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ABSTRACT: We demonstrate high-spatial resolution imaging
of localized cavity modes through third-harmonic frequency
conversion. The experiments are performed with a III-nitrideon-silicon photonic platform. The resonant cavities are formed
within suspended two-dimensional photonic crystals and are
excited with a continuous-wave excitation around 1550 nm.
The III-nitride materials (GaN and AlN) are transparent for
both pump and harmonics. The third-harmonic nonlinear
process allows one to indirectly observe the fundamental
conﬁned cavity mode with spatial proﬁles equivalent to those usually obtained by local probe microscopy techniques such as
scanning near-ﬁeld optical microscopy. An excellent agreement is obtained between the measured polarization-resolved thirdharmonic emission patterns and those calculated through the third-order nonlinear polarization. We show that the spatial proﬁles
of the radiated patterns are strongly dependent on defocusing, thus highlighting the strong sensitivity of the imaging.
KEYWORDS: photonic crystal, third-harmonic generation, subwavelength imaging, III-nitride semiconductors
ﬁne details. It explains why most of the studies performed on
photonic crystals either with embedded emitters as internal
sources10−12 or external excitation were performed in the
spectral domain, without probing the spatial proﬁle of the
conﬁned optical modes. Alternately, Fourier-space imaging of
localized modes was performed by several groups.13,14 In
principle, a better resolution would be expected if one uses
harmonic generation. Moreover, harmonic generation can
provide distinct information as compared to ﬂuorescence
microscopy as a consequence of the coherent process and its
sensitivity to phase information, as shown for example in the
study of biological samples.15 To date, images of emission
patterns associated with second-harmonic generation have been
obtained in two-dimensional photonic crystals, but they did not
reveal very sharp structures.16−21
In this article, we show that third-harmonic generation is a
powerful technique to image localized modes resonant around
1550 nm with a high subwavelength spatial resolution. The
experiments are performed with a gallium nitride on silicon
photonic platform. Harmonic conversion has already been
successfully demonstrated in photonic crystals fabricated from
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econd- and third-harmonic generation are well-known
techniques to produce high spatial resolution imaging.1,2
These techniques are commonly used in biology to image living
cells along with multiphoton imaging such as two-photon
excitation ﬂuorescence.3−5 The frequency conversion gives
access to smaller wavelengths and consequently to better spatial
resolution since the constraint on the diﬀraction limit is relaxed.
A speciﬁc feature of the nonlinear process is the reduction of
the interaction volume that can lead to the observation of
sharper features with an enhanced resolution.6 Moreover, the
nonlinear susceptibility tensors are also dependent on the local
symmetry and orientations and can more easily reveal interfaces
or local changes of the susceptibility. In photonic crystals,
harmonic generation has mainly been used for frequency
conversion and the transfer of a coherent emission to shorter
wavelengths. The frequency conversion takes advantage of high
quality factors and small modal volumes that enhance the
nonlinear interactions.7−9 Moreover it allows one to perform
nonlinear experiments with cavities or slow-light modes using
low-power continuous wave excitations as opposed to the
pulsed ultrafast and high-intensity laser systems commonly
used in nonlinear optics.
Imaging of photonic crystal localized modes around 1550 nm
with a microscope is limited by diﬀraction and does not reveal
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Figure 1. (a) Schematics of the experimental setup used to measure the third-harmonic emission. Light is injected in the layer plane with an in-plane
E-ﬁeld perpendicular to the long direction of the sample. The third harmonic is collected from the surface. (b) Scanning electron microscopy image
of the free-standing gallium nitride photonic crystal on silicon. (c) Transmission spectrum of a cavity where only the second and third row of holes
around the cavity center have been displaced. The maximum displacement is 4 nm. The cavity resonance is observed at 1536.5 nm. The quality
factor is 16 000.

Figure 2. (a) Optical microscopy image of the sample surface measured with white light illumination. The total size of the image is 36.8 μm. (b)
Third-harmonic emission pattern measured when the cavity is pumped in resonance superimposed with the optical image of the structure. The inset
shows a zoom-in of the third-hamonic signal. The signal is not polarization-resolved. (c) Dependence of third-harmonic collected power as a
function of the output power at the exit of the photonic crystal. The latter is proportional to the energy inside the cavity. The maximum power at the
entrance of the photonic crystal is 14 mW in this experiment. The full line is a cubic power law ﬁt. (d) Spectral dependence of the third-harmonic
signal compared to the cavity resonance. The squares and dots correspond to experimental data. A narrowing is observed as a consequence of the
third-order nonlinear process. The red full line is a Lorentzian ﬁt, while the full blue line is the cubic power of the Lorentzian used to ﬁt the
fundamental mode. The curve has been only slightly spectrally shifted to match the experimental data.

the III-nitride materials21−24 or in microring resonators.25 Here
we observe for the ﬁrst time resonant frequency tripling in a IIInitride photonic crystal cavity under continuous wave excitation

around 1550 nm. We show that with a microscope objective of
numerical aperture lower than 1, high spatial resolution images
of the conﬁned modes can be obtained. The third-harmonic
1241

DOI: 10.1021/acsphotonics.6b00236
ACS Photonics 2016, 3, 1240−1247

ACS Photonics

Article

Figure 3. (a) Zoom-in of the experimental third-harmonic emission pattern for a polarization Ey perpendicular to the waveguide axis. The photonic
crystal holes have been schematically superimposed on the image. (b) Zoom-in of the third-harmonic emission for the polarization along the
waveguide axis Ex. (c) Near-ﬁeld proﬁle of the square modulus of the electric ﬁelds (|Ei|2) of the cavity mode for the Ey polarization and Ex
polarization (d) calculated by 3D-FDTD. The cavity is a width-modulated waveguide cavity with a maximum hole displacement of 6 nm (Q =
2
18 000). (e) Square modulus of the third-harmonic polarization |P3ω
y | calculated by 3D-FDTD. (f) Square modulus of the third-harmonic
2
polarization |P3ω
x | calculated by 3D-FDTD.

materials such as AlN or GaN are transparent for wavelengths
above λ/3, thus allowing the propagation of pump and
harmonics for an excitation wavelength around 1550 nm. The
fabricated structures consist of a thin AlN layer, around 45 nm
thickness, epitaxially grown on silicon followed by a 300 nm
thick GaN layer. The two-dimensional photonic circuits were
fabricated by a succession of electron-beam lithography,
chlorine-based plasma etching, and selective under-etching
between nitride and silicon with XeF2.32 The selective etching
between the III−V semiconductors and silicon enables the easy
fabrication of self-standing structures. They consist of
suspended waveguides and free-standing two-dimensional
photonic crystal membranes. The total length of the sample
is 500 μm, and the photonic crystal with a 23.4 μm length
stands at the middle of the structure. The photonic crystal
consists of a W0.98 waveguide corresponding to a width of
0.98√3a, where a is the 580 nm photonic crystal lattice period.
The hole radius to period ratio was around 0.23. At the middle
of the photonic crystal, we have designed width-modulated
waveguide cavities either by only displacing the second and
third row of holes perpendicularly to the waveguide axis or
following the A1 design presented in ref 33 (samples used in
Figures 3 and 5 for the latter case). Modeling indicates that the
cavities where only the second and third row of holes are

generation images reveal resonant spots with a diameter less
than 300 nm and very high contrast. These features directly
originate from the interaction between the localized electric
ﬁeld of the cavity fundamental mode and the nonlinear
susceptibility tensor to create a third-order polarization
polarized in the layer plane. Polarization-resolved images
show that the images can be directly associated with the Ex
and Ey in-plane electric ﬁeld components through the χ(3)
xxxx and
χ(3)
yyyy elements. In these structures, the third-harmonic emission
patterns provide a spatial mapping equivalent to the one
obtained by more complex approaches such as scanning nearﬁeld optical microscopy when probing cavity fundamental
modes around 1550 nm.26−28 These experiments emphasize
the interest in nonlinear imaging as a very simple in situ
technique to reveal localized patterns in photonic crystals,
without any sample preparation. This can be achieved if no
conﬁned modes are resonant at the third-harmonic wavelength.

■

DESCRIPTION OF SAMPLES AND MEASUREMENT
SETUP
We have developed the fabrication of two-dimensional
photonic platforms with III-nitride directly grown on
silicon(111) by molecular beam epitaxy, which enables the
use of a low-cost large-area silicon substrate.29−31 The interest
of this chip-scale integrated platform is manyfold: nitride
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displaced can also support high quality factors for hole
displacements larger than in the design of ref 33.
For the experiments, we use a tunable continuous-wave laser
source coupled to an erbium-doped ampliﬁer. Light is injected
with lensed ﬁbers, and the coupling of light in the structure is
enhanced with inverted tapers.34 Light injection is optimized by
monitoring the transmission in a spectral range spanning from
1500 to 1600 nm. The maximum output power delivered by
the ﬁber ampliﬁer is 18.6 dBm, which corresponds to 14 mW at
the entrance of the photonic crystal. It is remarkable that the
resonant enhancement with a cavity mode allows one to obtain
images of harmonic emission with a low-power continuouswave excitation as opposed to pulsed and ultrafast lasers
commonly used in harmonic imaging experiments. All
experiments are performed at room temperature. The harmonic
signal is collected perpendicular to the surface using an
objective with a numerical aperture of 0.9. The scattered light
from the optical pump is rejected through band-pass ﬁlters. An
interference ﬁlter centered around the frequency-tripled pump
signal was inserted in order to image only the third-harmonic
signal. The emission patterns were recorded with a photoncounting electron multiplying charge coupled device camera.
The camera has 512 × 512 pixels with 16 μm pixel size, and as
the eﬀective optical magniﬁcation is 220, one pixel represents
72 nm on the surface. White light illumination through the
microscope objective is also available for alignment and imaging
of the cavities. A schematic of the whole measurement setup is
shown in Figure 1a. Figure 1b shows a scanning electron
microscopy image of the free-standing nitride photonic crystal
on silicon.
The transmission spectrum of one investigated cavity is
shown in Figure 1c. The cavity exhibits a resonant cavity mode
with a quality factor of 16 000 at 1536.5 nm. We note that for
harmonic generation experiments, there is a trade-oﬀ between
the quality factor and the transmission since the harmonic
conversion depends on the energy that is stored in the cavity.
This energy is to ﬁrst order proportional to the quality factor
times the square root of the global transmission of the photonic
crystal. The photonic crystal cavity has only a single marked
resonance for the fundamental mode. No photonic band gap
exists at the third-harmonic wavelength in the visible range
around 510 nm.

Figure 4. (a) Experimental cross-section along the x direction of the
third-harmonic radiated pattern for Ex polarization. (b) Experimental
cross-section along the y direction. The positions of the cross sections
are marked on the inset. (c) Calculated cross-section along the x
direction. (d) Calculated cross-section along the y direction. The inset
shows the position of the cross-section lines.

■

THIRD-HARMONIC CHARACTERIZATION
Figure 2a shows an image of the sample surface recorded under
white light illumination with the same setup as for the
measurement of the harmonic pattern. Figure 2b shows a
superposition of this structural image with the third-harmonic
emission excited by the continuous-wave laser resonant with
the cavity mode. The inset shows a zoom-in of this image,
which will be discussed later. The harmonic emission is strongly
localized, typically 8 μm along the waveguide direction. It is
observed at the photonic crystal center where the cavity stands.
No signal is observed either in the access waveguide nor at the
entrance of the photonic crystal. This image illustrates the
strong enhancement of the emission due to the resonant cavity
mode. The harmonic conversion can be observed with
continuous-wave excitation even if the third-order nonlinear
susceptibility is small in the near-infrared range since the thirdharmonic resonance is still below the band gap, a situation
completely diﬀerent from the one encountered in silicon.35
Figure 2c shows the dependence of the integrated thirdharmonic signal as a function of the power measured at the

Figure 5. Comparison between measured (left panel) and calculated
(right panel) third-harmonic radiated patterns for diﬀerent focus
distances. As shown schematically on the left of the image, the focus
plane varies from below the sample (top) to above the sample
(bottom). In the modeling, this corresponds to focus distances varying
from −1900 to +2300 nm, measured from the top surface of the
sample. The measurements and modeling correspond to the Ex
polarization. For each image, the maximum amplitude of the signal
is normalized to 1. Experimentally under white light illumination, the
focus for the photonic crystal image as shown in Figure 2a is obtained
for the −700 nm distance.
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near-ﬁeld spatial distribution of the fundamental mode around
1.5 μm. We do observe the same symmetry and more
importantly similar in-plane extension of the spots. Figure 3e
and f show the calculated squared magnitude of the third-order
polarization. This third-order polarization generates the
observed signal in the visible. The same symmetry properties
are observed for the third-order polarization and for the thirdharmonic images. The spatial extension of the bright spots is
smaller as compared to the magnitude of the electric ﬁeld at
1530 nm as a result of the third-order nonlinear process. We
note that the correspondence between the third-order polarization and the experimental pattern can be obtained as long as
no resonant modes with a signiﬁcant Q factor are present for
the third-harmonic signal. This is the case in the present
experiments; otherwise the radiated pattern could be modiﬁed.

output of the structure that is proportional to the energy
present in the cavity.36 If we neglect the harmonic conversion
and the residual losses, one expects in a triply resonant system
256
at low power P(3ω) = 3ω2 η3η3Q 3Q 3|β|2 P 3 for this third-order
nonlinear process, where η (η3) is the coupling eﬃciency for
the pump (third hamonic), Q (Q3) the quality factors of the
pump (third harmonic), β an overlap integral between the
pump ﬁeld and the third-harmonic ﬁeld, and P the incident
power.7,19 Note that the β overlap factor between pump and
harmonic corresponds to the phase-matching requirement
considered for the conversion of propagating modes. For a
simply resonant system, the harmonic power is proportional to
the cube of the power present in the cavity. In the present
experiments, we have not attempted to achieve phase matching
and to obtain a resonant cavity mode for the third harmonic.37
The photonic crystal exhibits a continuum of modes at the
third-harmonic frequency. As seen in Figure 2c, the signal
indeed exhibits a cubic dependence, as evidenced by the full
line that is best ﬁt by a cubic power law, the contribution of
lower order terms being negligible. We note that these types of
cavities also support second-harmonic generation with a zoriented polarization, but with a weak eﬃciency. The present
signal is well accounted for by a third-harmonic process without
considering linear mixing of a second harmonic and pump.
In Figure 2d, we compare the spectral dependence of the
third-harmonic signal with the spectral dependence of the
pump mode. The input laser power is kept constant (15.5 dBm
at the laser output). A spectral narrowing is observed with a line
width reduction from 110 pm for the pump to 57 pm for the
harmonic (equivalent Q factor of 9000). This is a direct
consequence of the third-order process and the cubic
dependence described above. The harmonic signal can be
ﬁtted by a cubic Lorentzian,18 as shown by the full line in
Figure 2d.

■

SIMULATION OF THIRD-HARMONIC EMISSION
PATTERNS
In order to interpret the image of the collected third harmonic,
we have calculated the third-harmonic polarization that is
generated by the fundamental mode of the cavity. The
fundamental mode proﬁle was obtained by three-dimensional
ﬁnite-diﬀerence time domain modeling as shown in Figure 3c
= ∑
and d. For the harmonic polarization calculation (P(3ω)
i
ε0χ(3)
ijkl EjEkEl where E is the cavity mode electric ﬁeld), one has
to consider the diﬀerent orientations of the third-order
nonlinear susceptibility for the III-nitride material. The x-axis
is along the waveguide axis, the y-axis is perpendicular to the
waveguide, and the z-axis is along the growth direction. The
main components of the electric ﬁeld are the Ex and Ey
components, and we have neglected the Ez component,
which has a much smaller amplitude. The components of
(3)
(3)
interest of the susceptibility tensor are thus χ(3)
xxxx, χyyyy, and χyyxx
38
and their permutations. In the modeling presented below, we
have also considered the χ(3)
yyxx-type components even if their
amplitude is reduced by a third as compared to χ(3)
xxxx. As the
(3)
amplitudes of χ(3)
xxxx and χyyyy are larger than the cross-correlation
terms for tetragonal lattices, there is a quasi-direct link between
the x(y)-polarized third-order polarizations and the x(y)
components of the fundamental mode. The third-order
polarization is thus predominantly polarized in the layer
plane. The third-order polarization has been calculated for
diﬀerent axis orientations in the layer plane. There is almost no
change in the polarization when the axis is rotated by 30°, 45°,
60°, and 90°.
Once the polarization is calculated, its spatial proﬁle is
injected as a source term in the FDTD modeling. In the Fourier
domain, we take into account the E and H ﬁeld propagation
through a phase-propagating term and ﬁlter the Fourier
components by the objective numerical aperture. We then
calculate the time-averaged Poynting vector.21
Figure 4 shows a comparison of the cross-sections for the Ex
polarization between the calculated radiated pattern and the
measured ones. Figure 4a and c correspond to the x direction,
while Figure 4 b and d correspond to the y direction. The crosssections show that the full-width at half-maximum of the bright
spots is less than 300 nm. Several features need to be
emphasized. The spatial distribution information is identical to
the typical ones that can be obtained by scanning near-ﬁeld
optical microscopy through the ﬁeld mapping of electromagnetic ﬁelds.27,28 This feature is linked with the microscope
resolution at the third-harmonic wavelength as given by the

■

HIGH-RESOLUTION IMAGING
Figure 3 shows an enlargement of the third-harmonic emission
patterns for two distinct polarizations. The experiments have
been performed with an A1 cavity design following ref 33 with
a maximum hole displacement of 6 nm. The quality factor of
this cavity is 18000. Figure 3a corresponds to an electric ﬁeld
perpendicular to the waveguide/cavity axis (Ey), while Figure
3b corresponds to a polarization along the waveguide axis (Ex).
We have superimposed on the images the photonic crystal
pattern. Several features can be observed. The third-harmonic
pattern is composed by well-deﬁned spots with a typical full
width at half-maximum smaller than 300 nm, as shown in
Figure 4. This has to be compared with the 1530 nm excitation
wavelength and will be discussed in the next section. A highintensity contrast is obtained up to 90%. The signal dynamics is
suﬃciently important to observe regularly spaced lines with an
almost vanishing signal along the x- or y-axis (see Figure 4).
The symmetry properties and proﬁle of the third-harmonic
pattern are related to those of the fundamental cavity mode.
The proﬁles of the square modulus of the electric ﬁelds |Ey|2
and |Ex|2 calculated by the three-dimensional ﬁnite-diﬀerence,
time-domain (FDTD) method are shown for comparison in
Figure 3 c and d. The detailed modeling of the third-harmonic
emission pattern will be discussed in the next section. The
objective of the comparison between Figure 3a,b and c,d is not
to make a direct connection between the images but to
illustrate the link between the third-harmonic proﬁle and the
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of the waveguide at −700 nm, at the ﬁrst row of holes at 0 nm,
and then between the ﬁrst and second row of holes at 600 nm.
We do not observe a strict periodicity of the patterns as in the
Talbot self-imaging due to the interferences of diﬀracted beams
when the focus distance is varied along the z direction.40,41 In
the latter case, the textbook model corresponds to a periodic
grating illuminated on a large surface by a plane wave. In the
paraxial approximation where the wavelength λ is considered
small as compared to the grating period Λ, the Talbot length

Rayleigh criterion (0.61 λ ), where NA is the numerical
NA
aperture of the objective (0.9). The experimental resolution
of the measurement can be estimated from the comparison
between Figure 4a and c. The modeling in Figure 4c accounts
for the 0.9 numerical aperture of the objective. An excellent
agreement is obtained when comparing with the experimental
radiated pattern. The ∼300 nm resolution is thus about λ when
5

compared to the wavelength of the fundamental mode. The
measurement of the resonant third harmonic thus provides an
indirect imaging of the photonic crystal fundamental mode with
a subwavelength resolution.
As compared to scanning near-ﬁeld techniques, the harmonic
experiments can be performed in situ, without any sample
preparation and is not plagued by artifacts that can occur in
local probe microscopies. Moreover, one does not perturb the
conﬁned mode with a tip being approached close to the cavity,
like an aperture probe or an apertureless tip, to convert the
near-ﬁeld to far-ﬁeld information. The technique can thus be
applied to cavity modes with high Q factors even above a
million as obtained, for example, in silicon photonic crystals.34
Here, through third harmonics and without a speciﬁc and
expensive local probe apparatus to retrieve the near-ﬁeld
information, the same spatial information can be obtained by
using a simple microscope objective and by looking at the nearﬁeld third-harmonic radiated pattern ﬁltered by the optical
setup.

Λ2

2 λ would be 1300 nm. In the present experiments, the source
dipoles are tightly localized by the cavity mode and the
experimentally observed spatial patterns evolve as we scan
along the positive z direction, without strictly repeating
themselves over multiple periods.
These measurements highlight the high sensitivity of thirdharmonic imaging since a small deviation from the collection
distance can lead to signiﬁcantly diﬀerent radiated patterns. The
modeling justiﬁes that spatial proﬁles of third-harmonic
radiated patterns similar to the near-ﬁeld proﬁle can indeed
be obtained. It also indicates that third-harmonic defocusing
microscopy is a very rich tool to study the properties of
coherent scattering media. We expect to investigate these
phenomena in more detail in future work by considering higher
quality factor cavities. Such cavities can be obtained in
nontransparent media such as silicon, where quality factors
larger than one million can be reached.34

■

■

CONCLUSION
In conclusion, we have observed resonant third-harmonic
generation under continuous wave excitation in free-standing
gallium nitride photonic crystal cavities fabricated on a silicon
substrate. We have shown that the third-harmonic conversion is
a powerful tool to observe the spatial features of the
fundamental exciting modes. By converting the excitation
wavelength to the visible range, we strongly minimize the
limitation on spatial resolution due to diﬀraction. Spatial
features with spot sizes as small as 300 nm were resolved for an
excitation wavelength of 1530 nm. An excellent agreement was
obtained between the spatially resolved measurements and the
modeling of the radiated pattern. With these experiments, we
are thus able to achieve a subwavelength resolution and a
quality of imaging equivalent to that obtained by near-ﬁeld
techniques when probing 1550 nm cavity modes localized by
photonic crystal design. The advantage of third-harmonic
generation imaging is the simplicity of the approach, since only
a microscope objective and a CCD camera are needed, and the
ability to perform it without perturbing the conﬁned mode. We
expect that this technique will be implemented to study other
types of photonic crystal devices, e.g., slow-light waveguides,
fabricated from III-nitride materials or other semiconductors.

EFFECT OF DEFOCUSING
In real-space imaging, the recorded images can be strongly
dependent on defocusing. Figure 5 shows a comparison
between the measured and calculated radiated patterns for
the Ex polarization for various focus distances. The focus
distance varies regularly from −1900 to +2300 nm measured
from the sample top surface. The top image corresponds to a
focus plane below the suspended membrane (−1900 nm),
while the bottom image corresponds to a focus above the
sample (+2300 nm). Supplementary S1 shows a movie of the
calculated radiated patterns as a function of defocusing. The
striking feature is the very strong dependence of the thirdharmonic pattern as a function of defocusing. One obtains
proﬁles that diﬀer signiﬁcantly depending on the position of the
collection objective and that are not symmetrical with respect
to the suspended membrane vertical center. This is a
consequence of the change of the microscope optical transfer
function as a function of focusing as well as the interference
eﬀects between the multiple coherent radiating dipoles.39 The
spatial proﬁle shown in Figure 3b that is the most closely
related to the near-ﬁeld proﬁle for the Ex polarization
corresponds to a theoretically calculated defocus distance of
−700 nm. The versatility of the proﬁles is also a consequence of
the transparency of the nitride material at the third-harmonic
frequency. This could not be obtained for example with silicon
or GaAs samples with the pump at this wavelength. The second
striking feature is the excellent agreement that is reported
between experimental radiated patterns and the calculated ones.
One can observe in Figure 5 that all the salient features
observed experimentally are accounted for in the modeling.
The horizontal and vertical extensions are similar between
experiment and modeling. One clearly observes that the vertical
displacement of the spots with the largest amplitude are
positioned on the ﬁrst row of holes at −1900 nm, at the center
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