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Abstract: We have investigated two novel concepts for the design of
transmission lines in travelling wave Mach-Zehnder interferometer based
Silicon Photonics depletion modulators overcoming the analog bandwidth
limitations arising from cross-talk between signal lines in push-pull
modulators and reducing the linear losses of the transmission lines. We
experimentally validate the concepts and demonstrate an E/O -3 dBe
bandwidth of 16 GHz with a 4V drive voltage (in dual drive configuration)
and 8.8 dB on-chip insertion losses. Significant bandwidth improvements
result from suppression of cross-talk. An additional bandwidth
enhancement of ~11% results from a reduction of resistive transmission line
losses. Frequency dependent loss models for loaded transmission lines and
E/O bandwidth modeling are fully verified.
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1. Introduction

Silicon Photonics (SiP) has attracted considerable attention for its potential to address the
scalability issues of current short range interconnect systems. Of particular note are the
fabrication of Silicon Photonics with mainstream CMOS technology [1-3] and the co-
integration of electronics and optics in single chips [4]. Integrated SiP lightwave circuits have
become one of the most promising technologies for next generation high data rate
applications in data-centers and have recently been introduced to market by several
companies [4,5]. Their compatibility with longer range communications might also make SiP
a frontrunner for high-performance campus-wide networks.

Key building blocks of such interconnect systems, photodetectors [6,7] and electro-optic
modulators, have been realized with group IV materials. Various technologies and
architectures have been investigated in the past years in order to fabricate high-speed and low
voltage electro-optic SiP modulators. From the explored actuation mechanisms for silicon
based modulators, e.g. plasma modulators in both injection [8,9] and depletion mode [10—13],
silicon organic hybrid (SOH) polymer modulators [14,15] and strained silicon modulators
based on the Pockels effect [16,17], the depletion modulator has so far proven to be the most
reliable and manufacturable approach for high-speed operation. Ring based [2] devices and
Mach-Zehnder interferometers (MZI) with segmented electrodes and distributed drivers [18]
each allow reduction of the radio frequency (RF) power consumption, but they also impose
their own set of constraints: Resonant devices are temperature sensitive and require control
systems that can be power hungry and complex to implement in the field [19], segmented
electrode MZI modulators require a dense interconnection network between the electronics
and the E/O modulator. While not featuring the best power consumption or drive voltage, the
travelling wave electro-optic modulator remains the easiest to deploy — it is much less
thermally sensitive than resonant devices and requires only a single RF port. It can also be
comparatively straightforward to fabricate since it can be implemented with a single metal
interconnect layer without compromising performance, as shown in the following.
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Fig. 1. Microscope image of the electro-optic modulator.

Here we focus on travelling wave carrier depletion MZI modulators. Due to the extremely
short transit time in the reverse biased pn-diode, high data rates can be reached [20]. The
bandwidth of the modulator reported on here is primarily limited by characteristics of the RF
transmission lines, since its pn-diode RC time constant is also very high. Amongst these
limitations, phase matching, RF power losses, as well as cross-talk between the signal lines in
push-pull configuration [12] can play a significant role.

For this reason, the main focus of this paper is to improve the characteristics of the RF
transmission lines, while maintaining an easy to fabricate, single metal layer design. We
introduce two architectural improvements to the transmission lines: First, an advanced driving
scheme that suppresses cross-talk between the signals applied to the two adjacent arms of an
MZI driven in push-pull configuration by driving the entire modulator with a single RF mode.
Second, signal line extensions that lower the resistance between the transmission line and the
pn-junction inside the phase tuners while minimizing the impact on phase matching and
transmission line impedance. These design improvements are experimentally validated.

In section 2 we describe a baseline device implementing the advanced driving scheme
without signal line extensions. In section 3 we explain how cross-talk between signal lines is
suppressed in this device. Finally, section 4 describes the signal line extensions and the
additional bandwidth improvements it enables. The final device has a measured —3 dBe
modulation bandwidth of 16.2 GHz (with both phase shifters DC biased at V/2 =2V), a drive
voltage V4 = 4V in push-pull, 50Q matched dual drive operation and insertion losses of IL =
8.8 dB. The final bandwidth is limited by residual phase mismatch as well as transmission
line losses due to Ohmic dissipation in low doped regions inside the waveguide core that can
be directly traded off with optical insertion losses and V. Transmission line loss models
theoretically derived in [21] are experimentally verified here, making this trade-off
straightforward to implement. We predict that by optimizing phase mismatch (adjusting the
length of the delay lines as described in section 2) a —3 dBe O/E bandwidth in excess of 20
GHz could be reached with the same design.

2. Baseline modulator

The investigated modulators are based on a Mach-Zehnder interferometer architecture where
each of the two interferometer arms consist of individual phase shifters operated in push-pull
operation. The phase shifters are based on plasma dispersion in a reverse biased pn-junction
embedded in a silicon waveguide. They are each driven by a ground-signal (GS) transmission
line with a targeted impedance of 50Q. The signal lines of the two arms are adjacent to each
other resulting in a GSSG configuration.

Figure 1 shows a microscope image of the modulator and Fig. 2 a top view and cross-
sectional schematic. The diode connectivity and driving scheme differ from a conventional
push-pull architecture. One pn-diode is connected to the first signal-line S with its cathode
while the other pn-diode is connected to the second signal-line S* with its anode. Thus, in
order to maintain reverse biasing for both diodes, the signal-line S is only operated with
positive voltages, while the signal-line S* is operated only with negative voltages relative to
their associated RF ground lines. The rationale for this driving scheme will be explained in
detail in section 3, “Advanced signal driving scheme”.
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Fig. 2. Top view (a) and cross-sectional schematic (b) of the investigated modulators (not to
scale).

The phase shifters each have a total length of L = 4 mm and are based on a ridge
waveguide configuration. To establish phase matching between the optical mode and the RF-
transmission line, recovery loops are inserted every 950 um [12,22] as indicated in Fig. 2.
These recovery loops are implemented as fully etched waveguides in order to allow for small
bending radii of 10 pm. The top arm is intentionally imbalanced with an additional
waveguide loop that results in a free spectral range of FSR = 5.8 nm with an extinction ratio
of ER = 18dB. In addition, both arms have a low frequency phase shifter implemented in the
form of a short section incorporating a forward biased pin junction allowing for precise tuning
of the 3dB-operation point to the wavelength utilized in the transmitter system. The power
consumption for a full 7 -tuning is measured to be 53 mW (36 mA at 1.46V bias).

The ridge waveguides in the phase shifter sections have a width of 400 nm and a height of
220 nm to ensure single mode operation. The slab has a thickness of 90 nm. The pn-junction
is formed by a transition between nominally p"=3e17 cm™ and n" = lel7 cm™ doped regions
(target densities) that are overlapping by 50 nm (as drawn). These doping concentrations,
combined with the six transitions between high-speed phase shifters and phase recovery
loops, as well as the low-speed phase tuners, result in a calculated overall insertion loss of
1L, = 5.7 dB including 2.7 dB insertion loss by free carrier absorption in the doped areas of
the high-speed phase tuners based on the absorption coefficients reported in [23]. The
expected VL (in single ended operation) is V,L = 2.4 Vecm and V5L = 1 Vecm (modeled for
a 4 mm long phase shifter and renormalized to a 1 cm length, both specified here due to the
non-linearity of the phase shifter transfer function) resulting in a predicted drive voltage of V4
= 2.5V. The pn-junction has a designed cutoff frequency of f. = 36.8 GHz at 2V bias (27.3
GHz unbiased) determined by the linear capacitance C’yg (F/m) and the linear series
resistance R’y (Qem) of the pn-junction, the latter resulting from the low-doped silicon
waveguide and the highly-doped slab that electrically connect the pn-junction to the metal
signal and ground lines (Fig. 2(b)). The linear capacitance and the linear resistance of the
diode were targeted to be R 'y = 18.8 mQem and C’y = 230 pF/m at 2V DC bias (310 pF/m
unbiased) assuming an abrupt p/n junction. Due to overlapping p~ and n" doped regions and
slightly higher doping concentrations than initially targeted, the linear capacitance and
resistance values had to be adjusted based on experimental data in the following analysis.

To validate the low-speed design characteristics and compare them to the fabricated
device, we have measured the static voltage dependent optical transmission spectrum to
determine V,L and IL. Figure 3 shows the phase shift respectively introduced in the top and
bottom arms as a function of the applied bias voltage. The phase shift is extracted from the
wavelength shift of the optical transmission spectrum at different static modulation voltages
displayed in the inset. From this we can derive a V,L = 4.0 Vecm and V,,L = 1.6 Vecm for
single ended operation resulting in a drive drive voltage V4= 4V in dual drive configuration.
The de-embedded insertion losses of the modulator, after normalizing out coupling losses
from the grating couplers used to couple light to and from the chip, are /L = 8.8 dBm.

In addition, we have conducted High-Frequency-Capacitance-Voltage (HFCV)
measurements at a frequency of f;c = 1 MHz and a modulation amplitude of V=100 mV on
each phase shifter loaded transmission line. The measured value for the loaded transmission
line without pre-biasing is C’y; + yg = 600 pF/m. This results in an extracted junction
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capacitance of C’yg = 360 pF/m at OV biasing and C’ys = 250 pF/m at V4/2 = 2V. From RF-
measurements (Fig. 8) we derive a series resistance of R 'y = 13.9 mQem.

The lower resistance is partially accounted for by a measured increase of the n- and p-
doped sheet resistances attributed to a 30% higher doping level in the low-doped regions
inside the waveguide as compared to target. The lower capacitance observed in experiment is
consistent with the higher measured V4. Both can be reproduced in simulations by assuming a
reduced doping region between n- and p- where these two implants overlap. The higher
insertion losses are partially attributed to excess losses in the Y-junctions as well as to the
higher implant densities (calculated as an additional 0.7 dB). The experimentally determined
capacitance and resistance values are assumed in the rest of the paper and result in a diode
frequency cutoff of 45.8 GHz at 2V reverse bias (31.8 GHz unbiased). In order to confirm the
diode frequency cutoff we have measured ring resonator based modulators that have a phase
shifter with the same pn junction configuration. The electro-optical transmission
measurements show a cutoff frequency above 40 GHz limited by the bandwidth of our
measurement setup. Since these frequencies by far exceed the measured MZI-modulator
bandwidth, we can safely conclude that transmission line losses, phase mismatch and cross-
talk are the limiting factors of the observed modulator bandwidth — the latter being taken care

of by design as explained in section 3.
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Fig. 3. Phase shifts induced in the top (red curve) and bottom (blue curve) MZI arms as a
function of applied voltages. The inset shows exemplary transmission spectra for several
applied voltages (see legend).

At low frequencies, the transmission line losses are dominated by Ohmic losses in the
metal lines, with losses scaling with the well-known dependency as dB/ (cm-VHz).

However, at higher frequencies the transmission line losses are determined by the Ohmic
losses arising from the series resistance of the pn-diode inside the silicon slab and the silicon
waveguide. The excess RF losses below the diode cutoff were derived in [21] as

(f) = O[f + Ry Qr- [-Coo) - Zyy = [ f + 0412, (1)

with a, the scaling factor for the baseline losses of the transmission line, a; the scaling factor
for the Ohmic losses inside the silicon and Z7; the impedance of the loaded transmission line.
Since in a reverse biased pn-junction based phase modulator the capacitance of the junction
C’y¢ is dependent on the applied modulation voltage, the excess losses are voltage dependent.
However, in the small-signal regime corresponding to the VNA measurements the junction
capacitance can be considered to be constant. Moreover, the voltage dependence of the diode
capacitance of our device is rather small in the range of operation as shown by the almost
linear voltage dependent phase shifts displayed in Fig. 3.
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Equation (1) was verified experimentally by measuring the frequency dependent
transmission line losses of the modulator. These results are reported in section 4.
We define the effective length of the modulator as:

L
Ly =[e ™ adx @)
0
Assuming perfect phase matching as well as a linearized phase shift versus applied
voltage (which is correct in the small signal limit applied by the vector network analyzer) this
corresponds to the length of a modulator with ideal, lossless transmission lines that would
result in the same optical signal amplitude. We report the electro-optical S-parameters in dBe
(electrical RF-power at the output of the photodiode corrected for photodiode bandwidth).
The bandwidth of an electro-optic modulator can be reported either with the optical
convention at —6 dBe, where the optical modulation amplitude (OMA) is reduced by 50%,
ie, 20-log,(OMA)=-6dBe and L, =L/2, or with the more conservative and more

widely used electrical convention at —3 dBe where the electrical RF-power at the
photoreceiver output has decreased by 50%, ie., 20-log,(OMA)=-3dBe and

L

g =L/ V2 . In this paper we report both metrics for completeness.

o

Z

&

N

D

2

=

CI) I

o) 1

g 4o—Model +: __________ oy

@ --Model excluding Phase Mismatch ! |
i [ i \ I
5 10 15 20 25 30

RF frequency (GHz)

Fig. 4. Electro-optical transmission coefficient S;, as a function of the RF-frequency. The
experimental data is compared to models calibrated with experimental data taking into account
transmission line losses and phase mismatch.

Figure 4 shows the normalized electro-optical transmission coefficient S,; as a function of
the RF-frequency for the baseline device (without electrode extensions) at a bias-voltage of
V4/2 =2V and compares it to analytical models respectively taking into account transmission
line losses only (Egs. (1) and (2)) or transmission line losses and phase mismatch as extracted
from the experimental data in sections 3 and 4. The raw data crosses the —3 dBe and —6 dBe
lines at respectively f345 = 14.53 GHz and fs45 = 20.03 GHz. The modeled values are f345 =
15.03 GHz and f¢ss = 20.61 GHz. In the absence of phase mismatch this modulator would
have reached f345 = 18.17 GHz and f¢qg = 28.41 GHz. The transmission line indices assumed
in the fit in Fig. 4 correspond to nzr = 4.1 at 10 GHz (consistent with the RF-TDR
measurements in section 4), as well as 3.6 and 3.35 at respectively 20 GHz and 30 GHz as
extracted from a calibrated HFSS model. The values for the fitting parameters o, and o, have
been extracted from electrical transmission line loss measurements as described in section 4.

Since the effective index of a transmission line loaded with a depletion type phase shifter
is frequency dependent [21], perfect phase matching can be challenging to reach for a broad
frequency range, but can be obtained at least for a target frequency. In our modulator, the
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phase mismatch is primarily due to a suboptimal delay loop length and could thus easily be
improved. We have verified with modeling that optimizing the delay loops for 20 GHz
operation would have very little impact at lower frequencies in this specific design, due to the
lower sensitivity on phase mismatch at lower frequencies.

Applying a DC-bias voltage to both arms symmetrically enlarges the depletion width and
thereby decreases the capacitance of the pn-junctions. Thus, the optical modulation
bandwidth is increased. However, the increased modulation bandwidth is then traded off
against reduced optical modulation amplitude. A bias of V42 corresponds to a realistic
system environment and is thus used as the standard for all the measurements in this paper.

As can be seen in Fig. 1, the signal lines are located extremely close to each other. As
shown in section 3, this transmission line geometry could lead to severe cross-talk for a
different driving scheme. We will also explain how this cross-talk was suppressed in our
device. In section 4 we will show how signal line extensions can serve to further improve the
modulator bandwidth without changing its transmission lines’ impedance or phase velocity.

3. Advanced signal driving scheme

The first diode connectivity that may come to mind for a depletion type MZI-modulator
driven in push-pull configuration may be to connect the cathode of both diodes to positively
driven signal lines, since the cathodes need to remain at positive voltages. In this case, the
two arms of the interferometer receive complementary data-signals, i.e., if one arm receives a
voltage associated with a logical ‘1’ the other arm receives a voltage associated with the
complementary logical ‘0’, and vice-versa as illustrated in Fig. 5(a). Thus, this driving

scheme necessitates both the data signal ‘S’ as well as the complementary data signal ‘S ’.

Since S and S are different signals from an RF point of view — they are actually exactly
opposite — cross-talk between the signal lines can become an issue unless a significant
separation is allowed for in between the two SG transmission lines or shielding is
implemented with a multi-layer back-end process. Since cross-talk is frequency dependent,
this directly impacts the bandwidth of the modulator.

Let us consider for example the case of a GSSG configuration where a signal S is applied

to the first signal line and the inverted signal S is applied to the second signal line. When
applying data, we will excite three super-modes of the coupled transmission lines: one
symmetric mode and two anti-symmetric modes (Figs. 6(c)-6(e)), with symmetries defined by
the voltage distribution (note that Fig. 6 shows the E-fields that have opposite symmetry).
Each mode has a different propagation constant 3, , f,,,,and f3, While the symmetric

sym?2 *
mode and the first anti-symmetric mode both apply a significant voltage across the two phase
shifters, the difference consists primarily in whether the same or opposite RF voltages are
applied to the two pn-junctions, the second anti-symmetric mode is very different: It results in
a very small RF voltage applied across the pn-diodes, with most of the voltage dropped across
the two (inner) signal lines. For this reason, the second anti-symmetric mode is almost
completely insensitive to the excess capacitance of the pn-junctions and has thus a much
higher phase velocity [21]. The beating between these three RF modes gives rise to
significant cross-talk in the frequency range of interest (Figs. 6(a)-6(b)).
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a) Conventional driving scheme
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Fig. 5. Signals for (a) the conventional and (b) the advanced driving scheme.
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To model the cross-talk between the signal lines for the conventional signal driving
scheme we have calculated the voltages 7 and currents / for each of the four metal lines for
the three modes using a 2D finite elements mode solver (Ansoft HFSS, f= 18 GHz):

0 ~0.096
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asym2 359 > Lasym2 T 0079
3.72 0.058

where the voltages are given in V and the currents in A, and where the normalization is
chosen as unit power (1W). The symmetric mode is close to the target 50Q impedance (55Q).

To solve for the voltages and currents at the end of the transmission line we apply a self-
consistent scattering matrix analysis taking into account multiple reflections from the
beginning and the end of the transmission line arising from the impedance mismatch between
the individual super-modes and the 50Q2 RF-probe-tips. As boundary conditions, we assume
50Q terminations on either end of the signal lines and take into account shorting of the two
ground lines inside the probe tips. The frequency dependent losses of the RF modes were
directly taken from simulations. The effective indices of the loaded symmetric and anti-
symmetric RF modes (n,,,, and n,,;) were rescaled to 80% of their simulated value in order
to match the experimentally determined phase velocity for the symmetric mode (as
determined by time domain reflectometry, see Fig. 9). The same rescaling factor was used to
predict the transmission line velocities used for the models fitting the responses of the
baseline and enhanced modulators (Figs. 4 and 10).
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Fig. 6. (a) Transmission coefficients S, zr (blue trace, transmission through signal line 1) and
S31rr (red trace, cross-talk to signal line 2) measured at the end of the transmission line for an
RF signal applied only to signal line 1, corresponding to the cross-talk occurring in the
conventional driving scheme. Dashed curves are measured and continuous curves are modeled.
The black curve shows the measured transmission coefficient S>; z* of the symmetric mode,
for comparison, corresponding to RF losses in the advanced driving signal scheme. (b)
Modeled S5, rr and S;; g for an MZI modulator with a doubled, 8 mm length. Here too, the
blue line is the RF transmission and the red line shows the cross-talk. (c-e) Super-modes
supported by the GSSG-transmission line (Ey). The symmetric mode has an anti-symmetric E,
field, but symmetric voltages.

Figure 6(a) shows the measured transmission coefficients S,; gr and Sz rr recorded at the
ends of the two signal lines when only one of the signal lines is driven with an RF signal at
the input while the other is 50Q terminated at both its input and output, i.e. RF signal
amplitudes V;, = [0, 1, 0, 0]. This corresponds to the cross-talk encountered in the

conventional driving scheme with complementary signals S and S . S, rr is the transmission
through the driven signal line while Ss; gr is the cross-talk. The continuous curves show the
theoretical transmission coefficients based on the modal analysis. In addition, we plotted the
measured transmission coefficient S,;* for a symmetrically driven input (dashed black curve),
i.e., RF drive voltage amplitudes V;,* =0, 1, 1, 0], in order to show the RF-attenuation of the
symmetric mode. This corresponds to the RF losses in the advanced driving scheme described
below. It is apparent that cross-talk becomes an issue at much lower frequencies than the RF
transmission line losses.

From the quality of the fit shown in Fig. 6(a) we can conclude that the beating between
the three super-modes adequately models the experimentally measured cross-talk. The
magnitude of the cross-talk is matched very well below 10 GHz. At higher frequencies the
salient features of the experimental data are also qualitatively reflected by the model. It is
important to note that the first cross-talk features appear at 8 GHz, while the bandwidth of our
single-RF-mode modulator is substantially higher, validating the importance of suppressing
cross-talk. As expected, cross-talk becomes even more drastic for longer modulators. To
exemplify this we are showing the modeled cross-talk for an 8 mm long modulator in Fig.
6(b). It can be seen that cross-talk becomes severe above a few GHz, very severely limiting
the bandwidth of the modulator.
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Now, when the modulator is driven in a conventional GSSG configuration the following
voltages are applied to the four metal lines for the two different bit-states (the voltages are
normalized to the modulation voltage V,,,,.):

0 0 0
_ 1 1/2 1/2
V;nO: = + ’
’ 0 -1/2 1/2
0 0 AC 0 DC (4)
0 0 0
_ 0 -1/2 1/2
I/in]= = +
’ 1 1/2 1/2
0 0 AC 0 DC

with the voltage vector ¥, , corresponding to the 0-bit and 17,.,1’1 corresponding to the 1 bit.

The vectors can be decomposed into a part that is not dependent on the bit-state and
represents the phase shifter bias-voltages necessary to maintain the pn-junctions in reverse
bias (denoted as DC) and a voltage vector that is dependent on the bit-state and oscillates at
the rate of the applied RF-field (denoted as AC). The AC component can be decomposed into
a superposition of super-modes described by Eq. (3). The differing RF wave propagation
numbers are resulting in cross-talk and thus a reduced analog bandwidth, as previously
discussed.

In order to overcome this limitation, we investigated a driving scheme that relies on a
single RF super-mode inside the coupled transmission lines. We now assume the diode
connectivity to be given by the diagram in Fig. 2(b), i.e., one diode has its cathode connected
to a signal line S while the other diode has its anode connected to a signal line S*. Again, we
assume push-pull operation, i.e, the two phase shifters apply opposite phase shifts. In order to
maintain both diodes in reverse operation, the input voltages applied to the four GSS*G lines
are given by

0 0 0
_ 1 1/2 1/2
I/in0: =
’ 0 1/2 -1/2
O 0 AC 0 DC (5)
0 0 0
_ 0 -1/2 1/2
V;nl: = s
’ -1 -1/2 -1/2
O 0 AC 0 DC

where again 17[1,0 and 17;,1’1 are the input voltages for a logical zero and a logical 1. In the

decomposition on the right side of the equations it is apparent that the time-varying term
corresponds to the symmetric super-mode of the coupled transmission line system, only.
Since it is the only RF mode being excited, there is obviously no cross-talk.

In addition to the eliminated cross-talk and to the associated bandwidth improvement, this
configuration also allows for a simpler driver architecture. For conventional driving schemes
with complementary signals, two data streams are needed. On the other hand, for the
advanced single-RF-mode driving scheme investigated here the voltages on signal lines 1 and
2 are just offset by a constant voltage and are not inverted. If S varies between 0 and V,,,,4, S*
is simply S-V,,s and can be generated from S with a bias-T. Thus, the generation of a
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complementary data stream is not necessary here. Figure 5 illustrates the different signals
applied to signal lines 1 and 2 (blue and red curves, respectively) for the conventional driving
scheme and the advanced driving scheme.

In order to measure the devices in this configuration, we fed the output of the vector
network analyzer to a 3 dB splitter. After DC-shifting the outputs of the splitter with bias-Ts,
the two resulting signals were fed into the coupled transmission lines via a GSSG probe tip.

For an integrated driver plus modulator solution, the on-chip implementation of a 3 dB
splitter or a bias-T might consume a substantial amount of chip area. However, a second
driving scheme can be implemented that is equivalent from an RF point of view, but does not
require either one of these devices. The states for the 0- and 1-bits are then chosen as

0 0 0
_ 1 1/2 1/2
I/inO: = +
’ 1 1/2 1/2
1 0 AC 1 DC (6)
0 0 0
_ 0 -1/2 1/2
Vinl= = +
: 0 -1/2 1/2
1 0 AC 1 DC

These signals can be generated by shorting S and S* and simply setting the second RF-
ground (the fourth line) to the constant voltage + V,,4. In this case the two signal lines can
also be reduced to a single line within the modulator, further shrinking the device size.

4. Advanced pn-junction contacting scheme

The second limiting factor for the modulator bandwidth comes from the signal attenuation in
the transmission lines. Especially at higher frequencies this is dominated by the Ohmic losses
in the doped silicon regions (R 'y¢) that carry the current between the pn-junction located in
the waveguide (C’y) and the metal lines. The corresponding RF losses and their effect on the
optical modulation amplitude are described by Eqs. (1) and (2). Note that the impedance of
the transmission lines is a primary driver of their RF-losses and thus of the modulator
bandwidth. A lower impedance results in lower RF-losses as shown by Eq. (1), but it also
results in a higher power consumption. The silicon doping levels usually result out of a trade-
off between high enough doping to provide low RF losses and thus a high bandwidth and low
enough doping to provide low optical attenuation and thus low optical insertion losses. In
order to partially deconstrain this problem, two different implants are typically utilized (Fig.
7(a)): one relatively low dose implantation that overlaps with the optical mode (R’; + R’))
and a high dose implantation outside the optical mode to reduce the series resistance (R’; +
R’)).

An intuitive way to decrease the resistances R’; and R’, would be to reduce the distance
between the waveguide and the metal lines, since this would also reduce the length of silicon
the current has to flow through in order to reach the pn-junction. However, in a single metal
interconnect configuration this distance is also fixed by the impedance of the transmission
line Z7; one wishes to obtain. Zr; is determined by the linear capacitance C’7; - y¢ (including
both the intrinsic capacitance of the unloaded transmission line and the capacitance of the pn-

junction) and the linear inductance L'y, (Z,, =+/L;, / Cp . )- Since the conductivity of the

doped silicon typically remains a few orders of magnitude below the conductivity of the
metal, the longitudinal currents flowing in the transmission line are primarily confined to the
metal lines. Under these conditions, both Ly; and Cy; are simply determined by the distance
between the ground and signal line [21].
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In order to compensate for the high capacitive load of the pn-junction, the linear
inductance of the transmission line has to be increased, e.g., by increasing the distance
between the signal line and the ground line. However, this also increases the resistances R ’;
and R’; and thereby increases the RF attenuation. In our baseline modulator, based on
simulations, the resistances R’; and R’, make up for 42% of the total diode series resistance
R'wg=R’;+R’;+R’;+ R’, thus significantly affecting the transmission line losses. In order
to recover as much as possible of this penalty, we introduce a contacting scheme based on
individual metal extensions transversely connecting the metal lines to the waveguide
(approximating an artificial material with anisotropic conductivity). Figure 7(b) shows the
unit cell of the transmission line with electrode extensions.

c) design with igi
used for 2D current simulations (top view)

a) Conventional design

Ground
™ ra
L¥ RY R, LA

Signal

signal
Ground

3

b) design with i

(2

Fig. 7. (a) conventional design of a loaded transmission line, (b) advanced design with
interleaved electrode extensions (c) lumped element representation of the current flow. The
microscope image shows a detail of the electrode extensions in the real modulator. The dark
boxes are the metal electrode extensions; the colored areas represent the different doping
regions. Grey areas are signal and ground line, respectively.

Due to the sparsity of the metal extensions, the induced excess capacitance is very small.
Moreover, the current flowing through the extensions is restricted to a transverse current
flowing to and from the pn-junction and remains much smaller than the longitudinal current
flowing along the metal lines. Thus, the excess inductance created by the metal extensions is
also small. In order for the assumption of a primarily transverse current in the electrode
extensions to hold, the extensions need to have sufficient spacing between each other in the
longitudinal direction to prevent longitudinal current flow via capacitive coupling.
Furthermore, the extensions from the signal and ground lines are interleaved relative to each
other, to minimize the additional capacitance created by them. The concept can be seen in
analogy to the ground plane engineering reported in [24], where a ground plane was slotted to
prevent longitudinal currents and thus modify the impedance of an RF strip line. While the
impact on the impedance of the transmission line is minimized, the series resistance of the pn-
diode is significantly reduced.

In the advanced modulator investigated here, metal eclectrode extensions were
implemented with a width of w, = 2um and with an extension-to-extension separation (along
the metal line) of d, = 10um. They are reaching as close to the pn-junction as possible without
perturbing the optical mode propagating in the waveguide. Due to the much lower resistance
of the metal extensions, the majority of the depletion current that flows to and from the pn-
junction will flow through them, thus significantly shortening the distance over which it flows
through the doped silicon slab.

Since the extension-to-extension spacing is significantly smaller than the distance of the
waveguide to the metal lines (wg,,/2 = 15 pm, where wy,, is the distance between the two
signal lines), the resistance corresponding to transport through the silicon slab region is
significantly reduced. A 2D-simulation of the current flow shows a reduction of the total
series resistance by 37%, which means that close to 90% of the resistances R’; and R’ has
been removed by introducing the metal electrode extensions. ,

As already explained, the effect of the electrode extensions on the linear capacitance C 7
and linear inductance L 7;, and thus on the transmission line impedance and phase velocity, is
expected to be very small. This was verified by simulating the unit cell with a 3D simulation
in HFSS. In particular, this corresponds to a situation where currents in the metal extensions
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primarily flow transverse to the direction of the transmission line. The vanishing effect of the
metal extensions on transmission line impedance, transmission line phase velocity and
waveguide losses was also experimentally validated as described in the following.

Optical transmission measurements averaged over 6 different dies showed a slight
reduction in insertion losses of 0.3 dB which is well within the statistical uncertainty of the
measurements and thus attributed to measurement error. Thus, we conclude that the electrode
extensions do not have a significant influence on the optical mode and do not add optical
losses.
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Fig. 8. Transmission line attenuation for the modulator with and without electrode extensions.

The y-axis corresponds to \/; rather than ¢« in order to make the trend predicted by Eq. (1)
apparent by a linear progression. Continuous lines are fitted according to Eq. (1).

Figure 8 shows the measured transmission line attenuation o as a function of RF-
frequency. We display the square root of the attenuation coefficient to verify the trend
predicted by Eq. (1). In the high frequency regime, above a few GHz, the losses are
dominated by the second term of Eq. (1) corresponding to Ohmic losses in the series
resistance of the pn-diode. These correspond to a constant slope on the graph. The solid lines
show a fit of the measured data using Eq. (1). The two fitted curves coincide very well with
the measured data. As fitting coefficients we extracted oy = 5.56e-4 m'Hz"? and o, =009le-
18 m'Hz? for the modulator without electrode extensions and o9 =4.31e-4 m 'Hz"? and oy
= 0.56e-18 m'Hz for the modulator with electrode extensions. It is apparent that at high
frequencies the losses of the transmission line with the electrode extensions are lower by 38%
relative to the baseline modulator. Since the high frequency losses are directly proportional to
the series resistance of the pn-junction, we can also confirm a reduction of the series
resistance by 38%, very close to the 37% predicted by simulation. It should also be noted that
the curves in Fig. 8 stay straight at high frequencies up to the upper limit of the measurement
range. This confirms that the diode cutoff lies at a higher frequency, since the linear
progression would slow down beyond the diode cutoff frequency, resulting in an inflection
point [21].

In order to further experimentally validate the design, especially to validate that the
impedance and phase velocity of the transmission lines are not significantly modified, we
measured the reflection S;; of the combined GSSG-signal lines in the time domain (time
domain reflectrometry — TDR, see Fig. 9). Discontinuities in the impedance of a transmission
line cause a measurable increase in the reflection coefficient. The magnitude of the reflection
coefficient is thus a measure of the impedance mismatch that causes the reflection. The
temporal distance between two reflections can be translated into a signal velocity or an
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effective dielectric constant when correlated with a spatial distance. To identify the beginning
of the transmission line, we measured the reflection coefficient with the probe tip lifted up
from the chip to get a strong reflection from the open end of the probe tip. Next, we landed
the probe tip on the input pads of the modulator transmission line leaving the output pads
unterminated. This reduces the reflection from the input of the transmission line due to the
better impedance match while at the same time also gives a second strong reflection from the
unterminated output pads.
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Fig. 9. TDR measurement of S, for conventional (blue curve) and advanced transmission line
design with electrode extensions (green curve).

Thus, the phase velocity of the RF signal can be directly measured according to the time
delay between the two peaks. By this method we have measured ngr = 4.125 for both devices
with and without electrode extensions. This indicates that the introduction of the electrode
extensions does not add an additional phase mismatch between the RF-driving signal and the
optical wave. In addition, the reflections from the input of the transmission lines have the
same magnitude in both cases. This is a strong indication that both transmission lines have
almost identical impedances. Therefore, we can conclude that the introduction of the
interleaved electrode extensions did not have a significant impact on the impedance matching
and phase matching of the modulator.

Table 1. Comparison of measured and modeled bandwidths for the modulator with and
without electrode extensions

-3 dBe Data Predicted Predicted
(including phase mismatch) (without phase mismatch)

Without Extensions 14.53 GHz 15.03 GHz 18.17 GHz

With Extensions 16.19 GHz 16.78 GHz 23.2 GHz

-6 dBe Data Predicted Predicted
(including phase mismatch) (without phase mismatch)

Without Extensions 20.03 GHz 20.61 GHz 28.41 GHz

With Extensions 22.56 GHz 22.12 GHz 35.7 GHz

Figure 10 shows the electro-optical transmission coefficients S,; of the baseline modulator
without electrode extensions (blue curve, same as in Fig. 4) and a modulator with the
interleaved electrode extensions. The solid lines again show a fit assuming transmission line
losses with a frequency dependence given by Eq. (1) and coefficients extracted from Fig. 8, as
well as a frequency dependent transmission line index extracted from a calibrated HFSS
simulation (same as for the model in Fig. 4). It can be seen that both modulators are modeled
extremely well. The measured and modelled frequency roll-off characteristics of the
modulators with and without electrode extensions are summarized in Table 1.
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Since in the absence of phase mismatch the 34 and fssg bandwidths scale as the inverse
square root of the diode series resistance (Egs. (1) and (2)), one would expect the modulator
bandwidth to be improved by 26% after introduction of the electrode extensions. Measured at
11%, the actual improvement is however significantly lower. This is adequately modelled
once phase mismatch is taken into account (both modulators suffer from identical phase
mismatch that is independent from the electrode extensions). Since in the presence of phase
mismatch later portions of the modulator are less efficient or even work against the already
accumulated phase shift, transmission line losses introduce a reduced penalty and the effect of
reducing the diode series resistance is thus lower. It is however expected that a higher
improvement would have been obtained in a better phase matched device, as can be read from
the last column of Table 1.
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Fig. 10. Optical transmission coefficient S, of the conventional baseline modulator (blue) and
a modulator with an advanced transmission line design with interleaved electrode extensions
(green). Solid lines are models based on experimentally extracted parameters.

5. Conclusion

We have investigated two novel concepts for the transmission line design for travelling wave
Mach-Zehnder interferometer based Silicon Photonics modulators that have a significant
impact on the optical modulation bandwidth of the devices.

We have been able to show that using an advanced signal driving scheme, the cross-talk
between the signal lines of a push-pull modulator could effectively be suppressed and thus the
corresponding bandwidth limitation overcome. Furthermore, bandwidth limitation resulting
from transmission line losses associated to the series resistance of the pn-diode have been
adequately modeled and reduced by the introduction of slotted electrode extensions.
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