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Modal Phase-Matched Second Harmonic Generation in Asymmetric
Silicon Slot Waveguide Coated with a Nonlinear Polymer

Babak Janjan, Vahid Ahmadi, Davood Fathi, and Mohsen Heidari

Department of Electrical and Computer Engineering, Tarbiat Modares University, Tehran

Abstract- In this paper, an asymmetric silicon slot waveguide coated with a nonlinear polymer is proposed to obtain
efficient second harmonic generation (SHG) from mid-infrared (A = 3.1 um) to near-infrared (A = 1.55 pm)
wavelengths. The required phase matching is fulfilled between fundamental mode at fundamental frequency and third-
order mode at SHG by carefully designing the waveguide dimensions. A conversion efficiency of 24.7% is predicted for
a low pump power of 10 mW which is comparable to the previously reported results. Our concept can be extended to
other second-order nonlinear processes like sum and difference frequency generation.
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1. Introduction

Silicon slot waveguide (SSW), composing of a
low-index nanoscale slot layer sandwiched
between two silicon ridge waveguide, has been the
subject of many investigations for different
applications due to its high confinement of the
optical field in the slot region. In particular, usage
of SSW for sensing application demonstrate up to
5-fold performance enhancement as compared to
standard waveguide structures [1]. Also, SSW
paves the way to realize high-performance electro-
optic modulator by covering and filling the slot
region of SSW with an electro-optic organic
polymer. Polymer-coating SSW (PCSSW) electro-
optic modulator with an impressive bandwidth of
greater than 100 GHz, the ultralow power
consumption of 0.7 fJ/bit are reported in the
literature[2, 3].

Besides, PCSSW can be employed to achieve high
efficient second-order nonlinear processes like
second harmonic generation (SHG), sum and
difference frequency generation (SFG, DFG) and
parametric amplification. The main requirement
for such nonlinear processes is phase matching
which should be satisfied [4]. For example, in
SHG, phase matching implies that the effective
indices of PCSSW at the fundamental frequency
(FF) and SHG frequency should be identical i.e.
Ny, = N,. Due to the normal dispersion of materials
as well as optical confinement of waveguide, this
situation is difficult to achieve and hence special
technique is needed to fulfill the phase matching
condition [4]. In the literature, two approaches for
PCSSW have been suggested. One is using of
guasi-phase matching (QPM) by periodically
poling the nonlinear polymer inside the specially
doped PCSSW [5]. However, it’s practical
implementation has an additional fabrication
complexity. Another possibility for achieving
phase matching is to exploit modal dispersion
properties. In modal dispersion, higher-order
(instead of fundamental) mode is excited for SHG
wavelength while the fundamental mode is excited
at the fundamental frequency (FF). This method
benefits from the fact that the effective refractive
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index of waveguide decreases as the mode order
increases. For single slot SSW, the modal
dispersion-based phase matching cannot be
obtained [6]. To resolve this problem, double slot
SSW is proposed to enable modal dispersion phase
matching [6]. However, it is desirable to obtain the
modal dispersion phase matching in single
PCSSW.

Here, we show that the modal phase matching can
be fulfilled in single PCSSW by shifting its slot to
one side forming an asymmetric PCSSW. The
phase matching condition is satisfied between
fundamental mode at FF and 3th-order mode at
SHG. An SHG efficiency of 24.7% is obtained
which is comparable to the previously reported
results.

2. Theory and design

Fig. 1(a) depicts the perspective view of the
proposed device. It is composed of asymmetric
PCSSW which is similar to that of a symmetric
PCSSW except with the slot offset to one side. The
waveguide dimension of Wg; = 820 nm and h = 340
nm are reserved and the slot width and offset are
denoted by w and s, respectively. Nonlinear
polymer has a high »® only inside the slot. This
can be achieved by poling the polymer at its glass
transition temperature and by applying voltage [7].
To apply the necessary electric field, SSW and slab
layer are doped with phosphorus to a concentration
of 2x10™ cm™ to aid the electrical operation of the
device. We consider a nonlinear polymer with a
refractive index of 1.68 and 1.58 at A = 1.55 and
3.1 um, respectively, taking into account its
material dispersion [6]. Also, the refractive indices
of Si and SiO, and their wavelength dispersion
properties are taken from [8].

To explore phase matching in the structure, the slot
width w is fixed at 70 nm. Using an FDTD solver,
the effective refractive indices of the fundamental
mode at FF and first three modes at SHG of
PCSSW as a function of the slot shift s is plotted in
Fig. 2. Representative profile modes of the major
component, E,, are illustrated in Fig. 1(b)-(e). To
attain phase matching condition, the effective
refractive indices of the waveguide at FF and SHG
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Fig. 1(a): The perspective view of proposed
devices for SHG. (b) the cross section of
asymmetric silicon slot waveguide.

should be identical. According to the results, the
fundamental mode at FF has a crossing with the
3th-mode at SHG indicating a point of phase
matching. The phase matching point occurs at slot
shift of s = 235 nm where the refractive index
of both FF and SH modes is equal to 2.000.

Apart from satisfying phase matching condition,
high nonlinear coupling coefficient, x, which is
determined by mode overlap between modes at FF
and SHG as well as y® value is essential for
obtaining efficient SHG. The x can be defined as
[5. 9]

K= 50”1(2)  Equ B -Ef dxdy @

in which g is vacuum permittivity, E is the
normalized electric mode profile. Our calculations
show the x in the proposed structure is
7.58 ps/m/W"2. Next, the value of slot width w is
varied and the slot shift is adjusted to fulfill the
phase matching conditions. The results are shown
in Fig. 3. One can see that with wider slot width,
the required slot shift decreases. Also, the largest
reachable nonlinear coupling coefficient is x =7.58
ps/m/WY?, and it can be obtained with the
waveguide dimensions of w = 70 nm and s = 235
nm.
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Fig. 2 (a): The effective refractive indices of
fundamental mode at FF and first three modes at
SHG of PCSSW as function of slot shift s for
fixed slot width of w = 70 nm. (b), (c), (d) and
(e) represent E, profile of fundamental mode at
FF ant first three modes at SHG, respectively.

3. SHG efficiency

The performance of SHG can be investigated by
numerically solving well-known coupled mode
equation [5, 9]

dA

B Lp i Den(2)A (D e(iz) ()
dA a LW« .
Tee-Za i ZCA @)on(-iz)  (2h)

where j =1 refers to the FF and j = 2 refers to the
SH. A; represents the complex slowly varying
mode amplitude, ¢; is the absorption coefficient, 4

= [,-2f, is the phase mismatch in which g; is the

propagation constant. Note that, « and /5 are related
to the effective refractive index of the waveguide
through the relations a = (4n/A) Im(nex) and g =
(2m/2) Re(Nesr).
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Fig. 3: The required slot shift value to satisfy
phase matching condition for different slot width
and the corresponding nonlinear coupling
coefficient (NCC) for fixed overall waveguide
dimension of Ws; = 820 nm and h = 340 nm.

The evolution of FF and SH envelope powers i.e.
IAce/* and |Asu> as a function of propagation
distance for w = 70 nm and s = 235 nm are drawn
in Fig. 4. We assume the input pump power of Pg¢
= 10 mW and ar = 4.2 dB/cm (the doped Si and
scattering loss contribute 2.2 and 2 dB/cm to the
total loss[10, 11], respectively) and asy = 2.6
dB/cm (the doped Si and scattering loss contribute
0.6 and 2 dB/cm to the total loss[10, 11],
respectively). The FF power drops quickly due to
loss and conversion process while SH power
increases first with L, and after reaching its
maximum value at the L = 11 mm where the
conversion efficiency is 24.7%, it starts to
decrease. This is because initially, the FF power is
strong enough to generate SH power that
overcomes waveguide loss and the power of SH
wave accumulated. Meanwhile, attenuation of FF
power causes that locally generated SH power
cannot compensate the optical loss and therefore
the SH power starts to decrease. Our results are
comparable to other reported SHG in integrated
platforms [5, 12, 13]
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Fig. 4: The evolution of FF and SH powers along
propagation distance. The inset shows the
influence of FF power on SHG power and
optimum propagation distance.
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4. Conclusion

In conclusion, we have designed an asymmetric
SSW coated with a nonlinear polymer for SHG.
The phase matching condition for SHG in the
proposed  structure is  achieved  between
fundamental mode at FF and 3th- mode at SHG by
engineering the waveguide dimensions. Our
simulations show the SHG efficiency of 24.7%
with only 10 mW pump power at length of 11 mm.
Our concept can be extended to other y®-based
nonlinear processes like sum and difference
frequency generation.

References

[1] D. M. Kita, J. Michon, S. G. Johnson, and J. Hu, "Are slot and
sub-wavelength grating waveguides better than strip waveguides
for sensing?," Optica, vol. 5, pp. 1046-1054, 2018.

[2] C. Koos, J. Leuthold, W. Freude, M. Kohl, L. Dalton, W.
Bogaerts, A. L. Giesecke, M. Lauermann, A. Melikyan, S.
Koeber, S. Wolf, C. Weimann, S. Muehlbrandt, K. Koehnle, J.
Pfeifle, W. Hartmann, Y. Kutuvantavida, S. Ummethala, R.
Palmer, D. Korn, L. Alloatti, P. C. Schindler, D. L. Elder, T.
Wahlbrink, and J. Bolten, "Silicon-Organic Hybrid (SOH) and
Plasmonic-Organic Hybrid (POH) Integration,” Journal of
Lightwave Technology, vol. 34, pp. 256-268, 2016.

[3] W. Heni, Y. Kutuvantavida, C. Haffner, H. Zwickel, C.
Kieninger, S. Wolf, M. Lauermann, Y. Fedoryshyn, A. F.
Tillack, L. E. Johnson, D. L. Elder, B. H. Robinson, W. Freude,
C. Koos, J. Leuthold, and L. R. Dalton, "Silicon-Organic and
Plasmonic-Organic Hybrid Photonics,” ACS Photonics, vol. 4,
pp. 1576-1590, 2017.

[4] R.W. Boyd, Nonlinear optics: Academic press, 2003.

[5] B. Janjan, V. Ahmadi, M. Miri, and D. Fathi, "First-Order
Forward and Backward Quasi-Phase Matched Second Harmonic
Generation in Silicon-Organic Hybrid Structures,”" Journal of
Lightwave Technology, vol. 36, pp. 5137-5144, 2018.

[6] L. Alloatti, D. Korn, C. Weimann, C. Koos, W. Freude, and J.
Leuthold, "Second-order nonlinear silicon-organic hybrid
waveguides," Opt. Express, vol. 20, pp. 20506-20515, 2012.

[7] L. R. Dalton, P. A. Sullivan, and D. H. Bale, "Electric Field
Poled Organic Electro-optic Materials: State of the Art and
Future Prospects," Chemical Reviews, vol. 110, pp. 25-55, 2010.

[8] E.D.Palik, Handbook of optical constants of solids: Academic
Press, 1998.

[9] J. Zhang, E. Cassan, D. Gao, and X. Zhang, "Highly efficient
phase-matched second harmonic generation using an asymmetric
plasmonic slot waveguide configuration in hybrid polymer-
silicon photonics," Opt. Express, vol. 21, pp. 14876-14887,
2013.

[10] R. Soref and B. Bennett, "Electrooptical effects in silicon," IEEE
Journal of Quantum Electronics, vol. 23, pp. 123-129, 1987.

[11] R. Ding, T. Baehr-Jones, W.-J. Kim, B. Boyko, R. Bojko, A.
Spott, A. Pomerene, C. Hill, W. Reinhardt, and M. Hochberg,
"Low-loss asymmetric strip-loaded slot waveguides in silicon-
on-insulator," Applied Physics Letters, vol. 98, p. 233303, 2011.

[12] A. Rao and S. Fathpour, "Second-Harmonic Generation in
Integrated Photonics on Silicon," physica status solidi (a), pp.
1700684-n/a.

[13] X. Guo, C.-L. Zou, and H. X. Tang, "Second-harmonic
generation in aluminum nitride microrings with 2500%/W
conversion efficiency,” Optica, vol. 3, pp. 1126-1131, 2016.

This paper is authentic if it can be found in www.opsi.ir.


https://www.opsi.ir/article-1-1696-fa.html
http://www.tcpdf.org

