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Abstract: Inthispaper, asimplified model of silicon phase modulatorsis presented that enables
favorable accuracy together with a substantial reduction in computational effort and without the
requirement of semiconductor TCAD device simulation software. This permitsfast optimization
of the different parameters of amodulator. The model was successfully implemented in Phoenix
Optodesigner optical software allowing the optimization of silicon phase shifters for different
applications. Moreover, this model presents a great potential for the simulation of modulators
based on PN interdigitated junctions, which normally reguire complex and time consuming 3D
simulations. Simulation time was reduced by a factor of 6 for the lateral PN junction based
modul ator, and two orders of magnitude reduction was obtained for interdigitated PN junctions
based modulators.
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1. Introduction

Silicon photonics has become nowadays a reference platform for many photonics based ap-
plications, including sensing and telecommunications. It benefits from CMOS compatibility,
enabling its integration with current microtechnology circuitry. This feature makes it suitable
for next generation photonic technologies, including intra- and inter-chip optical interconnects
as an example [1]. Silicon phase modulators play a key role in many photonic domains [2],
including sensors based on heterodyne detection [3], transmitters [4-6] and coherent beam
combining systems [7, 8]. Depending on the application, modulators' specifications are very
different. Low loss and high efficiency are common demands in sensing orientated applications.
Bandwidth, however, is normally the critical parameter in data communications. Wavelength
chirp may also be important in some applications. Optimizing a modulator according to given
specifications often requires many simulations during the design stage. However, modulators’
simulations typically require a lot of memory and long computation times, hindering the abil-
ity of the designer to optimize the modulator in a reasonable time. Modulators modeling is of
great importance in order overcome those constraints [9]. In this work we propose a simplified
model for silicon modulators that alleviates those constraints, without requiring semiconductor
TCAD simulations and while maintaining a good level of accuracy. The proposed model is val-
idated against complete 3D simulations and it has been successfully implemented in Phoenix
Optodesigner optical software. Furthermore, we used the model to optimize a modulator that
is typically challenging to design, a modulator based on carrier depletion in interdigitated PN
junctions.

2. Simplified modeling of phase modulators
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Fig. 1. General schematic of the complete simulation (a) and the simplified phase modul ator
model (b).

In Fig. 1(a), the general flux diagram of the complete simulation of silicon modulators based
on Free-Carrier Plasma Dispersion Effect (FCPD) is represented. This approach is generally
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used to analyze silicon modulators. For each set of modulator parameters (geometry, doping
concentrations, applied voltage, ...), it involves complexes 2D or 3D optical and electrical simu-
lations. Soref’s equations [10] are used to model the refractive index and absorption coefficient
changes due to free carriers distribution. Doping profiles are considered uniform, which is com-
mon assumption in the analysis of silicon modulators as several ions implantation steps are
usually used to obtain such almost uniform doping profiles. It is important to point out that to
properly take into account the effect of carriers the modal simulation should be done with a
solver based on Finite Element or Finite Difference discretization schemes with a really fine
mesh (~ 5nm), requiring large smulation times. However, the use of a simplified model for
phase modulators permits the reduction of the memory requirements and simulation time, main-
taining afairly good level of accuracy at the sametime. A simplified model for silicon modulator
has been presented previously [9] where both the carrier distribution and optical mode distribu-
tionswere simplified to an analytic expression varying only in one dimension. We propose here
an improved simplified modeling of silicon modulator, where the optical mode is simulated in
a rigorous way, while the carrier density distribution is simplified to a 1D distribution. This
alows the simulation of modulators with complex mode shape, like modulators based on slot
waveguides [11]. Furthermore, the model presented here works for any kind of silicon modula-
tor while the previous one works only for depletion based ones. The model proposed here uses
the assumption (which is true for most of the silicon modulators in the literature) that carrier
concentrations vary mainly in one direction when avoltage is applied on the structure. Thus the
carrier concentration variations are modeled only in one direction (perpendicular to the plane
of the junction in a case of a diode-based modulator). Carrier concentration profiles are then
supposed to be uniform in the two other directions of space. As amajor simplification, in the
case of reverse biased PN diode, an analytical expression can be used to evaluate the carrier con-
centrations as a function of the applied voltage. Based on this assumption, the simplified model
is schematized in Fig. 1(b). First the mode of the waveguideis calculated considering it passive
i.e. thereisno carriersinit. Thisisrepresented in Fig. 1(b) asthe box “Modal Simulation”. The
results of this box are the electric fields (E (x, y)) and the effective index (neg) of the modes.
Secondly, a 1D simulation is used to model the electrical part: an analytical expression is used
for reverse biased PN junctions, while classical semiconductor simulation software can be used
in the other case, with the major simplification that only 1D simulation isrequired [12]. Carrier
distributions along the junction direction are then extended in the other two directions of space
in order to build a 3D carrier distribution (n (X, y, z) and p(X, Y, z)). Using the Soref model,
these carrier distributions are transformed into refractive index changes. An (X, Yy, Z) represents
the change in the real part of the refractive index, and k (X, y, z) is the imaginary part of the
refractive index. Finally, using perturbation theory for TE modes [13], efficiency and loss are
deduced by:

AG (L) = fL 2 [ n(x.y) An(x.y. 2) [E. (x, )P dedy

oA Ner ] |Ex (%, y)I? dxdy (1)

L 2z [[k(X.Y.2) [Ex (X, y)[* dxd
oo (1) = 201000 (eXp [fz—ofﬂ (}(f |yExZ)(x, y)(; d);)dy : ydz]]

where A¢ (L) and ILgg (L) are the phase shift and the loss in rad and dB respectively for a
propagation length of L. E, (X,Y) is electric component along the lateral dimension of the
waveguide. A represents the wavelength of operation, ng is the effective index of the passive
waveguide and n (X, y) isthe refractive index cross section of the waveguide. In comparison the
complete simulation [see Fig. 1] requires a complex 2D/3D electrical simulation and a mode
simulation for each voltage, while the simplified model requires only a smple 1D electrical
simulation (analytical in the case of PN junction), one mode calculation and an overlap integral
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for each voltage. The simplified model will drastically reduce the computation effort.

2.1. Model validation

In order to validate the model and assess its accuracy, a conventional carrier depletion phase
modulator based on alateral PN junction was chosen as benchmark [14, 15]. The modulator is
sketched in Fig. 2. It is based on a 300nm thick SOI rib waveguide. The etching depth and the
width of the waveguide were 150nm and 400nm, respectively. The P and N doping concentra-
tions for both contacts were 5 - 107cm=3. Finally the junction was offset 30nm towards the N
part.

o

Fig. 2. Schematic view of the PN junction based modul ator.

This modulator was simulated using both approaches (i.e. the complete simulation and the
simplified model). Lumerical software suited was used to carry out the electrical and mode
simulations [16]. Results are reported in Fig. 3, where efficiency and loss for L, length are
represented as a function of the reversed applied voltage. The simulation time for the simpli-
fied model was less than 5 minutes, which includes only one modal simulation and 33 over-
lap integrals because carriers distributions are calculated analytically. The complete simulation,
however, took near 30 minutes, including a 2D Electrical Simulation of 33 voltage points and
a modal simulation for each of those 33 voltage points. Very good agreement was obtained
between both simulation approaches, therefore validating the simplified model approach. Effi-
ciency of VL, = 1.53Vcmand Loss of 5.3dB at 3V reverse applied voltage were calculated by
the simplified model, which is less than 5% relative error compared to the complete simulation.

2.5 T 20
Simplified model
. O  General model > 15}
e 2t o
© ® Simplified model
< m 10 General model
_Il: E
>'= 15} =It< sl
1 | | | 0 | | |
0 2 4 6 8 0 2 4 6 8
Reverse applied voltage (V) Reverse applied voltage (V)

Fig. 3. Performance of the PN junction based modulator.

In PhoeniX OptoDesigner, the proposed model has been implemented. Physical mode sim-
ulations were performed to obtain effective index and loss versus voltage curve. Whereas the
electrical part was modeled analytical, the optical part was fully simulated using a complex
mode solver. Effective index and loss were calculated as a function of the applied voltage.
These results were then fitted into a smooth function in order to create circuit models based
on S-matrices.



Research Article Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26336

Optics EXPRESS

3. Simulation of interdigitated PN junctions based silicon modulators

Modulators based on interdigitated PN junctions are normally considered as an option to fur-
ther increase the efficiency of conventional depletion modulator based on lateral PN junctions,
while maintaining good intrinsic bandwidth. This kind of modulator consists on periodically
introducing PN junctions along the propagation direction, so that the overlap between the mode
and the depletion zone is maximized. A schematic view is represented in Fig. 4. Even though
several experimental demonstrations of this kind of modulators have been reported [17-19], its
modeling remains a challenge because of the 3D nature of the structure. The memory require-
ment for a single simulation usually are in the order of tens of gigabytes, while the simulation
times are around a few days. These computation constraints make it almost impossible to opti-
mize this kind of modulators. In this purpose we used the same 300nm thick SOI technology
used for the validation of the model, the etching depth and the width of the rib waveguide were
chosen to be 250nm and 400nm respectively [see Fig. 4].

Fig. 4. Schematic view of the PN interdigitated junction based modulator.

The simplified model was applied to this structure. In this case, the carrier concentration
varies in the propagation direction. Since junctions are PN, we modeled the carriers concentra-
tionsanalytically. In order to implement the simplified model it is necessary to analyze a period
of the interdigitated structure. Looking at asingle period it is possible to identify three different
zones, the N zone, the P zone and the depletion (intrinsic) zone in between. The length of the
depletion zone changes according to the reverse applied voltage. However, the cross-section
doping conditions remains in each of the three device zones. The perturbation theory was then
employed in the three zones and the accumulated phase shift per period was calculated as a
function of the applied voltage. The simplified model was then employed to optimize doping
concentrations (P and N) and fingers lengths (L » and L /). Around 35000 sets of values were
swept maintaining the total computation time below 5 hours. This was possible because the PN
junctions are modeled analytically. Results predicted compromise values of good efficiency and
reduced lossfor P = N = 8- 10cm=3 and Lp = Ly = 200nm for doping concentrations and
fingers length respectively. A complete simulation was carried out for this set of vaues, two
other simulations were also carried out for two additional doping concentrations. Each simula-
tion took around 30 hours of computing, mainly because of the 3D electrical simulation. Results
of the complete simulations, along with simplified model ones, are represented in Fig. 5. There
is good agreement between them. Moreover, trends are conserved between the complete simula-
tion and the simplified model, which is very important from the design point of view. However
asmall difference can be observed in the efficiency. The reported values of the simplified model
for efficiency and loss at 3V were VL, = 0.6Vcm and Loss = 2.65dB, while complete simu-
lation reported VL, = 0.7Vem and Loss = 3.2dB (P = N = 8- 10*cm™3). This difference
is mainly due to edge effects on the sides of the waveguide. There are two main source of er-
rors; first the slab region is only 50nm thick representing a big difference from the analytical
PN model used. Second, depletion zones in the simplified model were assumed abrupt in the
propagation direction, while in the complete simulation they have rounded tips. However, it is
important to point out that in this case the reduction in computation timeis over 100 times. The
calculated relative error was below 20%, representing a low error given the complexity of the
problem and the reduction in computation time.
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Fig. 5. Performance of the PN interdigitated junction based modulator.

4. Conclusion

In conclusion, simulations of modulators require in most cases many computational resources
and computation time, reducing the ability of the designer to fully optimized the device. We
have proposed and validated a simplified model that reduce those constraints, maintaining a
good level of accuracy at the same time. This model has been implemented in Phoenix Optode-
signer software with good results. We have also demonstrated how the model can be applied
to the modulator based on PN interdigitated junctions allowing its optimization. These results
demonstrate that the proposed model is a valuable tool to design and optimized silicon modula-
tors.
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