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ABSTRACT: We introduce a nanoheater structure based on
laser illumination of a nanopatterned silicon membrane. We
develop a model to predict the time-dependent temperature
rise. Simulations show a temperature rise that is much larger
and more sudden than in an unpatterned membrane. This
effect is attributed to resonantly enhanced heating. We
fabricate a prototype device and observe the signature of
sudden heating in the optical transmission response.
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Laser-induced heating is a versatile technique for the remote
heating of objects on the nanoscale. Past work has

investigated the use of plasmonic nanoparticles as nanoheaters.1

Near the plasmon resonance wavelength, the optical absorption
of the nanoparticle is high, allowing efficient conversion of laser
light to heat.2−4 This effect has been exploited for diverse
applications including optofluidics,5,6 vapor generation,7 photo-
thermal therapies,8,9 and DNA melting analysis.10 The
absorption strength at resonance can be further increased
using a gold nanoparticle array.11,12 Nanoparticle array
heaters,13,14 which are amenable to lab-on-a-chip experiments,
have found application in catalyzing chemical reactions,15

growth of nanowires,16 manipulating cell adhesion,17 and
controlling microfluidic mixing.18

Here we propose an alternate mechanism for nanoscale heat
generation that does not require plasmonic materials. Our
approach uses a nanopatterned, all-silicon platform to create a
novel nanoheater. The nanoheater exhibits sudden, rapid
heating with a tunable onset time that can be controlled via
laser power. Operation is compatible with laser wavelengths in
the 800−1100 nm range, overlapping the biological trans-
parency window.19 Moreover, our nanoheater device is made
via a CMOS-compatible microfabrication process, enabling
low-cost application.
We design a highly absorptive optical mode in silicon by

starting with a thin membrane and etching a 2D array of holes.
This device, known as a photonic-crystal slab, supports optical
resonance modes.20,21 By choosing the hole spacing and
diameter appropriately, we can create resonances in a desired
wavelength range. When the incident laser wavelength
coincides with a resonance, the absorption is greatly
enhanced.22 In previous work, we have measured the
transmission of laser light through the device and showed
that it is highly nonlinear with laser power.23 We attributed the
nonlinearity to absorptive heating.23 In this work, we introduce
a coupled thermo-optical model to predict the temperature rise

in the device. We find that the temperature rises suddenly and
rapidly with time. The sudden heating is signaled by a large
jump in laser transmission. We fabricate a prototype device and
measure the time-dependent transmission at a laser wavelength
of 976 nm. Our experimental results confirm the sudden jump
predicted by simulation and indicate a >168 K temperature rise
at steady state given a 127 mW incident laser beam with 10 μm
spot size.
We consider light normally incident on a silicon photonic-

crystal slab, as shown in Figure 1a. For concreteness, we set the
slab thickness to 340 nm, the lattice constant to 470 nm, and
the hole diameter to 160 nm. We simulate the transmission
spectrum using the finite-difference time domain (FDTD)
method (Lumerical). The transmission spectrum is shown in
Figure 1b and has a Fano line shape. The characteristic line
shape results from interference between Fabry−Perot reflec-
tions and a guided resonance mode in the slab.20 The
absorption spectrum is shown in Figure 1c and has a Lorentzian
shape. In contrast, the transmission and absorption spectra of
an unpatterned silicon slab with the same thickness are shown
in Figure 1d and e. They are both relatively featureless within
the wavelength range shown. At resonance, the absorption of
the photonic-crystal slab is 94 times higher than the
unpatterned slab.
We model the coupled thermal and optical response of the

system using the transient 3D heat equation in combination
with coupled mode theory. The temperature T of the photonic-
crystal slab is governed by
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Figure 1. (a) Schematic of a photonic-crystal slab (a = 470 nm, d = 160 nm, and h = 340 nm) illuminated normally by a plane wave. (b)
Transmission and (c) absorption of the photonic-crystal slab; (d) transmission and (e) absorption of an unpatterned slab. The dotted lines on the
transmission plots show the position of the laser wavelength used in simulations.

Figure 2. Left and right columns denote the photonic-crystal slab and unpatterned silicon slab, respectively: (a, b) absorbed power; (c, d)
temperature variation; (e, f) transmission as a function of time.
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where ρ, Cp, and k represent the density, heat capacity, and
thermal conductivity of the slab, respectively. The absorbed
power Pabs can be determined from coupled mode theory:24
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where Pin denotes the power of the input laser pulse, ωo is the
operating frequency of the laser, γr is the decay rate of the
resonance due to radiation loss, and γi is the decay rate due to
material absorption loss. The frequency of the guided
resonance mode, ωo′(t), depends on the time-dependent
temperature of the slab:
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where ωo is the initial frequency of the guided resonance mode
(e.g., the frequency at room temperature, in the absence of laser
heating), dn/dT is the thermo-optic coefficient of silicon, and
n0 is the refractive index at room temperature (T0). Equations 1
through 3 form a set of coupled equations that can be solved
self-consistently for T(t), ωo′(t), and Pabs(t), given the
parameters ωo, γi, and γr. The solution allows the calculation
of the transmission line shape:25

γ ω ω γ

ω ω γ γ
=

+ − ′ +

− ′ + +
T t

t t t r

t
( )

( ) ( ( ( )) )

( ( )) ( )trans
s i

2
s op o s r

2

op o
2

r i
2

(4)

where ts and rs are the direct transmission and reflection
coefficients.
To determine the parameter values, we perform a fit of the

coupled mode theory to the FDTD spectrum. For simplicity,
we first consider a lossless (γi = 0), nondispersive medium for
the slab in the limit of low incident power. Then the
transmission line shape takes the simplified form
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A fit to the lossless FDTD result yielded values of ts = 0.534,
rs = 0.859, ωo = 1939.13 THz, and γr = 0.618 THz. We obtain γi
assuming direct absorption effects only, neglecting absorption
due to two-photon processes or free carrier effects. Then γi =
(ωk/n)ξ, where n is the real part of the refractive index, k is the
imaginary part, and ξ is the fraction of the modal volume
contained in the dielectric.26 The value obtained for γi was
0.417 THz. The fit to the spectrum using the parameter values
is shown in Figure 1b and shows excellent agreement with the
FDTD result.
We used the finite element method (COMSOL) to solve for

the transient heating response. We simulated an axisymmetric
structure consisting of a silicon disk of thickness 340 nm with a
radius of 0.5 mm. We took the top and bottom surfaces of the
disk to be thermally insulated, approximating a silicon disk in
air. The lateral surface of the structure (side walls of the disk) is
fixed at room temperature. A heat source with a Gaussian
spatial profile (full width at half maximum of 10 μm) is
positioned at the center of the disk. The product of the density
and heat capacity terms in eq 1 is set by multiplying the values
for bulk silicon with the volume fill fraction (0.91) of the
photonic-crystal slab. To approximately model the effect of the
holes on the thermal conductivity, we assumed a value of
thermal conductivity (50 W/m·K) that lies between that of

bulk silicon (130 W/m·K) and values reported in the literature
for holey silicon membranes (1.73 W/m·K)27 with higher air
filling fractions.
The results of the FEM simulations are illustrated in Figure

2. We assumed a laser wavelength of 976 nm (dashed line in
Figure 1a), detuned by 4 nm above the initial position of the
resonance. The laser is turned on smoothly over 1 μs. Looking
first at the 70 mW curve in Figure 2a (blue line), the absorbed
power shows a sharply peaked response as a function of time.
Increasing the laser power (green and red lines) decreases the
response time: the absorption peak in Figure 2a moves to
shorter times. This behavior is in contrast to the unpatterned
slab, for which the absorption is low and constant after laser
turn on (Figure 2b). The absorption peak in the photonic-
crystal slab corresponds to a temperature jump, shown in
Figure 2c. The sudden, rapid change in temperature at
maximum absorption is in contrast to the unpatterned slab,
for which the temperature rise is low (4.62 K) and smooth
(Figure 2d). The transmission spectrum of the photonic-crystal
slab (Figure 2e) shows a signature of the sudden temperature
rise of the photonic-crystal slab. The spectrum has an
asymmetric Fano shape in time, with a large transmission
jump from about ∼1% to ∼58% that coincides with the
temperature jump in Figure 2c.
The large, sudden heating observed in the photonic-crystal

slab arises from optical resonance effects. When the laser is
initially turned on, light is absorbed and starts to heat the slab.
Due to the thermo-optic effect, the transmission spectrum
(Figure 1b) shifts to higher wavelength. As the slab continues
to heat, the intersection of the shifted transmission curve with
the dashed line (indicating the laser operating wavelength)
traces out a Fano shape in time, evident in Figure 2e.
Meanwhile, the absorption spectrum shifts in a similar fashion.
While the absorption is initially low at the laser wavelength, the
rightward shift causes the value to peak when the resonance of
the slab crosses the laser wavelength. The large absorption at
the crossing is responsible for the sudden temperature jump
observed in Figure 2b.
We define the thermal response time as the elapsed time

between laser turn-on and the sudden temperature rise. The
thermal response time of our system can be tuned in several
ways. First, increasing the laser power shortens the response
time, as seen in Figure 2a,c,e. Second, decreasing the initial
detuning of the laser from the resonance shortens the response
time, since the initial absorption is increased and the heating
time is reduced. Third, reducing the conductivity or the
effective heat capacity of the photonic-crystal slab decreases the
response time. The response time of the device can also be
tailored by altering the beam waist. A tightly confined laser
beam will shorten the response time, due to the increase in the
local heating rate.
To investigate the time-dependent response experimentally,

we fabricated and characterized a free-standing, silicon
photonic-crystal membrane. Our fabrication procedure is
described in detail in ref 28. The fabricated structure has a
thickness of 340 nm, a lattice constant of 470 nm, and a hole
diameter of 160 nm, as in the simulations above. We
characterized the transmission spectrum of the device using a
broadband white-light source and a spectrometer (Ocean
Optics USB 4000). The measured transmission spectrum is
depicted in Figure 3a. A resonant wavelength of 968 nm and a
quality factor of 170 were obtained by fitting the transmission
line shape to a Fano formula. The measured quality factor is
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less than the simulated structure. We attribute the reduction to
the finite numerical aperture of the 10× objectives (Mitutoyo
NIR MPlan Apo) used to focus the incident beam on the
sample (80 μm beam diameter) and collect the transmitted
beam.
To measure the time-dependent, nonlinear response, we

illuminated the sample with a near-infrared diode laser
operating at 976 nm. The laser, pigtailed with a single-mode
fiber, is passed through a 19 mm lens and focused through the
objective onto the sample. This results in a Gaussian beam with
a spot size of 10 μm on the sample. The laser output is
modulated using a laser diode controller (Thorlabs) using a
square pulse with modulation frequency of 1 Hz and 20% duty
cycle. The rise time of the laser pulse is approximately 1 μs. The
transmitted beam collected by the objective is fed to a fiber-
coupled trans-impedance amplifier (Thorlabs) with a response
time on the order of a few picoseconds.
The temporal response of the transmitted pulse through the

photonic-crystal slab is shown in Figure 3b. For each power
level, there is a large transmission jump between approximately
17% and 35%. The shape of the transmission curve (decreasing,
increasing, then decreasing) coincides with the trend expected
from shifting the transmission spectrum in Figure 3a to the
right across the operating wavelength (dashed line). As the
power is increased, the transmission jump shifts to shorter
times, in agreement with the prediction in Figure 2e.
Several differences are observed between experiment and

theory. First, the time-dependent transmission response is not
as sharp as in simulations. The transmission jump occurs over
20 μs, compared to 1 μs in the simulation. This can primarily
be attributed to the lower quality factor of the resonance.
Additionally, the simulation did not include the increase in the
absorption coefficient of silicon with temperature. This effect
tends to lower the quality factor of the mode with increasing

power. It causes the maximum transmission value observed in
the temporal response of transmission (36%; Figure 3b) to be
lower than the maximum value in the transmission spectrum
(40%; Figure 3a). Second, the observed response time is longer
than in simulation. This may result from differences in the value
of thermal conductivity in simulation and experiment.
However, the overall qualitative trends show good agreement
between simulation and experiment.
We used the spectral shift in a monitored wavelength range23

to estimate the steady-state temperature rise in the sample.
Figure 4 shows the transmission spectrum of the device at

lower wavelengths, e.g., below 976 nm. For a laser power of 127
mW (red line), the resonance dip at 837.5 nm shifts 11.5 nm to
the right, relative to the spectrum for 0 mW. We estimate the
temperature rise from the formula ΔT ≈ (Δλ/λ)(n/(∂n/∂T)),
where Δλ is the spectral shift. At a steady-state power of 127
mW, the estimated temperature rise was 168 K.
To confirm that our devices did not undergo any structural

damage due to this large temperature rise, we performed
measurements similar to Figure 3b multiple times and verified
that there was only minimal run-to-run variability.
In addition to absorptive heating, free-carrier dispersion, Kerr

nonlinearities, and two-photon absorption can affect the
transmission spectrum.29 However, Kerr nonlinearities and
two-photon absorption are both third-order effects and should
be minimal relative to linear absorption. Free-carrier dispersion
produces a spectral blue shift. From Figure 4, we observe that
the total spectral shift is toward the red, indicating that
absorptive heating dominates over free-carrier dispersion.
In conclusion, we have introduced a novel nanoheater

structure based on a nanopatterned silicon membrane. Heating
occurs due to absorption enhancement in a guided resonance
mode. We show theoretically that the temperature in the
membrane jumps suddenly as a function of time. The onset of
the jump can be tuned with laser power. Experimentally, we
have observed a signature of the temperature rise via time-
dependent optical transmission measurements. In these experi-
ments, we operated at a wavelength of 976 nm. By adjusting the
diameter and spacing of holes in the membrane, it is possible to
shift the position of the resonance mode for operation at other
laser wavelengths. Any wavelength within the 800−1100 nm
range will allow the direct absorption of silicon to be used for
heating. The sudden heater device presented here will open up
a range of new nanoscale thermal applications, particularly in
chemical and biological lab-on-a-chip experiments.

Figure 3. (a) Transmission spectrum of the fabricated device. (b)
Transmission change as a function of time.

Figure 4. Spectral shift in the monitor wavelength range as a function
of incident laser power.
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