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Using a sensitive two-color heterodyne pump-probe technique, we investigate the carrier dynamics

of an InP photonic crystal nanocavity. The heterodyne technique provides unambiguous results for

all wavelength configurations, including the degenerate case, which cannot be investigated with the

widely used homodyne technique. A model based on coupled mode theory including two carrier

distributions is introduced to account for the relaxation dynamics, which is assumed to be governed

by both diffusion and recombination. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4828355]

It is well-known from waveguide propagation studies

that caution must be exercised when interpreting the results

of homodyne pump probe measurements.1 The reason is that

the photo current from the detector will contain a contribu-

tion originating both from the modulation of the material

properties caused by the strong pump and experienced by the

weak probe and vice versa, unless the pump pulse can be

blocked before the detector using spectral or polarization

filtering. When characterizing structures intended for all-

optical switching, it is the change in transmission of the

probe due to the presence of the pump, which is the relevant

figure of merit.2 Thus, the contribution stemming from the

change of the material caused by the probe and experienced

by the pump may be considered an artifact of the measure-

ment technique in this case.

Previously, experimental investigations of the cavity

time dynamics in semiconductor photonic crystal (PhC)

structures have used a homodyne measurement technique. In

this work, we use a two-color heterodyne pump-probe tech-

nique,3 which enables a clear separation of the contributions

mentioned above. Furthermore, we perform independent

measurements both in the time- and spectral-domain to

extract additional data to be used in a comparison with mod-

eling results. Our experimental results show that the recovery

of carriers after optical excitation occurs in stages governed

by different decay times. This is in line with previous work

using InGaAsP.4 In InP, the ambipolar diffusion length

exceeds 1 l m easily, which is larger than the average dis-

tance the carriers have to travel in order to reach the surface

of the PhC or to escape the region of high optical field.

Indeed, very strong surface effects are considered to lie

behind the fast dynamics of GaAs PhC cavities.5 In other

materials, such as InGaAsP,4 silicon,6 and InP, considered

here, the diffusion plays a crucial role, as demonstrated

through the solution of the carrier diffusion equation. It was

suggested in Refs. 4 and 6 that the decay rate of the initial

fast change of the carrier distribution depends on the size of

the cavity and it was estimated to be 3.5 ps (Ref. 4) for an

H0 cavity, which is much faster than the typical recombina-

tion time in InP. However, in Ref. 4 the carrier dynamics

was not connected to the observed gate recovery time in a

quantitative manner. Here, a model of the carrier dynamics

is combined with temporal coupled mode theory7 (CMT)

and an extensive comparison with the measurements is

carried out. The considered device is shown in Fig. 1 and it

consists of a single mode H0 cavity with a small modal vol-

ume, based on the design of Zhang and Qiu,8 and one input

and output waveguide as in Refs. 4 and 5. The lower right

inset in Fig. 1 shows the details of the structure with the

parameters: Lattice spacing a ¼ 470 nm, hole radius 0:22a,

cavity shifts dx ¼ 0:15a (green circles), dy ¼ 0:07a (orange

circles), and radius of the first row of holes adjacent to the

waveguide r1 ¼ 0:3a (red circles). The self-standing mem-

brane structure is obtained by etching a 250 nm thick layer of

InP grown by molecular beam epitaxy. The superimposed

magnetic induction field jHzj2 of the cavity mode9 in Fig. 1

is obtained from 3D finite difference time domain (FDTD)

simulations, as the resonant field resulting from an initial

short input pulse.

Our model of the carrier recovery is an attempt at

including the diffusion effect by simple rate equations, and it

is inspired by finite element simulations of the diffusion

equation, see Refs. 4 and 6. Initially, the generated carriers

assume a distribution given by the optical energy density for

linear absorption and the square of the optical energy distri-

bution in the case of two photon absorption (TPA). Diffusion

then causes the carriers to spread out, and after some time

the overlap with the optical energy distribution reaches an

approximately constant and much smaller value. At this

stage the recovery is dominated by carrier recombination. To

describe this complicated process using only ordinary differ-

ential equations, we introduce ambipolar carrier density

amplitudes N1 and N2 for the initial and slow stage carrier

distributions. The rate of exchange of carriers between the

distributions is assumed to be proportional to the density

a)Electronic mail: jesm@fotonik.dtu.dk
b)Electronic mail: alfredo.derossi@thalesgroup.com
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difference DN ¼ N1 � N2, since the particle current is pro-

portional to the density gradient in the diffusion equation.10

The time evolution of the carrier amplitudes is then given by

_N1ðtÞ ¼ �cdiffDNðtÞ � cnrN1ðtÞ þ
KP

TPAjaPðtÞj4

�hxCV1

; (1a)

_N2ðtÞ ¼ cdiff

V1

V2

DNðtÞ � cnrN2ðtÞ: (1b)

The generation of carriers in InP around 1550 nm is

caused by TPA and is proportional to the square of the cavity

field energy jaPj2 through the coefficient KP
TPA. The decay

rates of the two stages are cdiff and cnr and the parameters V1

and V2 are normalization volumes associated with N1 and

N2, such that V1N1 and V2N2 are the total number of carriers

in each distribution. The ratio V1=V2 is a measure of the rate

at which the distribution with amplitude N2 saturates, and

thus, it determines whether the fast or slow time constant

will dominate. The nonlinear dynamics of nanocavities is

usually understood within the framework of CMT11,12 where

it is assumed that all nonlinear effects can be included as per-

turbative corrections to the complex eigenfrequency of the

cavity ~xC ¼ xC � icC.13 Following this approach, Eq. (1) is

coupled to the dynamical CMT equations for the cavity fields

by the relations

_aS=P ¼ �idS=P � cC � idS=P
NL

h i
aS=P þ

ffiffiffi
c
p

sin
S=P; (2a)

dS=P
NL ¼ ðKFCD � iKFCAÞN1 � ðKS=P

Kerr þ iK
S=P
TPAÞjaPj2: (2b)

The cavity (waveguide) fields aS=P (sin
S=P) are normalized

so jaS=Pj2 is the cavity energy and jsin
S=Pj

2
is the power in the

waveguide, where S and P represent the signal and pump,

respectively. The outputs are related to the cavity fields by

sout
S=P ¼

ffiffiffi
c
p

aS=P, and dS=P ¼ xC � xS=P is the detuning of the

incoming signal or pump from the cavity resonance. c=2 is

the decay rate into the waveguides, s1 is the delay in arrival

between the pump and the signal, and dS=P
NL are the nonlinear

resonance shifts.

The effective coefficients for the Kerr effect K
S=P
Kerr and

TPA K
S=P
TPA are connected to the real and imaginary parts of

the third-order susceptibility tensor vð3Þ via an effective com-

plex energy,14 which is calculated from perturbation theory

for the cavity mode. The coefficients related to free carrier

effects are calculated using the theory in Ref. 13 with a

perturbation D�rðr; tÞ ¼ fN1
ðrÞN1ðtÞ@�=@N1, where fN1

ðrÞ
¼ V1j~f CðrÞj

4=
Ð
j~f CðrÞj

4dV inside the crystal and fN1
¼ 0 in

the air holes, while ~f CðrÞ is the electric field distribution of

the cavity mode. Note that only N1 is assumed to interact

with the field in Eq. (2b) due to the much smaller overlap

between fN2
and j~f CðrÞj

4
. Equation (2) is based on the

assumption that the cavity field can be separated into two

distinct parts, aP and aS, even though the pump and signal

are interacting with the same cavity resonance. The model

neglects wave mixing effects between the signal and pump,

except for the instantaneous Kerr and TPA contributions,

which are accounted for by setting KS
Kerr ¼ 2KP

Kerr and

KS
TPA ¼ 2KP

TPA. The coherent term a�Sa2
P may be neglected

due to its different microwave frequency, which causes it to

be filtered out by the lock-in amplifier, and second order

terms in aS are neglected since the signal is generally much

weaker than the pump.

In the experiments, the input optical pulses are obtained

by filtering the spectrally large output of a 100fs mode-

locked fiber laser, operating at a repetition rate lrep of

36.5 MHz, with narrowband filters with widths of 1.2 nm and

0.7 nm for the pump and signal, respectively. The filters have

nearly Lorentzian spectral transmission, so the input fields

have a triangular shape in the time domain, which we model

by exponentials with a rise time of 0.8 ps and fall times of

2.2 ps and 3.6 ps for the pump and signal. The energy arriv-

ing at the cavity Uin
P is related to the average power measured

outside the sample �PP by Uin
P ¼ �PPTcoup=lrep, where Tcoup

includes both coupling- and waveguide loss. The set-up for

the heterodyne experiment is sketched in Fig. 2. After the

band-pass filter, the signal is further split and two acousto-

optic modulators (AOMs) shift the frequency of the signal

and the reference by 80 and 82 MHz, respectively. At the

output, the signal interferes with the reference at a beam

splitter, and the detected signal is passed to a lock-in ampli-

fier, which measures the component of the photo current

oscillating at the difference frequency between the AOMs.

The lock-in signal is given by

Lðs1Þ ¼
ð ð

pulse

sin
S ðt� s2Þsout�

S ðt� s1Þ
�� ��dt

 !2

ds2: (3)

The inner integration in Eq. (3) is taken over the duration of

a single pulse, while the outer integration is done by post-

processing of the lock-in data to remove the dependence on

the reference delay s2. The time-domain experiment is

FIG. 1. Contour surfaces of the calculated mode profile (yellow and red

correspond to 2% and 50% of maxfjHzj2g, respectively) of the H0 cavity

structure used in the experiments (the waveguides are shorter than in the real

device). The variables of the coupled mode model are also indicated. The

insets show the measured input spectra and linear transmission spectrum of

the cavity as well as a zoom-in of the cavity region.

FIG. 2. Schematic illustration of the experimental setup used to perform the

two-color heterodyne pump-probe measurements. ML: mode locked, BPF:

band-pass filter, AOM: acousto-optic modulator, PD: photo detector.
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performed in both the switch-on configuration, where the

signal is blue-detuned from the resonance, and in the switch-

off configuration, where the signal is on resonance. The

results are shown in Figs. 3(a) and 3(c), respectively. As

expected, the signal output becomes larger (smaller) close to

zero delay, when the signal is blue-detuned (on-resonance),

because the cavity resonance is blue-shifted due to free car-

rier dispersion (FCD). From the tail of the lock-in signal, the

carrier recovery is clearly observed to happen fast initially,

and then develop into a slower stage at larger delays.

In the spectral-domain experiment, the signal is blocked

and only the pump is coupled into the sample and its spectral

broadening is measured using an optical spectrum analyzer

(Arnitsu, Dk ¼ 50 pm). The pump wavelength coincides

with the cold cavity resonance kC and Fig. 3(e) shows the

output spectra at different power levels. The output spectra

are observed to broaden towards shorter wavelengths with

increasing pump energy, which is again consistent with a

decrease in the refractive index caused by FCD. Even though

the transmission blue-shifts, a significant part of the output

spectrum is located near kC because the resonance shift hap-

pens dynamically during the passage of the pulse, which

allows a part of the pump energy centered at kC to be trans-

mitted. This gives rise to the double peak feature observed in

Fig. 3(e).

Figs. 3(b), 3(d), and 3(f) show simulation results using

the model described by Eqs. (1) and (2). The qualitative

agreement with the experimental data is good, but we note

that the quantitative agreement requires the coupling Tcoup

and cold cavity resonance kC to be adjusted differently for

each measurement series corresponding to Figs. 3(b), 3(d),

and 3(f). We believe this was necessary due to: (a) a drift of

the positioning stages during the measurements, leading to

changes in the coupled power and (b) irreversible changes of

the sample caused by photo-induced oxidation,15 when oper-

ating at power levels that provide large enough switching

contrasts to be relevant from an application point of view.

The change in resonance frequency is in the range of a few

hundreds of pm, which is large enough that it must be taken

into account in the modeling, in order to compare with the

different measurement series. The photo-induced changes

were also observed to steepen the transmission roll-off in the

measured spectra, which deteriorates the Lorentzian approxi-

mation assumed by the model. (c) Failure of the simple car-

rier rate equation model to fully and quantitatively capture

all the diffusion dynamics.

By including the adjustments of Tcoup and kC, the model

is able to account for the saturation in the peak of the lock-in

signal as well as its shift to larger delays with increasing

pump power, which is observed in Fig. 3(a). We believe this

originates from a combination of a large TPA and the nonlin-

ear resonance shift exceeding the detuning at large power

levels.

It is important to note that Lðs1Þ from Eq. (3) is not

directly related to the output energy of the signal, and hence,

the switching contrast cannot be determined from Figs.

3(a)–3(d). However, the output energy is easily calculated

from the model, and the contrast corresponding to the peak

of the black curve in Fig. 3(b) is 10.7.

The parameters found by fitting to the measured data are

listed in Table I. The coefficients in Eqs. (1) and (2) have

been converted into parameters more commonly found in

the literature. For comparison, we found the following val-

ues: bTPA ¼ 14:6 cm/GW,17 bTPA ¼ 66:6 cm/GW (Ref. 18)

(found by extrapolating the reported values of Im fvð3Þxxxxg to

a wavelength of 1566 nm), and rabs ¼ 7:2� 10�17 cm2.17

The value of @�FCD=@N1 in Table I is found from the Drude

model in Ref. 19 using an effective mass me ¼ 0:075 m0 and

a mobility le ¼ 5400 cm2/(Vs) of InP. The parameter values

we found by fitting to the experimental data are seen to be in

reasonable agreement with the literature, thus providing con-

fidence in the model.

In conclusion, we have investigated the free carrier

dynamics in an InP PhC all-optical resonant switch, based on

free carrier dispersion. The heterodyne measurement tech-

nique allowed us to perform an extensive comparison with a

CMT model including carrier dynamics for both the switch-

on and switch-off configuration. The model seems to work

well in accounting for the qualitative features of both time-

and spectral domain experiments. Finally, we note that the

FIG. 3. Measurement (left column) and simulation (right column) results. The

upper and center panels are time-domain experiments showing the lock-in sig-

nal as a function of the pump-signal delay s1 for different pump powers. The

curves are normalized to 1 at large negative delays. The bottom panel shows

spectral-domain experiments, where the output spectrum of the pump was

measured at different power levels. (a) The power levels are
�PP ¼ 15; 20; 30; 40; 50; 60 lW corresponding to the colors blue to black, the

signal wavelength is kS ¼ 1564:5 nm and the pump wavelength is

kP ¼ 1566:2 nm. (b) The coupling is Tcoup ¼ 0:37 and the cold cavity reso-

nance is kC ¼ 1566:5 nm. (c) The power levels are �PP ¼ 7; 12; 20;
30; 40; 60 lW corresponding to the colors blue to black, and the wavelengths

are kS ¼ kP ¼ 1566:2 nm. (d) The coupling used is Tcoup ¼ 0:24 and

kC ¼ 1566:1nm. (e) The power levels are �PP ¼ 10; 20; 40; 60 lW correspond-

ing to the colors blue to green, kP ¼ 1566:2 nm, and the spectra are normalized

to a maximum of one. (f) The coupling is Tcoup ¼ 0:14, kC ¼ 1566:1nm, and

the curves are normalized as in (e). The quality factor used in all simulations is

Q ¼ xC=2cC ¼ 3200, corresponding to an energy decay time of 2.7 ps, and

the remaining parameters are listed in Table I.
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homodyne and heterodyne techniques cannot be utilized in

data transmission applications, which calls for multi-mode

structures enabling the separation of the signal and pump.20
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TABLE I. Parameters used in Figs. 3(b), 3(d), and 3(f). Here, we state the

commonly used parameters, and their relations to the coefficients in Eqs. (1)

and (2) are given by bTPA ¼ 3xIm fvð3Þg=2c2�0�r and n2 ¼ 4 Re fvð3Þg=
4c�0�r, see Ref. 16. Comparing to Ref. 17 we find rabs ¼ 2KFCAn0=c, where c
is the speed of light in vacuum, �0 is the vacuum permittivity, and n0 ¼

ffiffiffiffi
�r
p

.

For the structure used here, the following relations are found using the results

in Refs. 13 and 14 with a field distribution ~f C calculated from FDTD:

KP
Kerr ¼ 18:7cCn3

0=ð�0k
3
CÞ�Refvð3Þg, KP

TPA ¼ 21:5cCn3
0=ð�0k

3
CÞ� Im fvð3Þg,

KFCD ¼�467cC�@�FCD=@N1, and KFCA ¼ 15:9cC�@�FCA=@N1.

@�FCD=@N1 ¼ �2:9� 10�26 m3 V1=V2 ¼ 0:61

rabs ¼ 3:1� 10�17 cm2 1=cdiff ¼ 8 ps

bTPA ¼ 81 cm=GW 1=cnr ¼ 175 ps

n2 ¼ 2:7� 10�17 m2=W c=cC ¼ 0:98

V1 ¼ 1:5 ðkC=n0Þ3 �r ¼ 10:01
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