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Abstract: The conversion efficiency of third harmonic generation (THG)
from mid-IR (3600 nm) to near-IR (1200 nm) regions in a
silicon-silicon-nanocrystal hybrid plasmonic waveguide (SSHPW) was
calculated. The required modal phase-matching condition (PMC) between
the 0-th mode at fundamental wave (FW) and the 2-nd mode at third
harmonic (TH) is achieved by carefully designing the waveguide geometry.
Benefiting from the hybridized surface plasmon polariton (SPP) nature of
the two guided modes, the SSHPW is capable of achieving both high THG
nonlinear coefficient I 6 and reasonable linear propagation loss, thereby
resulting in large figure-of-merits (FOMs) for both FW and TH. According
to our simulation, THG conversion efficiency up to 0.823% is achieved at
62.9 𝜇m SSHPW with pump power of 1 W.
OCIS codes: (070.4340) Nonlinear optical signal processing; (190. 2620) Harmonic generation
and mixing; (250.5403) Plasmonics; (250.4390) Nonlinear optics, integrated optics.
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1. Introduction
Recently, the emerging field of mid-IR photonics is motivating more and more research
interest owing to their potential applications in a wide variety of areas, including free-space
communications, chemical or biological sensors, environmental monitors, IR countermeasures
and medical procedures. Besides, current mature development of compact, low-cost mid-IR
light sources [1-5], together with their wide range applications in optical communications [6,
7], has pursued further investigation of mid-IR based techniques. On the other hand, third
harmonic generation (THG) devices working in this special waveband, can find promising
applications in the area of signal processing due to the well-accepted free-space optical
communications in the atmospheric transmission windows (3-5 and 8-14 𝜇m). THG has also
been demonstrated as a versatile tool in realizing the high speed optical performance
monitoring of in-band optical signal-to-noise ratio (OSNR) and residual dispersion [8],
three-dimensionally storing optical data [9] and studying the biological materials [10].
Therefore, the mid-IR sources based third-order frequency conversion opens a new realm of
nonlinear interactions. Nevertheless, little THG experiment or analytical modeling on THG
has been reported.
Typically, high THG efficiency in a waveguide platform depends on three key aspects,
including large third-order nonlinear coefficient of the nonlinear interactive material, modal
phase-matching condition (PMC) and sufficient pump-harmonic modal overlap. To achieve
high THG efficiency, different artificial structures have been explored and studied. For
example, the advantage of THG in the Germania-doped fibers is the long interactive length,
but the pump-harmonic modal overlap between the phase-matched modes is too small [11].
Silica microfiber is considered to be a promising candidate to obtain PMC between HE 11 at
fundamental wave (FW) and HE12 at third harmonic (TH) with greatly improved
pump-harmonic modal overlap compared with the highly Germania-doped fibers. But the
short interactive length and small third-order nonlinear coefficient result in limited conversion
efficiency [12, 13]. Recently, various nonlinear materials with large nonlinear coefficients are
also employed as platforms for THG [14, 15]. However, further work is still required to
achieve PMC along with a large pump-harmonic modal overlap. By utilizing the slow light
effect in silicon photonic crystal waveguide [8] and resonant effect in silicon nitride ring
resonator [16], the interaction between the FW and the TH can be significantly enhanced.
However, in the slow light waveguide, the FW mode can only phase-matched to the radiation
mode or the leaky mode at TH [17], and PMC in the silicon nitride resonator is achieved
between the 0-th mode at FW and the 18-th mode at TH. Accordingly, they all suffer from the
drawback of small pump-harmonic modal overlap.
Although it has been theoretically predicted to be possible to achieve the three key aspects
simultaneously [18], designing waveguides still remains to be a major challenge. Among the
various proposed planar plasmonic structures, hybrid plasmonic waveguides, consisting of
nanometer scale low-index layers integrated between metal layers and high-index silicon slabs,
have been demonstrated to be able to provide tight field confinement and good mode
enhancement with low linear propagation loss [19, 20]. The combination of the properties of
metallic structures and silicon components promises a great mode confinement [21, 22],
which provides opportunities for the nonlinear applications. For example, hybrid plasmonic

waveguide structures have utilized to study the second harmonic generation [23-25].
Additionally, PMC along with large pump-harmonic modal overlap can be obtained
simultaneously by properly employing the waveguide geometry and the nonlinear interactive
material. Based on these features, hybrid plasmonic waveguide structures are of huge potential
to realize THG waveguide devices. For the choice of the main interactive material,
silicon-nanocrystal (Si-nc), which possesses a high third-order nonlinear coefficient (one order
of magnitude higher than silicon), is a promising candidate. It has been investigated in
all-optical signal processing and optical switching [26, 27]. Second, this material can be
produced using standard methods such as plasma enhanced chemical vapor deposition.
In this paper, we mainly study the performance of the phase-matched THG from mid-IR
(3600 nm) to near-IR (1200 nm) regions in a silicon-silicon-nanocrystal (Si-Si-nc) hybrid
plasmonic waveguide (SSHPW). The PMC between the 0-th mode at FW and the 2-nd mode
at TH can be satisfied by properly engineering the waveguide geometry. Due to the hybridized
surface plasmon polariton (SPP) nature of the two guided modes, high THG nonlinear
coefficient I 6 and reasonable linear propagation loss are achieved, thereby leading to large
figure-of-merits (FOMs) for both FW and TH. The THG performance in the SSHPW is
analyzed by numerical simulations.
2. Waveguide structure and nonlinear modeling approach
The proposed structure in this paper is a silicon-silicon-nanocrystal (Si-Si-nc) hybrid
plasmonic waveguide (SSHPW) at the operating wavelength of 3600 nm, as presented in Fig.
1. The width and height of the Si-nc slot are w and h. The heights of the metal layer, silicon
slab and silica substrate are hm, hsi and hSiO2. Metal is selected to be silver (Ag) due to its
relatively low induced linear propagation loss and its permittivity dispersion is given in [28].
Besides of silver, three other metals, gold, copper and platinum, can also be used. The
considered Si-nc with linear refractive indices of n (3600 nm) = 1.7166, n (1200 nm) = 1.7248
[29] and third-order nonlinear coefficient of n2 = 4.8×10-17 m2/W at 1550 nm [30] is integrated
into the slot region as the main interactive nonlinear material. Material dispersions of silicon
(Si) [31] and silica (SiO2) [32] are taken into account. The whole device is surrounded by air.
A possible flow to fabricate the waveguide is as following. First, deposition of SiO2, Si and
Si-nc can be done on a Si wafer using plasma enhanced chemical vapor deposition. Then
deposit another SiO2 as a hard mask layer on the Si-nc layer, followed by sputtering electron
beam (Ebeam) resist layer as a mask and then patterned utilizing Ebeam lithography. The
pattern of the Ebeam resist layer can be transferred to hard mask layer (SiO2) by reactive ion
etching. Remove the Ebeam resist layer, and the pattern of the hard mask layer can transfer to
Si-nc and Si layers before removing. Finally the silver layer can be deposited on top by
sputtering.

Fig. 1. Cross-section view of the proposed nonlinear silico-silicon-nanocrystal (Si-Si-nc) hybrid
plasmonic waveguide (SSHPW).

Attenuation of optical waves strongly impairs the devices performance. During our
calculation, the linear attenuation of the waveguide device is contributed by the extrinsic and
intrinsic losses. Extrinsic loss is due to the device sidewall roughness, namely surface
scattering loss, while the intrinsic loss is induced by material absorption. In order to correctly
model the mid-IR THG performance in the proposed lossy SSPHW, the nonlinear coupled
differential equations describing the interaction between the two guided modes can be derived
as [33]:
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where j = 1 refers to the FW, j = 3 refers to the TH, Aj represent the slowly varying portion

of the complex electric fields,  j are the phase propagation constant.  j 

40 Im(neffj )

j

log e ,

 a (r ) and  s (r ) are the linear propagation loss coefficients induced by the metal layer,
silica absorption, and sidewall roughness, respectively.  =3 -31 is the phase mismatch.
Note that, the linear absorption loss in the silicon slab region is neglected due to the
loss-free transmission window from 1.2 to 6 𝜇m [34]. For the silica substrate, the
absorption loss coefficient αa is 4×10-4 dB/𝜇m at FW and 0 at TH, respectively [35]. The
surface scattering loss coefficient αs is assumed to be 2×10-4 dB/𝜇m for TH [36, 37]. The
nonlinear coefficients Ii (i = 1, 2…, 6) are related to the modal overlap integrals between the
fundamental and third harmonic waves which are defined as follows:
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in which n2 ( j , r ) is the third-order nonlinear coefficients at any location of the waveguide,

k1  2 1 is the wave number, n0 ( j , r ) is the linear refractive indices, Fj are the
power-normalized electric field distributions, and ANL is the cross-section area of the
waveguide. The THG nonlinear coefficient, I6, is determined by the pump-harmonic modal
overlap as shown in Eq. (8), which is used to evaluate the contribution of the two interactive
modes, and directly influences the strength of the power transfer from FW to TH.
Note that the THG nonlinear process is based on the third-order nonlinear susceptibility χ(3)
which also leads to TPA. The real and imaginary parts of χ(3) are relevant to the third-order

i
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nonlinear coefficient n2 and the TPA coefficient  2 by
c
2
4 0 c 2 n02
The frequencies of the optical waves during the nonlinear optical interactions are much
smaller than the lowest resonance frequency of the Si-nc. The third order nonlinear
susceptibility (χ(3)) under these conditions is essentially independent of frequency [39].
Typically, it is valid to assume the third-order nonlinear coefficient of Si-nc to be constant
over the wavelength range from 1200 nm to 3600 nm [39, 40]. The nonlinear refractive
indices for Si-nc and silicon are n2 (Si-nc) = 4.8×10-17 m2/W [32], n2 (Si, 3600 nm) =
4.5×10-18 m2/W and n2 (Si, 1200 nm) = 7×10-18 m2/W [41], respectively. The TPA
coefficients are assumed to be 0 at FW for Si-nc, silicon and silica. While the nonlinear loss
due to the nonzero TPA coefficient at TH in the third order interaction process may limit the
maximum achievable power lever of the TH. For the generated TH, the change of its power
P3(z) along the z propagation direction is given by the following differential equation [42]:
3
1
dP3 (z)
(9)
 3 P3 (z)  2 Im   P32 (z)  2 I 6 P12 (z) P32 (z)sin 
dz
where Im   is the imaginary part of the nonlinearity parameter and represents the
2

nonlinear loss, Pj (z)  Aj (z) , and = z +3 -31 . Therefore, nonlinear loss induced by
TPA is strongly dependent on the power level of the generated TH. We restrict our analysis
within relatively small pumping level (1 W) so that TPA can have very little impact on the
value of the TH power. According to our calculation in fact, the weak power of the TH
experiences negligible TPA induced nonlinear loss. It is known that 3PA happens when the
energy of photos exceeds one third of the band gap Eg 3 , where Eg 3 corresponds to a
wavelength of 3.3 𝜇m for silicon. Then the 3PA effect in silicon on the input pump wave can
be neglected. 4PA happens in silicon when the energy of photos exceeds one fourth of the
band gap Eg 4 which corresponds to a wavelength of 4.4 𝜇m. Therefore, 4PA becomes the

dominant nonlinear optical effect at 3600 nm. T. Wang et al. derived the 4PA coefficient of
silicon using the open aperture Z-scan method [41]. However, the 4PA coefficient of silicon is
too much small at 3600 nm (∼5×10-51 m5/W3) compared with the linear propagation loss
coefficients. On the other hand, we have restricted our analysis within relatively small
pumping level (1 W). Accordingly, the nonlinear loss induced by 4PA in silicon slab region is
also negligible.
To realize high THG efficiency, one of the most important issues is the PMC which
requires δβ ≈ 0. The other key issue is achieving large THG nonlinear coefficient I6. In the
following section, the waveguide design for these two purposes is discussed in details.
3. PMC and THG performance
During the calculation, with fixed slot width w, slot height h, silver layer height hm, and silica
substrate height at 240 nm, 40 nm, 100 nm, and 500 nm, the silicon slab height hsi is adjusted
to fulfill the PMC. Note that, the slot width is fixed to be 240 nm in the present work for
convenience. According to our simulation, PMC can be achieved between the 0-th waveguide
mode at FW and the 2-nd waveguide mode at TH. We did not find any other modes at TH
which could phase-match with the FW. We obtain the effective index as a function of the
silicon slab height using the full-vector finite-element mode analysis method based
commercial software COMSOL. The results are plotted in Fig. 2(a). Both of the two mode
indices increase with increasing the silicon slab height. The intersection point at the silicon
slab height of 510 nm represents the phase-matching point where the refractive indices of the
two modes are 1.627816+0.005174i and 1.627853+0.001665i, respectively. Therefore, it is
possible to tune the phase-matching condition experimentally through varying the silicon slab
height under other fixed waveguide geometric parameters. It needs to be stressed that, the
40 Im(neffj )
propagation loss coefficient  j 
log e induced by the silver layer is over two
j
orders of magnitude larger than αa and αs. Figures 2(b) and 2(c) give the corresponding 2D
dominant field component Ey distributions. Obviously, for the 0-th mode at FW, the electrical
components in the waveguide are all positive, while the 2-nd mode at TH preserves both
positive and negative parts which contribution oppositely to the THG nonlinear coefficient as
discussed above. However, in the SSHPW the positive part of the 2-nd mode is mainly
localized in the slot region while the negative part is mainly localized in the silicon slab region
leading to large pump-harmonic modal overlap. That is the attraction of the hybrid waveguide
structure for performing third-order frequency conversion.
To more clearly illustrate the property of the modal overlap between the 0-th mode at FW
and the 2-nd mode at TH, we also plot the 1 D field distributions in Fig. 3 along the y cutline
[dash lines shown in Figs. 2(b) and 2(c)], which illustrates that the electric field at FW almost
does not penetrate inside the silver layer. Although metal benefits from strong third-order

optical nonlinearity at optical frequencies, its practical exploitation is limited by the weak
penetration of the electric fields within the metal and the screening by the surface charges [43].
The driving field which supposed to enter the metal is prevented due to the screening of the
electromagnetic field by the surface charges at the metal-dielectric interface and the
exponential decay [43, 44]. The generation of the nonlinear response is inhibited accordingly
because of the limited volume contribution by the metal’s skin depth. Therefore, the nonlinear
process of THG in the silver layer or at the silver surface can be rationally neglected. We can
see that there are two changes of sign in the silicon part for the 2-nd mode at TH. More
electromagnetic energy will concentrate in the silicon region with larger silicon slab area
resulting in lower linear propagation loss induced by silver since the field penetrated inside
the metal layer is further decreased. The guided hybridized mode is the result of the strong
coupling between the SPP mode in the Si-nc slot region and the dielectric mode in the silicon

slab region. Specifically, the 0-th mode at FW results from the coupling between the SPP and
the TM00 dielectric modes. While the 2-nd mode at TH results from the coupling between the
SPP and the TM02 dielectric modes with more field concentrated inside the silicon part.
Therefore, the 2-nd mode has lower linear propagation loss. It needs to be stressed here that
the hybridized SPP mode has much smaller loss than the pure SPP one.

Fig. 2. (a) Effective mode indices of the 0-th mode at FW and the 2-nd mode at TH as a
function of the silicon slab height hSi; the corresponding 2D dominant field component Ey
distributions of the (b) 0-th mode at FW, and (c) 2-nd mode at TH.

Fig. 3. 1D Ey distributions along y cutline [as the dash lines shown in Figs. 2(a) and 2(b)].

Then we optimize the waveguide geometry since the mere achieved PMC is not sufficient
for achieving high THG efficiency. Another key factor is pump-harmonic modal overlap
which links to the THG nonlinear coefficient I6. The waveguide geometry is characterized by
five geometrical parameters, the slot width w, slot height h, silver layer height hm, silicon slab
height hSi and silica substrate height hSiO2. These parameters should be properly designed so as
to maximize the resulting I6 along with reasonable linear propagation loss. The silicon slab
height as a function of the slot height at different PMCs is graphed in Fig. 4(a) with fixed slot
width, silver layer height and silica substrate height at 240 nm, 100 nm and 500 nm. It can be
found that, the silicon slab height decreases with the increase of the slot height to obtain PMC
because more optical power at TH concentrates into the silicon slab region with larger slot
while optical power distribution at FW is much less influenced. I6 is the THG nonlinear
coefficient to evaluate the contribution of the two interactive modes, which is responsible for
high THG efficiency. Note that, the non-zero pump-harmonic modal overlap can lead to I6
building up. It is important to emphasis that I6 is complex due to the complex mode fields.
During our calculation, only increasing the absolute value of the imaginary part of I6 can
enlarge the THG conversion efficiency. Therefore, we evaluate the absolute value of I6, i.e.
I 6 . The linear propagation loss is another crucial factor since less power of FW can be
transferred to TH with higher loss. Therefore, to select one waveguide structure at PMC
condition to generate the highest THG efficiency, we carried out an optimization of the
waveguide geometric parameters to achieve the largest THG nonlinear coefficient I 6 with
moderate linear propagation loss coefficient. We define the FOM to evaluate the performance
at different PMC points as FOM_FW, TH = I 6 /αFW, TH, where αFW = α1+αa and αTH = α3+αs
are the linear propagation losses at FW and TH, respectively. The calculated I 6

and the

corresponding linear propagation loss for various slot heights at different PMCs are plotted in
Fig. 4(b). A larger silicon slab height is needed to satisfy the PMC, which enhances the
dielectric-like feature of the hybridized modes. As a result, the propagation loss variation
becomes flatter, as shown in Fig. 4(b). From Fig. 4(c) we can find that both FOM_FW and
FOM_TH increase first and then decrease when the slot height h gets larger. The
nonmonotonic behavior of the FOMs results from the combined effects of I 6 and linear

propagation loss. When the slot height is around 70 nm, the I 6

over the linear propagation

loss are relatively larger, which corresponds to greater FOMs for both FW and TH. When the
slot height is larger than 70 nm, the increased slot area becomes the dominant factor,
consequently leading to dramatic reduction of I 6 along with moderate reduction of the
linear propagation loss. Therefore, the most efficient waveguide slot height is 70 nm, with
corresponding FOM_FW = 0.0626 W-1dB-1 and FOM_TH = 0.065 W-1dB-1.

Fig. 4. (a) Silicon slab height hSi, (b) pump-harmonic modal overlap related I 6

and the

corresponding linear propagation loss, and (c) FOMs as a function of the slot height at different
PMCs.

Finally, we numerically calculate Eqs. (1) and (2) using the Runge-Kutta method to
investigate the THG conversion efficiency. During the simulation, the slot width, slot height,
silver layer height, silicon slab height and silica substrate height are set at 240 nm, 70 nm,
100 nm, 481 nm and 500 nm, respectively. The input pump power is fixed to be 1 W. For the
lossy interaction, the conversion efficiency to the third harmonic is defined as
  P3 ( Lp) P1 (0) , where P1 (0)  A1 (0) 2 is the input pump power, Lp is the waveguide
length when the output power of the third harmonic reaches to its maximum value

P3 ( Lp)  A3 ( Lp) . The power evaluation curves of P1 and P3 along the propagation distance
2

are plotted in Fig. 5(a). For the 0-th mode at FW, its power monotonously decreases to the
third-order conversion process and its linear propagation loss. The 2-nd mode at TH reaches to
its maximum power up to 8.23 mW at a waveguide length of 62.9 𝜇m. The corresponding
conversion efficiency is 0.823% indicating that the SSHPW has the potential to realize THG
devices with small footprint. Only these two modes experience the significant power
exchange because all other harmonic modes are far from phase-matched. Next, to verify

that the geometry optimized waveguide structure can be used to achieve the highest THG
efficiency, we further calculate the THG conversion efficiency with different waveguide
structures. The inset of Fig. 5(b) shows the achievable conversion efficiency and the
corresponding waveguide length with respect to the slot height at different PMCs with a fixed
pump power of 1 W. It is no surprise that the efficiency curve matches well with the FOM
curves depicted in Fig. 4(c). The waveguide length increases monotonically due to less
propagation loss with lager slot area. Clearly, we can conclude that slot height at 70 nm under
the PMC condition truly leads to higher conversion efficiency.

Fig. 5. Fixed the pump power to be 1 W, (a) optical powers of FW and TH along the
propagation distance, (b) conversion efficiency and the corresponding waveguide length versus
the slot height h under PMCs.

4. Conclusion
In conclusion, we propose a nonlinear silicon-silicon-nanocrystal hybrid plasmonic waveguide
(SSHPW) with tight field confinement, good mode enhancement and reasonable linear
propagation loss. Firstly, by optimizing the waveguide geometrical parameters, PMC between
the 0-th mode at fundamental wave (FW) and the 2-nd mode at third harmonic (TH) can be
achieved. Secondly, the influences of the geometry on several important factors during the
THG process were analyzed in details. Finally, with input pump power of 1 W, THG
conversion efficiency up to 0.823% is achieved at 62.9 𝜇m SSHPW. Therefore, the capability
of supporting THG within short waveguide length makes the SSHPW potential for future
highly integrated nanophotonic circuits.
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