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Abstract: We formulate and experimentally validate an equivalent-circuit model based on
distributed elements to describe the electric and electro-optic (EO) properties of travelling-wave
silicon-organic hybrid (SOH) slot-waveguide modulators. The model allows to reliably predict the
small-signal EO frequency response of the modulators exploiting purely electrical measurements
of the frequency-dependent RF transmission characteristics. We experimentally verify the
validity of our model, and we formulate design guidelines for an optimum trade-off between
optical loss due to free-carrier absorption (FCA), electro-optic bandwidth, and x-voltage of SOH
slot-waveguide modulators.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Broadband efficient electro-optic (EO) modulators are key elements for a wide variety of
applications, ranging from high-speed optical communications [1-6] to ultra-fast signal processing
[7,8] and further to optical metrology and sensing [9,10]. Among the various technology platforms
that are available today, silicon photonics (SiP) represents a particularly promising option,
exploiting mature CMOS fabrication processes for cost-efficient mass production of densely
integrated photonic circuits [11-13]. When it comes to EO modulators, hybrid combinations
of SiP slot waveguides with highly efficient organic EO cladding materials are an attractive
approach to overcome the intrinsic lack of second-order optical nonlinearities in bulk silicon
[14]. Exploiting theory-guided optimization of organic EO materials on a molecular level [15],
these silicon-organic hybrid (SOH) devices primarily stand out due to small voltage-length
products down to 0.32 Vmm [16] — more than an order of magnitude below that of conventional
depletion-type SiP modulators [17]. SOH devices have been demonstrated to offer attractive
performance parameters such as EO bandwidths of 100 GHz [18] as well as line rates of up to
120 Gbit/s for intensity modulation [5,19] and up to 400 Gbit/s for coherent 16QAM signaling
[6], while supporting driver-less operation with sub-1 V drive signals obtained from binary
outputs of a standard CMOS FPGA [20]. However, the EO bandwidth of these devices is still
subject to large uncertainties. In addition, most of the aforementioned experiments [5,6,18,19,21]
relied on a so-called gate voltage that is applied across the buried oxide (BOX) of the underlying
silicon-on-insulator (SOI) substrate to induce a highly conductive electron accumulation layer
that reduces the RC time constant of the slot waveguide [22]. Moreover, an experimentally
verified model describing the EO frequency response of SOH modulators is still lacking, which
represents a major obstacle towards a targeted design of the modulator structures and of the
associated drive circuitry.
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In this paper, we formulate and experimentally verify a reliable quantitative model of slot-
waveguide modulators that accounts for the various bandwidth-limiting effects. We build upon
an equivalent-circuit approach proposed by Witzens et al. [23], which relies on a distributed-
element description of the slot waveguide structure and of the associated radio-frequency (RF)
transmission line. We refine this model and verify it quantitatively using experimental data
obtained from SOH devices. We find that the model accurately predicts the EO frequency
response of a slot-waveguide modulator based on purely electrical RF characteristics of the device,
which are easily accessible by measurements. Our model allows to identify non-optimum doping
profiles as the main reason for a limited EO bandwidth of our current device generation. Based
on these findings, we extract design rules that lead to an optimum trade-off between optical loss
due to free-carrier absorption (FCA), EO bandwidth, and m-voltage. Optimized device designs
should lead to sub-1 mm Mach-Zehnder modulators (MZM) with m-voltages smaller than 1 V,
electro-optic-electric (EOE) bandwidths larger than 100 GHz, and FCA-induced optical losses
below 0.1 dB. To the best of our knowledge, this work represents the first experimental validation
of a general model of slot-waveguide modulators. We believe that quantitatively reliable models
represent a key step towards fast and reliable design and efficient wafer-level characterization
of slot-waveguide modulators which are embedded into complex optical systems and RF drive
circuits.

The paper is structured as follows: In Section 2, we introduce the concept of SOH modulators
and formulate a model based on distributed elements. In Section 3, we discuss S-parameter
measurements of SOH modulators, extract the characteristic impedance and the RF propagation
parameter, and determine the parameters of the equivalent RF circuit by a least-squares fit. In
Section 4, we validate the model by comparing the measured EO frequency response to the
model prediction using parameters extracted from purely electrical measurements. In Section 5,
we summarize the findings and discuss design guidelines and achievable performance parameters
of SOH EO modulators.

2. Device principle and model based on distributed-element equivalent circuit

The concept of a slot-waveguide SOH Mach-Zehnder modulator (MZM) is depicted in Fig. 1
[24-26]. The MZM consists of two parallel phase shifter sections, which typically have a length
¢ between 0.5 mm and 1.5 mm, see Fig. 1(a). The electric drive signal is applied via a coplanar
RF transmission line in ground-signal-ground (GSG) configuration. The device is realized
as a travelling-wave structure, in which the modulating electric mode co-propagates with the
optical mode. Each phase shifter comprises a silicon slot waveguide with a slot width typically
between 60 nm and 160 nm, which is filled with a highly efficient organic electro-optic (EO)
material, that may offer in-device EO coeflicients in excess of 300 pm/V [16], see cross-section
in Fig. 1(b). To activate the macroscopic EO activity in the slot, chromophores in the organic EO
material have to be aligned in a one-time poling process, see [24,27] for details. The rails of
the slot waveguide are connected to the metal RF transmission line via thin, doped silicon slabs,
such that the externally applied drive voltage predominantly drops across the narrow slot. At
the same time, the optical mode is highly confined to the slot region, leading to a very strong
interaction with the modulating electric field. The EO frequency response of SOH modulators
strongly depends on the RC time constant that is associated with the slot capacitance and the
slab resistance. A two-level doping profile as illustrated in Fig. 1(b) can help to increase the
bandwidth while maintaining acceptable optical loss [28,29]: In the rails and near the slot, the
doping concentration is kept low (light blue) to avoid excessive free-carrier absorption, while
a higher doping concentration (dark blue) is used further away from the optical waveguide to
increase the electric conductivity. The impact of increased slab conductivity can also be studied
by applying a DC “gate” voltage Ugae between the substrate and the slabs. This induces a highly
conductive electron accumulation layer at the interface between the Si slabs and the BOX [22].
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Fig. 1. Device concept and equivalent-circuit model. (a) Schematic top view of the
Mach-Zehnder modulator (MZM) with metal electrodes (yellow) that form a coplanar
ground-signal-ground electrical transmission line of length £. The device is equipped with
contact pads at both ends. The optical waveguide depicted in blue is split into two arms
to realize the Mach-Zehnder interferometer. (b) Cross-section of the MZM along the line
A-A’ indicated in Subfigure (a). Each arm comprises a SiP slot waveguide filled with an
organic electro-optic (EO) material. The metal electrodes are connected to the rails of
the slot waveguide via thin, doped Si slabs. A modulating voltage U 04, applied to the
signal electrode, drops mainly across the narrow slot. This leads to a strong electric field
in the slot that changes the refractive index of the organic EO material and thus modulates
the phase of the optical wave. The Si slabs are doped to increase the conductivity. A
low doping concentration (light blue) is used near the slot to keep optical losses low. A
higher doping concentration (dark blue) is used further away from the slot to achieve a
low resistance of the slabs and to thus decrease the RC time constant of the modulator. In
addition, a DC “gate” voltage Ugate can be applied between the substrate and the ground
electrodes. This induces a highly conductive electron accumulation layer at the interface
between the Si slabs and the buried oxide layer (BOX) and thus further decreases the RC
time constant. (c¢) Enlarged cross-sectional view of the MZM along with the associated
elements of an equivalent-circuit representation of the modulator. The capacitance of the slot
is represented by a capacitor with capacitance Cg/2. The finite conductivity of each slab is
represented by two parallel conductances Gg pyik and Gs acc that account for the conductance
of the bulk Si slab and of the accumulation layer formed by the gate voltage, respectively.
The metal electrodes have a total capacitance Ctp. (d) Equivalent-circuit model of an
infinitesimally short element of the electrical transmission line formed by the MZM. The
distributed elements shown in yellow correspond to the metal electrodes. The distributed
elements shown in blue represent the additional RC shunt load formed by the slot waveguide.
(e) Telegrapher-type equivalent-circuit representation of an MZM transmission-line element
[23]. This representation is obtained by transforming the circuit in Subfigure (d), using a
frequency-dependent shunt conductance Gg and a frequency-dependent shunt capacitance
Cs, see Eq. (2) and Eq. (3).
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For a quantitative description of the electric behavior of the SOH modulator, we adapt the model
suggested in [23], which has also been adapted to model depletion-type pn-modulators [30-36].
Reference [23] is primarily focused on the design of phase-matched travelling-wave transmission
lines, which is key to achieve broadband operation of MZM with rather large interaction lengths ¢
of several millimeters. Over the previous years, however, substantial improvements of organic EO
materials and in-device EO efficiencies [16] have allowed to significantly reduce the interaction
length. This renders phase-matching less crucial and requires adapted design considerations that
focus on the RC time constant of the slab/slot configuration and on the associated trade-off with
respect to optical loss.

In our analysis, we rely on a distributed-element model of the underlying RF transmission line,
see Fig. 1(c) for a cross-sectional view with elements of an equivalent circuit representing an
infinitesimally short transmission-line section of length Az. The full equivalent circuit is shown
in Fig. 1(d). First, we consider the circuit elements depicted in yellow in Fig. 1(d) that describe
the coplanar GSG transmission line formed by the metal electrodes only, without the optical
slot-waveguide structure. These circuits elements comprise a series resistance Ry Az, a series
inductance L,’FLAz, and a shunt capacitance C’TLAz, where R'TL, L’TL, and C}L are differential
quantities that describe the resistance, inductance, and capacitance of the GSG transmission line
per length in Q/m, H/m, and F/m, respectively. This corresponds to the classical telegrapher
circuit with negligible shunt conductance. In a second step, we expand the equivalent circuit by
the electrical representation of the Si structure (blue) forming the optical slot waveguide. For
practical doping concentrations, the conductivity of the slabs is much smaller than that of the
metal electrodes. As a consequence, the longitudinal currents can be assumed to be confined to
the metal electrodes, whereas the currents in the silicon slabs flow predominantly in the transverse
(x) direction between the electrodes and the slot. These assumptions are in accordance with
findings from finite-element simulations [23] and allow us to model the electrical behavior of
the optical slot waveguide by simply adding an RC shunt to the equivalent circuit [23,30,37].
The associated elements are the differential capacitance Cg of the pair of slots, the differential
conductance GlS,bulk of the resistive Si slabs to both sides of each of the slot waveguides, and
the differential conductance Gé’acc = gé’acc Ugate, which accounts for the increased conductance
of an accumulation layer that may be induced by applying a gate voltage Ugye. Note that
the capacitance between center signal electrode and each of the ground electrodes amounts to
Cr1/ 2, and that the overall shunt capacitance of the metal electrodes forming the coplanar GSG
transmission line is hence Ctp, = C}LAZ. Similarly, Cs/?2 is the capacitance of an individual slot,
and Cs = C{Az represents the combination of both slots. The quantities Gs puix = G/S,bulkAZ and
Gsace = Gé’aCCAz refer to the slab conductance to either side of each slot, and the equivalent
circuit-element in Fig. 1(d) represents the combined effect of four slabs. The total differential
conductance is G = Gy + Gé,acc' The two slot waveguides thus create a differential shunt

S,bulk
admittance Y’ given by

1 1 1
’ = ’ ’ + s ’7 " (1)
Yo" Ggpuk t Ogaec JWRFC

For completeness, we have also indicated additional elements by dashed lines in Fig. 1(c) that
seem to be reasonable to include. These elements model an additional RC shunt that accounts
for the finite resistance of the handle wafer and the capacitance created by the buried oxide
(BOX) layer. It turned out, however, that in our case the impact of this additional RC circuit is
negligible despite the rather low substrate resistivity of about 20 Qcm as specified by the wafer
manufacturer. This additional RC shunt load is therefore disregarded in the following, but could
be easily included if modified device or material choices would require an adapted model [30].
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The overall circuit shown in Fig. 1(d) can be transformed into the circuit in Fig. 1(e) by
introducing the frequency-dependent differential conductance

Gy(wrr) = R{Y'} 2)

and the frequency-dependent differential capacitance

- 1
C{(wrr) = w—RFS{Zs'}- 3

This circuit resembles that of a classical telegrapher-type transmission-line model, and the
transmission line can thus be fully described by the complex propagation parameter y = @ + jf3
together with the complex characteristic impedance Z, obtained from the well-known transmission-
line equations [38]

y = @ +i8 = Ry + joreLy, (GG + jore(Cy + Cpp). 4)
ZO _ _ R",FL +ja)1}/FL’TL, . )
GS +J(URF(CS + CTL)

Note that in these relations @ denotes an amplitude attenuation coefficient. The corresponding
power attenuation coefficient amounts to 2a.

For analyzing the EO interaction, we now consider a travelling-wave EO modulator with
characteristic impedance Zy, complex RF propagation parameter vy, optical group refractive index
ng,opt in the phase shifter, and active phase-shifter length £. The device is connected to an RF
source with impedance Z. and terminated by an impedance Z,,. Due to the Pockels effect, the
local optical phase shift increases in proportion to the local modulation voltage. If a sinusoidal
voltage with angular frequency wrr is applied to the modulator’s signal electrode, the total phase
shift o(f) = R{@(wrr)e!’R'} in each arm can then be obtained from an integral of the modulation
voltage seen by the optical signal along the phase shifter length ¢, see Ref. [39], Eq. (2). In
this relation, the complex amplitude ¢(wgrp) contains both the frequency-dependent amplitude
and the phase of the sinusoidally varying phase shift ¢(r). The complex frequency response
mpy (wrr) of such a phase modulator is given by the phase amplitude ¢(wrr), normalized to its
value that would be obtained for an angular frequency wgrp = 0 for a source and a termination
impedance that are both perfectly matched to the modulator’s characteristic transmission-line
impedance Z, ([39], Eq. (3)) . This leads to

P(wRF) 1 1
mpy(wrp) = ——~———=AH +B ) (6)
o 90(0) |Zsrc :erm =Z() K¢ ( g_ g+
where - .
a=2_% , )
t ZO + Zsrc 1- Esrcztrm exp(—Z)_/f)
B = exp(=2yO)L,, ®)
gi =%y +jng,optwRF/ c, 9
and where the reflection factors at the source and the termination are given by
Z.—-Z zZ —Z
_ Zsre =0 and _ Ztrm =0 (10)

Esrc - 7 o+ ZO Etrm - 7

—src =trm

+Zy

The quantity Hy(wrF) in Eq. (6) accounts for the fact that the voltage that becomes effective for
modulation in the slot waveguide is reduced with respect to the voltage on the metal transmission
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lines through a voltage divider formed by the slab conductance and the slot capacitance [30].
This reduction becomes more pronounced as the frequency increases and can be written as

1
Hpo(wRp) = —————- (11)

1 + jwrrC§/ Gy

The frequency response of EO modulators is usually obtained from a frequency-dependent decay
of an intensity modulation rather than from a phase modulation. To connect the two quantities,
we consider an MZM in push-pull configuration, for which the phase shifts ¢; and ¢, in the
two arms fulfill the relation ¢; = —¢> = ¢. The phase difference between the two arms Ag is
then given by Ag = 2¢1, and the intensity /,p; of the optical output signal is related to the phase
difference Ay by

Topt o cos?(Ap/2) = cos*(¢1). (12)

If the push-pull MZM is biased at the 3 dB point (quadrature point) and operated under small-
signal conditions, i.e., with Ag = 7/2 + §¢ (|0¢| < 7/2), Eq. (12) can be linearized and the
change in optical power 6Py, is in proportion to d¢. In characterization experiments, the optical
output of the modulator is usually coupled to a photodetector, the photocurrent I, of which is
proportional to the received optical power such that

SIy o 6Pyt . (13)

The small-signal intensity frequency response mp,(wrFr) of the electro-optic-electric (EOE)
conversion is therefore identical to the phase modulator frequency response given in Eq. (6),

Meop(WRE) = Nipy (WRE). (14)

To quantify the bandwidth of the modulator, the 3 dB corner frequency f34g EOE = W3dB EOE / 27 of
the intensity modulation may be used. The 3 dB corner frequency wgdB,EOE/ 27 is defined as the
frequency wrg/ 27, for which |mpq (wrp)|? is reduced by a factor of two compared to | mEOE(O)F,
which corresponds to a power decay of the associated spectral component of the photocurrent
by a factor of two. Alternatively, also the 6 dB corner frequency feds.EOE = W6dB EOE / 2m of
@EOE(“’RF)P can be considered, which corresponds to a decay of |ﬂEOE(wRF)|2 and of the
associated photocurrent power by a factor of four and is hence equivalent to a reduction of the
photocurrent amplitude or, equivalently, the phase modulation amplitude by a factor of two. Both
values are used in the literature to refer to the bandwidth of a modulator [40—42], sometimes
without explicitly stating which of the two values is specified. In the following, we either specify
both values or reside to the 6 dB corner frequency for better comparability to similar investigations
of SiP EO modulators [23,26,30,42].

To apply the model developed here to a given device design, the complex propagation parameter
v and the characteristic impedance Zy can be directly determined from S-parameter measurements
or with numerical mode solvers. The equivalent-circuit parameters R’TL, L'TL, C%L, Gé, Cé can
then be obtained by fitting Eq. (4) and Eq. (5) to the frequency-dependence of y and Zj, see
Section 3. If, in addition, ngp is known, Eq. (6) allows to predict the EO res_ponse of the
modulator.

3. Electrical characterization and fitting procedure

To experimentally verify the model introduced in Section 2, we determine the frequency-dependent
characteristic impedance Z, and propagation parameter y of a typical SOH modulator. These
parameters fully describe the electrical behavior of the device and build the base for determining
the frequency response |mpq(wrr)| of the electro-optic-electric (EOE) conversion, see Section 4.
To ensure comparability with the measurement of the EOE device characteristics, we used a
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modulator with the organic EO material already applied to the slot waveguides by means of
a dispensing technique. Direct-current (DC) measurements confirm that the organic material
behaves as a dielectric with negligible parasitic currents flowing through the slot. For the devices
used here, the thickness of the BOX layer was 3 pum, the device layer thickness was 220 nm, and
the slot width was 120 nm. To de-embed the characteristics of the devices-under-test (DUT) from
those of the RF contact-pad parasitics, we investigate two MZM with nominally identical cross
sections and different active lengths £; = 500 um and ¢, = 750 pm of the phase shifters. In a
first step, we measure S-parameters of the embedded devices using a vector network analyzer
(VNA) and microwave contact probes. Figure 2(c) shows the measured (embedded) transmission
S>1 and reflection S of the two modulators for a gate voltage Ugye =0 V. The reference plane
was moved to the tip of the probes using a short-open-load-through (SOLT) calibration routine
with an impedance-standard substrate. The phase-shifter sections of both devices are thus
only embedded into identical on-chip contact circuits that are formed by the contact pads and
subsequent transitions on both ends of the modulator, see Fig. 2(a), and that are referred to
as contact fixtures in the following. Each of these fixtures is modeled by a series impedance
Z and a shunt admittance Y as shown in Fig. 2(b), which can be represented by electrical
transfer matrices (7-matrices [38]) 71 and TR for the left and the right fixture, respectively, see
Appendix A, Eq. (22) and Eq. (23). These 7-matrices can be calculated from the measured
S-parameters S>; and S1; using standard microwave theory, see Appendix A. To de-embed
the T-matrices Tpyti and Tpyrs of the phase shifters with lengths £; and ¢, we first extract
the measured T-matrix of the embedded modulator 7\,; = T Tpyti1 IR and Ty = T Tpute IR
from the measured S-parameters. Introducing the 7-matrix Tpyrtg of an £y = 250 um-long
de-embedded modulator section and exploiting that £; = 2{y and ¢, = 3{y, we can rewrite Tpyr)
and Tpur2 as Tputi = IputoIpuro and Tpur2 = TpuroIpurtolputo. The T-matrix of the virtual
through connection shown in Fig. 2(b) is defined as Ty, = 71.7r and can then be calculated
from the measured matrices as T, = Zmlzr;lzzmlz;nlzzml' This allows to determine 77, and
TR directly from the measured transfer matrices 7p,; and Ty, and to de-embed the modulator
response by calculating Tpyypy = 7' T, T and Ty, = T7'T,, TR Using Eq. (28) of
Appendix A, we can then extract the frequency-dependent characteristic impedance Zj and the
frequency-dependent propagation parameter y from the transfer matrices Tpyt; and Tpur of the
de-embedded modulator, see black traces in Figs. 2(d-g). We find that the results obtained from
Tpurti and Tput; show very good agreement, thereby confirming the validity of our de-embedding
approach. For comparison, we also extract Zy and y by applying Eqs. (24-28) directly to the
measured 7T-matrices T, and Ty of the embedded modulators, thereby ignoring the impact
of the contact fixtures. The resulting frequency characteristics of Zy and y are depicted as blue
and red traces in Figs. 2(d-g) and show clear differences, thereby underlining the importance of
proper de-embedding.

Our results indicated that Zj has a negligible imaginary part and amounts to approximately
50 Q — except for the low-frequency region, where Zj deviates from its ideal low-loss and
high-frequency approximation, see Eq. (29) in Appendix B. This ensures good impedance
matching to typical feeding networks and drivers. The real part @ of y, associated with RF
propagation loss, increases with frequency due to loss in the metal stripes and in the resistive slabs,
see the following paragraphs for a detailed discussion of the loss mechanisms. The imaginary
part B of y shows a linear increase indicating a low dispersion of the RF transmission line.

The measurement of S-parameters and subsequent de-embedding and extraction of y and
Zy was repeated for a range of gate voltages Ugye between 0 V and 300 V. Figure 3 shows the
numerical values obtained from measurements in blue. To determine the six equivalent-circuit

parameters R’TL, L’TL, C}L, Gé’bulk, Gé, ace’ and Cg, the following approach was used: First, Eq. (4)

and Eq. (5) were used to calculate R}; = ‘R{Zoz} and L}, = S{Zoz} / W directly from y and
Zy. Using the fact that both R}, and L/, are independent of frequency and of the applied gate
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Fig. 2. (a) Simplified electrical structure of the SOH modulators. The phase-shifter sections
with lengths €] or £, and T-matrices TpyTt] or Ipyte are electrically embedded into contact
fixtures, modeled by T-matrices 71 and TRr. (b) The contact fixtures are modelled by a series
impedance Z and a shunt admittance Y. (¢) Amplitude and phase of measured S-parameters
for embedded MZM with lengths ¢; = 500 um (red) and £, = 750 um (blue). (d) Real
part and (e) imaginary part of the characteristic impedance Z, along with (f) real part and
(g) imaginary part of the propagation constant y. Black curves indicate values as extracted
from de-embedded modulators of lengths £; and ¢, . These results show good agreement
and hence confirm the validity of our de-embedding approach. In contrast to that, the red
and blue curves correspond to values extracted from the embedded modulators by ignoring
the impact of the contact fixtures. Consequently, the results obtained for the different device
lengths are not in agreement.

voltage, the two values were calculated for all frequencies and gate voltages and then averaged.
In a second step, a multi-dimensional multi-parameter least-squares fit was used to obtain
Crps G pune G e @nd Cg by fitting Eq. (4) and Eg. (5) to the measured frequency-dependent
and gate-voltage-dependent values of y and Z, see Table 1 for the resulting numerical values.
We estimate, e.g., a differential capaatance of the transmission line of 130 fF/mm, which
compares well to the numerical result of 151 fF/mm obtained for a similar device geometry in
[23]. The fitted curves are shown in red in Fig. 3 and show good agreement with the measured

data. For increasing frequencies, the characteristic impedance quickly approaches its ideal
high-frequency real value Z, = /L, / (Cé + C1p) = 50 Q, which can be obtained from Eq. (5)
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Fig. 3. Measured values (blue) and fitted curves (red) according to Eq. (4) and (5) as a
function of both RF frequency and gate voltage Ugate for (a) the real part of the characteristic
impedance Z, (b) the imaginary part of the characteristic impedance Zj, (c) the real part of
the complex propagation parameter y associated with loss, and (d) the imaginary part of the
complex propagation parameter y.

using R}, < wrrLy; and Gé < wRF(Cé + C}, ). The characteristic impedance Z as well as the
imaginary part of y are rather insensitive to the gate voltage.

In contrast to this, the losses show a strong dependence on the conductivity of the slabs and
thus on Ugye. To explain this finding, we first consider the losses in the metal transmission line
represented by R, , L, and Cy; separately from the losses in the RC element which represents
the slab and the slot and which is formed by Gé,bulk’ Gé’ ace and Cé. The different loss contributions
are plotted as a function of frequency in Fig. 4 for three different gate voltages. Note that the
separation and the independent analysis of the two loss contributions represents an approximation
and might thus lead to small deviations from the mathematically correct overall loss that can be
obtained from the real part @ of the complex propagation parameter y according to Eq. (4).

Table 1. Circuit parameters obtained by fitting Eq. (4) and (5) to the measured
frequency-dependent and gate-voltage-dependent values of y and Zy, see Fig. 3.

Fit
R 13 Q/mm
Ly 414 pH/mm
CrL 130 fF/mm
G pulk 2.76 mS/mm
8S.ace = Ts.ace/ Ugate 145 uS/(Vimm)

Cy 160 fF/mm
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Fig. 4. Detailed representation of RF loss mechanisms in the slot-waveguide modulator.
Blue data points represent measured data, and red traces correspond to the loss obtained
by calculating the real part of the complex propagation parameter y, Eq. (4), for the circuit
parameters obtained by the fit. The three panels correspond to three values of the gate
voltage Ugate and represent slices of the 3D plot in Fig. 3(c). Besides the gate voltage Ugae,
the associated slab conductance Gé is specified. The black dotted traces depict the loss
contribution ep of the transmission line formed by the metal electrodes only, see Eq. (15),
and the black dashed traces show the loss contribution agc of the RC element formed by the
slab and the slot, see Eq. (18). The solid black line shows the sum of ey, and arc, which is
in good agreement with the loss obtained from the full model represented by the red solid
trace. (a) Ugate =0 V: Except for very low frequencies, see inset, the loss is constant with
frequency. (b) Ugate = 150 V: The quadratic frequency-dependence of agc for frequencies
below the corner frequency frc = wrc/(27) of the RC element, see Eq. (19), leads to a
strong increase of the total loss with frequency. At frequencies frRgp = wrg/ (27) > fre
the total loss approaches a constant value, see Eq. (17) and Eq. (20). (¢) Ugae =300 V:
The corner frequency frc is further increased compared to (b), and the total loss no longer
reaches its constant high-frequency value in the considered frequency range.
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For the contribution of the bare transmission line, we neglect G, G

and C{ in Eq. (4),

S,bulk’ " S,acc

such that the loss can be written as

om = R {{(Ryy + oLy ioreCyy |- (15)
For low frequencies wrr < L, WTL = R’TL / L’TL, the loss oty increases in proportion to
VWRF,

Rl Cl
TL-TL
aTL X T\/&)RF for WRF < WTL. (16)

For higher frequencies, wrr > wrL, the loss agp, of the bare transmission line approaches its
low-loss, high-frequency approximation [38] and is constant with frequency,

aTL = C",FL/L",FL(R’IFL/Z) for WRF > WTL.- (17)
The frequency dependence of ar, according to Eq. (15) is illustrated in Fig. 4 by the dotted black

lines.
For the loss contribution of the RC-element that is formed by the slot capacitance C§ and the

. ’ ’ . . . . .
slab conductance Gy = Gg .. + Gg > We derive a relationship in Appendix C,
2 72 -1
w5 CEG 1
RF-S s
agc = (18)

1+ (0reCLGE) 2R{Z Y

For frequencies well below the RC corner frequency wre = G§/C§ of the RC element, we can
approximate Eq. (18) by

72
CS

2
~ Whs—— —— for WRp < WRC, 19
RF G/S 2%{%1} RF RC ( )

Q@RC

leading to a quadratic increase of the losses with frequency. For frequencies well above the RC
corner frequency wgc, we obtain

aRC ® for WRF > WRC, (20)

Gy

2R(z,")
i.e., the losses are independent of frequency. The frequency dependence of arc according to
Eq. (18) is illustrated in Fig. 4 by the dashed black lines.

The overall loss @ can be estimated by adding e and agrc, leading to the solid black lines in
Fig. 4. These estimated losses are in good agreement with the loss obtained from directly using
a = R{y} according to Eq. (4), see red lines in Fig. 4.

The three panels for Fig. 4(a, b, c) correspond to different gate voltages of 0 V, 150 V, and
300 V, respectively. For the samples used in our experiments, the doping of the slabs is rather low,
and hence the resistance Gé“ of the slabs is rather high in case no gate voltage is applied. This
leads to a small corner frequency wgc, illustrated by a dashed vertical line in Fig. 4(a), and the
loss contribution arc of the RC-element quickly reaches the frequency-independent value given
by Eq. (20). For low frequencies, the total loss is dominated by the contribution ey, of the bare
transmission line, Eq. (16), and increases in proportion to y/wgr. Small discrepancies between
measured and predicted curves can be observed for small values of Ugae and for the frequency
range beyond 40 GHz, where the measurement data become noisy. These discrepancies may
be reduced by introducing additional free parameters into the model, thereby improving the fit
to measured data, but sacrificing the clear correlation between model parameters and physical
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device parameters such as geometry and material properties, see Section 4 for a more detailed
discussion. If Ugye is increased, Fig. 4(b) and 4(c), wrc becomes larger and exceeds wryr, which
leads to a strongly frequency-dependent increase of the overall loss which is dominated by
QaRrC ~ wﬁF for frequencies wrr between wrr, and wrc. At even higher frequencies (wrr > wrce),
the total losses are again frequency-independent, see Eq. (17) and Eq. (20). For a gate voltage
of 300 V, Fig. 4(c), the plateau, where the overall loss becomes frequency-independent, is no
longer reached in the considered range of RF frequencies. For the discussion of design trade-offs
(Section 5) it is important to note that in range between 5 GHz and 50 GHz, increasing the slab
conductivity, in the range considered here by changing U g, brings the modulator from a regime
with weakly frequency-dependent loss to a regime with strongly frequency-dependent loss and
may hence limit the bandwidth of the device.

4. Measured and modelled electro-optic response

With the knowledge of the six equivalent-circuit parameters Ry, , L1y , Cpy , Gg s Gé,acc, C§
and of the optical group velocity v opt in the slot waveguide, Eq. (4-11) can be used to predict
the EO frequency response of the SOH modulator. In the following we assume an operating
wavelength of 1.55 um. Note that SOH modulators can be adapted to other wavelengths such
as 1300 nm, where the electro-optic coefficient of the underlying materials should be even
higher [43] The optical group velocity vg opt = €/ng ope at 1.55 pm is obtained by calculating the
group refractive index ng,qpt = 3.2 by means of a numerical mode solver. In Fig. 5(a), the red
lines show the EO frequency response as predicted by the model for a 750 pm-long modulator
terminated with a 50 Q impedance under the influence of gate voltages between 0 V to 300 V.
These predictions are based on the circuit parameters listed in Table 1, as obtained from the
purely electrical measurements of the frequency-dependent RF scattering parameters S>; and
S11. Increasing the gate voltage increases the bandwidth, which is mainly due to a reduction of
the RC time-constant of the slab-loaded slot waveguides. The predicted frequency response is
compared against measured values obtained by using a VNA and a calibrated optical receiver
[44], see blue traces in Fig. 5(a). In these measurements, the swept-source microwave stimulus
of the VNA is applied to the modulator via microwave probes. The modulator is biased at its
3 dB point and the microwave signals amplitude is chosen small enough for the modulator to be
operated under small-signal condition. The optical signal at a center wavelength of 1.55 um is
subsequently amplified using an erbium-doped fiber amplifier (EDFA), filtered by a band-pass
filter to remove out-of-band amplified-spontaneous-emission noise (ASE), and converted back to
the electrical domain using a photodiode that is connected to the receiver port of the VNA. The
frequency-dependent decay of the EOE frequency response | (wrr)| according to Eq. (14)
and Eq. (6) can be derived from the VNA measurement by the relation

101og(|mpor(wrr)*) = S21.vNA.dB(WRE) — S21.vNA dB(WRE0)- 21

In this relation, S>; vna gp denotes the scattering parameter measured by the VNA in dB after
de-embedding from the frequency response of the photodiode and of the microwave probe, and
wWREo = 21 X 40 MHz is a small reference frequency that is chosen as small as allowed by the
VNA.

The different shades of blue in Fig. 5(a) indicate three independent measurements of the same
device with small statistical variations. Overall, we find a good agreement of the measurements
with the model predictions (red). In Fig. 5(b), both the 3 dB and the 6 dB EOE bandwidths of the
modulator are shown for different gate voltages. For the 6 dB EOE bandwidth fe4p goE, blue
diamonds correspond to the measured values, and the dotted red line represents the bandwidths
predicted by the model. Similarly, blue circles and the solid red line indicated measurements and
model predictions of the 3 dB EOE bandwidth f34g gog. The good agreement of the predicted
bandwidths with their measured counterparts validates the model introduced in Section 2, i.e., the
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Fig. 5. Electro-optic-electric (EOE) frequency response |mpqg (wrF)| according to Eq. (6)
and Eq. (14) of a 750 um-long SOH modulator terminated with a 50 Q impedance. (a) EOE
response for different gate voltages Ugate of 300V, 200V, 150V, 100V, 75V, 50V, 40V,
30V,20V, 10V, and 0V (from top to bottom). The red curve represents the prediction of
the model according to Eq. (4) to Eq. (11), and the blue line corresponds to the measurement
results, where the different shades indicate three independent measurements of the same
device. With increasing gate voltage, the frequency response flattens. (b) 3dB EOE
bandwidth f34g gog (red solid line: model; blue circles: measurement) and 6 dB EOE
bandwidth fsqp EoE (red broken line: model; blue diamonds: measurement) as extracted
from the curves in (a) as a function of applied gate voltage Ugate. The predicted bandwidths
agree well with their measured counterparts, thus confirming that the proposed method
allows to accurately predict the bandwidth of an SOH modulator based on the knowledge of
purely electrical characteristics.

proposed method allows to accurately predict the EOE frequency response of an SOH modulator
based on the knowledge of purely electrical characteristics along with the group velocity vg opt
of the optical signal in the slot waveguide. Again, some discrepancies between measured and
predicted curves can be observed for small values of Ug,e. We believe that our model can be
further refined by considering additional effects and/or by including additional equivalent-circuit
elements, thereby reducing the discrepancies to the measured data. As an example, we assume a
simple linear relationship between the differential conductance Gé,acc = gé’acc Ugate and the gate
voltage Ugye Without any threshold behavior. This is to be expected for an ideal accumulation
layer of majority carriers in the slab, but the physical situation in the device might be more
complex. The benefit of our fairly simple model is the clear correlation between model parameters
and physical device parameters such as geometry and material properties. This correlation is
essential for deriving guidelines for future device designs. The electrical characteristics are
easily accessible by either measurements in the RF domain, by simulations of the electrical RF
device characteristics, or by estimating the distributed-element parameters from the modulator
geometry and material properties. We believe that high-throughput wafer-level testing protocols
might greatly benefit from a quantitatively verified model-based prediction of the EOE frequency
response based on easily accessible electrical scattering parameters.

5. Design guidelines
5.1.  Overcoming bandwidth limitations

Having validated the model of the SOH modulator, various design parameters can be tested for
their impact on device performance. In the following, we assume a device with transmission line
parameters R7; , L, , and C7; as specified in Table 1 and investigate the impact of variations of
the slot capacitance C§ and of the slab conductance G§ on the EO bandwidth. This leads to the

following considerations:



Research Article Vol. 28, No. 9/27 April 2020/ Optics Express 12964 |
Optics EXPRESS b Ny \

* The slab conductance G can be adjusted by modifying the doping profile in the slab.
Increased slab conductivity will affect the electrical behavior and thus opens a way
to increase the modulators bandwidth as discussed in detail below. As a trade-off,
when increasing the slab conductivity by an increased doping concentration, the higher
concentration of free carriers will also increase optical losses due to free carrier absorption
(FCA).

* The slot capacitance C§ is mainly affected by the geometry of the slot waveguide and
can be reduced by increasing the slot width. Reduced slot capacitance will affect the
electrical behavior and thus the bandwidth as discussed in detail below. As a trade-off,
increasing the slot width reduces the modulating electric RF field in the slot as well as
the confinement factor of the optical field in the slot region. This can lead to a reduced
modulation efficiency [23,45]. However, the poling efficiency may also be impaired by too
narrow slot widths [46]. As an example, previous investigations of SOH modulators based
on the EO material JRD1 [16] have shown that increasing the slot width to, e.g., 200 nm
does not decrease the modulation efficiency of these devices.

The frequency response expressed by Eq. (6) considers all bandwidth-limiting effects, namely
RC limitations of the slot waveguide together with the slabs, RF loss, impedance mismatch, and
velocity mismatch. To investigate the impact of RC limitations, we first consider a theoretical
modulator only limited by the RC-low-pass formed by the slab resistance and the slot capacitance,
explicitly neglecting impedance mismatch, velocity mismatch and RF loss. The response of such
a device is given by QRC(wRF), Eq. (11). Figure 6 shows the 6 dB EOE bandwidth fsqg pog for a
device that is only limited by the RC-low-pass as a function of slab conductance Gg and slot
capacitance C{. The parameters of the devices used for experimental verification in this paper,
see Table 1, are indicated by a green star for the case of 0 V gate voltage applied and by a magenta
star for 300 V gate voltage applied. The bandwidth increases linearly with both G§ and 1/Cg.
Note that the RC limitation is independent of the device length. Using the current devices as a
reference, an increase of Gé, e.g., by a factor of 20, possibly combined with a slight reduction of
Cé by, e.g., 40%, would permit RC-related EOE bandwidths fsqg EoE in excess of 100 GHz if the
device was only RC-limited. Increasing G by a factor of 20 can be realistically achieved without
introducing excessive optical loss by using optimized doping profiles, see Section 5.2 for details.

Next, we consider the impact of RF loss, impedance mismatch, and velocity mismatch on
the modulator bandwidth. Figure 7(a) shows f¢4p EoE of a 750 pm-long modulator limited only
by RF loss, impedance mismatch, and velocity mismatch, explicitly neglecting RC limitations.
The response of such a theoretical device is given by Eq. (6) for Hp(wrr) = const. For all
slot capacitances Cg, an increase in the slab conductance Gg tends to reduce the bandwidth,
see Fig. 7(a). This can be understood by considering that increasing the slab conductance Gg
initially brings the modulator from a regime with low and frequency-independent RF loss to a
regime with high RF loss that increases with frequency, see Fig. 4. If the slab conductance Gy is
increased further, the RF loss and its frequency dependence are reduced again, and the impact on
the bandwidth decreases. In practical devices, however, G’S is constrained due to optical loss
caused by FCA in the highly doped slab regions. This trade-off can be mitigated by optimized
doping profiles, see Section 5.2.

We further investigate the overall RF loss a of the modulator, including both the loss in the
metal electrodes and in the RC element formed by the slot waveguide and the slabs, as well as the
associated real-part Zy of the characteristic impedance Zy and the effective RF index neg rr. The
numerical values for @, Zy, and nes rp are shown exemplarily for an RF frequency of 50 GHz in
Fig. 7(b), Fig. 7(c), and Fig. 7(d), respectively. While the RF loss, Fig. 7(b), initially increases
substantially with the slab conductance G, the characteristic impedance Zj, Fig. 7(c), stays
close to 50 Q. For the effective microwave index neg rp, We observe a strong initial increase with
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Fig. 6. 6dB EOE bandwidth fqg gog of a modulator only limited by the RC low-pass
formed by the slot capacitance Cé and the slab conductance G’S. Both a reduction of Cé and
an increase of Gé linearly increases the bandwidth. The parameters of the devices used in
this paper for experimental verification of the model, see Table 1, are indicated by a green
star for the case of a gate voltage of 0 V and by a magenta star for a gate voltage of 300 V. For
the parameters indicated by ®,®, and ©, the frequency response of a 750 um-long modulator
is exemplarily shown in Fig. 8.

the slab conductance Gg, Fig. 7(d). This can be understood by considering that, for a low slab
conductivity G, the RC element is operated above its corner-frequency wrc <50 GHz. In this
regime, the slot capacitance Cy is only partially charged during one cycle. If the slab conductance
Gy is increased, the slot capacitance becomes increasingly effective, and the RF wave is slowed
down. For larger values of the slab conductance G¢, the RC element is operated above its corner
frequency and the Capacitor is fully charged and de-charged during each cycle, leading to an RF
index n.s rr that essentially independent of the slab conductance. Following the same argument,
it can also be understood why an increase of the slot capacitance Cg therefore leads to an increase
of nefr RF-

To investigate the frequency dependence of the RF loss, of the characteristic impedance, of the
effective RF index, and of the RC low-pass as well as the associated impact on the modulator
bandwidth, we consider three exemplary Cg-G¢-value-pairs for a 750 pum-long device. The
chosen value pairs are marked by ®,®, and © in Fig. 6 and Fig. 7. The slot capacitance is fixed
to C§ = 100 pF/ m, while the slab conductance G is increased from G§ = 2.76 S/ m (®), which
corresponds to the value extracted from the device used in our experiment, to G = 40 S/m
(®) and further to G§ = 80 S/m(©). Figure 8(a) shows, for the weakly conducting slab with
Gy = 2.76 S/m, the EOE frequency response |mgog(wrr)|, the RF loss a, the characteristic
impedance Z, and the effective RF refractive index neg rr, all as a function of RF frequency
up to 150 GHz. The solid red line depicts the total frequency response. Broken lines in blue,
magenta, green, and black depict the frequency response by the sole contribution of the RC
low-pass, the RF loss, the impedance mismatch, and the velocity mismatch, respectively. For
a weakly conducting slab with Gg = 2.76 S/m, the total bandwidth (red line) is limited almost
exclusively by the RC low-pass (blue broken line), whereas the impact of RF loss (red magenta
broken line), impedance-mismatch (green broken line) and of velocity mismatch (black broken
line) are negligible, because a, Zy, and n.s rr show little frequency dependence. If the slab
conductivity is increased to, e.g., 40 S/m, Fig. 8(b), or 80 S/m, Fig. 8(c), the RC corner frequency
increases. However, frequency-dependent RF loss starts to become significant and limits the
overall bandwidth of the device to values smaller than the RC corner frequency. For the increased
slab conductance G§ = 40 S/m and Gy = 80 S/ m, impedance mismatch and velocity mismatch
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do not significantly affect the bandwidth either. This confirms that RF loss is the most important
bandwidth-limiting effect besides the RC time constant of the slab-slot configuration.

Finally, we consider the 6 dB EOE bandwidth fsqg gop obtained from the full model as
a function of the slab conductance G and the slot capacitance C¢, taking into account all
bandwidth-limiting effects, i.e., the RF loss, the impedance mismatch, the velocity mismatch and
the RC low-pass. Figure 9 shows fsqg goE as obtained by the full model for four different lengths
¢ of the modulator. For long devices, the frequency dependence of the RF loss is more significant,
and increasing the slab conductivity G has a smaller impact on the overall bandwidth than for
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Fig. 7. (a) 6 dB EOE bandwidth f¢4p goE of a 750 um-long modulator limited only by RF
loss, impedance mismatch, and velocity mismatch, explicitly neglecting the impact of the
RC-low-pass formed by Cg and Gg. For a large Cg and a low G, an increase of G leads to
a strong frequency-dependent increase of the RF loss and thus to a reduced bandwidth. For
the parameters indicated by ®,®), and © the frequency response is exemplarily shown in
Fig. 8. (b) RF loss for a 750 um-long modulator at 50 GHz. The RF loss initially increases
with increasing G, see Fig. 4(a) and Fig. 4(b), but decreases again for very large values of
G’S, see Eq. (19). (¢) Characteristic impedance Z at 50 GHz. The impedance remains close
to the system impedance of 50 Q. (d) Effective RF refractive index neg rp . For values of
G’S ~ 50 S/m and Cg ~ 130 pF/m, neg R is close to the effective optical group refractive
index of 3.2 Increasing the slot capacitance slows down the RF wave and hence increases the
RF refractive index. The detailed analysis in Fig. 8 shows that the bandwidth is not limited
by velocity mismatch for practical values of Cé for the considered length of the modulator.
The parameters of the devices (see Table 1) used in this paper for experimental verification
of the model are indicated by a green star for the case of 0 V gate voltage applied and by a
magenta star for 300 V gate voltage applied.
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Fig. 8. Electro-optic bandwidth and RF properties for a 750 um-long modulator with
Cé = 100 pF/m and (a) G’S = 2.76 S/m, (b)G;w = 40 S/m, and (c)Gé = 80 S/m,
corresponding to the points marked by ®,®, and ©, respectively, in Fig. 6, Fig. 7(a), and
Fig. 9(b). The first row shows the overall frequency response |mpqg(wrp)| of the modulator
(solid red line), as well as the frequency responses that correspond to the sole impact of RC
limitations (blue dashed line), RF loss (magenta dashed line), impedance mismatch (green
dashed line), and velocity mismatch (black dashed line). The second row shows the total RF
loss @. In (a) the RF loss is low and frequency-independent, see Eq. (17). In (b) and (c) losses
in the resistive slab are increased and the losses becomes strongly frequency-dependent, see
Eq. (19), thereby reducing the bandwidth to values below the RC limit. The third row shows
the characteristic impedance Z(, which stays close to the system impedance of 50 €., except
for low frequencies, where the Z deviates from its ideal high frequency, low loss value, see
Appendix B. The last row shows the effective RF refractive index neg rr. In (a), the RC
corner frequency wgrc is small and the slot capacitance is not fully charged and de-charged
as the RF wave propagates along the modulator. If the resistance of the slabs is reduced,
see (b) and (c), wrc increases and the slot capacitance has a stronger impact on the RF
wave, leading to a reduced velocity. The effective RF refractive index neg rr then becomes
close to the optical group index ngopt = 3.2. Overall, impedance and velocity-mismatch
are negligible for all of the three considered cases. In (a), the device is limited by the RC
time constant of the slab-slot configuration. In (b) and (c) the RC time constant is reduced
and the associated bandwidth is increased accordingly. At the same time, the increased RC
corner frequency leads to an increased frequency-dependence of the RF loss, which causes
additional bandwidth limitations.
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Fig. 9. 6 dB EOE bandwidth f¢45 gog for modulators of different lengths £ based on the
full model considering all bandwidth-limiting effects. The color scale is the same as in Fig. 6.
If the length is reduced, the bandwidth of the modulator approaches the RC-limited case
depicted in Fig. 6. The frequency response of the 750-um-long modulator is shown in Fig. 8
for the Cé-Gé-values indicated by ®,®, and © in (b). The parameters of the devices used in
this paper for experimental verification of the model, see Table 1, are indicated by a green
star for the case of a gate voltage of 0 V and by a magenta star for a gate voltage of 300 V.

short devices, see Fig. 9(a). Specifically, if ¢ is reduced to 500 um, Fig. 9(c), and further to
200 pm, Fig. 9(d), the bandwidth approaches the RC-limited case shown in Fig. 6. A combination
of reduced device length, reduced slab capacitance C%, and increased slab conductance Gé thus
enables bandwidths well beyond 100 GHz.

5.2.  Optimized doping profiles for low-loss modulators

To increase the bandwidth of the modulators, highly conductive slab regions are desirable.
Increasing the doping concentration near the optical slot waveguide, however, leads to optical loss
due to free-carrier absorption (FCA). This effect can be mitigated by a two-step doping profile,
see Fig. 1(b) [23,28,29]. Based on this approach, we suggest the following design procedure for
SOH modulators:

(i) Given a certain EO material and a practical slot width, the targeted m-voltage U, will
determine the length ¢ of the modulator.
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(ii) Based on the slot width, which determines the slot capacitance C¢, and the length ¢ of the
modulator, the targeted bandwidth determines the slab conductance Gy, see, €.g., Eq. (6)
and Fig. 9.

(iii) For a given slab conductance Gy, the optical loss can be minimized by optimizing the
two-step doping profile [28,29]. This optimization is described in the following paragraph.

We exemplarily demonstrate the optimization of the doping profile for a device with a targeted
slab conductance of Gé = 102 S/m and a fixed slot width of 200 nm. For this device, a slot
capacitance C§ of about 100 pF/m can be estimated by assuming a parallel-plate approximation.
This assumption has to be taken with caution since fringing fields can contribute to a significant
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Fig. 10. Optimization of the doping profile in the slab-waveguide region to minimize
optical loss. (a) Cross section of the slot waveguide and the adjacent slab: A low doping
concentration is chosen for the rails of the slot waveguide and for the adjacent region of the slab
(depicted in green), which interact strongly with the guided light. The doping is increased in
the slab region that is further away from the rails (depicted in blue). We consider a waveguide
with rails having a width of wy,;; =240 nm and a height of /.,; =220 nm. The slabs have
a height of Agj,p =70 nm and a width of wgj,, = 1.66 um. The width of the slot is 200 nm.
For a fixed resistivity of the weakly doped silicon (here pyeax =5 5%107* Qm), Wyeak and
Pheavy can be varied to realize the target conductivity of the slab (here Gé =102 S/m). (b)
Bulk resistivity ppeavy in the heavily doped slab regions that is required to reach the target
conductivity, specified as a function of wy,,x for fixed values of pyeax =35 5%10~% Qm and
Wqlab = 1.66 pm. (c¢) Corresponding material absorption coefficient in the doped silicon.
Note that as; refers to the power attenuation coefficient for the optical wave, whereas the
symbol « in Eq. (4) refers to the amplitude attenuation coefficient of the corresponding RF
wave. (d) Power loss coefficient experienced by the guided optical mode, obtained from the
numerically calculated optical mode field and its overlap with the doped silicon regions. An
optimum in terms of optical loss is found for an intermediate extension of the heavily doped
section in combination with a medium resistivity.
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portion of the slot capacitance [23]. For the chosen values of G and Cg, a device with length

£ =1 mm, and transmission line parameters R’TL, L’TL, and C%L as specified in Table 1, the model

according to Eq. (6) would predict a bandwidth of fegp ror = 114 GHz. The geometry of the
slot waveguide is fixed with a slab height of hg,, = 70 nm, a rail width wy,;; = 240 nm, and a rail
height of /., =240 nm as shown in Fig. 10(a). The weakly doped region of the slab near the slot
is depicted in green, and the more heavily doped region further away from the slot is depicted in
blue in Fig. 10(a). As free parameters, we can vary the resistivity pheavy Of the heavily doped
region as well as the resistivity pyeak and the width wy.qx of the weakly doped part.

For simplicity, we choose a fixed resistivity pyeak Of the weakly doped section in a first step,
here pyeax = 5.5%10~* Qm. For a target conductance Gé = 102 S/m of the slab, Fig. 10(b) shows
the required bulk resistivity ppeavy Of the heavily doped region as a function of its width wpeayy.
To reach the overall target conductance of Gé = 102 S/m, the width wy.yx of the heavily doped
region must stay below 1.16 um. The bulk resistivity in the weakly and heavily doped regions can
be translated into optical loss parameters using the experimentally obtained relations published
in [47]. Figure 10(c) shows the bulk power absorption coeflicient a; in the heavily and weakly
doped silicon. Note that ag; refers to the optical power — in contrast to the RF attenuation
coefficient «, specified in Eq. (4), which refers to the amplitude. The underlying model for the
optical power absorption coefficient assumes a linear increase of the optical loss with the electrical
conductivity in Si [47]. This assumption is only valid as long as the electrical conductivity is not
limited by electron-impurity-scattering [48]. To translate the bulk absorption coefficient into a
waveguide loss parameter, we compute the optical mode in the slot waveguide and the overlap
with the doped silicon region [24] using a vectorial mode solver. The resulting power absorption
coefficient ay,; for the optical waveguide mode is shown in Fig. 10(d). If the weakly doped
region is narrow, the heavily doped section comes close to the slot region leading to high optical
loss. If the heavily doped section is far away from the slot waveguide, the conductivity has to be
increased to maintain a given overall conductance G, which again increases the optical loss. A
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Fig. 11. Optical excess loss caused by absorption in the doped silicon regions for modulators
of length £ = 0.2 mm, 0.5 mm, and 1 mm as a function of the total 6 dB electro-optic-electric
(EOE) bandwidth fsqp roE. For each length, we consider three different resistivities pyeax
of 5.5%107% Qm, 16.5x10~* Qm, and 49.5x10~% Qm. The parameters Ppeayy and Wyeak
are then optimized according to the procedure described in Fig. 9. For a given length of the
modulator, there is a trade-off between electro-optic bandwidth and optical insertion loss.
For a given bandwidth, optimizing the doping profile can lead to a reduction of optical loss.
Data points are connected by interpolated lines as guide to the eye.
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minimum excess loss of approximately 0.048 mm~! (0.2 dB/mm) is found for a weakly doped
region with an intermediate width of Wy, = 1 pm and a medium resistivity of the heavily doped
section of pheavy = 1.43X 10~ Qm. Note that this doping-related excess loss does not significantly
change the overall propagation loss of practically used slot waveguides, which is of the order
of 0.5 dB/mm [49]. Note that these loss figures are still dominated by the imperfections of the
silicon slot waveguides and not by the organic EO cladding. The bulk absorption of the EO
material is of the order of 0.1 dB/mm, and only a fraction of the optical mode propagates in the
slot such that the contribution to the overall loss should be even smaller.

So far, we have only considered a fixed resistivity pyeax = 5.5x107* Qm of the weakly doped
section. Varying this resistivity allows to further increase the bandwidth of the device or decrease
its optical loss. This degree of freedom becomes particularly important when the length of the
modulator is varied. For a quantitative analysis, we have repeated the optimization exemplarily
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Fig. 12. Details of the optimized SOH modulator design for the modulators of length
¢=0.2mm, 0.5 mm, and 1 mm considered in Fig. 11. For each length, we consider three
different resistivities pyeax of 5.5%107* Qm, 16.5x10~* Qm, and 49.5x10™* Qm. The
parameters Ppeayy and wyeak are then optimized according to the procedure described in
Fig. 9. (a) Relationship between device bandwidth f4p gog and overall slab conductance
Gé for three different modulator lengths. (b) Optimized width wye, of the weakly doped
region, (c) the associated resistivity ppeayy Of the heavily doped slab region, and (d) the
associated power absorption coefficient for the optical mode in the doped region of the
silicon, all as a function of slab conductance Gé, considering the three fixed values of pyeak-
Data points in all subfigures are connected by interpolated lines as guide to the eye.
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described in the previous paragraph for devices of different lengths £ = 0.200 mm, 0.5 mm, and
1.0 mm and for different resistivities pyeak = 5.5%107* Qm, 16.5x107* Qm, and 49.5x10~* Qm of
the weakly doped region. Figure 11 shows the resulting optical excess loss caused by absorption
in the doped silicon regions for modulators of different lengths £ as a function of their total
bandwidth fqs goE. In this plot, the trade-off between the modulator figures of merits U, o £ -1
bandwidth and insertion loss becomes evident. The numerical values presented in Fig. 11
suggest that it will be possible to realize SOH devices with a length of, e.g., 0.5 mm, having a
bandwidth of fsq8 o = 100 GHz while keeping the doping-related optical excess loss below
0.1 dB. Using highly efficient EO polymers [16], such a device would have a m-voltage of less
than 1 V. The detailed device parameters leading to the results shown in Fig. 11 are depicted in
Fig. 12. Figure 12(a) shows the relationship between the device bandwidth and the overall slab
conductance G for the three different modulator lengths ¢ considered in Fig. 11. The graphs
are obtained from the full model according to Eq. (6) in combination with a slot capacitance of
C§ = 100 pF/ m and the transmission line parameters R’ , L7, , and Cf; as specified in Table 1.
Figure 12(b) specifies the optimized resistivity pheavy Of the heavily doped slab region along with
the associated width wycqk of the weakly doped region, see Fig. 12(c), and the associated power
absorption coefficient ay, for the optical waveguide mode, see Fig. 12(d), considering three

fixed values of pyeax =5.5x107* Qm, 16.5x10™* Qm, and 49.5x10~* Qm.

6. Summary

We formulate and experimentally validate an equivalent-circuit model of silicon-organic hybrid
(SOH) slot-waveguide modulators based on distributed elements that describe the electric
properties of the device. The model parameters can be extracted from purely electrical
measurements, that provide the frequency-dependent scattering parameters of the travelling-wave
device. With these parameters, we can accurately predict the small-signal electro-optic (EO)
frequency response of the modulators, as confirmed by direct measurements of the EO frequency
response. We further formulate design guidelines that lead to an optimum trade-off between
EO bandwidth and optical insertion loss of SOH slot-waveguide modulators. We find that
proper choice of doping concentrations and geometrical device parameters can enable SOH
modulators with lengths of 0.5 mm and 6 dB electro-optic-electric (EOE) bandwidths of more
than feqp ror = 100 GHz while maintaining wr-voltages of less than 1 V and while keeping the
optical excess loss caused by free-carrier absorption in the doped silicon regions below 0.1 dB.

Appendix A: Mathematical relations for de-embedding the RF characteristics of
on-chip modulators

Transfer matrices of contact pads

The transfer matrix (7-matrix) of the left-hand-side contact pad including the subsequent transition
to the modulator electrodes, see Fig. 2(a), is modelled by a series impedance Z and a shunt
admittance Y
1 0 1 Z 1 Z
T, = = - . (22)
Y 1 0 1 Y YZ+1

Similarly, the T-matrix of the right-hand-side contact pad including the subsequent transition
to the modulator electrodes is modelled by the same series impedance Z and a the same shunt
admittance Y

1 z\[1 0 YZ+1 Z
o1 J\y 1 Yy 1

I~

=
I
I

(23)
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Conversion between S-parameters and T-matrix parameters

For conversion between S-parameters and electrical 7-matrix parameters, we use the following

relation [38,50]:
1+8,-8,-AS

T, = = 24
=11 252] > ( )
I+8,,+5,, +AS
T, =Z 23, : (25)
T =L1_§11_§22+A§ (26)
=2 Zref 2§21 ’
1-8,+S,,—AS
T = D11 T2 = 27
Ty 5. @7)

In these relations, AS = §,,S,, = S,,8,,, and Z_; is the reference impedance of the measurement
system.

Transfer matrix of a transmission line

The transfer matrix of a transmission line of length ¢ with propagation parameter y and
characteristic impedance Z; is given by [38,50] B

T- cosh(zﬁ) Z, sinh(zf) 28)

i sinh(z[) cosh(zé’)

Appendix B: Low-frequency characteristic impedance of a transmission line

The characteristic impedance given in its standard form by Z,, = VR’ + jwreL’) /(G + jwrrC’)
[38] is oftentimes considered for low-loss transmission lines at high frequencies only, where
wrrL’ > R’ and wrpC’ > G’ holds. The characteristic impedance can then be approximated by

a real-valued constant
Zo~ L. (29)

Note that this approximation is not valid for the low-frequency region where Zj can be complex
and frequency-dependent and the real and imaginary part may diverge for wrg — 0.

Appendix C: Loss parameter of the RC element

In this section we derive the RF amplitude attenuation parameter arc associated with the loss
of the RC element formed by the slab resistance G;‘l and the slot capacitance C§ following
the approach in [23]. The active power dissipated in the RC element of an infinitesimally short
section of the transmission line is linked to the real part of the complex line admittance Y. dz

dP = ~R{|UJ* Yye}dz, (30)

where U denotes the voltage phasor and where the admittance Y. of the RC element is given by

1 1 w2 C/ZG/—I +i
Yie = = + ——— | = —RES s T G1)
— \Gs  jurrCy 1+ (wgpCyGy!

The active power that is transported on the entire transmission line is given by P = R { U7—U} ,such
that the ratio of the power lost in the RC element and the total power entering the infinitesimally



=
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short section is given by

2 12 ~r—1
ar __ wirCs Gg 1 dz (32)
P rGo- R{Z'Y T
1+ (CL)RFCSGS ) E2N)

This differential equation is solved by P = Py exp(—2agrcz), where the additional factor of two
in the argument arises from the fact that arc refers to the amplitude rather than the power
attenuation. The amplitude attenuation parameter arc can thus be written as

2 72 -1
wipCy G 1

I+ (wreCLGLY) 2R4Z'Y

QRre = (33)
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