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We theoretically study second harmonic generation in nonlinear, GaAs gratings. We find large enhancement of
conversion efficiency when the pump field excites the guided mode resonances of the grating. Under these circum-
stances the spectrum near the pump wavelength displays sharp resonances characterized by dramatic enhance-
ments of local fields and favorable conditions for second-harmonic generation, even in regimes of strong linear
absorption at the harmonic wavelength. In particular, in a GaAs grating pumped at 1064nm, we predict second-
harmonic conversion efficiencies approximately 5 orders of magnitude larger than conversion rates achievable
in either bulk or etalon structures of the same material. © 2011 Optical Society of America
OCIS codes: 190.2620, 050.1950, 310.2790.

The conversion efficiency (CE) for second harmonic gen-
eration (SHG) depends on factors like phase and group
velocity matching and may be improved in several ways.
One approach is to increase the coherence length of the
interacting fields through phase-matching and quasi-
phase-matching techniques, so that the nonlinear (NL)
process is not limited by the interaction length [1,2]. One
may also design high-quality resonant cavities for the har-
monic fields to boost the local field amplitudes [3]. The
CE can be significantly limited by linear absorption at the
pump and second-harmonic wavelengths. However, this
need not necessarily be the case, provided one exploits
the inhomogeneous solution of the wave equation,
which corresponds to the phase-locked (PL) harmonic
component.
The solution of the SH NL wave equation may be ex-

pressed as a superposition of homogeneous and inhomo-
geneous solutions, also known as free and bound waves
[4]. The bound SH component is trapped and fully phase
locked to the pump. While the homogeneous solution
propagates according to the expected material disper-
sion, the PL component displays the same propagation
properties (absorption and phase) as the fundamental
wavelength [5]. Thus, the PL component survives even if
the material at the SH wavelength is characterized by
huge absorption, in either bulk or cavity environments
[6], provided the pump is tuned in a region of relative
transparency. We presently exploit another mechanism,
based on Wood’s anomalies of a diffraction grating made
by perforating a slab of NL material (e.g. GaAs), to en-
hance the field localization of a pump signal at 1064 nm
and boost PL-SH CE at 532 nm, where GaAs is mostly
opaque.
Gratings are characterized by two types of Wood’s

anomalies [7,8]: (i) the Wood-Rayleigh anomalies, asso-
ciated with sharp variations of diffraction efficiencies
at the onset or disappearance of diffracted orders [9],
and (ii) resonance type anomalies, generated by dif-
fracted orders that are phase-matched to resonant modes
of the grating [10]. Guided mode resonances (GMRs) be-
long to the latter type of anomalies. The diffraction grat-
ing obtained by modulating the index of a waveguide

along the y direction, (i.e., placing slits as sketched in
Fig. 1) displays abrupt changes of diffraction efficiency
whenever the propagation modes of the waveguide are
excited. These anomalies appear regardless of the nature
of the excited modes, which may be TE- or TM-polarized
and can involve surface waves, like surface plasmon
polaritons in metallic gratings, or core-guided modes.
A notable aspect of this phenomenon is that spectral
and angular bandwidths of the resulting resonances
are usually very narrow, a few nanometers or less, mak-
ing these gratings highly selective filters [11]. An example
of this kind of anomaly is the narrow-bandwidth trans-
mission resonance of one-dimensional (1D) metallic
gratings under TM illumination, excited by selecting per-
iodicities close to the SP wavelength [12].

According to [13,14], SHG can be enhanced by exciting
leaky eigenmodes in two-dimensional photonic crystal

Fig. 1. (Color online) Sketch of the TE pump signal incident at
ϑ ¼ 10° on the grating. The subscripts FF and SH refer to the
pump and SH fields, respectively. For a pitch P ¼ 500nm (a
case later analyzed in Fig. 4), the grating is subwavelength
for the pump field (1064nm), while the diffracted SHG is dis-
tributed on the zeroth order at ϑ0;SH ¼ 10° and the first order
at ϑ−1;SH ¼ −63°.
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membranes, where both pump and SH fields are reso-
nant. Similar phenomena have been observed in a reso-
nant waveguide grating covered with an NL polymer [15].
The zeroth order, diffracted SH signal is enhanced by 1
order of magnitude as the pump excites the fundamental
leaky grating mode. Enhanced SHG has also been de-
monstrated in all-dielectric gratings [16,17], where the
quadratic NL process arises in the form of a weak surface
effect induced by symmetry breaking at the interfaces.
We presently neglect surface sources, as we estimate
their contributions to be negligible in our system.
In this Letter we study SHG at 532 nm, i.e. the typical

configuration where a Nd:Yag laser is used as the pump,
in a 1D, free-standing, semiconductor grating with sub-
wavelength slits. We exploit the grating periodicity to ex-
cite TE-polarized waveguide modes that form Fano-like
resonances [18] in the diffraction efficiency spectrum
near the pump field wavelength, both in reflection and
transmission. We stress that the SH falls in the visible
range, where linear absorption of GaAs yields an attenua-
tion length of only 125 nm, so the homogeneous SH com-
ponent is absorbed after propagating that distance into or
on the surface of the material. Therefore, any attempt to
increase the CE based on phase-matching techniques
would fail, since the necessary component is absorbed,
leaving intact the PL component. We compare the CE of
the grating with the CE of two basic structures that con-
tain no slits: (i) a GaAs bulk (a slab of GaAs embedded in
a linear medium with the same refractive index) where
the interacting fields propagate forward, and (ii) a GaAs
etalon surrounded by air that supports Fabry-Perot trans-
mission resonances. We assume a TE-polarized pump
field at 1064 nm incident at a 10° angle to exploit the bulk
quadratic susceptibility of GaAs, χð2Þ ¼ 10 pm=V, and we
consider a TE-polarized SH field generated at 532 nm.
This typical experimental setup is described in [5].
We begin with a linear analysis of the grating. In Fig. 1

we show the grating and the input pump (EFF ), trans-
mitted and reflected SH fields.
The power of the radiated fields (pump and SH) is mea-

sured in the forward and backward directions by inte-
grating the x component of the Poynting vector along
the reflection and transmission sections and by normal-
izing those values with respect to the input power per
unit cell Pinc. In Fig. 2 the transmission coefficient T
at 10° for the pump wavelength (λFF ¼ 1064 nm) was
mapped as a function of the pitch P and the grating thick-
ness W , fixing the slit size at A ¼ 32 nm. In this map two
resonant phenomena are clearly recognizable: (i) the
wide resonances, whose positions are not altered by
the periodicity P, are Fabry-Perot resonances due to mul-
tiple reflections at the input and output interfaces of the
structure, and (ii) the sharp resonances, much more de-
pendent on P, are GMRs triggered by modes propagating
along the y direction, the grating periodicity axis. In this
configuration, the air filling factor A=P is much smaller
than 1 so that the slits may be considered a tiny pertur-
bation on the smooth slab waveguide and the GMRs are
well approximated by the mode of the planar structure.
The phase-matching condition for the excitation of
GMRs is kGMR ≅ kWM ¼ jk0 sinðϑincÞ þ 2πm=Pj, m ¼
�ð1; 2; 3; :::Þ, where k0 is the wavevector of the incident
plane wave, ϑinc is the angle of incidence, kGMR are the

GMRs’ wavevectors, kWM ¼ k0nWM are the guided modes’
wavevectors, and nWM are the effective refractive indices
of the guided modes supported by the slab waveguide.
The electric field distribution for two GMRs is reported
in Figs. 2(b) and 2(c); the similarity of these resonant
states to the shape of a TE0 mode and a TE1 mode is
apparent. In Media 1 we show the generated SH field
profiles.

In Fig. 3 we map the unperturbed modes as a function
of the slab thickness W versus the grating periodicity P
required to match the effective index of each mode for an
incident parallel wavevector k0 sinðϑincÞ. Comparing
these curves with the GMRs traces reported in Fig. 2
shows that the unperturbed modes are a good qualitative
tool to predict the position and dispersion of GMRs.

We now calculate the SH CE from gratings with peri-
odicity P ¼ 500 nm, aperture size A ¼ 32nm (≪λFF), and
variable thicknessW . The linear transmission of the grat-
ings may be inferred by tracing the map in Fig. 2 along the
axis P ¼ 500 nm. In Fig. 4 we compare the normalized
forward SHG efficiency η ¼ PSH=P2

FF of this set of grat-
ings to the efficiencies of a bulk structure, i.e. a single
layer of GaAs surrounded by a medium with the same

Fig. 2. (Color online) (a) Transmission of the GaAs grating, at
λFF ¼ 1064 nm for a 10° incidence angle, as a function of the
periodicity P and thickness W . (b) Electric field localization
at the GMR excited with a grating thickness W ∼ 250nm [see
the circle in (a)]. (c) Same as in (b) for a grating thickness
W ∼ 66nm. G ¼ 2π=P is the grating momentum (Media 1).

Fig. 3. (Color online) Map of the unperturbed guided modes
for varying thickness W and grating period P. The effective re-
fractive indices are evaluated analytically as the eigenmodes of
a slab waveguide. The grating wavevector is calculated at the
pump wavelength 1064nm and for an incidence angle of 10°.
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refractive index and a GaAs etalon layer embedded in air
having the same thickness W of NL material. In the bulk
structure, the free SH component is fully absorbed in less
than a coherence length Lc¼λFF=½4ðnFF −nSHÞ�∼390nm,
where nFF;SH are the refractive indices at the pump and
SH wavelengths, respectively. The CE is clamped at a
constant value, a condition imposed by the presence
of the phase-locked SH signal. In the etalon the forward
SH intensity is strongly correlated to the Fabry-Perot re-
sonances for the pump field. Even in this structure, for
cavities longer than few coherence lengths, the only
significant SHG contribution comes from the PL compo-
nent. The forward SHG efficiency of the grating overlaps
well the etalon efficiency except when the pump signal
couples to GMRs for specific grating thicknesses that
yield huge conversion spikes. Backward and forward ef-
ficiencies are almost the same.
The nature of the enhancement coincides with the

strong field localization available for the pump field at
the GMRs [see Figs. 2(b) and 2(c)]. At the same time ma-
terial absorption at the SH wavelength plays no role in
the NL interaction, and similar conversion rates are pos-
sible for either thin (see the peak at W ∼ 66 nm) or thick
structures (see the peaks at W > 0:5 μm). In the same
vein we observe that GaAs may be replaced with any
other quadratic NL material with similar results. The
choice of different filling factors or slit sizes will merely
shift the spectral positions of GMRs without altering con-
version efficiencies. In our calculations we used rela-
tively small pump intensities (a few kW=cm2) to avoid
triggering χð3Þ processes, which in the presence of such
narrow-band resonant states (on the order of 1 nano-
meter) are expected to induce switching and multistabil-
ity phenomena at low–pump–intensity thresholds.
Finally, we calculated the distribution of the scattered

SHG on the multiple diffraction orders available at the SH
wavelength. The diffraction angles for the generated
field follow the classical diffraction equation at the SH

wavelength. As an example, for a grating with P ¼
500 nm and W ∼ 66 nm, 80% of forward SHG efficiency
is diffracted at the zeroth order angle (ϑ0;SH ¼ 10°) and
20% at the angle ϑ−1;SH ¼ −63° of the order m ¼ −1.

In conclusion, we have demonstrated drastically en-
hanced SHG at 532 nm in a 1D GaAs subwavelength grat-
ing. The coupling of the pump field to GMRs introduces
sharp, Fano-like resonances where strong field localiza-
tion and enhancement take place, leading to the predic-
tion of conversion efficiencies that are 4–5 orders of
magnitude larger than bulk or etalon structures. More-
over, thanks to the PL-SH component the efficiency is
not influenced by linear absorption at the harmonic
wavelength and is unrelated to grating thickness or to
the order of the guided mode excited. A comment regard-
ing the effect of the substrate is in order. For the sake of
simplicity we have studied a freestanding grating. How-
ever, it is likely that the grating will be deposited on glass
or a similar substrate. The introduction of a substrate
causes only redshifts of the spectral positions of the
GMRs due to the redshift of the corresponding wave-
guide modes associated with the air/GaAs/substrate
structure.
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