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Abstract: We present analysis and simulation of novel silicon-on-insulator
(SQOI) heterogeneous waveguides with thermo-optic phase shifters. New
structure design contains a p-n junction on both sides of SOl ridge
waveguide with 220 nmx35 um silicon core. Strongly mode-dependent
optical losses (by additional free charge absorption) provide quasi-singe-
mode behavior of wide waveguide with mode size ~10 um. Local heater
produces an efficient phase shifting by small temperature increase (AT ~
2K), switching power (< 40 mW) and switching time (< 10 us). Mode
optical losses are significantly decreased at high heating (AT ~ 120 K).
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1. Introduction

Silicon photonics belongs to rapidly growth science and technology [1]. Optical ridge
waveguides based on thin (~ 220 nm) silicon core in silicon-on-insulator (SOI) structures are
very suitable as their technology is compatible with semiconductor CMOS technology [2].
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Besides, nano-size two-dimensional gratings [3] etched in thin SOI waveguides can be used as
fiber-to-ridge waveguide coupler and provide the possibility of polarization diversity [4]
without polarization rotators. This 2D-grating element is very compact and couples orthogonal
modes from a single-mode optical fiber into two quasi-TE modes of two crossed ridge
waveguides, which could be connected to the photonic integrated circuit input/output.
However, the grating area in the ridge waveguide can be rather large, i.e. 10 um, so
experiencing a strongly multi-mode behavior, due to high index contrast. Thus, real devices
contain adiabatic couplers that transform wide ridge waveguides to single-mode silicon
photonic wires, ~ 450 nm wide.

Recently, we proposed the new heterogeneous waveguides [5-7], very suitable for silicon
photonics devices. Advantage of heterogeneous waveguide is based on the use of additionally
doped regions at both sides of wide (~ 20-35 um) single-mode silicon rib waveguide with
mode size ~10 um (having mode dependent optical losses by free charge dispersion
absorption). These heterogeneous waveguides could represent the base for multiple photonic
devices, containing wide waveguide sections for fiber-to-ridge waveguide coupling or low
loss waveguide crossing. Recently, new heterogeneous waveguides were tested [6-7] for the
application in reconfigurable optical add/drop multiplexers (ROADMSs) based on multi-
reflector filtering technology [8-9] using waveguide beam expanders [ 10]. We have performed
preliminary thermal simulations [6] of p* side doped heterogeneous waveguides by finite
element method (FEM) [11], demonstrating their high perspective for ROADMs applications.
Later, more advanced heterogeneous waveguides [7] with both n* and p* doping to provide
charge equilibrium of the structure, were proposed and studied. The lagt structure gives the
better fundamental mode selection in comparison with p* doped waveguides.

This paper presents for the first time results of numerical simulations of new advanced
heterogeneous SOI waveguide with p-n junctions and thermo-optical phase shifters. To
provide more general analysis with better accuracy, we have studied local heating of
heterogeneous waveguide by FEM [11] and used these results as a refractive index
perturbation for beam propagation method (BPM) simulations [12]. To have faster
simulations, 3D structure has been replaced by its 2D analogy using the effective index
method (EIM), that decomposes 3D strip waveguide into two 2D slab waveguides.

2. Heter ogeneous waveguidesin thin SOI

A genera view of new heterogeneous waveguide is presented in Fig. 1(a). Analysis of
classical work [13] discussed in [5-7] shows that free electrons in silicon provide a relatively
higher level of optical losses than holes. Therefore, we currently propose to employ doping
with donors at the immediate proximity from the waveguide core and doping with acceptors at
the waveguide edges (see Fig. 1(a)). The widths (W) of all doping regions are chosen as equal
and the concentrations of free electrons and holes are also considered egual to assure the
electric neutrality. In order to study the optical properties of heterogeneous waveguide
structures, we consider homogeneous distribution of charge carriers over the SOI structure.

For convenience, we use the empiric relation (based on [13]) between changes of the real
part of both refractive index (4n) and additional absorption (Ac), due to free charge carriers at
optical wavelength 4o=1.55 uminsilicon [5]:

A0e = 0.12]4n|, ANe = 1.14x10% | Any| (1)
Ao, = 0.16]4n[¥4, AN, = 2.18x10% | An,|**

Here, AN, and 4N, are the volume concentrations (in cm'3) of holes and €lectrons,
respectively, and the losses Aos, and Ao, are measured in cm™. It is assumed that the total
change of complex refractive index due to light dispersion by free charge carriersis described
by [13]:

n=Any+Ane+ Aod/(47), 2
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where Ao= Aoy, + Ace, Ang= - 8.8x10% ANg, An, = - 8.5x10°™® (UN,)*®. These equations
characterize the optical properties of heterogeneous waveguides at arbitrary increases 4ny, of
the real part of refractive index, due to the presence of free holes. To provide charge
equilibrium conditions, Eq. (1) gives asimple relation for structure parameters, namely, AN, =
ANpand Ane = 1.91|4n,, P4, Thus, one can examine arbitrary waveguide structures for different
concentration of free charge carriersin each doped sections.
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Fig. 1. Heterogeneous SOI waveguide. (a) General view; (b) Refractive index distribution
across heterogeneous waveguide for different temperature change (4Ty) in the center of
waveguide core. h =220 nm, H,= 4 um, w =8 pm, W =10 um, Wp = 35 um, H = 0.1 um,
Ht =0.2 um. Joint 2D BPM and FEM (for AT,> 0) simulations.

Let us consider a heterogeneous SOl -based waveguide (see Fig. 1(a)) with total width W,
= W+ 4W,. Waveguide edges have heavily-doped p and n regions of width W in which the
refractive index is smaller than in the waveguide core of width W, due to dispersion by free
charge carriers. Thus, these two p-n junctions form a heterogeneous optical waveguide (see
Fig. 1(b)), in which three strongly-coupled low-contrast optical waveguides are built in the
multimode high-contrast waveguide (silicon-oxide).

We have examined the optica properties of 3D heterogeneous waveguide by 2D BPM
under effective index gpproximation [7]. Typical field distribution for two low-order guided
modes are presented in Figs. 2(a)-2(b) (see case without heating AT,=0 K). The main fraction
of fundamental mode occupies the lossless part of waveguide central core with width W. The
other modes of the heterogeneous waveguide, whose effective refractive indices Ng; are close
or smaller than those of doped region, occupy the total region of the waveguide W, i.e. the
energy fraction falling into the dissipative region is much larger than that of the fundamental
mode (compare Fig. 2(a) with Fig. 2(b)). Thus, the higher-order modes must strongly decay by
free carriers absorption with respect to the fundamental one. Optical losses for some guided
modes (with the smallest optical losses) of heterogeneous waveguide are presented in Fig.
3(a)-3(b) for different structure parameters. It can be seen as heterogeneous waveguide has the
strongly different optical losses for fundamental or other modes due to the presence of highly
lossy regions. That fact makes heterogeneous waveguide as quasi-single-mode. Fig. 3(a)
shows that optical losses for all modes strongly depend on the waveguide core width W, as
well as on maximum refractive index increment in the doped region. Fig. 3(b) presents
additional optical losses of higher modes with respect to TE; mode losses for a heterogeneous
waveguide of characteristic length Lo, providing -3 dB losses for fundamental TE, mode. It is
easily seen that for every core width W one can find a sub-optimal value 4n,, providing better
selection of the fundamental mode for the smallest optical loss.
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Fig. 2. Optical field distribution of fundamental (a) and first order (b) modes at different
temperature increase in the center of heterogeneous waveguide core. h = 220 nm, H, = 4 um,
w=8pum, W= 10 um, Wo = 35 um, H = 0.1 um, Hy = 0.2 um. Joint 2D BPM and FEM
simulations.
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Fig. 3. Optical properties of heterogeneous waveguide. (a) Optical losses for different modes as
a function of width W, for different 4n,; (b) Additional optical losses for different modes of

heterogeneous waveguide of the characteristic length L, as a function of Any,, for different
center widths W. 2D BPM simulations.

3. Thermo-optic phase shiftersin heterogeneous waveguide on SOI

We have analyzed parameters of thermo-optic phase shifter in heterogeneous waveguide by
the use of an optimum heater length L , corresponding to the phase shift z:

Let = A/(2-00/ ITAT) (6)

By means of the dynamic analysis [6], the time dependence of temperature and effective

index has been evaluated, so estimating the thermo-optic response time and switching power
of the analyzed structures as:

Pr= 0o W Lest @)

where w is the heater width and qp is the heat flux used in the boundary condition for the
heater. Results of heat simulations are presented in Fig. 4(a)-4(d). One can see that, due to
very thin silicon layer, the heat spreads not only along the waveguide but also into the silica
surrounding. Thus, the optimum heater size has to be optimized to the area of the fundamental
guided mode (~W). Fig. 4(a) derives information on the switching time, similar both for
heating and cooling case and strongly depending on the buffer height. Fig. 4(c) presents the
temperature distribution across the waveguide. From the thermo-optic coefficient of silicon
(1.86 10" K™), we have derived the refractive index change under heating condition (see Fig.
1(b)) and use it as arefractive index perturbation into the beam propagation method [12]. Thus
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we can analyze thermo-optic properties of

heterogeneous waveguide by a fully integrated

FEM-BPM joint approach. Fig. 2(a)-2(b) illustrates that, at small temperature increase AT,=2
K and AT,=10 K (corresponding to heat flux amplitude 0.2x10"" W/m? and 1x10"" W/m?,

respectively), optical field has not been chan

ged enough, giving a small change in the optica

losses (see Fig. 5). However, for a large heating when AT;=120 K (go =12x10"" W/m?), one
can see the change in optical modes (Fig. 2(a)-2(b)), aswell asin optical losses (Fig. 5).
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Fig. 4. Dynamic analysis by FEM of thermo-optic phase shifter in heterogeneous waveguide
with aluminum heater (placed inside the silica on the top of silicon core). (a) Time response of
temperature in the core center for different buffer heights (in um); (b) Temperature distribution
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Fig. 5. Optical losses for different heat
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FEM and 2D BPM simulations.
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Table 1 summarizes the results of thermo-optical analysis of different heterogeneous
waveguides. Phase shifters with heterogeneous waveguides could be easily applied in multi-
reflector filtering technology [8], as well as in other photonic devices. For example, phase
shifters with small temperature increase could be used as wide tuning elements of ROADM
and phase shifters with high temperature increase could be used as ROADM fine tuning
elements [8]. The heating efficiency AN/ AT, switching power P, and time 7 are strongly
dependent on heater width w and height H,, of the silica buffer, that mostly control the rate of
the heat flux from the heater to the silicon substrate.

Table 1. Thermo-optic simulation of heterogeneous SOI structure (o= 2-10"® W/m?).

ANy Ho | W | W | W ATy AT An ANt Lest P, T

(1) | (us) | (us) | (us) | (heater) | (core) | (core) (um) [ (MW) | (us)

K K

0002| 4 | 2 |10 | 35| 0.64 | 053 |0.000098 0.000084| 9.4 | 37 | 87
0002| 4 | 4 |10 |35 | 112 | 1.01 |0.000187|0.000166| 4.7 | 37 | 82
0002| 4 | 8 |10 |35 | 199 | 1.88 |0.000337|0.000317| 25 | 39 | 93
0.002| 4 | 10| 10| 35| 226 | 2.15|0.000400/0.000383| 2.1 | 40 | 95
0002| 4 | 8 10| 30| 199 | 1.88|0.000350/0.000331| 2.4 | 37 | 92
0.0015| 4 | 8 | 12| 25| 210 | 1.99 |0.000370|0.000340| 2.3 | 36 | 96
0.002| 4 | 8 10| 25| 210 | 1.99 |0.000370/0.000351| 22 | 35 | 96
0.0025| 4 | 8 | 9 | 25| 210 | 1.99 |0.000370|0.000355| 2.2 | 35 | 9.6
0.0035| 4 | 8 | 8 | 25| 210 | 1.99 |0.000370|0.000359| 2.2 | 35 | 9.6
0.0015| 2 | 8 | 12| 35| 129 | 1.18 |0.000219(0.000196| 40 | 63 | 33
0002| 2 | 8 10| 35| 129 | 1.18|0.000219/0.000202| 39 | 61 | 33
0.0025| 2 | 8 | 9 | 35| 129 | 1.18 |0.000219(0.000205| 3.9 | 60 | 33
0.0035| 2 | 8 | 8 | 35| 129 | 1.18 |0.000219(0.000209| 3.9 | 59 | 33
0.0015| 1 | 8 |12 | 35| 0.86 | 0.75 |0.000139|0.000119| 6.5 | 104 | 1.4
0002| 1 | 8 |10 |35 | 0.86 | 0.75 |0.000139|0.000124| 6.4 | 100 | 1.4
0.0025| 1 | 8 | 9 | 35| 0.86 | 0.75|0.000139/0.000127| 63 | 98 | 1.4
00035/ 1 | 8 | 8 |35| 086 | 0.75|0.000139/0.000130| 63 | 95 | 14

4. Conclusions

This paper presents advanced simulations of novel heterogeneous SOl waveguide structures
with thermo-optic phase shifters. New structure design includes p-n-doping on both sides of
SOI ridge waveguide with 220 nmx35 um silicon cross section, surrounded by silica cladding.
It provides small optical losses for fundamental quasi-TE mode and large losses for higher
order modes, due to different free charge absorption depending on mode field distribution.
Loca heaters above the waveguide core provide the highly efficient phase tuning in 10 us
range and several tens of switching power. Novel heterogeneous SOI waveguide structures are
interesting for practical applications in multiple nanophotonic optical elements, including
ROADMSs based on multi-reflector beam expanders, 2D grating couplers and thermo-optic
phase shifters.
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