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We present a method to fully characterize linear photonic devices that change their properties on ultrashort
time scales. When we feed the device with a broadband input pulse and detect the resulting output field for
a sufficient number of arrival times of the input, the device response to any other input with smaller band-
width can be extracted numerically, without the need for additional measurements. Our approach is based
on the formalism of linear time-varying systems, and we experimentally demonstrate its feasibility for the
example of an ultrafast nanophotonic switch. © 2009 Optical Society of America
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Optical devices can often be pictured as in the black-
box scheme of Fig. 1, where an input light field E;(¢)
results in the output light field E(¢), with ¢ denoting
time. Nowadays, ultrasmall devices with a tailored
linear relationship between input and output can be
fabricated by controlling the geometry of photonic
materials on the nanometer scale. Examples are cavi-
ties [1-4], photonic crystals [5,6], and photonic-
crystal waveguides [7,8]. The optical properties of
these structures can be altered on a femtosecond
time scale by illumination with an intense pump la-
ser pulse, as indicated in Fig. 1 [1-7]. To obtain the
output of such a linear time-varying system to any
input pulse, it is highly desirable to have a method
that fully characterizes the device by measuring its
response to just one type of input. In this context,
previous work has focused on rather special systems
with negligible time or wavelength dependence
[9-12].

In this Letter, we use the transfer-function formal-
ism to show that a linear time-varying device is fully
characterized by measuring its output field over a
wide range of arrival times of a broadband input
pulse. In particular, the response to any input with
smaller bandwidth can then be extracted numeri-
cally, without the need for additional measurements.
We experimentally demonstrate the strength of this
approach for an ultrafast nanophotonic switch. We
believe that our method is highly suited for a full and
time-effective characterization of ultrafast linear
photonic devices [1-7].

When the input power of the device of Fig. 1 is suf-
ficiently low, the relationship between the input and
output fields is linear and in its most general form is
given by the generalized convolution [13]

E.(t) = J dt"7(t,t")E;(t'). (1)

Equation (1) shows that the output at time ¢ is deter-
mined by the history E;(¢') of the probing input. The
so-called transfer function 7{(¢,t’) depends on two

0146-9592/09/213418-3/$15.00

time parameters and can be interpreted as the re-
sponse to a &-like input centered at time ¢’'. Since a
linear system is fully characterized by its transfer
function, it is highly desirable to measure 7. So far,
measurement schemes have been realized for linear
time-invariant (LTI) [9] and linear frequency-
invariant (LFI) [10-12] photonic devices, where a
one-dimensional data set is sufficient. LTI devices do
not change their properties in the course of time and
fulfill 7(¢,¢')=7(¢t-t',0) [13]. Then, Eq. (1) reduces to
the familiar relationship FE . (w)=F7(w,0)FE;(w),
where F denotes the Fourier transformation [14] and
o is the angular frequency. Fif is the Fourier trans-
formation of f with respect to the jth argument of f.
LFI devices, on the other hand, do not exhibit any
wavelength dependence and have a transfer function
T(t,t")=a(t)s(t-t'), where a(t) is an arbitrary func-
tion of ¢ [13].

The two-time method introduced here requires nei-
ther the LTI nor the LFI constraints and applies to
the general case where the device properties are both
time and wavelength dependent. In essence, we cre-
ate a two-dimensional data set E,(¢,7) by measuring
the device output for various delay times 7 between a
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Fig. 1. (Color online) Schematic of an abstract black-box
system that produces an output signal E, as a response to
an input signal E;. An external stimulus like an intense
pump laser pulse arriving at time —7 makes the optical
properties of the device time dependent. In the character-
ization experiment, a broadband probe pulse E; enters the
device at time 0, and the resulting output field E, is de-
tected via interference with a reference pulse.
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probing broadband input and the actuating pump
pulse. As indicated in Fig. 1, the input pulse arrives
at the device at time 0 and the pump pulse at time
—7. According to Eq. (1), the output electric field is
then E (¢t,7)=fdt'T(t+7,t' + DE;(t'). Remarkably, af-
ter a double Fourier transformation Fi9=7;F, of E,
this equation turns into the factorized relationship
FioE o(@0,0)=F 15T, - w) FE;{(w-Q). As we aim to
determine the device response E to any other input
E!, we apply the last equation to E; as well and ob-
tain

FE}(0- Q)

FE{(w-Q)’ @

FroE o(0,9Q) = FioE (0,Q)

which is the central result of this section. As sug-
gested by Eq. (2), the spectrum of E! should be nar-
rower than that of the reference input E; to avoid
noise problems. We now put Eq. (2) to the test and
measure the output of an ultrafast nanophotonic
switch as a function of 7 for both a broadband and a
narrowband input pulse. The narrowband output ex-
tracted via Eq. (2) can then be directly compared to
the narrowband output measured.

Figure 1 shows a schematic of our experimental
setup. Laser pulses with an energy of 25 nd, a dura-
tion of 100 fs FWHM of the intensity (FWHMI), a
center wavelength of 810 nm, and a repetition rate of
80 MHz from a Ti:sapphire laser oscillator pump an
optical parametric oscillator to generate 180 fs,
1482 nm pulses. The spectrum of these pulses can be
optionally narrowed using a single-grating-based re-
flective pulse shaper [15]. The obtained bandwidth-
limited pulses E; are fed into the sample device, and
the resulting output E, is picked up by a lensed fiber.
Since Eq. (2) requires knowledge of the electric field
of the broadband output, we use a small part of the
input beam as a reference and let it interfere with
the output pulse by means of a fiber coupler, as seen
in Fig. 1. By measuring the intensity spectra of the
reference pulse, the device output pulse, and the sum
of both pulses with an optical spectrum analyzer, we
are able to retrieve the output electric field 71E (o, 7)
[16]. Crucial experimental prerequisites of such
broadband spectral interferometry are a well-defined
input pulse, dispersion-balanced sample and refer-
ence paths, and a low probe power to avoid nonlinear
effects. In addition, the signal and reference paths
have to remain stable on a subwavelength level over
the ~20 min duration of the experiment.

The device under investigation is a nanophotonic
switch with a footprint of 10 um X 10 um based on
two coupled waveguides in a periodically perforated
Si photonic-crystal membrane. Details on principle
and fabrication can be found in [7,8]. To actuate the
switch, about 2% of the output of the Ti:sapphire os-
cillator is used to pump the entire switch from above,
as indicated by Fig. 1. Each pump pulse generates
electron-hole pairs with a density of the order of 1
X108 cm™3 in the Si membrane, which induces a
sudden drop of the Si refractive index and so triggers
the switch [7].
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Fig. 2. (Color online) (a) Intensity spectra of the 180 fs
broadband and 1.9 ps narrowband input pulse E; and E;,
respectively, used in this work. (b) Output spectra
| F1iEo(w, ¥ 10 ps)|? resulting from the broadband input of
(a) at 10 ps before and after arrival of the pump pulse,
respectively.

Figure 2(a) shows the spectral intensity of the
180 fs broadband and the 1.9 ps FWHMI narrow-
band input pulse as a function of the wavelength A
=2mc/w. The broadband input results in the output
spectra of Fig. 2(b) that are obtained 10 ps before and
after arrival of the pump pulse. As indicated by the
arrows in Fig. 2(b), the absorption of the pump pulse
mainly induces an ultrafast blueshift of the instanta-
neous transmittance spectrum of the switch [7]. This
behavior becomes even more evident in the color plot
of Fig. 3(a), which displays the broadband output
spectra |F,E (w,7)|? as a function of the pump—probe
delay 7. Note how the various minima and maxima
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Fig. 3. (Color online) (a) Intensity spectra of the output
pulses resulting from the broadband input of Fig. 2(a) as a

function of the pump—probe delay 7. (b) Phase of 71E (w, 7)
for selected wavelengths marked as dashed lines in (a).
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shift by about 5 nm to lower wavelengths in the vi-
cinity of 7=0. The measured phase information is dis-
played in Fig. 3(b) for three example wavelengths,
and the temporal changes in arg F1E (w,7) are
clearly correlated with the amplitude changes of Fig.
3(a).

As Fig. 3 represents the full information on the
output field E,, we can employ Eq. (2) to calculate the
device output E| for any input E|, and we choose here
the 1.9 ps narrowband input of Fig. 2(a). As seen in
Fig. 2(b), the spectrum of E| lies in a minimum of the
broadband output before the arrival of the pump
pulse and in a maximum after. Therefore, a distinct
switch-on of the device output for this input is ex-
pected. We use the discrete Fourier transformation to
calculate 7o (w,Q) from FE (w, 7). To increase the
Q) resolution, we extend the data of Fig. 3 by a con-
stant continuation from 7=-4 ps to =50 ps and from
7=1 ps to 50 ps. This procedure is justified since the
pump-induced change in the Si refractive index de-
cays on a much slower time scale of about 0.4 ns [7].
The Fourier amplitudes FE;(w—Q) and FE;(w—Q) of
the bandwidth-limited input pulses are obtained by
linear interpolation of the square root of the mea-
sured input spectra of Fig. 2(a).

Figure 4(a) shows the resulting narrowband output
spectra of the device as a function of the pump-
arrival time 7. As expected, the output is initially
dark but then suddenly flashes up around 7=0. We
now compare these extracted data to Fig. 4(b), which
displays the output measured for the same narrow-
band input. The agreement between Figs. 4(a) and
4(b) is excellent, even for the fine structures at 7<0.
These results verify that our approach based on Eq.
(2) and the setup of Fig. 1 is indeed feasible for the
broadband characterization of ultrafast photonic de-
vices.

While Eq. (2) applies to all square-integrable sig-
nals, the interferometric frequency-domain detection
used here imposes practical constraints. First, the
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Fig. 4. (Color online) (a) Device response to the narrow-
band input pulse shown in Fig. 2(a) as extracted from the
the data in Figs. 2(a) and 3 by virtue of Eq. (2). (b) Device
output measured. Note the excellent agreement of both
figures.
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spectral resolution of the spectrometer has to be
smaller than the inverse duration of the output sig-
nal in the ¢ domain. Second, our interferometer yields
a signal (FE,)*(w)F1E,(w, 7) [16], where the reference
pulse E, is a copy of the input pulse. Equation (2)
then implies that the narrowband output E can be
determined only for frequencies w at which FE, is
well above the noise level. This condition does not
pose a restriction for the data considered here, as the
narrowband output [Fig. 4(b)] is fully covered by the
spectrum of the broadband input [Fig. 2(a)]. In case
the sample changes so fast that new components
with frequencies w—{) outside the spectrum of E, are
generated, a more broadband reference or nonlinear
schemes [17] should be used to detect E,,.
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