ioles are present, full calculations —for
instance by means of finite element methods— camabieer cumbersome. Recently, the
thermal response in photonic crystal devices han t@mulated using a finite-elements
method [11]. In this study, the device concept wahermo-optical switch based on a W1
photonic crystal waveguide on silicon. Heating wasduced by a pair of electrodes close to
the W1. Such a device reaches a stationary temperaf 420° C after 20 pys. Heating and
cooling times of 5.6 us and 3.5 pus at 90% and 10% e final temperature, respectively,
were found.

From the experimental point of view, while therm@ding can be estimated through
measurements of thermally induced refractive indbange, the thermal relaxation times
cannot be obtained straightforwardly; so far, this been done through parameter fitting
from non-linear dynamical models [8,10]. This regqaia complex set of equations coupling
several variables, therefore the fitted relaxatiore becomes model-dependent. In this work
we present a novel method to directly measure hieental time out of a photonic crystal
nanocavity, based on time-resolved reflectivityhivita tapered fiber-assisted optical coupling
scheme.

Available thermal characterization techniques imisenductor microchips have mainly
been developed for microelectronics and concerm stationary profiles and dynamics.
Stationary temperature profile measurement is adsta technique using infrared CCD
cameras that allows quantification of thermal logdaveraged over time [12]. Dynamical
measurements of thermal diffusion coefficients e tmicroscale is also an available
technique based on visualization of thermal wavwephmtoreflectance microscopy [13]. The
technique we propose here focuses on thermal dysaavieraged in the optical volume of a
resonator; in the case of a photonic crystal naribgahe spatial resolution is given by the
cavity dimensions, of the order of one micrometarSection 2 we describe the photonic
crystal sample and we report on the main opticatuies through photoluminescence
experiments. Section 3 is devoted to the descripticthe taper-assisted coupling method for
probing the PhC nanocavity. In Section 4 the thégaamical measurements are shown. In
Section 5 we illustrate the thermo-optical dynarmiglaenomena in the context of bistable
switches. Section 6 gives a discussion of the tesad well as a comparison with thermal
properties of other nano and microphotonic systeeperted in the literature. Finally, the
conclusions are given in Section 7.

2. Sample description and characterization

The sample is a 10 um 50 um photonic crystal of air holes (triangulatitz with period
a=465 nm, holes radius=@gin an InP suspended membrane (air gap size=I,&-jgs. 1la
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and 1b), with a nanocavity in the center. The gaigita modified L3 [14], where the two holes
closing the cavity are shifted away by (al&ee. Fig. 1c). The 262 nm-thick/2n) InP
membrane incorporates a central single layer dfasslembled InAsP/InP quantum dots
(QDs), whose density is 1.5x£@&mi? and whose luminescence at 300 K is centered around
1.55um with a 145-nm inhomogeneous broadening [15]. Whele structure, incorporating a
GalnAs sacrificial layer under the InP, is grown rogtalorganic chemical vapor deposition
(MOCVD).

The QD photoemission is used to identify the camityde under incoherent pump @ 800
nm using a 100 fs-pulses, 80 MHz-repetition rat&dilaser. The resonant mode filters the
QD luminescence, giving a spectral peak at 1490 moriaser effect was observed for these
cavities. Due to their relatively large emissioregpum, and almost flat emission over the
cavity tuning range, QDs are well suited as anvaatnaterial in the framework of our study
since their absorption/gain curves are less sgaditi temperature induced spectral shifts with
respect to quantum wells. As a result, it will bgoad approximation to neglect the effects of
thermally induced electronic band shifts on theityamode. Thus, only refractive index
change with temperature will be taken into account.

InGaAs

(C) 10 um

120 fs pulses 50% coupler
@1492nm

- | Transmission

o

Fig. 1. (a). Sketch of the photonic crystal-membraample. (b). SEM cross-section image of a
5um-width membrane showing the ~ 1um-thicknesgagx (c). Tapered fiber optical coupling
scheme for transmission and reflectivity measurésnes SEM image of the L3 cavity is
shown.

3. Taper-assisted coupling scheme

Once the optical mode is identified by looking la¢ photoluminescence, the cavity mode is
probed resonantly through a curved tapered fibaigtw2 um along 500 pm, radius of
curvature=500 um), which can be approached to #witycby means of a nanopositioning
stage. The curvature of the taper reduces the aptmupling to the substrate outside the
photonic crystal membrane, thus decreasing oplassles. The incident polarization angle
with respect to the sample plane can be changeddans of a fiber polarization controller.
Reflectivity measurements are well suited to prtiee cavity resonance since they naturally
avoid the uncoupled light background. In order teasure the reflection upon evanescent
interaction between the taper and the cavity, aréld 50% coupler is used. The coupling
scheme, depicted in Fig. 1c, is similar to othgsrapches already reported for coupling light
resonantly into W1 waveguides and cavities [16-38hen the taper is positioned at the
center of the defect in contact with the cavityd émoadband femtosecond pulses are injected
into the fiber (120 fs pulses @ 1492 nm, linearbjapized), a reflected signal is detected
showing a narrow peak (Fig. 2a, black line). Théslp disappears when the taper is moved
away from the cavity. The polarization angle isteatptimize the reflected signal.
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In order to estimate the coupling efficiency, thensmission spectrum has been measured.
This also shows a resonant feature at the samdevaytk (Fig. 2b). We estimate the coupling
efficiency using a simple model based on mode amlfiieory [19]. Let. be the taper-cavity
coupling time and, the cavity photon lifetime (defined for the fietsmplitude), the latter
including the intrinsic cavity lifetime and othedditional taper-induced cavity losses, such

that W2QageF 1/Tot1/1.. The ratio of the —in resonance— transmitted pdwéne input power
reads

f
M1 &)

|fi|2 1+i i
Tc

Where|ft|2 is the transmitted power in the vicinity of thevitg. The power measured at the
fiber output is 5.7 nW. The transmitted power out of resonancBi+41nw. Assuming

|ft|2/|fi|2:Pt/Pi (frequency-independent intrinsic taper losses) ab¢ain |ft|2/|fi|2=0.52,
which givesty/1=0.39 using Eqg. (1). We then define the couplingcefficy () as the
probability that a photon inside the cavity couptesthe fiber (in either direction, hence
P.02/t.) with respect to the photon emission probabilitsotighout all the coupling channels
(Poid2t+1hg), namelyn=PJ/Po=2/(2+1/19). We point out that for an ideal couplimgc<tg
which givesn.— 1. In our case we obtain a coupling efficiencyngf44%. Let us stress that

this high coupling efficiency is of great intereést many applications, like efficient single
photon sources, or light extraction of cavity basado-lasers.

(a) (b)
129 10.18
0.064 s M’\_\
s Tl s
c o e
= 0044 s 012 2
c [73:] [ S
o k%] - 5
S £ S
1] L e =
% 0.021 ] S {0.06 2
e = . S
4 S .
0.00 1 s N,
. ; ; . . ; Y ; P e £l 0,00
1489 1490 1491 1492 1493 1494 1490 1491 1492 1493 1494
Wavelength (nm) Wavelength (nm)

Fig. 2. (a). Reflectivity spectrum of the cavitysomance without pump (black line), and with
165uW pump (red line). (b). Simultaneous transmissand reflection. The thick arrow
indicates the out-of-resonance transmitted powed ts estimate the coupling efficiency (see
text).

4. Thermal relaxation dynamics

First, the probe power injected into the taper wasto a low level (<1 mW) in order to
prevent any self-induced thermal or electronic@ff20]. In order to produce heat, the cavity
is optically pumped by the surface using a moddldteam at 800 nm focused down to a 3.2
pum-diameter spot (@¥ef the intensity). This wavelength is mainly atised in the InP
(bandgap wavelength ~ 900nm @ 300 K). Non-radiatemier relaxation processes are the
central mechanisms producing heat in the membrEmermal effects increase the refractive
index, shifting the resonance to a longer wavelengigure 2a shows the resonance at 165
MW pumping level on the sample.
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Thermal dynamics is measured as follows. The wagtheof a tunable laser is set at a
given detuningM\A, with respect to the resonance of the unpumpedyc@h =A-A,, where
Ac is the wavelength at the center of the resonandé athe probe wavelength), probing the
cavity-induced reflection. Heating up the cavitgults in a thermally induced wavelength
shift, producing a change in the reflected intgnsftthe probe light. A high sensitivity fiber-
coupled avalanche photodiode (APD) with a 1.44 ®Hmdwidth is used to temporally
resolve the change of the reflected signal. Tramesrecorded on a 1 GHz -bandwidth
oscilloscope. Upon 10 us width-50 us period squamap pulse excitation, the reflected
signal exhibits either a drop-out followed by aaeery for AA>0 (i.e. blue detuning), or
intensity peaks foAA,<O (red detuning). Both situations are directlyatetl to the thermal
dynamics of the resonance towards the equilibritates. For a nearly resonant proh&«0,
Fig. 3a), the signal decreases in the presendeegiump beam due to thermally-induced shift
of the resonance. For red detuning, instead, teenance “passes through” the injection
wavelength leading to a maximum of intensity in tigating process, followed by a maximum
in the cooling process (Figs. 3b-3d).

Pump on

Pump off
Signal off
a 3 z e
(a) £ o = (e)
° \ 2o £ o2 lH—l.Zus
§ 05 BA= fﬂ o1 1.=0.6ps
0 N o0
0 5 10 15 20 25 1 2 3 4 5 6
b Time (us) Time (ps) f
(b) - : ()
° E o2 t =0.9us
2> 05 A A,=-0.08nm =, 01 H
S < 0 (C:049us
of < -0
0 5 10 15 20 25 1 2 3 4 5 6
Time (us) Time (us)
—~ 02
(C) ' A,=-0.21nm £ - (g)
Zo o8 ) € tH—O‘Qus
S w < lczl.lus
of <0
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Fig. 3. Time dependence of the reflected cw pragbenusquared pump modulation (red lines
on top) for different detuning: @\;=0; b) AA;=-0.08 nm; c)AAo=-0.21 nm; d)A\o=-0.33 nm.
(e)-(f) Thermal dynamics obtained from (a)-(d),itekinto account the lorentzian shape of the
resonance. The arrow in (c) indicates a small a¢og#i short peak corresponding to electronic
blue-shift dynamics before the slow thermal dynantédes place.

In order to extract the characteristic thermal tiimoen the time evolution of the reflected
probe, the spectral shape of the resonance musikba into account. The resonance can be
fitted with a Lorentzian function. Considering ttieme dependence of the center of the
resonance(t) —which contains the refractive index dependenitk temperature—, the time-

dependent reflectivity R(t) is thus modelled as)ﬂ(t[1+(7\c-)\p)2/(y/2)2], wherey is the
FWHM of the resonance. The resonance wigthas been measured from the reflectivity
signals as a function of detuning, and giye®8.33 nm, corresponding to a quality factor of
Quaded #520. The time dependent wavelength shift becaig =A.(t)-A,=£[R(t)*-1]*?y/2,
where the two roots indicate blue or red shifthaf probe with respect to the cavity resonance.
We point out that the kinetics of the center of tbgonance also contains an ultrafast process
related to carrier-induced index variation. By nmeeahan ultrafast pump and probe technique
we have verified that such processes decreasefifaetive index blue-shifting the resonance
in a time shorter than 1 ns, eventually being fed by a thermally driven red-shift.
Therefore, they lead to short downward peaks fdrdetuning, and short upward peaks for
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blue detuning. We point out that such effects rensanall in our measurements (see arrow in
Fig. 3c).

Curves ofAA(t) are plotted as a function of time in Figs. 3ef8r the heating and cooling
processes. Note the slight jumps in the signals\aD, which are due to the discontinuity of
the two roots in the inverse of the lorentzian tiorc On the basis of such curves, the
characteristic times have been calculated as thestiat which the modulus of the total
dynamical wavelength shiftAd(t)-A.(t=0)|=AA(t)-ANq|) becomes 1/e of its stationary value.
As can be seen in Figs. 3e-3h, the heating andngptimes for the different detuning values
are close to each other, as it is expected. Utdehypothesis that the characteristic times do
not depend on the initial detuning, we averagetioeitmeasured values for different detuning
which vyields §=0.9t0.2 ps and +1.0t0.2 ps for the cooling and heating processes,
respectively. We then conclude that there is naitant difference between cooling and
heating times in the weak-probe regime. It is wgrttinting out that for the zero-detuning
case (Fig. 3e) the cooling time is about a factemller compared to the other cases. For
zero-detuning, indeed, the reflectivity time trdoethe cooling process is mainly affected by
the spectral tail at the blue side of the resonawbéch is slightly different to the tail at the
red side (see the slight asymmetry of the resonamdeéig. 2a), which may explain the
substantial deviation for this situation. Therefomr technique is more accurate for
thermally-induced wavelength shifts within the FWHM the resonance, i.e. far from the
spectral tails fA(t)|< y/2).

5. Thermo-optical bistability

In this section we study the thermal dynamics ia tlontext of bistable switches. Thermo-
optical bistability [21-22] can be obtained througklf-induced red shift of the resonance
upon (large enough) cw injection from a single bebrdeed, the thermally-induced refractive
index increase also takes place for a nearly dhtioasonant cw injection, in absence of any
incoherent pump. In such a case, bistable operat@ombe expected provided that: i) the
injection wavelength is at the red side of the neswe; ii) the detuning between the injection

beam and the cold resonance is larger (in moduhas) ~ \/§y/2; iii) the injection power

exceeds a given threshold. As long as the noniiyeaomes from a thermo-optical effect, the
switching times should be related to the charastierihermal relaxation time obtained before.

For injection powers greater than ~1 mW, thermaeaptbistability was observed.
Bistable behaviour can be shown by measurementatpiut power as a function of input
power for different detuning, leading to hysterasisles. Figure 4a shows the spectral range
of wavelength detuning used in this experiment. drtgmtly, the power sweep in such
measurements must be quasi-stationary, i.e. thatidorof the power ramp must be much
longer than the thermal dissipation time. Injectinadulation is thus introduced by a 10 kHz
triangular amplitude modulation of the input bedm.such conditions, simultaneous input
modulation and optical transmission through thestapere measured as a function of time,
the latter using a DC-coupled 1 GHz photodiode .(Big). For A\y[>0.35 nm, hysteresis
loops are observed (Fig. 4c). Their size increésekarger detuning-values, up t#Ap|~0.72
nm where the maximum injection power remains belbgv bistability threshold. Switching
times have been measured as the time widths betitheeninimum and the maximum of the
switch processes. The switch on time is 1.8 psthenghe switch off time is 4 ps. Both are
of the order of the 1 ps characteristic time olgdiwith the pump and probe technique.

#111641 - $15.00 USD  Received 21 May 2009; revised 10 Jul 2009; accepted 10 Jul 2009; published 11 Sep 2009
(C) 2009 OSA 14 September 2009/ Vol. 17, No. 19/ OPTICS EXPRESS 17124



(©

0.0: T T T T T

~
2

M A

60
0.028~
50

40 0.026f

Ouput Power (arb. units)
°
S
R

0 et et |

1489 1490 1491 1492 1493 1494 1495
Wavelength (nm)

°
3
S

(b)

Output Power (arb.units)

1)
o
2
>

0.014

0.012-

Input Power (arb. units)
(snun “que) Jamod Indino

——
=
=
0.018%12
==
—

o
Q
g

s

0 20 40 60 80 100 0 1 2 3 4 5
Time (us) Input Power (mW)

Fig. 4. Thermo-optical bistability. a) Reflectivigpectrum of the linear cavity resonance, and
the wavelength range for the cw injection. b) Titrezes of input (blue line) and transmitted
output (green line) powers for a detuning/@%=-0.56; durations of the switch processes are
1.8 us and 4 ps for the on/off switches respestiv®l Hysteresis cycles putting into evidence
bistable behavior. Detuning-values with respe¢h&cavity resonance are, fradha to A\k: -
0.11, -0.27, -0.36, -0.46, -0.52, -0.56, -0.6,408.66, -0.68 and -0.72 nm. The input power is
measured at the fiber taper input.

6. Discussion
6.1 Linear regime: thermal dynamics in a 2D PhC ibene

The energy absorbed in the pumped region can leatisty dissipated in two ways. The first
mechanism of heat flow corresponds to heat conaludtirough the membrane (Fig. 5a). In
order to obtain an analytical expression for thepemted thermal resistance, let us consider a
2D cylindrical heat conductor of radius R with timad conductivityk, and a heat source of
radius r (Fig. 5b). The thermal resistance foersgth d (membrane thickness) between r and
R is RyansIn(R/M)/2rkd~1.7 16 K/W, where: R is half of thesmallest, i.e. closest to the heat
sink- lateral size of the membrane (R=5um), r the puagius (r=1.6pm) ané=K.=0.46
W/cm K, K being an effective thermal conductivity calculatsia geometrical average of
the material with holes. The second mechanism caft Heow corresponds to thermal
conduction through the air gap [23]. This can beémeed as R d/KxTr°~6 16 K/W,
where$ is the air gap thicknes$<1.16 pm) andy=2.4 10* W/cm K. Since Rrgar>>Rolane

we can neglect heat transfer across the air gapaasdme that the suspended membrane
behaves as a quasi 2D system for heat diffusiorcanduction. Eventually, heat is dissipated
out of the membrane through the substrate. Now arével the order of magnitude of the
thermal time scale from a 2D heat equation. Andital expression for the heat dissipation
time in the quasi-stationary limit can be derivetd.:pcprzln(R/r)/ZK, wherep is the density
and G the specific heat capacity in the pumped regiosing typical thermal constants for
InP (Cy=1.5 J/crﬁK), we obtaint,~50ns. In order to compare the calculatgdwith the
experimental results, we estimatgfrom the red shift of the resonance. We first ghdte the
temperature increase from tabulated values of ¢t index change per unit temperature
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(nr, n/n=0.63 10° K @ 300 K for InP [24]) in the following wayAT=(n/n;)|AA/A|. Using
the measured red shifiN;,|=0.3 nm with 165 pW of incident power, we obt&in=3.2 K.
Now, the temperature increase of the membrane watgmuous pump can be relatedt§p
through AT=ngooPoumgltn /PCpVOl, Where Volar?d (d=membrane thickness) is the volume of
the pumped region andgg is the fraction of the incident power absorbed880 nm
(N8o™33% [25]). From the last expression we obtginl86 ns.

Note thatty, is about one order of magnitude below the meastekkation times. The
difference between the thermal time scale for endigsipation in the quasi-stationary limit
and the relaxation time is related to a genericadyical feature of heat diffusion in this kind
of systems rather than just to the particularitidsthe photonic crystal. Indeed, such a
difference has already been observed in other ge@®evithout air holes such as microdisks
[8]. In order to investigate the relaxation timg let us look for the time dependent solutions
of a 2D rectangular membrane of size 2L, with thermal diffusivitya and a heat source
Q(r), symmetric under reflections xx and y--y (Fig. 5c). Boundary conditions are
T(x=Ly)=T(y=L,)=0 anddT/ox}-=0T/dy|,-c=0 for symmetrical solutions (T is temperature
increase with respect to the substrate temperafling)general solution is a superposition of a
particular (stationary) solutiongdr) and the homogeneous solutiony T)ET(r)+Ty(r,t). It
can be easily showed that dan be expanded in Fourier series,

T.(r.t)= > A, cos(k,x)cos(,, Y (2)
n,m=0
with ky,=(2n+1)v2L,, k,=(2n+1)v2L, and cnm/a:kxn2+kym2. The amplitudes A, can be
obtained from the initial conditions. In the cadetlte heating process (Q&0) the initial
condition is T(r,t=0)=0, and the coefficients'A,., are calculated as the Fourier transform
of -T™(r). Thus, the Fourier modes relax with characteristimes given by
tin a4l Ly2/are[(2m+1YL,+(2n+1fL,7]. Note that higher order modes are dissipated
faster. Therefore, we can expect the relaxatioradyos to be driven by the lowest order
mode provided it is efficiently excited. In our eassince L>>L,, tth'o§4LX2/anZ=300 ns,
meaning that the smallest length governs the rétaxgrocess. This estimation is about a
factor 3 below the measured relaxation time. Initamid Eq. 2 also accounts for cooling
processes, whose dynamics is denoted B{r ). In such a case the heat source is turned off
((%gr):O) hence )(r)=0 and the initial condition reads‘“r t=0)=T"(r). Therefore
A© = AP hence TUr t)=-[TY(r t)-T™(r)], which shows that the relaxation dynamics
of the cooling process is the same as for the igatiocess.

The discrepancy between the experimentally obtaiimed constantsy, and {, and their
theoretical estimations may be due to the stromgaqimations used in our simple models, in
particular the cylindrical symmetry to represen2@ heat diffusion and conduction in the
membrane, the effective conductivity of the photoaiystal as a simple spatial average of
thermal conductivities, and the temperature beixgdfto the ambient temperature at the end
of the membrane (perfect heat sink at r=R in thendsical model, and at,Land L, in the
rectangular model). Full 3D-finite element numelrisimnulations, as in Ref. [11], should be
carried out in order to better account for therthadamics in this system.

The measured relaxation times are comparable tontimeerical values obtained for a
similar geometry in Ref. [11], where a slight asyetrg in turn-on/off processes has been
observed. From the dynamical point of view, an asgtny may arise if the system is heated
during a time shorter compared to the charactefiigating time. In our case, since the pump-
on and pump-off times-10 us and 40 us respectivelgre much longer compared to the
relaxation time (~1 ps) we do not expect such amasetry. The difference in relaxation
times with respect to Ref. [11] may be due to défees in size of the heated regions,
membrane size, differences in thermal constants tftkrmal conductivity of Si is about a
factor 2 greater than the one of InP) and, mosbitaptly, the presence of a 1 pm-thick oxide
layer underneath the PhC membrane. An oxide clgddialso present in Ref. [10], where the
thermal relaxation time observed for a 5 um-sizecBImode in a 2D InP PhC slab on &)
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was of the order of 1 ps as well. In both cases,ldteral dimension of the heated region
being quite large, the heat flow can be expectetbeoessentially driven by the ~1 um-
thickness Si@cladding directly to the substrate [26].

The Si-based PhC air-bridge membrane reported]imlfd exhibits characteristic times
close 1 ps for thermal effects, similar to our ImBmbrane in terms of lateral size. Finally,
with respect to other geometries, we find our tsscbmparable to the times found in silicon
microdisks [8]. In the case of silica microdisks, dontrast, thermal dynamics lies on the
millisecond timescale [9], mainly due to the lowetmal diffusivity of silica; indeed, the
thermal diffusivity k/pC,) is about two orders of magnitude smaller compéwesilicon.

6.2 Nonlinear regime: thermo-optical bistability

In the nonlinear regime, the switching times wereasured as the time interval between
minimum and maximum of time traces. The obtainedtching times are ~2 us for the
switch-on process (from the cold to the hot statesjl ~4 ps from the switch-off process
(from the hot to the cold states). As expectedh laoe related to the 1 ps characteristic time
measured in the linear regime.

(a) Hotspot  GalnAs

5um 5um
: AIr : InP

z

Fig. 5. (a). Sketch of the sample cross sectionwsiy the direction of the heat flow. (b).
Simplified model for cylindrical 2D heat conductidn a membranekKes represents the
effective thermal conductivity of the photonic dalsnembrane (see the definition of the other
parameters in the text). (c). Rectangular geonfetrthe calculation of transient dynamics in a
2D membrane. (d). Phase space for bistability dmrdi. Blue, green and red lines: stationary
solutions of the intracavity power (P) as a funttas the normalized wavelength shi) (for:
bistable conditions (Bnu=2 MW, blue), switch on conditions i{R..=3.3 mW, green) and
switch off conditions (Rinpu=1.55 mW, red). Black line: stationary solutions & The
intersections of the black line with the curvesegikie steady state8;'" is the stable state for
the switch on (off) process. The direction of tlyaaimical flow is indicated by the arrows. The
opposite slopes of dFAdat the fixed points mathematically explain thdedince in relaxation
times (see text). Parameters arg=2PmW (calculated with ¥0.08 pm, 1,,=186 ns[=0.015,
Quoade™4520,1150=0.00057 anc=100 cm'), P=0.263 R\ input (Pnjinput IS injected power into
the fiber),§=16.2 (using y=c/10, taken from Ref. [29]) ar#=3.4.
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The difference between switch-on and switch-offesncan be explained from simple
considerations of dynamical thermo-optical nonlitess in the following way. The
temperature variatiodT(t) imposes a dynamical thermal red shifhy(t)/A|=(n/N)AT(t),
with AT(t)=n1s0P O)t/PCoVe, Where: P(t) is the intracavity powetyseis the fraction of
intracavity power absorbed at 1500 muso~2 aL, with I the optical confinement factor in
the QDs layera the absorption coefficient and L is the cavitygdn V. is the cavity volume
(V~0.76 7/n)®[27]). Defining the normalized wavelength shifte{§=[Ai-A(t)]/(y/2), where
Ain is the injection (rather than “probe” as in theelr case) wavelength, the dynamical

equation becomes
dot) __ 1 _ P(t)
ot ﬂﬁ(t) G, + P } 3)

where B is a characteristic power inside the cavityzgC,V J/[2(nr/N)Qoaded1150dtin], tin the
characteristic relaxation time obtained in Secdomndty, the time scale for heat dissipation
[28].

Since the dynamics of P(t) is much faster than ttiegmal processes, its dynamical
equation can be adiabatically eliminated. ThereR{i¢ becomes

__¢R
PO=1 o)y’

(4)

which simply describes the Lorentzian shape ofrés®mnanceg(is the intensification factor
inside the cavity; this can be estimated from moolepled theory to bé~VgTC/2L(l+TC/T0)2,
where y, is the group velocity, and;;Fs the input power in the vicinity of the cavityjhe
steady-state solutions can be graphically founéhtsrsecting solutions of@ddt=0 from Eq.

(3), and Eq. (4). Two stable stat®§; and 8, coexist provided thd, >\/§, and R>Py,
where R, is the bistability threshold (RP,0/&, Fig. 5d). Steady state relaxation dynamics

can be obtained through the linearization of Edn &e vicinity of the fixed points, i.e. by
settingBBs+A exp(-th.) in Eg. (3). The eigenvaluascan be readily obtained:

=tl1+ =29 | 5
+ th{ R dg‘eJ (%)

Since P(t) has slopes with opposite signs at the stable steady states (see Fig. 5d)
corresponding to the switch on/off processes, namesitive (negative) slope f&'; (8'),
thereforet,<t., consistent with the experimental observationwitch-on times shorter than
switch-off times. With the parameters of Fig. 5d etetaint./t,=6.3. Experimentally, the ratio
of switch-on to switch-off times was ~2.2, whichntains the information of the full —i.e.
nonlinear— relaxation dynamics, whereas the caledla/t. only accounts for the linear
relaxation close to the steady states. We pointtlwatt the predicted difference in switching
times given by Eq. (5) is generic in bistable systeand can be expected to hold even for fast
nonlinearities. Moreover, even in absence of biktaba high power input may affect the
thermal dynamics in the way described by Eq. (adieg to a dependence of the thermal
relaxation times to the equilibrium stalg. Unlike linear thermal dissipation regimes, in the
nonlinear regime heating and cooling processeshmag different relaxation times provided
the intracavity power is close to the characterigwer B.
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7. Conclusions

In conclusion, we have developed a method to direseasure the thermal relaxation time
out of a photonic nanocavity. This technique retingeflectivity measurements of a cw probe
beam coupled to the cavity through a tapered fibegoming sensitive to the thermally
induced increase of the refractive index within tawity. We applied this method to an InP-
based nanocavity on a suspended membrane. Wavelshifts up to 0.3 nm for 165 pW
pumping power @ 800 nm were observed. The obtaraéges for the characteristic thermal
times are close to 1 us, more than a factor 3 cordpt® a rough estimation of the relaxation
time of the fundamental mode in a rectangular 2Dnbrane, showing the relevance of the
experimental measurements. In addition, the thenelakation time has been shown to be
closely related to switch on/off times within ant@phermal bistable regime. In a general
sense, additional engineering of photonic crysedngetries together with the inclusion of
new materials should improve heat sink propertigich can be experimentally tested with
the method proposed here. This would allow botheiasing the repetition rate of thermal
switches and reducing thermal loading for cw dewgeration. The latter is of central
importance for obtaining fully stationary activedamonlinear functionalities such as efficient
cw lasers and amplifiers, as well as long memosied logic gates based on cw bistable
operation in photonic crystal circuits.
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