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Modal phase matching in nanostructured zinc-blende semiconductors for second-order
nonlinear optical interactions
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We demonstrate enhanced second-harmonic generation in arrays of nanowaveguides satisfying modal-phase-
matching condition, both theoretically and experimentally. The overlap of interacting fields defined by the
fundamental mode of the pump and the second-order mode of the second-harmonic wave is enhanced by the
longitudinal component of the nonlinear polarization density. For guided modes with significant longitudinal
electric field components, the overlap of fields is comparable to that obtained in the quasi-phase-matching
technique leading to higher conversion efficiencies. Thus, the presented method is preferable to achieve higher
conversion efficiency in second-order nonlinear processes in nanowaveguides.
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I. INTRODUCTION

Second-harmonic generation (SHG) is used in a variety
of applications, including generation of visible coherent light
sources [1], probing quality of the surfaces [2—4], quantum
communication [5], identification of crystal structure [6-8],
biosensing [9,10], imaging in scattering media [11] or biolog-
ical elements [12,13], and nonlinear microscopy [13-15].

Aside from having a large x®, many semiconductors offer
a powerful technological platform, supporting the integration
of photonic circuits [16,17]. Many III-V compounds, such
as gallium phosphide [3,18-21], gallium arsenide [22-25,25—
31], and aluminum gallium arsenide [25-28,30,32-35], fall
into this category.

Among different III-V compounds, zinc-blende gallium
phosphide (GaP), which belongs to the —43m space group,
shows remarkable optical properties: large refractive index
[36], large second-order nonlinear coefficient [37], large
thermal conductivity [38], and broad transparency range [36],
which make this material an excellent candidate for nonlinear
optical applications.

Although —43m semiconductors lack birefringence, effi-
cient SHG can be achieved by satisfying momentum conserva-
tion of optical waves, by using modal phase matching (MPM)
or quasi-phase matching (QPM). QPM can be obtained by peri-
odic modulation of the nonlinear coefficient [18,26,27,32,39],
but difficulties in the fabrication limit the present applications
of GaP [18].

MPM, instead, is based on modal dispersion engineering
of different interacting optical modes in the nonlinear process
[25,29,33,34]. MPM can be fulfilled by propagating the SHG
light in a higher-order mode than the one used for the
fundamental wave. However, this requires an excellent overlap
of the interacting fields.

One important requirement for presented MPM method in
zinc-blende material is the possibility to confine the pump light

“eldl@kth.se
fPresent address: School of Engineering and Applied Sciences,
Harvard University, Cambridge, Massachusetts 02138, USA.

*marcin @kth.se

2469-9950/2017/96(7)/075303(7)

075303-1

in TM-like mode. In this respect, nanopillars (NPs) and slab
waveguides (SWs) fabricated in a semiconductor (due to high
refractive index contrast) would be ideal structures to study
MPM.

In this work, we study theoretically and experimentally
MPM in arrays of GaP nanopillars and slab nanowaveguides.
Compared to individual nanopillars and slab waveguides,
their arrays offer two main advantages: (1) they permit less
constraint on fabrication, i.e., they allow larger dimensions as
well as more tolerant fabrications, and (2) they can be used in
metasurfaces for beam manipulation [40—42], e.g., nonlinear
beam shaping.

In this paper, we show that in arrays of nanopillars or of
slab waveguides, it is possible to obtain an efficient SHG
conversion using simultaneously two elements of the nonlinear
susceptibility tensor for a wide wavelength range. Moreover,
we compare analytically the efficiency of phase-matched SHG
in MPM with respect to the case of QPM, where we consider
an example structure of a single-slab waveguide.

In addition to the possibility of achieving phase matching
in arrays of nanopillars or slab waveguides, their geometries,
polarization properties, and dispersion make these nanos-
tructures interesting to be used as nanoscopic light sources,
nonlinear beam shaping, and as light conversion components
in integrated photonic circuits.

II. ANALYSIS OF SECOND-ORDER OPTICAL
NONLINEARITY IN NANOWAVEGUIDES
IN ZINC-BLENDE CRYSTALS

For the crystal symmetry —43m (zinc-blende), the only
nonvanishing nonlinear coefficients in the bulk crystal are
diy = dos = d3e = d [43].

For the coordinate system [Fig. 1(a)], i.e., 45° rotated
with respect to the crystallographic axes of the crystal, the
coefficients dj4 and dsg define the following components of
the second-order nonlinear polarization density P®:

P® = 2e0d iy E, E e, (1)

P = godig Ezel 09, 2)
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FIG. 1. Orientation of the nanowaveguides with respect to the
crystallographic axes (a;, a,, a3) in a zinc-blende crystal. (a) Array
of nanopillars. (b) Single-slab waveguide.

where B, is the propagation constant of the guided mode
for the fundamental frequency and E., E,, E, are the
corresponding electric field components. For a GaP cylindrical
nanowaveguide with air cladding, the strong confinement of
guided pump in the fundamental mode HE;; can lead to
comparable amplitudes of the transverse and the longitudinal
components of the electric field. In that case, generated P
has the largest value and can have good overlap with the
second-order mode of the second-harmonic frequency [20].
This configuration can be applied for the array of cylindrical
nanowaveguides, where the E, component of the pump in
HE;; mode has larger extinction ratio than E,. The symmetry
of P and P distribution in the X-Y plane allows both of
them to excite the same TMy; mode and, in addition, P{* can
excite HE,; mode. If the PM condition is satisfied, all of the
three processes can take place simultaneously, enhancing the
conversion efficiency.

The amplitude of the mode excited by polarization P can be
calculated in the same way as presented in [44]. By applying
nondepleted pump approximation the amplitude of TMy; and
HE,; modes (A; and A;, respectively) can be calculated by
using the following equations:

dA .
o L —i2wg // dx dy(P;Sz)E:1 + PZ(2)E;<1)61(517250)Z
z . 4 L
3)
and
dA .
d_2 = —i2wy // dx dy(P)Ez)E;‘ z)el(ﬂz—zﬂo)z’ 4)
z .

where the indices 1 and 2 of the electric field profiles refer to
the normalized TMy; and HE;; modes, respectively, with $;
and B, as corresponding propagation constants. Substituting
P® and P/ from Eqs. (1) and (2) into Egs. (3) and (4), the
electric field profiles at the end of the nanowaveguide array
can be expressed as

EQ = A(L)E; 16770 + Ay(L)E 2 7P0 (5)
and
EY = A(L)E, 1677 4 Ay(L)E, 2¢7 0, (6)

where L is the length of the nanowaveguide.
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FIG. 2. Efficiency of SHG process for continuous wave pump
at the wavelength of 1.2 um in a single-slab waveguide with a
core thickness of 180 nm. The dashed line represents the efficiency
obtained through the modal-phase-matching method, while the solid
line represents the implementation of the quasi-phase-matching
method.

As one can see, the SHG process depends on the field
overlap defined by the integrals in Egs. (3) and (4) as well as on
the relative phase between individual fields. The contribution
of Pz(z) to the field overlap with TMy; mode results in an
enhancement of the SHG process. On the other hand, the phase
mismatch caused by the difference between B; and 2, as
well as between B, and 28y, reduces the total SHG intensity.
Furthermore, the polarization of SHG light is determined by
the excitation and phase difference between modes TMy; (8;)
and HE;(8).

In order to compare the MPM technique with the QPM
method, we considered a single-slab waveguide with air
cladding in the same coordinate system (rotated 45°) as in
Fig. 1(b). For the MPM case, we assumed the waveguide in
(110) plane with the light propagation in the z direction. Then,
the pump guided in TMy mode (E“), E g“’)) excites the SHG
light in the TM; mode (E*), E®), so that the polarization of
the generated light is the same as for the pump. This is a similar
case of the example presented above and shows the relation
between QPM and MPM techniques. In the QPM method, on
the other hand, we consider the slab waveguide in (001) plane,
due to the fabrication process consisting mainly in the growth
of the different domains [19,22]. Here, the light propagation is
in the y direction. Then, the pump guided in TE, mode (E(*)
excites the SHG light in the TMy mode (E?*), E®®). The
momentum mismatch between the two interacting modes is
compensated by the Bloch wave vector Kg = 27 /A.

For the QPM case, we assumed that the waveguide is
fabricated with the orientation-patterned growth of GaP and,
therefore, A = 0.4 pm corresponds to the period of alternating
sign of the nonlinear coefficient.

The simulation results of SHG light intensity for a continu-
ous wave pump with a wavelength of 1.2 um and a slab width
of 180 nm are presented in Fig. 2. The conversion efficiency
presented in Fig. 2 is normalized to the power density of the
guided pump. Since the guided modes are not confined in
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FIG. 3. E, (a) and E; (b) electric field profiles of the mode HE;
in a GaP array of 5 x 5 nanopillars for the wavelength of 1140 nm
(pump).

one of the transverse directions to the light propagation in
infinitely wide slab, the power density is defined as a power of
the guided light per unit width of the waveguide. The higher
efficiency obtained by the MPM method with respect to QPM
is due to both the use of modal dispersion and the longitudinal
nonlinear polarization density P{?, which make the total field
overlap value [Eq. (3)] similar to the QPM case. Therefore,
MPM is preferable for second-order nonlinear processes in
nanowaveguides with significant longitudinal electric field
component.

III. ANALYSIS OF THE MODAL DISPERSION
AND THE FIELD PROFILES

As previously stated, there are two important features
to achieve an efficient SHG on which we concentrated our
attention: (1) the fulfillment of PM condition, and (2) the
overlap of the modes interacting in the SHG process. We
limited our simulations to wavelengths ranging from 1020
to 1220 nm.

The simulations made for the NPs array were performed us-
ing a finite element method simulator (COMSOL MULTIPHYSICS
5.0). Through these simulations, the effective refractive indices
and the different field profiles interacting in the wave-mixing
process were determined. The NPs array analyzed consists of
a square lattice of 5 x 5 NPs, with the diameter of 220 nm and
the height of 750 nm, the pitch of the array is 300 nm. Diameter
and pitch were assumed as constant along the whole height,
limiting the analysis of the field profile to a two-dimensional
model. The calculated electric field profiles of E, and E, are
shown in Fig. 3. These, corresponding to the fundamental
guided mode (HE;;) for A = 1140 nm, are the dominant
electric field components for the pumping mode. From this
analysis, two modes of the calculated SHG wavelengths have
the largest contribution: HE;; and TMy,, presented in Fig. 4.

Since HE,; and TM,; played the most important role in the
satisfaction of PM condition, in Fig. 5 it is shown the calculated
effective refractive indices of three modes: the fundamental
mode HE;; of the pump and two second-order modes for SHG
wavelength, HE;; and TMy,. The normalized intensity (Fig. 5)
of the SHG light has been calculated considering the dispersion
of all the modes presented in Fig. 5, assuming that the nonlinear
coefficient d is wavelength independent and the normalization
of the field profiles, as presented in [44], is applied for all
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FIG. 4. Electric field profiles of the modes excited in the SHG
process at 570 nm in a GaP array of 5 x 5 nanopillars. (a) E, field
for the mode HE,,. (b) E, field for the mode TMy;. (c) E, field for
the mode TMy,.

the field components. The value of the nonlinear coefficient is
d =70 pm/V at 1064 nm wavelength [37]. Since the value of
d does not change significantly in the considered wavelength
range of the pump [45], the value was kept constant for all the
simulations.

We used a similar approach to the one presented for NPs
in the case of SWs array. A numerical solution of the transfer
matrix method has been used to calculate the electric field
profiles and the effective refractive indices.
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nanopillars (dashed-dotted line) and the effective refractive index of
interacting modes in SHG process: HE;; for the pump wavelength
(solid line), HE,; and TM,; for the SHG wavelength (dashed and
dotted line, respectively).

In this case, the modes interacting in the process are TM
(pump) and TM; (SHG). In Figs. 6 and 7 the E, and E fields
profiles of the pump and the SHG are shown, respectively. The
simulated nanostructure consists of five slabs with 205 nm
width and 750 nm height; around each slab there is an air
gap of 60 nm. In Fig. 8, the dispersion is presented for the
mode TM, at the pump wavelength and the mode TM; at
the SHG wavelengths. In the same figure, it is possible to
see the evolution of the normalized intensity as a function
of the wavelength. When comparing Figs. 5 and 8, one can
see a larger bandwidth of SHG in SWs array. This can be
explained by a smaller dispersion between effective refractive
indices (for the modes guiding SHG light and the pump) in
case of SWs array. Also, in both graphs it is visible that the
wavelength corresponding to the maximum SHG intensity is
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FIG. 6. Refractive index profile in an array of five GaP slab
waveguides and corresponding electric field profiles E, and E, for
the mode TM, at 1200 nm wavelength (pump wave).
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FIG. 7. Refractive index profile in an array of five GaP slab
waveguides and corresponding electric field profiles E, and E, for
the mode TM; at 600 nm wavelength (SHG wave).

not exactly the same as for the lowest modal phase mismatch.
The discrepancy indicates that the field overlap, which is
dependent on the wavelength, gives significant contribution
to SHG process with respect to the modal phase-matching
condition [Egs. (3) and (4)]. Since the phase mismatch is
proportional to the waveguide length, the above discrepancy
vanishes for longer waveguides.

IV. FABRICATION AND CHARACTERIZATION
OF THE NANOWAVEGUIDE ARRAYS

In this work, we used e-beam lithography (EBL) and
dry etching to fabricate GaP NPs and SWs. Details of the
fabrication process can be found in [20]. SiO, was used as
the etch mask and was deposited on a double-side polished
undoped [001] GaP substrate. This step was followed by spin
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FIG. 8. Normalized intensity of the SHG light for an array of five
GaP slabs (dashed-dotted line) and the effective refractive index of
interacting modes in the SHG process: TM, of the pump (solid line),
TM; of the SH light (dotted line).
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FIG. 9. Power of SHG light measured in an array of 5 x5
GaP nanopillars. H and V polarization refers to the electric field
polarization parallel and orthogonal to the pump, respectively. The
solid line represents a fit to the experimental data. Left axis: measured
average power. Right axis: corresponding peak power. Inset: example
of a recorded spectrum for Apymp, = 1195 nm.

coating of negative tone e-beam resist, and the structures were
written by a Raith 150 EBL system. The pattern was transferred
to the SiO, layer by reactive ion etching (RIE). We used
inductively coupled plasma reactive ion etching (ICP-RIE) to
transfer the pattern into GaP, using Cl,/H,/CHs chemistry.
The residual masks were removed by buffered oxide etch
(BOE).

For the array on NPs and the array of SWs the average
dimensions are similar to the one presented in the simulation
part (Sec. II). In particular, the length of the nanostructures
fabricated is 750 nm. The reported values are averages due to
the differences among the pillars/slab waveguides of the same
array (approximately 10 nm) and the difference in radius/width
between top and bottom surfaces (on the order of 100 nm).

In order to characterize the nanowaveguides, a Ti:sapphire
pulsed laser (150 fs, 82 MHz repetition rate) with an optical
parametric oscillator (OPO), ranging from 1090 to 1230 nm,
was used. The pump beam with an average power density
of 2.4 mW pum~2, which corresponds to a pump peak power
density of 20 GW cm~2, was used to excite the fundamental
mode of the structure. Additionally, a polarizer allowed to
differentiate the electric field polarization of the collected
light, parallel or orthogonal to the linearly polarized pump
and identified with H or V, respectively. Finally, the SHG light
was collected by an objective 50x, with NA = 0.5.

In Fig. 9, the power of the SHG light for an array of NPs
as a function of the pump wavelength ranging from 1090 to
1230 nm is presented. The spectrum of the converted light
was recorded for each pump wavelength, showing that the
center of the detected light corresponded to Apump/2, which
confirms the SHG process. An example of the recorded
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(b)

FIG. 10. Second-harmonic generation in an array of GaP nanopil-
lars. (a) Top-view SEM image of the array of GaP nanopillars showing
the orientation of the structure with respect to the crystallographic
axes and the electric field polarization of the pump wave. The scale bar
is 200 nm. (b) Second-harmonic generated light from an array imaged
by CCD camera at Apymp = 1160 nm. (c) Fourier decomposition of
the intensity which results from superposition of the modes HE,; and
TMy, at the end of the array of nanopillars. Inset: xy view.

spectrum is presented in the inset in Fig. 9. The efficiency
for the SHG process measured at the pump wavelength of
1190 nm was 10~*, which corresponds to 50 W~ cm~2, after
the normalization to the pump peak power on the surface of
the array and the square of the length of the nanopillars.

For the fabrication of the array of NPs, we used a
GaP wafer with (001) orientation; therefore, the substrate
does not contribute to the detected SHG light. Here, the
larger extinction ratio detected between H and V polarization
confirms phase matching between the two second-order modes
(HE»; + TMy;). The signal detected for the V polarization
is not negligible because of the stronger contribution of
TMjy; coming from the enhancement caused by the nonlinear
polarization density P{*. We attribute the difference in the
SHG spectrum (Fig. 9) compared to the simulation (Fig. 5)
to the slightly conical shape and different diameters of the
NPs in the array, as well as the wavelength dependency of the
nonlinear coefficient.

The pump polarization with respect to the structure and the
wafer orientation is presented in Fig. 10(a). In Fig. 10(b) the
far-field image of the SHG light from the array, recorded by
the CCD camera, is presented for 1160 nm pump wavelength.
In Fig. 10(c), the Fourier decomposition of the guided
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FIG. 11. Second-harmonic generation in an array of GaP slab
waveguides. (a) Measured SHG light power in an array of five
slab waveguides. H and V polarization refers to the electric field
polarization parallel and orthogonal to the pump, respectively. The
solid line represents a fit to the experimental data. Left axis: measured
average power. Right axis: corresponding peak power. (b) Top-view
SEM image of the array of GaP slab waveguides showing the
orientation of the structure with respect to the crystallographic axes
and the electric field polarization of the pump wave. The scale bar is
200 nm. (c) Second-harmonic generated light from an array imaged
by CCD camera at Apypp = 1140 nm.

second-harmonic light generated in the array of nanopillars
is presented. The emitted light, limited by the numerical
aperture of NA = 1, is highlighted in Fig. 10(c). This is in good
agreement with the light detected through the CCD camera,
presented in Fig. 10(b). Higher harmonics, which are visible
on the graph for NA > 1, are not emitted from the array and,
therefore, the far-field profile corresponds to the solution of a
single nanopillar waveguide.

We should note that our conversion efficiency of 10~*
is comparable to low-loss dielectric nanoantennas, based on
AlGaAs [35] and GaAs [31] (near-infrared), and GaP [21]
(visible wavelengths) with SHG conversion efficiency of
8.5 x 1073, 2 x 107> and 10~% using pump peak powers of
7, 3.4, and 200 GW cm2, respectively. However, in contrast
to nanoantennas, which are designed for fixed dimensions,
in our design the conversion efficiency is limited by the
nanowaveguide length, which depends only on the fabrication
technology.

If one considers the array of SWs, it is possible to identify
a larger extinction ratio between the H and the V polarizations
[Fig. 11(a)], due to the interaction of only TM; mode. The
orientation of the pump polarization with respect to the array

PHYSICAL REVIEW B 96, 075303 (2017)

of SWs and the crystallographic axes is presented in Fig. 11(b).
The presence of an intense second-order mode is visible
in Fig. 11(c), where the two lobes of the mode TM, are
distinguishable.

V. CONCLUSIONS

In conclusion, we propose a technique to generate second-
harmonic light based on modal phase matching. In our
experiments we utilized GaP nanowaveguides (nanopillars and
slab waveguides, fabricated by top-down approach). In the
fabricated array of 5 x 5 nanopillars, the maximum efficiency
of 10~* was measured, which corresponds to 50 W-!em™2

We should note, though, that our presented method is
applicable to any material with —43m crystal symmetry, as it
was presented in the theory part (Sec. IT). We also demonstrated
that the longitudinal component of the nonlinear polarization
density could be used to enhance the conversion efficiency. Our
method, with respect to quasi-phase-matching technique for a
single-slab waveguide, shows larger conversion efficiency, due
to comparable overlap of the interacting fields in addition to
the use of modal dispersion.

It is worth mentioning that quasi-phase matching by
periodic modulation of the nonlinear coefficient in GaP is
in its early stages due to technological difficulties. In the
case of modal phase matching, the top-down approach used
in the fabrication of the presented nanostructures shows an
advantageous way to overcome the technological difficulties.
Moreover, the selected approach allows the integration of the
nanostructures in devices that are more complex.

For this reason, the presented method based on modal
phase matching on nanostructures in a —43m material as a
nanoscopic light source can have a substantial interest in the
future development of an integrated quantum photonics device.
The proposed approach can be a valuable tool in the creation
of a localized light source for imaging and nonlinear beam
shaping.
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