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Abstract—This work presents a capacitive modulator design
and modeling of a new waveguide architecture using silicon and
poly-si technologies. We use a methodology involving the entire
lumped-type modulator design process, from the optical design
to the small-signal RF analysis. By means of geometric and
physical parameters adjustments, the trade-offs among several
figures of merit are analyzed in this paper. Due to the waveguide
configuration, it is shown that the modulator can improve the
trade-off between V; and bandwidth compared to the state-of-
the-art for this kind of device. For instance, the best combinations
are V; ~1V @ 204 GHz and V; = 5.7 V @ ~31 GHz, with
equivalent optical losses of 3 dB and 1.1 dB, respectively.

Index Terms—capacitive modulator, figure of merit, V-shaped
oxide gate modulators, lumped-type modulator, mach-zehnder,
optical devices, silicon photonics, trade-off analysis.

I. INTRODUCTION

ILICON photonics (SiPh) has evolved to competitive lev-
S els of performance and scaling as a technology platform
for complex photonic integrated circuits (PIC). Leveraging the
development of new devices in several application fields, in-
cluding telecommunications and data communications, Europe
is in a leading position in generic integration platforms [1].
With the European Commission’s effort to boost the industrial
competitiveness of SiPh technology, the value of PIC markets
is expected to increase to multi-billion dollar levels in the
coming years. Chip-level photonic interconnect is expected
to generate almost $1B by 2020 [1]. This scenario is related
to the exponential increase in data consumption, since new
technologies must be developed to deliver optical transceivers
with lower power consumption and higher capacity. For dat-
acom applications, where the driver and optical amplifier are
generally not used, the driving voltage should be <2 V and the
optical loss <5 dB. On the other hand, for telecom applications,
a higher driving voltage may be considered (e.g. 8 V), since
a driver amplifier is generally used. In terms of bandwidth,
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for 56 Gbaud applications, 36 GHz for PAM-4 modulation is
desirable [2], whereas for 28 Gbaud or 32 Gbaud, a bandwidth
between 20 GHz and 25 GHz can be considered.

Several silicon photonic modulators configurations have
been investigated to fulfill this need. The most popular type of
silicon modulators are based on the carrier depletion mecha-
nism (e.g. V; x L ~ 1.28 V.cm and Loss ~ 3.33 dB/mm [3]).
To provide enough modulation efficiency (V; = 8.5 V),
these modulators need to be relatively long (in general
above 1.5 mm), which requires a travelling wave design [4],
[51, [6], [7].

Capacitive modulators have been investigated since the early
2000s [8]. They use the carrier accumulation mechanism,
which can improve modulation efficiency (V;; x L) by an order
of magnitude compared to carrier depletion. Such devices can
be designed with short lengths (<1 mm) and, even so, offer
acceptable V., behaving as lumped-type modulators. Although
treated for a long time as a promising solution for high-
speed devices, optimizing the trade-off between modulation
efficiency and bandwidth is still challenging. This fact is
related to the oxide gate thickness. For instance, consider-
ing a capacitive modulator with thin oxide gate thickness
(e.g. 5 nm [9]), the V; can be in the order of 9 V, but with
limited bandwidth (~10 GHz). On the other hand, increasing
the gate thickness to 35 nm [9], the bandwidth can be improved
to about 30 GHz, sacrificing the V. to 32.8 V. Therefore, the
conventional silicon capacitive modulator [10] can not achieve
feasible values of V; and bandwidth at the same time.

For these reasons, and unlike all capacitive modulators
shown in the literature, our modulator addresses a waveguide
with V-shaped oxide gate thickness to optimize the trade-off
problem between modulation efficiency and bandwidth. In this
way, it is possible to decrease the gate capacitance to provide
high bandwidth and, at the same time, to keep V; low even if it
is adjusted for short lengths. Several parameters are evaluated
to fit the best design scenario and offer the lowest V. combined
with the highest bandwidth that the modulator can offer.

The modulator proposed in this work was evaluated in
simulation according to two active device lengths, 250 pm
and 500 pm, which were chosen in order to compare with
recent state-of-the-art references. In a scenario that offers
low V; (~1 V), the proposed device has an estimated band-
width of 20.4 GHz. In another configuration, the bandwidth
can be improved to ~31 GHz with a V; of 5.7 V. On the
other hand, in a scenario of higher V. (14.2 V), the modulator
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presented bandwidth of ~39 GHz.

The paper is organized in seven parts. Section II addresses
the modulator structure that will be modeled based on available
SOI technologies. By means of modal analysis, in section III
the waveguide design is discussed. Section IV presents an
analysis of V. x L and optical loss in several design scenarios.
Section V performs a dynamic evaluation of the modulator
by means of RF analysis and presents an optical modulation
amplitude (OMA) evaluation to address system performance.
Section VI performs a brief study of the fabrication feasibility
for the proposed waveguide architecture. Finally, section VII
presents the conclusion and a comparison between the pro-
posed solution (a few design scenarios) and the state-of-the-
art.

II. MODULATOR STRUCTURE

Fig. 1 shows the proposed modulator with V-shaped SiO2
gate. Thus, keeping the central SiO, gate width constant to a
certain reach (d), the waveguide is efficient during the refrac-
tive index change and the V; x L is minimized. On the other
hand, by varying the oxide gate thickness (max t4q¢.) from d,
the capacitance can be reduced, thus improving the bandwidth
without affecting so much the modulation efficiency.

Observing the modulator schematic in Fig. 1, the poly-Si
region (in blue) has n-type doping and the silicon region
(in red) has p-type doping. To decrease the waveguide loss
and the electrical access resistance between the RF signal and
the waveguide, the modulator was designed with three doping
levels (n/p, ny/p+, and nyy /pyy). The concentration level
becomes higher when the colors (blue and red) become
darker. The doping concentrations levels were symmetrical
between the n-type and the p-type, for each region with the
corresponding color level.

Metal Gate

Metal Ground

Si substrate

Fig. 1. Cross section view of the capacitive modulator with
V-shaped gate thickness proposed.

Due to the complexity and limitation of the poly-Si param-
eters in the literature, silicon parameters were used for the top
and bottom regions of the waveguide. To verify the accuracy of
our simulation, a parallel study was performed and the results
were validated according to two devices, as shown in Table I.

Table II describes the waveguide parameters used to design
the modulator. The non-fixed parameters were used to optimize
the device in several approaches, and they are represented by

TABLE 1. Validation of results.

Year 2015 2019
Waveguide Conventional .
architecture poly-Si Hybrid
Our Our
L (t results 0 results
Ve x L [V.cm] 0.48 0.5 1.3 1.25
Loss [dB/mm] 0.97 ~1 2 14
Cyate [fF/pm] - 22 ~0.98 0.86

a range of values. The fixed parameters were scaled according
to the specifications of most SOI platforms. The n/p doping
was chosen based on our previous study [9], which shows an
efficient agreement for low optical loss. Moreover, by setting
n/p concentration, we will see in section IV-B that the V; x L
level can be adjusted by means of d and max t4q¢c parameters.

TABLE II. Optical simulation parameters.

Parameter Description Value Unit
Silicon waveguide
tsi Lhicknesf 220 [nm]
Poly-Si waveguide
tpoly—s5i g thicknessg el R
tsiab Slab thickness 70 [nm]
. Minimum gate
min tgate thickness E i)
Maximum gate
maz tgate thickness 10 to 100 [nm]
Wapg Waveguide width 300 to 700 [nm]
Wslab Slab width 1475 [nm]
Slab width with
w1 n/p doping 0 to 800 [nm]
Slab width with
. 200 nm
w2 N4+ /P44 doping (o]
d Constant gate width 5 to 100 [nm]
n/p n/p concentration 5x 1017 [cm—3]
n4 /py n4 /p4 concentration 1x1019 [cm—3]
Ny4+/P++ N4y /p4+4 concentration 1x10%0 [em~3]
During the simulation, a study of w; was performed to

optimize the trade-off between optical insertion loss and
electro-optical modulation bandwidth (related to electrical
access resistance). For the electrical charges simulation, bias
voltages from O to -5 V were applied on the metal gate, while
0 V was kept fixed on the metal ground (see Fig. 1). The
homogeneous doping profile was considered for all charge
carrier concentration levels.

Finally, all optical and charge simulations were performed
using commercial LUMERICAL products. The analytical model
for the electro-optical bandwidth calculation was implemented
in commercial HFSS and MATLAB softwares.

III. MODAL ANALYSIS

To design the modulator, it is necessary to adjust the
waveguide width (w,g4) so that the device operates with a
single propagation mode. For this, we need to know the modes
characteristics that propagate through the waveguide. The first
step is to sweep the waveguide width from 300 nm to 700 nm.
The results, shown in Fig. 2, indicate that, during the w,q
sweep, four modes are found in the structure. Analyzing
the effective index (n.yr), we noticed that the fundamental
TE mode is highlighted in blue. Therefore, to choose the ideal
waveguide width, the w,,, value must be in the range of 300
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to 400 nm, since only the fundamental TE mode propagates.
Values above 400 nm can provide unwanted modes, such as
TE; and TE,.
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Fig. 2. Effective index when the waveguide width (w) is
swept from 300 to 700 nm.

Capacitive modulators are limited by the waveguide width.
For a wide-waveguide (w4 > 500 nm), the optical mode will
be perfectly confined, but the device will be limited in speed,
since the active area of the capacitor will be wider. Therefore,
we need a shorter w,,4 to provide a single propagation mode
and high speed. In Fig. 1, we can observe a partial etching
on the poly-Si region. During the simulations, we noted that,
if the capacitive modulator with a short waveguide width
(wyg = 400 nm) has no etching on the poly-Si area, the
optical mode scatters towards the high doping region (n.), as
shown in Fig. 3a. Thus, the optical mode is poorly confined,
reducing the modulation efficiency. On the other hand, the
partial etching presence confines the optical mode (see Fig. 3b)
at the waveguide center, resulting in an improved modulation
efficiency. With the etching strategy, we ensure a short ac-
tive area device (high speed) with high optical confinement,
without compromising the modulator performance.

y [um]
y [um]

-0.5

0 05
X [um]

(a)

Fig. 3. TE-mode optical profile (a) without partial etching on
the poly-Si and (b) with partial etching on the poly-Si, for
Wywg = 400 nm.

According to the modal analysis presented in this section,
from this point, w4 is set to 400 nm.

IV. V. x L AND LOSS CALCULATIONS

After the modal analysis, the next step is to calculate
the modulation efficiency and optical loss as function of
the voltage applied to the modulator. For this, the charge
distribution for several applied voltages were calculated using
a numerical software. Then, the charge mesh profile was
saved and transferred to a modal solver. Finally, the refractive
index change (An) and the absorption change (Aa) were
calculated using Soref and Bennett equations [13] for 1.55 pm
wavelength,

An(z,y)=—8.8x10"22 N, (z,y)—8.5x 10 ¥ NP8 (z,y) (1)
Aa(z,y)=8.5x10"B N, (2,y)+6.0x 10" B N}, (x,y) 2)

where N, and N, are the electrons and holes doping con-
centrations, respectively. Fig. 4 shows the carrier distribution
for two voltages. It can be seen that, as expected, the charge
concentration increases by several orders of magnitudes near
the oxide gap.

Fig. 4. Total carrier distribution for (a) Vpies = 0 V and (b)
Viias = -1.6 V. The concentration bars are in logarithmic scale.

The effective index can be calculated according to (4) [14]:

n(z,y) = ng; + An(z,y) (3)

[l n(z,y)|E(z,y)*ds
Jf.|E(z,y)[*ds

where E(x,y) is the fundamental mode electric field distribu-
tion and ng; is the silicon refractive index.

Based on the imaginary part of the effective in-
dex (Im[ncsy]), the mode optical loss, given in dB/m, is
calculated according to (5).

4)

Neff =

Loss = —20 loglo (671m[ne_ff]2ﬂ/)\g) (5)

Ao=1.55 um

An important figure of merit to evaluate the perfor-
mance of silicon photonics modulators is the modulation
efficiency (V; x L), given in V.m. Due to nonlinear change of
the Si refractive index when subjected to a voltage, the V; X L
value also varies non-linearly regarding the bias voltage.
According to [15], the product can be calculated as:

v, x I, = 20 Whias 6)

2 dneyy Ao=1.55 pm

where V45 is the reverse bias voltage.
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A. Doping Width Optimization

At this point, the optical loss as function of the n/p doping
width (w;) was evaluated. With respect to this parameter (see
Fig. 1), there is a trade-off between optical loss and bandwidth.
If the high n /p; doping level is too close to the waveguide
(short wy), the optical loss will increase. However, the electri-
cal access resistance will be lower, which improves the device
bandwidth. To optimize this trade-off, the width w; was swept
from O to 800 nm. It was verified that for w; values higher
than 300 nm, the optical loss does not decreases significantly.
Therefore, this value was chosen to minimize optical loss.

B. Analysis of d and mazx tgqze

This section discusses the modulator performance in several
design scenarios. For this, d was swept from 5 to 100 nm and
max tgqse was swept from 10 to 100 nm, as shown in Fig. 5.

VﬂxL [V.cm]

14
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Fig. 5. (a) Modulation efficiency and (b) Optical loss in several
design scenarios, for Vy;qs = -2 V.

In Fig. 5 it is possible to observe the trade-off between
modulation efficiency and optical loss. Furthermore, it is noted
that lower max tgq¢. values combined with higher d values
are required for the device to operate with lower V. x L.

To improve the modulation efficiency, it is important to
verify the impact of the reverse bias voltage applied to

the device. Fig. 6 shows the modulator performance when
subjected to several voltages. In this analysis, the max tgqe
thickness was set to 100 nm (to provide high bandwidth).
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Fig. 6. Phase shift and its corresponding optical loss for several
reverse bias voltages, when max t4qie = 100 nm.

Fig. 6 shows that, by increasing the bias voltage from 0
to -5 V, the phase shift variation increase as the value of d
increases. As the device must provide the highest modulation
efficiency, we must consider higher Vj;,s combined with
higher d parameter. For these scenarios, the optical loss can
increase up to ~6 dB/mm. However, in the case of lumped-
type modulators, the total insertion loss can be considered rel-
atively low, since the device length (L) is typically < 1 mm.
In this case, for a wide constant gate width (e.g. d = 100 nm,
Ly =500 pm, and Vy;es = -5 V), the optical insertion loss
is acceptable (3 dB), corresponding to only V; ~ 1 V.

We have evaluated the connection loss from a standard
waveguide to the modulator, using a linear taper. In this
case, the results showed that, in order to reach maximum
optical transmission (T ~ 98%), the access taper must be
adjusted with a length of 115 pm, resulting in a coupling loss
of ~0.1 dB.

In this section, the V. x L and loss trade-off was analyzed
as function of some device’s parameters. The next step is to
analyze the electro-optical bandwidth in the same sweep pa-
rameters. In this way, some design scenarios will be explored
to optimize the trade-off between bandwidth and V.

V. BANDWIDTH ANALYSIS

This section presents a complete small-signal RF analysis
to estimate the modulation bandwidth. Fig. 7 shows the device
design with its equivalent electrical circuit.

A. Capacitance Analysis

The SiO, gate capacitance (Cyqt) is calculated using the
numerical derivative:

aQ

Cgate = av

)

V=Vbias

where @) is the electrical charge. In this method, the total
SiO4 gate charge is automatically calculated by the electric
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Fig. 7. 3D view of the modulator with its equivalent electrical
circuit.

field monitor. During the calculation, the monitor integrates the
electric field over its surface and uses Gauss’s law to determine
the net charge included within its volume.

Fig. 8 shows the capacitance behavior as function of the

design parameters, when Vj;,s is equal to -5 V (to provide
low V).

gate [nm]

max t

10 20 30 40 50 60 70 80 90 100
d [nm]

Fig. 8. Capacitance per unit length as function of d
and mazx tgate, for Viigs = -5 V.

In Fig. 8, the capacitance level increases as d increases.
Thus, to design the device with higher bandwidth, it is neces-
sary to take lower d combined with higher max t44¢. values.
This scenario negatively affects the modulation efficiency, as
seen in section IV-B. Therefore, in the next section, we will
present some different design scenarios to explore this trade-
off.

B. Transmission Line Modeling

For lumped-type modulators, the voltage is considered
instantaneously uniform along the electrodes. In this way,
the transmission line parameters, i.e. the inductance (L) and
resistance (R) as a function of the operation frequency, were
calculated according to the coplanar waveguide (CPW) model
proposed by Heinrich [16]. In this approach, the capacitances
and electrical conductance shown in Fig. 7 were calculated
according to [17]. By using a numerical software for RF
analysis (HFSS), the same calculations were performed to
verify the accuracy of the Heinrich [16] model. For this,
the CPW was considered unloaded and the transmission
line parameters (Z, Y, and S) were calculated. Next, the
transmission line parameters and the waveguide electrical
components (Rqps and Cyqte) were included via MATLAB to
form the modulator circuit. The slabs resistances (Rg;qp5) Were
obtained by numerical software using Ohm’s law. Finally, the
analytical model described in [14] was applied, which uses
the RF transmission coefficient (accounting the impedance
mismatch) and the system transfer function.

In Fig. 9, the equivalent electrical circuit was divided
according to each corresponding part of the modulator. In
addition, to facilitate the transfer function (H) calculation
(ratio between the voltage on SiO» gate and the input voltage),
three equivalent circuit loads were considered (Z;, Zjr, and
Z111), which can be obtained from (8) to (13).

Zl ZII lel

R L

s
R»ﬂ»

T Couss

Rote Ryt R,
RFEY TCur TCox TCiuw TCwp TCur! TCoue
ConT G R,
| R,
Transmission line Si substrate BOX  Cladding  Gap Air Waveguide

Fig. 9. Modulator circuit model.

_ (R + ij) (Rn++ + Rp++)
"T R+ R... +R,,. +juwL

®)

A jwcsub,s(jwcsub + Gsub)
Zir =75 ©
]w(csub + Csub_s) + G(sub

Zty = jw(Csupt + Cpox + Cuia + Cyap + Cair)  (10)
Zir = (Zir + 217 (11)

Rgabs = Ry + R, + Ry + Ry, (12)

Zr11 = (jwCgateRatabs + 1) (jwCgare) ™1 (13)

Ha = [Z1(jwCyate Rsiaps + 1)) " (14)
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Hp=Z;'+ 7, + Z;}} (15)
H=HsHg" (16)

The RF voltage transmission can be written as:
T =272+ Zo)~ ! 17)

where Zp, represents the equivalent load (Z; + Z;/||Z111),
Z is the input characteristic impedance and w is the angular
frequency of the electric signal.

Finally, the electro-optical response, in dB, can be written
as:

Sy = 20log,, |T' x H| (18)

In order to provide higher bandwidth, the input character-
istic impedance was set to Zy = 5 (1, as proposed in [18].
A sweep in the electrode parameters (Wgqie and Wygp)
was made in order to find the best values to maximize the
electro-optical bandwidth. The results were Wgqe = 40 pm
and Wy, = 65 pum, and they were the same for all waveguide
geometries considered.

C. Electro-Optical Bandwidth Analysis

After the transmission line modeling discussed in sec-
tion V-B, the electro-optical bandwidth results will be an-
alyzed. Fig. 10 shows the bandwidth as function of the
waveguide parameters, when L,,, = 250 pym.

gate [nm]

max t

10 20 30 40 50 60 70 80 90 100
d [nm]

bandwidth as
and max tgate, for Viies = -5 Vand L,,q = 250 pm.

Fig. 10. Electro-optical function of d

Note that, contrary to the V, behavior, the modulator
achieves maximum bandwidth in cases of minimum d and
maximum max t4q:.. However, the proposed waveguide struc-
ture allows the bandwidth to be sacrificed for high d values,
since this architecture has resulted in high BW levels.

In order to verify the accuracy of the methods used in
the transmission line modeling, Fig. 11 compares the electro-
optical response between the simulated model proposed by
Heinrich [16] and the HFSS software. In Fig. 11 the estimated
bandwidth between the two approaches are similar, presenting

4% average relative error. This shows that the analytical model
can be used, resulting in much less computational effort.
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Fig. 11. Electro-optical response for Vpies = -5 V,

max tgqte = 100 nm, and L, = 250 pm.

D. Dynamic OMA Analysis

In the previous sections, the modulation efficiency, loss,
and bandwidth were analyzed in detail in several scenarios.
In this section, the maximum dynamic optical modulation
amplitude (OMA), which evaluates the systemic performance
of the device, was analyzed based on the main modulator
parameters, d and max tyqte. For this, the ideal OMA level
that the device can offer for a symbol rate of 56 Gbaud was
calculated according to the optimal active length, as proposed
in [19]. Fig. 12 shows this analysis for two modulation
formats, OOK and PAM-4.

For OOK format, the best OMA (-2.63 dBm) is set
in the parameters d = 62 nm, max tge = 70 nm,
and L,y = 2487 pm. On the other hand, the maximum
PAM-4 OMA (-7.69 dBm) is reached when d = 5 nm,
max tgate = 100 nm, and L., = 184.4 pm. This range of
values are comparable to the ones presented in [19].

VI. WAVEGUIDE MANUFACTURING FEASIBILITY

Traditionally, in order to etch the silicon waveguide with an
angle with respect to the etch direction, the use of anisotropic
wet etching with KOH is used [20]. However, the etching angle
is fixed to the silicon molecules crystalline direction, which
is about 54.7°, therefore it is not suitable for fabricating the
proposed device. An alternative is to use the ion beam etching
(or milling), as reported in [21], which is achieved by directing
a beam of charged particles (ions) at a substrate with a suitably
patterned mask in a high vacuum chamber. Another alternative,
which is claimed to be less expensive, is to use plasma etching
with the aid of a Faraday cage [22], [23]. In the conventional
plasma etching technique, the direction of the etching ions is
always vertical to the etched surface because of the electric-
field that is formed in the substrate surface. Because of that,
the etching is anisotropic even if the substrate is tilted with
respect to the ion direction. As proposed in [22], [23], the
use of the Faraday cage makes the electric potential uniform
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Fig. 12. Maximum dynamic OMA for (a) OOK and (b) PAM-4
modulation formats, when Vj;qs = -5 V with V,, =4 V.

inside it. In this way, the etching direction can be controlled by
the substrate place holder angle. Therefore, the Faraday cage
etching method is a potential approach for future manufacture
of the V-shaped oxide gate modulator proposed in this paper.

VII. CONCLUSION

In this paper we propose a silicon modulator configuration
to improve the trade-off between V, and bandwidth. The
architecture is based on a capacitive device, which uses the
carrier accumulation mechanism. Trade-offs between optical
loss, modulation efficiency and bandwidth are analyzed with
respect to a set of physical parameters. A study of the
waveguide geometry was performed, showing that the device
should be designed with short width (w,qy = 400 nm) for
single TE-mode and high bandwidth operation. In addition,
to improve the optical confinement, a partial etching on the
poly-Si region is proposed.

For a better comparison, a study of recent references based
on capacitive lumped-type modulators was performed. Ta-
ble III shows the results where we propose design solutions (d
and max tgyq¢) of V-shaped SiO gate modulators in the same
length (L,,4) conditions that were assigned in the references.

TABLE III. State-of-the-art references and V-shaped SiO» gate
modulators.

State-of-the-art references

Ref. [24] [25] [26] [27] [12]

Year 2017 2017 2018 2018 2019

X%ff;‘ud; Hybrid ~ Hybrid Vg?é‘;al Hybrid  Hybrid
Viias [V] 1 -3 3 4 4
Luwg [pem] 500 250 500 250 250
tgate [nm] 5 10 14 20 20
Vr [V] 0.86 35 30.6 40 52
Loss [dB] 0.95 ~1 25 0.5 0.5
Cyate [fF] ~3000 - ~450 >350 >245
BW [GHz] ~0.1 <22 <42 >25 30

V-shaped SiO> gate modulators @ -5 V

Loy [pm] 500 250 500 250 250
mazx tgate [nm] 100 100 100 100 100
d [nm] 100 100 5 62 24
Ve [V] ~1 2.2 12.8 5.7 14.2
Loss [dB] 3 1.5 1.2 1.1 0.77
Cyate [fF] 575 287.5 305 23255 180
BW [GHz] 20.4 25.6 30.3 ~31 ~39

Observing the state-of-the-art results (top of the Table III),
it is noted that devices with lower V. have insignificant
bandwidth. On the other hand, the modulator presented in this
work (bottom of the Table III) present a better trade-off, since
lower Cyqte capacitances were obtained to provide higher
bandwidths, without reducing significantly the V. Finally,
the results compared with state-of-the-art references show
advantages with respect to V; and bandwidth trade-off. In
addition, an OMA analysis have shown that the device presents
similar performance with other capacitive modulators [19]. In
a future work, a deeper OMA analysis will be made, in order
to assess the feasibility of the proposed device in an actual
system transmission.
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