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The exponential demand for bandwidth in data centers is on high alert with the increase in data traffic. In this
scenario, the design of optical modulators is crucial for the continuous evolution of communication systems. For
data center interconnect (DCI) applications, this mean that modulators should offer high bandwidth and low
optical loss. In addition, devices must operate with low power consumption and be compatible with comple-
mentary metal-oxide-semiconductor (CMOS) processes for low-cost and large-scale manufacturing. These facts
show the importance of advancement in Silicon (Si) modulators solutions, since they have the potential to fulfill
all these requirements. However, designing a device that meets all these requirements at the same time is still
challenging, because there are several trade-offs problems involved for which different Silicon modulators types
are not yet able to solve. In this context, this paper reviews the challenges in Silicon photonics (SiPh) modulators

for data center interconnect applications.

1. Introduction

The study of photonic components based on Silicon (Si) started
around the 80’s, and early developments addressed waveguides and
optical switches. Initially, Si-manufactured waveguides had relatively
low optical loss (< 15dB cm™!) at telecommunications wavelengths,
1.31 pm and 1.55 pm [1,2]. Despite notable advances in Silicon pho-
tonics (SiPh) technology in the 1980s, little has been done to leverage a
real integration of these technologies in the 1990s. Thanks to the sub-
stantial progress of SiPh and the idea of reusing Silicon-based technol-
ogy platforms that are common in the microelectronics industry, the
turning point came at the beginning of year 2000, when integration
experiments began at the Silicon-on-insulator (SOI) and complementary
metal-oxide-semiconductor (CMOS) foundries due to government in-
vestment [3]. Silicon photonics technology can enable the integration of
several active and passive functionalities in a single photonic integrated
circuit (PIC). A major advantage of SiPh circuits is its compatibility with

CMOS processes, which enables monolithic integration with electronic
circuits layers. In addition, CMOS technology delivers reliable and low-
cost devices, which makes it promising for large-scale manufacturing.
Nowadays, SiPh technologies are playing a crucial role in sustaining
high data traffic demand, and have demonstrated high performance for
optical interconnects.

With the incessant growing demand for services with high band-
width and high speed, such as high-definition video streaming, cloud
services including storage and software-as-a-service, besides the
increasing number of mobile devices connected to internet, the traffic
load in data centers is increasing exponentially. According to a Cisco
forecast [4] for traffic growth from 2017 to 2022, the global internet
protocol (IP) traffic will increase from 122 EB to 396 EB per month.
Several IP video services, which includes IP video-on-demand (VoD),
video files exchanged through file sharing, internet video, video
conferencing, and video-streamed gaming, will account for about 80%
to 90% of total IP traffic. In addition, the 2020 COVID pandemic has
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pushed the internet traffic even higher, due to the increase of home-
office and remote work employees [5].

Due to this high demand for capacity, the development of technol-
ogies that meet bandwidth, energy consumption, cost and scalability
requirements, is crucial. In this scenario, SiPh technologies are a
promising solution to fulfill the growing demand for data center traffic,
and have proven to be a compact alternative for the bulky classical
optical devices that have become a bottleneck. SiPh devices emerges as a
potential solution for future generations of optical communications
systems, from short to long range applications [6]. Among these tech-
nologies, high-speed modulators are the key components for optical
communication links. In general, modulation is performed directly by a
laser or using an external modulator to modulate the output signal from
a laser source. In the first case, the process is simpler and cheaper.
However, external modulation is required to achieve high capacity with
high information density in advanced high-order modulation formats.
For this reason, advances in research related to electro-optical modu-
lators are important. There are several platforms besides Si for the
design of a modulator, e.g. Indium Phosphide (InP), Lithium Niobate
(LiNbO3), and polymer. Silicon has the advantage of being compatible
with CMOS process, which leverages the large-scale manufacturing and
high-reliability processes. According to a Yole Développement forecast
[7]1, the market interest in Silicon photonics-based transceiver is
expanding exponentially in the coming years. The total market for PIC-
based transceivers using SiPh will grow from $0.45 B in 2018 to $4.14 B
in 2024. This corresponds to a growth of 1.3 M to 23.5 M units. Thus,
Silicon photonics-based transceivers will have a compound annual
growth rate (CAGR) of 44.5% between the years 2018 and 2024.

Based on these two factors, i.e. high demand for data traffic and
optical transceivers solutions, the improvement of optical modulators is
required for future generations of transceivers, and several photonic
devices configurations have been investigated to fulfill this need. The
most popular types are based on LiNbOs modulators [8-10], InP mod-
ulators [11,12], Si pn junction modulators [13,14], and capacitive
modulators [15,16]. Recent progress for high-speed and power-efficient
devices has been demonstrated with Germanium-Silicon (GeSi)-based
composition electro-absorption modulator (EAM) [17]. Typically, the
modulator performance is assessed in terms of modulation efficiency
(V. x L), insertion loss (IL) and electro-optical bandwidth (f34g). The
device can be designed to operate in O-band (1.31 pm) or C-band (1.55
pm). Conventionally, for intra-data center interconnect (DCI) applica-
tions (links up to 10 km), modulators are designed to operate with
on-—off keying (OOK) format. For applications with 40 Gbit s~ and 100
Gbit s! IEEE Ethernet standard, the OOK modulation has been widely
applied. However, to provide greater capacity per channel, the 4-level
pulse amplitude modulation (PAM-4) format was recently selected by
the 400 Gbit s~ (100 Gbit st per channel) IEEE Ethernet standard [18]
to support the high data flow. In this scenario, where the driver and
optical amplifier are generally not used, the driving voltage should be <
3.5V [19] and the optical loss <5 dB. In terms of bandwidth, for 56 GBd
applications, above 36 GHz for PAM-4 modulation is desirable [20]. On
the other hand, for inter-DCI applications (links > 10 km), coherent
optical transmission is used with advanced modulation formats (e.g.
quadrature phase-shift keying (QPSK) and high-order quadrature
amplitude modulation (QAM)), and a higher driving voltage may be
considered (e.g. 6.7 V [21]), since a driver amplifier is generally used.

For a better understanding of the challenges in Silicon modulators,
the target high-level specifications is summarized below according to
the requirements of future generations of optical transceivers. However,
values are specified for intra-DCI applications, where energy consump-
tion is critical due to the large number of connections over short dis-
tances.

e High modulation efficiency (V,), with V,;<3.5V;
e Compact footprint (units of millimeter);
e Low optical insertion loss (IL), with IL<5 dB;
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e High bandwidth (f345), with f3453>36 GHz;
e Low power consumption (units of pJ bit™1).

Meeting these requirements for SiPh modulators is still challenging,
because among all the high-level specifications listed, the main difficulty
of Silicon modulators is to operate with low V, and high bandwidth at
the same time. Although there are some solutions in the state-of-the-art
to perform this, in most cases, the modulator’s complexity becomes a
problem for large-scale and low-cost design. Therefore, in a simple and
direct way, this paper aims to provide the challenges in SiPh modulators
based on their limiting characteristics. Note that, the V,<3.5 V specifi-
cation was chosen so that the device does not need a driver amplifier
(lower power consumption). Regarding the waveguide length (L), a
short device is desired for low optical loss (given in dB rn’l) and
simplicity of the transmission line design.

The paper is organized in four parts. Section 2 deals with funda-
mental concepts for evaluating the performance of SiPh modulators, and
describes the main figures-of-merit (FOMs) for understanding the ben-
efits and limitations of technology. In Section 3, a brief discussion of the
physical effect for modulation with Silicon is presented. Based on this
effect, the modulation mechanisms are presented together with a state-
of-the-art analysis in Section 4, where the limiting characteristics for
each technology are addressed. Finally, a brief conclusion is presented in
Section 5.

2. Figures-of-merit

The performance of an optical modulator can be evaluated by several
parameters, and the choice of a device can be associated with a specific
application. Thus, some figures-of-merit, such as modulation depth
(MD), bandwidth (f34p), insertion loss (IL), footprint and power con-
sumption are characterized as the main performance characteristics of a
modulator. Furthermore, one of the most used figures-of-merit to
quantify the performance of an optical Silicon modulator is the modu-
lation efficiency (V, x L), in which it evaluates the voltage V, necessary
to shift a wave in 7 radians at a given waveguide length (L,,). For a
better understanding of the modulators, the characteristics of each FOM
mentioned in this paragraph will be discussed next.

2.1. Modulation depth

Several parameters are used to characterize optical signals, and most
of them have specific limits. Extinction ratio (ER), also known as mod-
ulation depth (MD), is an important measure of the quality of an optical
signal. This FOM is related to a variety of performance parameters of a
modulation device. In most transmitters, even when in off-state, some
power is emitted by the device. In the case of semiconductor lasers, for
example, the off-state power (Py) depends on the bias current (I;,) and
the threshold current (). Therefore, if Iy < I, the power emitted
during the O transmission bit, Py, is caused by spontaneous emission.
Generally, Py is much lower than on-state power (P;), with P; referring
to 1 transmission bit. On the other hand, P, can be a significant fraction
of P; depending on the biasing and driving conditions. Thus, the
extinction ratio was defined in [22] as:

ER =
Py

@

As in any communication system, there are noise sources to be taken
into account. In this way, the signals can assume values determined with
a certain probability, and the values of voltage or current can be
modeled as continuous random variables. The decision limit value for
each symbol can be associated with a Gaussian probability distribution
with average current (I; and I;) and standard deviation (6; and &)
defined, for 1 and O bits, respectively. Therefore, a widely used method
to measure the quality of a transmitted signal is through the eye dia-
gram. To analyze the eye diagram, it is important to know that the
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greater the eye opening, the better the transmitted signal quality. For
this, the bit error rate (BER) expresses a ratio between the number of bits
computed incorrectly and the total number of bits transmitted over a
time period. This ratio can be obtained by setting the optimal decision
limit using quality factor (Q) according to [22]. As noted at the begin-
ning of this section (see Eq. (1)), an ideal value for P, would be zero.
Thus, the optimal extinction ratio would be zero. Since in reality ER is
not zero, the average power must be increased to maintain a constant
value of Q and, as a result, a constant BER. This increase in transmitted
power due to non-ideal extinction ratio values is defined as power
penalty (5gr). Thus, the power penalty, given in dB, can be expressed as
function of the extinction ratio [22].

1 +ER
5ER = IOIOgm (7) (2)

1 -ER
Observing (2), it is concluded that a low extinction ratio is necessary
to achieve a low power penalty. For intensity modulation, to improve
the extinction ratio, P, must be minimized. However, if the driving
signal amplitude is limited, this means that a decrease in P, also de-
creases the mean transmitted power, which increases optical loss. This
leads to a trade-off problem between ER and optical losses.

2.2. Modulation bandwidth

Another important figures-of-merit for a modulator are bandwidth
(f3gz) and modulation speed (MS), i.e. a measurement of the amount of
information that can be sent in the system. The bandwidth, given in Hz,
can be calculated as the frequency range in which the spectral amplitude
corresponds to 70.7% of its maximum value (or 50% of transmitted
intensity). The term modulation speed is widely used for modulators to
express the bit rate (given in bit s) capacity that the device operates.

In optical modulators, modulation bandwidth depends on the elec-
trode type, lumped or traveling-wave (TW), and the modulator capaci-
tance per length, which depends on the radio-frequency (RF) dielectric
constant and the geometry of the electrodes. For a lumped-type modu-
lator, the bandwidth is limited by the optical or electrical transit time,
whichever is smaller, or the time constant of the lumped-circuit pa-
rameters (1/RC), where R is the circuit resistance and C the capacitance
of the modulator. In [23] a complete analytical model of small-signal
electro-optical analysis is presented, in which a single-drive scheme to
improve the modulator’s electro-optical (EO) bandwidth, regardless of
driving characteristic impedance, is addressed. For a traveling-wave
modulator, the bandwidth is limited by the velocity mismatch be-
tween the optical and modulation waves, RF reflection coefficients, and
the RF electrode loss. This problem can be solved by adjusting the phase
velocity of the modulation signal to be equal to the phase velocity of the
optical signal [24]. Therefore, the design of a TW-type transmission line
is more complex than the design of a lumped-type transmission line.
Studies in [25] show analytical techniques of equivalent circuits using
coplanar waveguide (CPW) according to [26]. The model is based on
carrier depletion modulators, and shows small-signal calculation tech-
niques for high frequency electrical parameters as well as modulation
bandwidth. Numerical methods with a similar approach were explored
in [27].

2.3. Insertion loss

Since all external modulators have some insertion losses, a power
loss occurs whenever an external modulator is used [22]. This problem
can be minimized by designing a modulator for low losses in the desired
wavelength. For Silicon modulators, losses occur mainly due to wave-
guide doping. In addition, the device’s manufacturing process can also
significantly increase optical loss.

The insertion loss (IL), given in dB, is the device optical loss when the
modulator is inserted, at its maximum transmission intensity (I,) value
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[28],
I
IL = 10log,, <I_) 3

where I, is the optical intensity that could be transmitted by the system if
the modulator was absent.

2.4. Footprint

The dimensions of the device are crucial factors to improve the in-
formation density. Thus, Mach-Zehnder modulators (MZMs) based on
the carrier depletion mechanism (to be explained in Section 4.2), for
example, have relatively low modulation efficiency (high V, x L) and
are therefore designed with long interaction lengths (in the order of
millimeters) for lower driving voltages. On the other hand, resonant
devices take advantage of this figure-of-merit, since the optical path can
be increased without the need to expand the area of the equipment (e.g.
ring resonator), and can be manufactured in smaller dimensions (in the
order of micrometers). Silicon modulators with high modulation effi-
ciency (low V; x L) also have this advantage of being designed in shorter
lengths, behaving as lumped-type devices, and the RF voltage is
considered instantaneously uniform along their electrodes.

In the case of a traveling-wave Mach-Zehnder interferometer (MZI)
configuration, a long length affects bandwidth, insertion loss, and cost
[29]. On the other hand, the optical bandwidth of resonant devices
depends on the free spectral range (FSR), and tends to be more limited
when compared to the bandwidth of interferometers. Modulators based
on a MZI configuration can experience larger working wavelength range
(> 40 nm) than resonant structures (~ 10 nm) [30].

2.5. Power consumption

Another important feature in this study is the electrical power con-
sumption to operate the device. As reported in [28], the power required
to operate the modulator depends on the modulation frequency, and can
be measured by relating operating power per bandwidth unit. Usually,
this figure-of-merit is expressed in J bit™!. Currently, energy efficiency
has stood out as one of the main metrics for interfaces involving pho-
tonic integrated circuit. In the case of EO modulators, power con-
sumption depends on the physical properties of the phase-shifters and
the design of the driving circuit layers. Fig. 1 outlines two typical ex-
amples for measuring power consumption in EO modulators.

Usually, TW-type modulators have 50 Q input impedance (r;)
matched with 50 Q transmission line and RF cables impedance (Z;) in
order to achieve maximum power transfer, and driving voltage (Vp) is
only half the voltage of the open circuit source (Vy), as shown in Fig. 1a.
In this case, for an OOK modulation format, the power consumption
(Epie.r) can be estimated by the power dissipation in the load resistor (Ry)
during one slot duration (T;) [31].

2
Eb[t,R :% VLI)J:W

Consider R; = 50 Q, 100 ps bit duration, V, =1V, and 10 Gbit s~}
bit rate, for example. From (4), the power consumption is 500 fJ bit ™!
[31]. For a TW device, the power estimates assume that the power
consumed by the charge-discharge cycle of the pn junction RC circuit is
negligible.

On the other hand, this power consumption can be reduced by using
lumped-type modulators. Such devices have higher modulation effi-
ciency than TW-type modulators. For this reason, they can be manu-
factured with shorter lengths, behaving as lumped-element. In other
words, the phase-shifter length of lumped-type modulators can be short
compared to the RF wavelength of the modulation signal, so the device
does not need to be designed in a TW configuration (longer length) with
matched impedance. In this case, lumped-type devices can be operated

4
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(b)

Fig. 1. Equivalent circuit for (a) TW-type modulators and (b) lumped-type modulators.

by purely capacitive loads, as shown in Fig. 1b. Considering a lumped-
type modulator operating below its cut-off frequency (f,),

1

Je= 2ar,C

)

the driving voltage reaches a steady-state value equivalent to Vp = Vj.
In this way, the power consumption will be related to the power dissi-
pated in the resistor r; during the charging and discharging of the
capacitor with capacitance C. For a OOK or QPSK modulation format,
the power consumption (Ep; c,) for these modulators is expressed in (6)
[31]. For a high-order modulation format, such as 16-QAM, the power
consumption (Ep c,) is given in (7) [32].

1

Epirc, = ZVf)C (6)
5.

Eyic, = EVDC 7)

Consider Vp =1V and 500 pm phase-shifter length, which has a
capacitance of 200 fF, for example. From (6), the power consumption
(Epit.c,) is 50 £J bit™! [31]. Note that, when compared to the previous
example (TW-type modulator), the power consumption is 10x lower.

2.6. Modulation efficiency

The modulation efficiency (V, x L) is the most discussed FOM to
assess the relation between the voltage V, required to shift = radians
between two optical waves and the optimum structure length (L,g). This
figure-of-merit is given in V m (in the order of V mm or V cm). Lithium
Niobate (LiNbO3) modulator has low voltage-induced phase change and
low optical loss characteristics. For these reasons, this device is designed
with a long length to achieve a z phase shift, and the use of modulation
efficiency (V, x L) is not significant for quantifying its performance. On
the other hand, the modulation efficiency is a relevant FOM to quantify
the performance of Silicon modulators, since they have higher losses
than the LiNbO3 device and, therefore, are more limited in terms of
length. In the case of modulators that have a Silicon waveguide, when
subjected to a bias voltage (Vjigs), the product V,, x L varies non-linearly
due to the non-linear change of the Silicon refractive index. In this way,
the FOM product can be calculated as [33]:

A dvh[as
2 dl’leﬂ'

V, X L= ®)

where 1 is the wavelength and dny is the effective index variation
caused by the bias voltage variation (dVy) applied to metal gate.
Regarding devices based on linear EO effect (Pockels effect), mod-
ulation efficiency varies linearly with the driving voltage applied to the
structure. The phenomenon is observed thanks to the rearrangement of
the crystalline structure that some materials have in the presence of an
electric field and, consequently, a linear effective index variation of the

material when exposed by an electric field.
3. Physical effect for optical modulation in silicon

Applying an electric field to a material may result in a change in the
real refractive index (electro-refraction) and a change in the imaginary
refractive index (electro-absorption). In semiconductors, the plasma
dispersion effect is related to the density of free carriers. In this effect,
the change in free carriers distribution varies the refractive index and
absorption and, consequently, the phase and intensity of optical wave
incident on the material. Observing Drude-Lorentz equations [34],
changes in the absorption coefficient (Aa) and refractive index (An;) in
the semiconductor can be related to changes in electrons (AN,) and
holes (AN}) concentrations. Thus, Aa and An; are represented in Egs. (9)
and (10),

da— %0 (AN AN, ©
4m2deon; \pum2 - p,m’
A 2 (AN, L AN, (10)
n=———5——\|— -
8r2c3egn; \ m, my

where e is the electronic charge, ¢ is the vacuum wavelength, c is the
speed of light in vacuum, €, is the vacuum permittivity, n; is the material
refractive index, y, is the electron mobility, y, is the hole mobility and,
finally, m, and my are the effective masses of electrons and holes,
respectively.

The study in [35] performed the numerical integration of the
experimental electro-absorption spectra with the doping spectra
extracted from the literature, specifically in the wavelengths of 1.31 pm
and 1.55 pm. Surprisingly, the results were consistent with the numer-
ical model proposed by Drude-Lorentz. However, later on, they observed
that the model fit only for electrons, and an adjustment of N8 should be
applied to the holes. Egs. (11)-(14) are used to evaluate changes in the
refractive index and absorption coefficient due to the change in charge
concentration in Silicon [34]. According to (11) and (12), Fig. 2 shows
an example of variation in the refractive index and absorption for Sili-
con, in which the doping concentration (AN, and AN}) was varied.

Anil,_y 55 ym = — 8.8 X 1072AN, —8.5 x 107 5AN}® an
Aa|,_y 55y = 8.5 x 107BAN, +6 x 107 "°AN, 12)
Al 5y ym = —62 X 1072AN, — 6 x 107 ANp® (13)
AQ|,_y 31y = 6 X 1075AN, +4 x 1075AN, 14

As the absorption coefficient change in Silicon is very low, Egs. (11)
and (13) are more relevant to the study of Si modulators, since it is
possible to obtain viable performance with the refractive index change.
Thus, using a MZI, for example, the optical phase shift can be converted
into an optical intensity modulation. For a better understanding of
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Table 1

3
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-9-- AnI: Free holes

—#-- Aa: Free electrons
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] 100

Fig. 2. Carrier refraction and absorption in Silicon as functions of concentration, when 4 = 1.55 pm.
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Metric characteristics of optical modulation devices in SiPh circuits.
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Aafem™]

Ref. Structure Year Mechanism Figures-of-merit (FOMs)
ER [dB] MS [Gbit s '] IL [dB] Vex L
Ly [mm] [V em]
[36] MZI 2004 carrier > 16 1 ~15.3 10 ~ 8
accumulation
[37] MZI 2005 carrier 3.8 10 10 3.45 3.3
accumulation
[38] MZI 2013 carrier 3.6 15 2.2 0.2 0.3
accumulation
[39] MZI 2013 carrier 5 10 ~37 NA 0.3
accumulation
[40] MZI 2014 carrier ~8 40 2.6 0.4 <02
accumulation
[41] MZI 2016 carrier NA NA 5 2.5 0.5
accumulation
[16] MZI 2018 carrier 3.65 25 ~ 26 0.5 1.53
accumulation
[42] MZI 2019 carrier NA >8 ~21 0.7 ~1.08
accumulation
[43] Ring 2005 carrier 15 1.5 <1 NA NA
injection
[44] MZI 2005 carrier NA > 20 ~4 5 0.5
injection
[45] MZI 2007 carrier ~8 10 12 0.2 0.036
injection
[46] Ring 2007 carrier >9 12.5 NA NA NA
injection
[47] Ring 2010 carrier NA 1 <0.1 NA NA
injection
[48] MZI 2012 carrier ~ 8 12.5 ~13.4 0.1 0.0155
injection
[49] MZI 2010 carrier 6 12.5 2.5 1 1.4
depletion
[50] MZI 2012 carrier 6.6 40 6 4.7 3.5
depletion 3.2 4.5 0.95
[51] MZI 2012 carrier >7 50 ~4.2 2.4 2.4
depletion
[52] MZI 2012 carrier 20 50 4.1 2 2.4
depletion 16 40 6.6 4 2.08
12,5 30 9 6 1.86
[53] MZI 2012 carrier NA > 24 <20 2 0.7
depletion
[54] MZI 2013 carrier 4.4 60 3.5 0.75 <2
depletion
[55] MZI 2020 carrier > 25 > 50 5.9 2 1.2
depletion
[56] MZI 2020 carrier ~3 100 6.9 2.47 1.5
depletion
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devices that use the plasma dispersion effect, Section 4 describes the
main modulation mechanisms considering the state-of-the-art of SiPh
modulators.

4. Silicon modulation mechanisms: A state-of-the-art analysis

As in the previous sections important characteristics of optical
modulators were discussed, such as figures-of-merit and physical effect,
in this section, several works related to optical modulators in SiPh cir-
cuits were selected, which show the evolution of devices with different
techniques applied for increasing the performance. In this context, the
analysis will be carried out on devices that use the plasma dispersion
effect as modulation mechanism, explained previously in Section 3.
Before presenting the modulation mechanisms, in Section 4.1, funda-
mental concepts of Si modulator designs will be presented, which relate
the basic waveguide geometry with its main FOMs. Next, the following
sections are divided according to the modulation mechanism type, i.e.
carrier depletion (in Section 4.2), carrier injection (in Section 4.3) and
carrier accumulation (in Section 4.4). For a better understanding of the
modulation mechanisms, notable state-of-the-art references presented in
Table 1, as well as several other studies that address the Si technology,
will be discussed. For carrier-accumulation-based modulators, only
purely Si & poly-crystalline Silicon (Poly-Si) were included in Table 1,
since state-of-the-art hybrid devices will be discussed in Section 4.4.

4.1. Waveguide geometry and its impact on FOMs

This section deals with basic concepts of the impact of the modula-
tor’s geometry on its performance. For this, consider Figs. 3-5. Although
each type of device configuration has its particularities, these general
concepts are of fundamental importance in the modulator design.

With respect to the doping parameter, there is a trade-off between
optical loss and bandwidth. To decrease the waveguide loss and the
electrical access resistance between the RF signal and the waveguide,
the modulator is generally designed with three doping levels (n/p,
n,/p., and n,;/p.;). If the high n, /p, doping is too close to the
waveguide, the optical loss will increase. However, the electrical access
resistance will be lower, which improves the device bandwidth. To
optimize this trade-off, the distance from the high-doped region to the
waveguide (w) must be optimized. For this, it is suggested a study of (w
vs. IL) and (w vs. f345) to choose the best w point (typically between 100
nm and 800 nm) so that the modulator’s operating requirements (IL and
f3ag) in a given system are satisfied.

Other important studies on the geometry of the modulator are the
waveguide width (W), waveguide thickness (t) and slab thickness (tgq).
As it is necessary to avoid higher order modes, these parameters must be
chosen so that a single propagation mode with high optical confinement
propagates. This will result in high variation of the effective index (n.y)
for better performance of V, x L. In general, the silicon thickness is
limited by the services offered in the foundry, e.g. typically SOI thick-
ness of 220 nm, which makes W an important parameter for a target

Ground Gate

L

Ground

G
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purpose. Parameter tgq, also impacts the speed of the device, since a
thicker tyq, decreases the electrical access resistance (slabs with larger
doped area), improving the bandwidth. However, this affects the loss
and optical mode confinement in the waveguide, and a joint study be-
tween W, t, g, and w must be performed.

4.2. Carrier depletion

Optical modulators based on the carrier depletion mechanism have
some level of free carriers concentration in the waveguide when no
voltage is applied through the pn junction. When a reverse bias voltage is
applied to the junction, an electric field repels free carriers in the
waveguide, creating a space charge region called the depletion region
[57]. Through this effect, it is possible to change the device refractive
index by varying the carriers concentration and, therefore, modulate the
optical signal. Due to their nature of providing high bandwidth, deple-
tion devices are extensively studied by researchers worldwide. However,
they are not efficient in general, and require long phase-shifters to
perform the optical signal modulation. To improve compatibility with
high-speed CMOS devices, the main challenge of depletion modulators is
to improve the figure-of-merit V,; x L while maintaining a low accept-
able level of optical loss, since they will be able to operate with lower
electric driving voltage and shorter active phase-shifter length.

Different configurations have been studied for years to improve
depletion modulators [58,49,59,60,55,61,62,50]. Transceivers based on
Silicon are already commercialized by several companies [63-67]. For
example, a 3 mm carrier depletion modulator with V; x L = 4V cm,
IL~7dB, and f3gz > 20 GHz was demonstrated [68]. Due to the
improvement of these devices, for comparison, Table 1 presents more
efficient solutions for telecommunication applications (V, x L about 2x
lower).

Fig. 3 shows three approaches to the active structure configuration,
in which p and n represent the doped regions with their respective
charge carriers, holes and electrons. The intrinsic Silicon region is rep-
resented by i.

Compared to electrons, holes have lower absorption but higher index
change (see (11) and (13)). Therefore, it is common to use holes for
offset-junction designs in Silicon modulators. Thus, an offset from the
junction to the waveguide center is used to optimize V, x L. The dc bias
voltage (Vyqs) is another important parameter for the modulator design.
In the case of depletion modulators, an increase in Vjy results in an
increase in the effective index change and a decrease in the optical loss,
since the carriers are removed from the waveguide. The increase in Vp;qs
also impacts the cutoff frequency of the device, since the cutoff fre-
quency increases due to the reduction in RC, a result of the expanded
depletion region. If a long junction (high capacitance) and high source
impedance are used (typically 50 ), the RC constant becomes a limiting
parameter in the modulator’s bandwidth. For this reason, TW electrodes
are generally employed.

The pn junction [49,51-56] (see Fig. 3a) is the type of configuration
most used for carrier-depletion-based phase-shifters. The reason for this

Gate Ground Gate

s

Si substrate

(a)

Si substrate

Si substrate

(c)

Fig. 3. Cross-section view of the Si phase-shifter with lateral (a) pn junction, (b) pin junction, and (c) pipin junction, for carrier-depletion-based modulators.
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Fig. 4. pin junction embedded in a Silicon ring for carrier-injection-based modulators.
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Gate

Ground

Si substrate

Fig. 5. Cross-section view of a carrier-accumulation-based traditional
Si modulator.

comes from the higher modulation efficiency when compared to pin [62]
and pipin [50] junctions (Figs. 3b and c, respectively). In fact, with a
pure pn junction, it is possible to obtain higher change in the refractive
index when the device is subjected to a bias voltage and, consequently, a
lower value of V,; x L. On the other hand, the pn configuration has higher
optical loss when compared to junctions that have an intrinsic region,
since its active area is fully doped with charge carriers. For depletion
modulators, due to the diode behaviour of the junction, the depletion
saturates for high voltages [69], which depends on the device geometry
and doping concentrations. In addition, the effective index variation
with the voltage is non-linear and starts to decrease as the applied
voltage increases. Unlike lateral pn junction devices from Fig. 3, some
vertical pn junction modulators [70] require electrical contact to the top
of the waveguide, which results in a more complex growth process for
manufacture. Vertical pn junction modulators with a better configura-
tion for the electrical access and highly efficient (V, x L < 1V cm) have
been demonstrated [71,69], however, the phase-shifter manufacturing
process is still complex.

The idea of manufacturing a phase-shifter with intrinsic Silicon
configuration came to minimize the modulator optical loss, since the
phase-shifter’s active area is not fully doped as the active area of a pn

configuration. However, in a pin configuration, for example, the mod-
ulation efficiency is sacrificed. The pipin configuration was invented to
optimize the trade-off between modulation efficiency and optical loss,
because the doping is only present where the modulation effectively
occurs. This solution is more complex to manufacture, since the central
p-type region (see Fig. 3¢) must be very narrow and requires accurate
lithography. The pipin configuration has bandwidth similar to pn.

Regarding electrical behavior, carrier depletion modulators are
designed with long lengths (in the order of millimeters) because they
have relatively low modulation efficiency. This means that the modu-
lator length is much longer (> 10x) than the wavelength of the electric
radio-frequency (RF) wave in the frequency range of tens of GHz. In this
case, the RF electric wave travels through the modulator. This results in
increasing the complexity of the modulator’s design due to the RF lines
design. Devices with these characteristics are known as traveling-wave
(TW). For example, a typical TW-type depletion modulator that is
available in a commercial foundry [72] has technical specifications of
V, = 12V,IL = 2.5dB,fa;3 = 37 GHz, and phase-shifter length of 1.5
mm. Although this device has low optical loss and acceptable bandwidth
for DCI applications, the modulator has relatively low modulation effi-
ciency when compared to capacitive and Silicon-organic hybrid (SOH)
modulators, for example. This fact increases power consumption. In the
literature, it is possible to show high modulation speed (f345 > 40 GHz)
and loss < 4 dB with such technology [27]. However, state-of-the-art
devices are still very inefficient (V, ~ 8 V), which makes it difficult to
use them for short and medium range applications, where the energy
consumption is critical.

Performing a general analysis of Table 1, we observed that carrier
depletion modulators can offer high modulation speeds (> 50 Gbit s
[51,52,54-56]). For this type of device, the manufacturing process is
relatively simple and, for this reason, it has become the preferred
modulator design in SiPh foundries. When compared to carrier injection
devices, depletion modulators have lower modulation efficiency (in the
order of 2 V cm) and hence require more energy to operate. For this
reason, a longer footprint (Lyg > 1.5mm) is needed to reduce this
impact, which in turn increases optical loss and complexity of the
transmission line design (traveling-wave).

4.3. Carrier injection

Typically, Silicon modulators that use the carrier injection mecha-
nism are based on a pin junction [43-48]. The junction is an intrinsic
region (represented by i) located between the p and n doping regions
with their respective charge carriers, i.e. holes and electrons, respec-
tively. The carriers injection is achieved with forward bias voltage at the
pin diode. In this way, the electric current flows through the waveguide
and the free carriers are brought by the current source, polarizing the
diode. In this mechanism, it is important to increase the size of the
junction through the intrinsic region, which eliminates excess optical
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losses in the waveguide. Fig. 4 shows a modulator that uses the carrier
injection principle.

Modulators based on the carrier injection mechanism have low
modulation bandwidth, generally in the order of units of MHz. This
disadvantage is caused by the slow diffusion of free electrons in the
doping zone, which can take several nanoseconds to diffuse over short
distances (in the order of micrometers) [73]. To overcome this problem,
a pre-emphasis pulse technique applied to the device signal was pro-
posed in [46]. As an example, the modulator proposed in [43] with pin
junction has a modulation speed of 1.5 Gbit s_*. By applying the pre-
emphasis pulse technique to this same structure, the modulator
increased modulation speed to 12.5 Gbit s~1. However, the use of pre-
emphasis techniques, makes the modulator driver design complex and
expensive.

Analyzing Table 1, although some carrier injection modulators have
limited modulation speed without the use of pre-emphasis techniques
[43,47], they can have high modulation efficiency (e.g. V, XL =
0.016V cm [48]) and hence be manufactured in shorter footprints
(Lwg < 0.1 mm) than depletion devices. In this case, such modulators are
notable for consuming lower energy (due to V, < 1 V).

4.4. Carrier accumulation

This phenomenon can be implemented using a capacitive structure,
with a layer of Poly-Si on the Si waveguide, as shown in Fig. 5. In the
state-of-the-art, this type of device is better known as semi-
conductor-insulator-semiconductor capacitor (SISCAP) [74-77]. The Si
and Poly-Si layers are separated by a thin layer of oxide (SiO, gate). The
use of Poly-Si is compatible with CMOS process and is present on most
SOI platforms. Due to its charge carrier mobility be relatively high, poly-
crystalline Silicon can be easily doped to make electrically active pho-
tonic devices. Thus, by applying a voltage to the structure, the majority
carriers in the waveguide modify the device refractive index so that a
phase change is induced in the optical mode.

The first capacitive modulators were proposed in the middle of the
year 2000 [36,37,78]. Based on the carrier accumulation mechanism,
such devices have modulation efficiency (V, x L) better than carrier-
depletion-based modulators. Therefore, capacitive modulators can be
designed with shorter lengths (< 1 mm) and still offer acceptable V,,
behaving as lumped-element, which simplifies its design. Capacitive
devices with high dc bias voltage (typically between 2 V and 5 V) is
desired for low V, x L. However, it is only possible to to improve
bandwidth with low Vj, since low capacitances are achieved in this
scenario. It should be noted that, high voltage results in higher optical
loss. Although considered for a long time as a promising solution for
high-speed applications, it is still challenging to optimize the trade-off
between modulation efficiency and bandwidth. This trade-off is
related to the oxide gate thickness (tgq). For example, from the study in
[16], considering a capacitive modulator with narrower oxide gate
thickness (e.g. 5 nm), the V; x L can be in the order of 0.53 V cm, but
with limited bandwidth (~ 20 GHz). On the other hand, increasing the
gate thickness to 20 nm, the bandwidth can be improved to > 50 GHz,
sacrificing the V; x L to 2.40 V cm. Therefore, in general, capacitive
modulators can not achieve feasible values of V; x L and f345 at the same
time, and lower SiO; gate capacitance (Cgq) must be obtained for higher
bandwidth (thicker ty), which penalizes the V.

Analyzing Table 1, the design of carrier accumulation modulators
[38-41,16,42] optimizes the trade-off between modulation efficiency
and modulation speed. For inter-DCI applications, such devices offer
acceptable modulation efficiency (in the order of 0.7 V cm) when
compared to carrier depletion and carrier injection modulators. There-
fore, this structure is very useful for the design of short (L, < 1 mm) and
more energy efficient (due to V, < 7 V) modulators, without compro-
mising the modulation speed so much (e.g. 40 Gbit s~ [400).

Several studies tried to improve the capacitive modulators
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performance through a hybrid integration of Silicon (Si) with other el-
ements, e.g. Indium Phosphide (InP) and Indium Gallium Arsenide
Phosphide (InGaAsP). Table 2 shows the state-of-the-art of hybrid
modulators based on capacitive effect.

This scheme has less free carriers absorption, resulting in devices
with low insertion loss (< 1 dB) when compared to the purely Si & Poly-
Si traditional capacitive modulator, which has IL in the order of 8 dB. In
addition, in general, the integration of these elements also improved the
modulation efficiency (e.g. V, between 0.86 V and 3.6 V [79-81]), about
10x more than the traditional capacitive structure. However, the
bandwidth of these modulators is very low (between 0.1 GHz and 4 GHz)
for DCI applications. Although some studies show higher bandwidth
(> 25 GHz) [11,12], the V, becomes unfeasible (> 40 V) for data center
interconnect.

Regarding power consumption (see Table 2), a study was performed
based on Egs. (6) and (7). For a fair comparison, the driving voltage (Vp)
was set to Vp = V, for scenarios where V,;<3.5V, since a modulator
driver amplifier is not needed [19]. For scenarios where V, > 6.7V, a
driving voltage equal to 6.7 V was considered, which is in accordance
with the operating threshold of a driver amplifier [21]. Finally, for
scenarios where 3.5V < V;<6.7 V, a driving voltage equal to V, was
considered, taking into account the use of a driver amplifier. The results
show that, the thicker the oxide gate, the lower the SiO, gate capaci-
tance and, hence, the lower the power consumption. Therefore, another
feature of these modulators is the trade-off between power consumption
and modulation efficiency.

Finally, due to the potential to provide significant bandwidth and
modulation efficiency, which depend on a physical and geometric de-
vice configuration, capacitive modulators are still investigated to pro-
vide increasingly efficient FOMs.

5. Conclusion

Despite the wide range of modulators investigated, it is still chal-
lenging to propose high-performance, low-cost and simple-design de-
vices for large-scale manufacturing. Hybrid Silicon platforms are
considered promising solutions for this purpose, e.g. plasmonic, Lithium
Niobate (LiNbQOj3), Silicon-organic hybrid (SOH), Barium Titanate
(BaTiOs3), and Graphene. Table 3 summarizes some different alternatives
for optical modulation devices that are investigated.

Plasmonic modulators [82,83] feature high confinement in the op-
tical mode, which makes such devices high-efficient (low V) in small
footprints. However, in general, these modulators employ electro-
optical polymer materials that are not compatible with CMOS pro-
cesses, requiring complex poling. Modulators based on the integration of
Si with organic polymers, which use the linear EO effect for modulation,
is promising. Silicon-organic hybrid (SOH) modulators, for example,
have a high electro-optic tensor coefficient (n°r33 > 2000 pm vl [92])
and hence provide high modulation efficiency (< 1 V mm) [87]. With
slot-type waveguide, such devices have high confinement in the optical

Table 2
State-of-the-art references for hybrid capacitive modulators.
Ref. [79] [80] [81] [11] [12]
Year 2017 2017 2017 2018 2019
Lyg [pm] 500 250 250 250 250
toare [nm] 5 10 10 20 20
V, [V] 0.86 3.5 3.6 40 52
1L [dB] 0.95 ~1 <1 0.5 0.5
Coare [fF] ~ 3000 NA NA >350 >245
faap [GHzZ] ~0.1 <22 ~4 >25 30
Epicc, " [fJ bit~1] 554.7 NA NA 3928 2750
Epiec,” [£3 bit™] 154.1 NA NA 1091 763.8

 Epirc, is the power consumption estimated according to Eq. (6).
b Epi ¢, is the power consumption estimated according to Eq. (7).
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Table 3
Hybrid Silicon modulators.
Platform Ref.  Year V. xL [V IL faan Lug
mm)] [dB] [GHz] [mm]
Si-Plasmonic [82] 2014 1.3 12 > 65 0.029
Si-BaTiO3- [83] 2018 0.25 30 > 60 0.010
Plasmonic
Si-LiNbO3 [84] 2019 22 2.5 70 5
[85] 2020 24 18 70 5
SOH [86] 2014 11 <2 > 100 0.5
[871 2018 1 ~8 ~ 25 1.1
Si-BaTiO3 [88] 2014 15 ~33 0.8 0.75
[89] 2019 2 NA 2 1
Si-Graphene [90] 2018 2.8 >9 5 0.4
[91] 2018 1.29 NA NA 0.04

mode. In addition, low chirp, low loss (< 2 dB) and high bandwidth
(> 100 GHz) are attractive features of this technology [86]. Due to their
low V;, and short interaction length (typically < 1 mm), SOH modulators
provide low power consumption, in the order of a few £J bit~!. Unlike
inorganic materials that typically require high temperatures and the use
of vacuum equipment, organic materials can be processed at room
temperature with lower manufacturing costs. However, similar to other
modulation technologies that uses EO polymers, some problems need to
be solved, e.g. thermal stability, photochemical stability, time aging
process, and photothermal destruction [93].

Conventional Lithium Niobate modulators feature low-index-
contrast phase-shifters with weak optical confinement. For this reason,
the RF electrodes are designed away from the waveguide to decrease
absorption losses, which results in high driving voltage and large foot-
print. With the Pockels coefficient in integrated form comparable to the
bulk form (~ 30 pm vl [94]), integrated Lithium Niobate modulators
have resulted in high bandwidths (70 GHz) [84,85]. Hybrid integration
between Si and LiNbO3 has resulted in increasingly efficient and high-
speed modulators due to the strong optical confinement resulting from
the dry etching manufacturing process. In the state-of-the-art it is
possible to find Si-LiNbO3 modulator operating above 100 GHz band-
width [95], but with limited modulation efficiency (6.7 V cm) due to <
100% vertical coupling of light into the Lithium Niobate layer on top of
the Si waveguide. Therefore, still due to the low modulation efficiency
compared to other modulation technologies, such devices are manu-
factured in long lengths (> 5 mm) for low V.

Devices based on ferroelectric materials have a strong electro-optical
effect. For hybrid integration, Barium Titanate can be epitaxially
deposited on Silicon. Due to the high Pockels coefficient
(> 1000 pm V! in bulk form [96]), BaTiO3 modulators offer high
modulation efficiency (< 1.5 V cm), but with limited bandwidth (in the
order of a few GHz) [88,89]. Speed limitation is mainly associated with
parasitic electrical effects [88]. In comparison to the Pockels effect of
organic electro-optical materials, such devices provide a slower
response. Among the different possible techniques for integrating
Barium Titanate into Silicon, molecular beam epitaxy (MBE) [97] stands
out for providing a high Pockels coefficient. Because of their high
chemical and thermal stability, such modulators are of great interest in
the photonics industry.

Ideal for integration into Silicon, graphene is attractive to the pho-
tonic industry due to its high optical modulation, high-speed and
compatibility with CMOS technologies. Due to their optoelectronic
particularities, optical losses in graphene can be suppressed electrically,
resulting in modulation of the absorption with a high refractive index
change. For the integration of graphene with Silicon, a semi-dry transfer
technique is used, allowing a low level of metal contamination during
the delamination of graphene from the growth substrate [98]. For
electro-absorption and electro-refraction modulation, the physical
properties of graphene take advantage over Silicon photonics, since a
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electro-optical index change > 1073 can be achieved [99], enabling
modulation efficiency < 0.3Vem with short interaction length
(< 0.4 mm) [90,91]. However, studies with modulators on this platform
are still in a constant stage of evolution for high-speed operation.
Finally, in this paper, an outlook of the main technologies for Silicon
(Si) optical modulation was performed. For this, the paper shows the
importance of Silicon photonics (SiPh) modulators for the continuous
evolution of communication services. To understand the technology
bottleneck, figures-of-merit (FOMs) are addressed and serve as a basis
for understanding the limiting characteristics of modulators for data
center interconnect (DCI) applications. Several notable state-of-the-art
studies were considered, where different types of modulators were
compared taking FOMs and trade-offs into account. This paper is suit-
able to better guide researchers regarding problems in Si modulators.
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