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ABSTRACT

Nonlinear silicon photonics has been an immense research subject in the past several years with promising prospects of
delivering chip scale signal modulation, shaping and characterization tools. In particular, broadband parametric process
has been considered for applications ranging from wideband light amplifiers to signal characterization and signal
shaping tools. Although underlying nonlinear effect, Kerr phenomena, in silicon has generated promising result of
wavelength conversion, the success of these devices have been challenged by the presence of nonlinear losses such as
two photon absorption and the two photon generated free carrier absorption. Experimental demonstrations were limited
to conversion efficiencies below -10dB. Here, we present the prospect of ultra wide discrete band conversion schemes
and the prospect of parametric process at mid-infrared wavelengths where nonlinear losses are not present. In particular,
we explore the parametric wavelength conversion scheme at mid-wave infrared wavelength (2pm~6um) by four-wave-
fixing process in silicon waveguides with new cladding materials, such as sapphire, that can provide transparency up to
6pm and facilitate phase matching condition for discrete wavelength bands as far as 60THz away from each other.
Design criteria include the optimization of mode overlap integrals and dispersion engineering for an ultra-wide band
signals. The particular results of wavelength conversion between 2um bands and 5pm bands, and between 1.8um bands
and >4pm bands will be presented. Prospects of frequency band conversion in generation of new infrared signals and
low noise, room temperature detection of mid-infrared signals will also be discussed.

Keywords: Silicon waveguide, mid-wave infrared, nonlinear optics, four wave mixing.

I. INTRODUCTION

Silicon photonics has the potential of delivering chip scale linear and nonlinear optical devices suitable for optical
communication systems. In particular, the large index contrast and relatively large nonlinear coefficient of silicon offers
an attractive platform for silicon nonlinear photonic devices with electrooptic tunability and high density planar photonic
devices that can be integrated with CMOS IC. Up to date, Raman amplifier [1, 2], Raman laser [3-5] and parametric
amplification and conversion [6-11] have been demonstrated in silicon waveguides to assist optical signal processing at
telecomm applications. However, the high efficiency operation of these devices are challenged by nonlinear
impediments such as two photon absorption and free carrier absorption [12]. Mid wave infrared (MWIR), defined as the
wavelength range from 2pum to 6um, has potential for silicon photonics because 1) crystalline silicon has a good
transparency windows for wavelengths from near infrared wavelength of 1.2um all the way to MWIR wavelength of
6.6pm 2) Nonlinear losses such as two photon absorption can be negligible in the MWIR range [13].

MWIR has attracted a lot of attention for gas sensing application and thermal imaging for civil and military
application due to the 2um-5um air transmission window. MWIR spectral window also has potential applications such
as optical sensing, free space communication, thermal and biomedical imaging. Up to date, quantum cascade laser and
quantum well based on III-V materials are being offered as major light sources and receivers at these wavelengths
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(>3um) [14, 15]. Additionally, fiber lasers from 2pm to 3um are available based on fluoride fiber doped with holmium
(2.1pm and 2.9um) [16, 17], thulium (1.8-2.3um) [18] and erbium (2.7um) [19]. However, little effort has been made on
silicon photonics in MWIR wavelengths [13]. Recently, the demonstration of cascaded Raman laser has proven the
possibility of generating long wavelength lasers starting with a 1550nm pump [20]. Also, the measurement of 12dB of
Raman gain at 3.4 pm illustrates the strength of silicon as a rare light amplifier at those wavelengths [21]. Moreover,
research on design and fabrication of waveguides suitable for MWIR wavelengths has been demonstrated. Although
silicon is transparent at MWIR wavelengths, silicon waveguides are usually fabricated on silicon on insular (SOI) wafers
where the insulator can be opaque at these wavelengths. For instance, the silicon dioxide, which is the most commonly
used insular in SOI wafers, has attenuation coefficient as high as 10dB/cm in MWIR wavelengths except for the 2.9um-
3.5um window, as shown in Fig. 1, [22]. Hence, alternative insular materials or different waveguide structure must be
adapted for MWIR applications. Several possible solutions have been proposed such as free standing waveguide with air
cladding and hollow core waveguides with Bragg reflector surroundings [23]. Alternatively, by Soref et al have
proposed using silicon on different substrates such as silicon nitride or Sapphire [24]. Sapphire (ALLO3) is <80%
transparent from visible to 5.5um [22] and SOS wafer is commercially available.

In this paper, we present the dispersive and nonlinear properties of silicon waveguides suitable for MWIR applications
by applying mode analysis and analytical modeling of silicon rib waveguides with sapphire substrate and air claddings.
We show that dispersion engineering in these waveguides facilitate modulational instability based frequency band
conversion that that can create phase and amplitude replica of MWIR signals at wavelengths as low as 1.5um. Here, we
show that rib waveguides with air cladding can provide -10dB conversion efficiencies between 2.8um and 6.2um and
also 1.5um and 4.5pum at pump intensities up to 1 GW/cm”2. Frequency band conversion relies on waveguides with
nonzero local dispersion values and provides phase matching for discrete wavelength bands. Further optimization of the
waveguide geometry may also facilitate ultra broadband frequency conversion in silicon waveguides.
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Figure 1. 1dB/cm transmission spectrum of the materials for MWIR silicon devides.

I1. DISPERSION AND NONLINEARITY AT MWIR
2.1. Kerr nonlinearity in MWIR

Kerr effect is a third order nonlinear effect which induce intensity dependent refractive index change. The index
change contributes to various nonlinear effects, such as self phase modulation, cross phase modulation and four wave
mixing. In MWIR wavelengths (2um to 6um), it is well known that n, will scale down with the increasing wavelength of
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operation. Detailed theoretical models have been presented to describe the dispersion of third order nonlinearity include
TPA and Kerr nonlinearity in silicon [25-27]. Therefore, the nonlinear index change n, can be calculated from two
photon absorption coefficient using Kramer-Kronig relation. Here, nonlinear index n, = 4.5e-14 cm/Gw at 1550nm is
used for fit the theoretical curve to find the approximate n, at MWIR wavelength. Here we illustrate the scaling of n,
with respect to the photon energy that is normalized by the bandgap energy of silicon (i.e #1Vv/E, where E, is the bandgap
energy of silicon) in Figure 2. Results indicate that n, scales down by factor of 2 from 2pum to 6um.

x10™ Kerr Coefficient Dispersion

n, (cmZNV)

0 0.5 hy /Eg 1 1.5

Figure 2. Predicted n, dispersion as function of relative photon energy.

2.2. Material and Waveguide Dispersion

It is a known fact that silicon has normal dispersion at wavelengths up >8um. On the other hand cladding materials
commonly used in silicon photonic devices have anomalous dispersion at these wavelengths that facilitate the dispersion
engineering at planar silicon devices. For instance, Figure 3 illustrates the material dispersion of silicon and two
common cladding materials: sapphire and SiO,. Since sapphire has a material dispersion that has the opposite sign of the
material dispersion of silicon in MWIR region, the selection of sapphire in selected waveguide geometries provides
waveguide dispersion that can compensate the material dispersion. As a result, sapphire on silicon bodes well with low
loss and low dispersion requirements for parametric devices envisioned at longer wavelengths.
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Figure 3. Material dispersion of silicon, sapphire ,SiO2 and silicon nitride.

In this manuscript we investigate the nonlinear and dispersive properties of rib waveguides and channel waveguides,
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as shown in Figure 4(a), for MWIR parametric amplifier. Here, silicon on sapphire waveguide is used to enable low loss

in mid-IR region. First, we investigate the single mode condition, mode confinement, the effective waveguide index, and

modal area (4.;) by calculating the optical mode profile in the waveguide by using FEM method (Comsol). Then, the

dispersion D (or 3,) are obtained from the effective index profile at various wavelengths by using:
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Figure 4. (a) The proposed waveguide structure and the mode profiles of the rib waveguide at (b) 2um and (c) Spm.

For instance, Figure 4(b) and Figure 4(c) illustrate the mode profile in a lum x 1um rib waveguide with 500nm slab

solved by FEM method at wavelengths of 2um
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Figure 5. (a) The calculated dispersion of channel waveguide with air, sapphire and SiO, as cladding materials.
(b) Dispersion for rib/ridge waveguide with sapphire substrate and air and sapphire cladding.
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The dispersion of channel and rib waveguides with air and sapphire cladding with height and width of 1um by 1um is
shown in Figure 5. The dispersion of the waveguide is estimated to be D<200ps/km/nm for wavelengths range from 2pum
to 6um in a lpm by 1um waveguide with both air and sapphire cladding, Fig. 5 (a). These low dispersion values are
particularly important and suitable for broadband continuous wavelength conversion in the presence of high nonlinearity.

Channel WG Cladding:Air,Al, O, substrate Channel WG Cladding:Al,0,.Al,0, substrate
5000 . . — 23 . 2000 } ; : T '
 9inmasdnm : ——— B94nmxB%4nm
— 1000nmz1000nm
4000+ 1232:2?222:2 ——————————————————————————————————— 4 18001 —— gssnmuctogsnm [ 77773 1
= ——— 1183nmx1183nm T S i
£ 3000 122822 | g 1000F- 1265nmx12650m
S 1265nmx1265nm = T
% - - %
=} k=
= 2000 c 500
=] K=l
B o
o [
a 1000 a 0
8 =]
Ob - A e L -500}--£
-1000Lf -1000
(a) Wavelength (um) (b) Wavelength (um)
Rib waveguide Clad:Air Sub:AlLO, TE Rib waveguide Clad:Air Sub:ALO, TM
| | | 1265x1265nim ‘ ; " 1285x1266nm
200k T T e e
3 3
E ob e N NN S ] £
£ A0 £
£ ‘
b ' 594x8%nm! é‘ﬁ
& _200 . ..E.. L A &
c
g : : 5
5 -400 i | = 894nmxB8%4nm 7 894nmx89%4nm
o i | =——— 1000nmx1000nm 8_ 1000nmx1000nm
2 i 1095nmx1095nm | | | | @ 4 1140nmx1140nm
B0 T 1140nmXT1400M oot b b =] { —— 1098nmx1095nm
1183nmx1183nm : : 1183nmx1183nm H
1225nmx1225nm ; 1225nmx1225nm
-800f--+ 1265nmx1265nm | _{...... S - SO0 A1 SR S D — 1 —— 12650mx1265nm |
i i i i 1 i i I T I
2 3

(©)

3 4

Wavelength (um)

(d)

4
Wavelength (um)

5

Figure 6. Dispersions of the channel waveguide surrounded by (a)air and (b) Sapphire and rib waveguide on sapphire with air

cladding for (¢)TE and (d)TM mode.

Figure 6 illustrates the detailed analysis of total dispersion in silicon waveguides with different geometries. Here the
study of dispersion scaling is performed by calculating the dispersion with respect to the cross sectional areas of the
waveguides (widthxheight) from 0.8um* to 1.6pm”. Figure 6(a) shows dispersion of TE wave of symmetric channel
waveguides surrounded by air (free standing waveguide) and Fig. 6(b) shows the dispersion of channel waveguides
surrounded by sapphire. The first advantage of sapphire cladding waveguides comes from its ability to produce lower
dispersion values in the same geometry, which is maintained in less than 1000ps/nm/km as illustrated in Fig 6(b). Also,
the zero dispersion wavelength (ZDWLs) in channel waveguides surrounded by air (free standing waveguide) can be
tuned from 1.6pum to 1.8um by changing the cross sectional area, as illustrated in Fig. 6(a). Further dispersion
engineering can be achieved by switching from channel waveguide to a rib waveguide and by adding 500nm of slab
region. For instance, ZDWLs of the TE mode can be controlled from 2.8um- 4.9um in the rib waveguide on air cladding,
Fig. 6(c)(d) by increasing the cross sectional area from 0.8um’ to 1.6um” with the same slab region. Also, the dispersion
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in these waveguides can be maintained within 200ps/nm/km at wavelengths from 2um to Sum. The results indicate that,
with similar waveguide geometry, waveguide dispersion, and hence the total dispersion of the silicon waveguide, can be
drastically changed to provide a means to control the zero-dispersion-wavelength.

I11. I11. DISPERSION ENGINEERING IN MWIR REGION FOR PARAMETRIC PROCESS

Low dispersion waveguides are particularly important for broadband parametric wavelength conversion and
amplification that require phase matching between the pump, signal and idler waves. The theory behind FWM process is
well investigated and it can be described as the coupling equations [8, 28, 29]:

04 . 2 5 ) o
6; = 1(7;: ‘Ap‘ + 271):‘ |A,| + 2}/1” A )Ap + 2 e AiASApe Ak inear @)
04, . 2 5 5 D
—6117 :Z(%‘ |Ai| +2y. |4, +2}/l.p‘Ap‘ )Al_ +}/FWMA;AieAkLWM 3)
A B
88; B i(j/s 4 2 +27, Ai|2 +27sp Ap‘z)Av‘ +7FWMA127ASe’Akme,z @)

Here the linear loss and free carrier effect are ignored. 4,, 4, and 4; are the electric field amplitude of pump, signal
and idler, respectively. The first term represents the nonlinear term involves self phase modulation (y, x=p, s, 1) and
cross phase modulation (yxy, X,y=D, s, 1) of pump, signal and idler. The second term in the equations represents four wave
mixing where yrwy is the nonlinear coefficient involved with pump, signal and idler. vy is proportional to Kerr index n,
and it is calculated by y =2zn,/A4.; Here, the nonlinear coefficient is determined by using the dispersion relationship
mentioned in the previous section. To obtain y., we use the Kerr coefficient at the averaged frequency,

a~)xv = (a)x +o, ) / 2 . For ypwwm Kerr coefficientat pump frequency is used. The effective area 4.4 is calculated from the

overlap integral of all the involved modes. The difference in propagation constant (4kj;....) between pump, signal and

idler waves is calculated as: Ak, = ksigna, +k., —2k pump  Where Ky, Kgena, Kiger Tepresent the propagation

constants of pump, signal and idler waves, respectively. The equations are usually solved using numerical method but a
simple analytical expression can be obtained by assuming non depleted pump. The parametric gain can be written as [30]:

2
P (L Y ey P )
= 2 )=1+{ I pump sinh(gL) (5)
P.(0) g
1
Where ¢ :[( Y ewst Py )2 —(Ak/ 2)2}2 is the parametric gain parameter, and L is the interaction length. The parametric

conversion efficiency G, can be written as G. = G-1. In order to achieve phase matching, the aggregate phase shifts due
to linear and nonlinear effects should be minimized. It is written as:

Ak = Ak, + Ak (6)

linear nonlinear

Here &k, ... =2 (J/ip V7Y, ) P .y Tepresents the nonlinear phase mismatch induced by the Kerr nonlinearity. And

also from the conservation of energy 2w =@ is required.

pump signal + a)[d/er

Under small gain, the bandwidth of the parametric amplifier is proportional to the square root of the product the

B,L, which implies that the bandwidth of the parametric process can be improved by decreasing the dispersion of the
waveguide. To achieve net gain, the phase mismatch term Ak should be reduced to near zero values. Conventionally,
The phase match is achieved by pumping at near ZDWL to cancel the wavenumber mismatch between the signal and the
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idler. Since the dispersion is nearly linear around ZDWL, the phase matching is satisfied, as illustrated in Figure 7 (a). In
this paper, since SOS waveguide exhibit the two zero dispersion wavelengths, the pump can be selected away from the
ZDWL. The phase matching condition is satisfied not only near the pump wavelength, but also the other discrete band
which is 2 pm away from the pump wavelength, Fig. 7(b). The dispersion of the pump and signal in Figure 7(b) shows
that the positive dispersion of pump and anti-stoke signal can be compensate by the larger negative dispersion values of
the stoke signal and the total phase mismatch is zero at the two signal wavelengths. With the phase matching condition
satisfied, we expect that modulation instability is achieved within a narrow band far away from the pump wavelength.
Figure 7(b) shows that the wavelength can be convert from 6.2 um to 2.6um. This behavior have been shown with
similar dispersion profiles in photonic crystal fibers [31] and has been proposed in silicon waveguides at communication
wavelengths [8, 9] with mode profiles not suitable for long wavelength operations.
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Figure 7. Phase matching concept of (a) conventional phasematching and (b) discrete band phase matching.
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Iv. IV. FOUR WAVE MIXING SIMULATION RESULTS

Discrete and continuous wavelength conversion is demonstrated in dispersion optimized silicon waveguides. We use
1.3um? (1.14x1.14um) single mode silicon waveguides supporting long wavelength operations and built on SOS with air
cladding. Unlike conventional wavelength conversion, the nonlinear dispersion profile is being utilized by using a pump
laser 700nm away from the zero dispersion wavelengths, Fig. 7(b). The phase matching condition is satisfied at pump
wavelength and a discrete band, where large negative dispersion at long wavelength compensates the low positive
dispersion at pump wavelength. Fig. 8(a) shows the phase mismatch A/ for a 1.3um? (1140nmx1140nm) waveguide at a
pump wavelength away from the zero dispersion wavelengths. Under discrete wavelength conversion the silicon
operates in parametric regime at the vicinity of the pump laser and achieves the modulation instability at a discrete
wavelength band 1.5um when the gain coefficient g is real number, Fig. 8(b). The corresponding conversion efficiency
at those wavelengths is shown in Fig. 8(c). -8dB conversion efficiency is achieved where the phase matching condition
is satisfied with 1GW/cm® pump power. For example, we show that for pumping at 3.76um, wavelength conversion
between 2.8um and 6.2um is possible with conversion band of 15 nm, Fig. 8(d). We also show that using different
waveguide geometries provide wavelength conversion between bands from 2um to 6um and opens a possibility that long
range wavelength conversion that convert MWIR to communication wavelength. In addition, pump wavelength is
critical to the phase matching wavelengths. Figure 9 shows the phase matching wavelengths with respect of pump
wavelength in the 1.3 um’ rib waveguide. It is clear that with this approach the phase matching to convert wavelengths
separated by more than 3.5um is feasible.
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Figure 8. (a) For 1.3um? waveguide at TE polarization, phase matching condition ksignart Akigier-Akpump=0 is satisfied for signal away
from the pump wavelength. (b) Parametric gain g? for the 1.14umx1.14um waveguide at different wavelengths. Notice the gain
happens when g*> 0. (c) Conversion efficiency at several pump wavelengths. (d) The conversion efficiency for 3.757um pump
wavelength which shows a discrete parametric conversion from 6.2pm to 2.8um.
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Figure 9. Phase matching wavelengths (44=0) for rib waveguide with 500nm slab region. Pump power is set at 0.1GW/cm’.

In addition to conversion with in mid-IR, wavelength conversion between MWIR and telecommunication wavelength

has great potential for MWIR detection and free space communication applications. By scaling the waveguide dimension,
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we find that phase matching condition can be satisfied between 1.5um and ~5um in a Ipm by lpm waveguide with
500nm slab height. The dispersion of the TE mode in such waveguide is shown in Fig. 6(d). The zero dispersion
wavelengths are at 2.1um and 3.5pum. The phase matching condition can be satisfied at 1.55 um and 5.1um and the
conversion efficiencies of varies pump intensities are illustrated in Fig 10. While pump at 2.4pm, -20dB conversion
efficiency is achievable with 0.1 GW/cm?® and The efficiencies can increase up to -3dB with 1GW/cm? pump power, Fig
10. Note that the pump wavelength is beyond half of silicon band gap and it does not suffer from TPA. The conversion
bandwidth is 2nm at 1.55um and 20nm at 5.1um.The phase matching condition with respect of pump wavelength is

shown in Fig. 11.
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Figure 10. Conversion efficiency for IGW/em?, 0.1GW/cm?® and 0.01GW/cm® pump intensity at 2.4pm. the maximum conversion
efficiency is 0dB, -20dB and -40dB, respectively.
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Figure 11. Phase matching condition for 1ym by 1pum rib waveguide with 500nm slab region. Pump power is set at 0.1GW/cm®.

V. CONCLUSION

MWIR in silicon has great potential for next generation optical communication applications. We show that by
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manipulating the waveguide dimensions, the zero dispersion wavelengths can be tuned from 4 pm to 5 pm. We estimate

that >3um discrete wide-band conversion in mid-IR achievable at 3.7um pumping with ~-10dB conversion efficiency in

a lem long waveguide with intensity at IGW/cm”. We also show that 2um pump wavelengths shows possible

conversion from 4-5um to telecommunication wavelengths at 1.5pm.
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