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Abstract—We developed PIN-diode-based silicon Mach—
Zehnder modulators, which have side-wall-gratings in the phase-
shifter sections. Such passive waveguides with gratings were fabri-
cated using ArF immersion lithography, which showed a small scat-
tering loss of 0.4 dB/mm. We extensively investigated the forward-
biased operation of the modulators by using equivalent circuit
analysis and the measurement of the fabricated devices. We argue
carrier recombination time only plays a minor role for the over-
all performance of the modulator. Dependences of the modulation
efficiency on other various critical parameters are discussed. In
particular, if we use relatively short phase shifter, the forward-
biased operation provides smaller V. L than reversed one even at
high frequency of 20 GHz, at the expense of the narrow band-
width. Our approach enables high-speed operation up to 50 Gb/s,
by using phase shifter as short as 250 xm and preemphasis signals.
For 12.5-Gb/s operation, the modulator cell size was only 300 :m
X 50 pm, which was suitable for the applications of high-density
optical interconnects.

Index Terms—Modulation, optoelectronics, photonic integrated
circuits, waveguide modulators.

I. INTRODUCTION

ARGE-scale integrated circuits (LSIs) based on silicon
L electronics currently exhibit an interconnect-bottleneck
when further increasing computing ability, particularly in in-
terchip transmissions [1]. Optical interconnects are one of can-
didates for solving this bottleneck problem due to its wide-
bandwidth property. Various configurations have been proposed
and demonstrated for the optical interconnects [1]-[5]. Sili-
con optical interposers (SOIPs) are one of such configurations,
on which optical waveguides and optoelectronic devices are
integrated at high density and LSIs are flip-chip bonded [5].
Such photonics-electronics convergent systems enable wide-
bandwidth and high-density optical interconnect among LSIs,
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instead of conventional electrical ones. To achieve the desired
transmission, an array of high-speed and compact silicon mod-
ulators is essential. A number of modulators should be placed in
the limited space in the vicinity of the LSIs, while each modula-
tor operates at as high speed as possible. In addition, low-driving
voltage is required for the modulators so that complementary
metal-oxide-semiconductor (CMOS) circuits can drive them.

Mach—Zehnder modulators (MZMs), which are based on the
free-carrier plasma (FCP) effect in silicon, are suitable for SOIPs
[6]-[25]. FCP is virtually only an electrooptic effect, which
occurs in silicon [26], which makes these modulators a primary
choice to ensure full compatibility with the conventional silicon
fabrication process. In addition, the FCP effect is insensitive
to wavelength and temperature, unlike other effects induced by
change in the direct bandgap.

MZMs based on reverse-biased PN-diodes are most com-
monly investigated and are formed in rib-waveguides on silicon-
on-insulator (SOI) substrate [11]-[18]. The waveguides have
thin slab layers of silicon on both sides of the core. Although
the thickness of the slab layers affects the performance of the
modulator, its controllability only relies on the duration time
in the silicon etching process. In addition, mode conversion is
needed to connect these rib-waveguides with other photonic
components such as wavelength MUX/DEMUX in SOIPs. For
such passive components, wire-type waveguides without side
slab layers are standard.

In MZM operation, reverse-biased diodes act as capacitor
with relatively small capacitance (0.2—0.7 pF/mm) [16]-[18],
which is suitable to obtain a wide-modulation bandwidth of tens
of gigahertz in terms of the resistance-capacitance (RC) time
constant. However, they provide only limited modulation effi-
ciency per unit length because they can store a relatively small
amount of charges for a given driving voltage. As a consequence,
MZMs are usually as long as one or several millimeters and not
small enough for SOIP applications. Although microring res-
onators can enhance the modulation efficiency, they approach
the speed limit caused by the photon lifetime of the resonator.
To increase capacitance, a high-doped junction is not tolerated
both for MZMs and resonator-based modulators if the optical
loss increases.

This paper presents our compact silicon modulators, which
were developed for the SOIP applications [20]-[22]. The mod-
ulators have side-wall-grating waveguides in the phase shifter
sections. The side-wall-grating structure is easy to fabricate
in terms of repeatability of the etching process of waveguides
because no thin slab layer has to remain. Since the critical di-
mension of such waveguide is as small as about 80 nm, all
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modulators in our works were fabricated by using electron-
beam lithography [20]-[23]. In this paper, we present passive
side-wall-grating waveguides, which were fabricated by pho-
tolithography using ArF immersion exposure, for the first time.
The fabricated passive waveguides with side-wall-grating ex-
hibited a scattering loss of less than 0.4 dB/mm.

A main topic of this paper is a detailed study on effi-
ciency of silicon modulators based on forward-biased diodes
[8]-[12], [19]-[25]. Using that operation modes, we have al-
ready achieved high-speed operation up to 50 Gb/s of MZMs by
using phase shifters with side-wall gratings [20]-[22]. In those
experiments, the modulators provide efficient modulation, and
the phase shifters were as short as 250 pm. Although those
works extended the potential of the forward-biased operation
of the diodes, it remains unclear what quantity really limits the
performance of them.

In this paper, we present our comprehensive study to un-
derstand the operation of modulators based on forward-biased
diodes. We analyzed such operation using equivalent circuit
models. The circuit model was essentially same as that pro-
posed by Zhou [10]. We examined the model by applying the
parameters obtained from the measured S-parameters. As a con-
sequence, we found that carrier recombination time is not the
only factor that determines frequency characteristics of the mod-
ulator, and it plays only a minor role for the overall performance
of the modulators.

Based on those analyses, we experimentally evaluated the
efficiency of the modulators. The bandwidth of forward-
biased operation is usually several hundred megahertz [8]-[12],
[19]-[23]. Therefore, these MZMs require driving circuits that
can compensate frequency dependences of the modulator for
broadband operation of tens of gigabit per second. Several meth-
ods were developed and demonstrated for such compensation
including preemphasis signals [8], [9], [19]-[25], [27]. If these
methods will be readily available in future systems, the effi-
ciency of the modulator at the highest frequency component in
signals will be more important than broadband characteristics.
In this context, we measured the efficiencies of forward-biased
operation of PN-diodes at different frequencies, and compared
them with different bias-voltages, doping profiles, and the length
of the phase shifters.

The forward-biased operation can provide high modulation
efficiency even by a short phase shifter due to their large ca-
pacitance. For 250-um long phase shifters, we obtained the
similar results as reported by Spector et al. [11]; the efficiency
of forward-biased operation is higher than those of reversed op-
eration at frequencies up to 20 GHz. On top of that, our experi-
mental results show that the forward-biased operation provides
higher efficiency than the reversed one even at 20 GHz when
we use the shorter, 100-um long phase shifter.

Finally, we show the results of high-speed large-signal mod-
ulation experiments [20]-[22]. We achieved up to 50-Gb/s [22]
operation of our fabricated MZMs with forward-biased diodes
and preemphasis signals generated using a finite-impulse-
response (FIR) filter. The high-efficiency of the forward-biased
operation enabled the use of a phase shifter as short as 100—
250-pm for SOIP applications. For 12.5-Gb/s operation, our
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Fig. 1. Schematic view of MZM with side-wall-grating waveguides fabricated
on SOI substrate. (a) Top view. (b) Close up of phase shifter.

new modulator cell pattern was used, which was only 300-xm
wide and 50-pm high.

II. MODULATOR WITH SIDE-WALL-GRATING WAVEGUIDES
A. Device Structure

Fig. 1 is a schematic view of one of our modulators, which
is basically the same as in our previous studies [20]-[22]. As
shown in Fig. 1(a), a Mach—Zehnder interferometer (MZI) con-
sists of silicon-based waveguides and two multimode interfer-
ence (MMI) couplers on a SOI substrate. Fig. 1(b) shows a
close-up of one of the two phase shifters of this MZM. On both
sides of the waveguide core, the side-wall gratings were formed
with periodically placed fins. These fins act as paths via which
free carriers, such as electrons and holes, are injected into or ex-
tracted from the core during MZM operation. Our MZMs have a
uniform thickness of silicon over the entire structure, unlike the
conventional rib waveguide. In the etching process for defining
the core, a buried oxide layer acts as a stopping layer; there-
fore, less controllability is required in the process than that for
conventional rib-waveguides.

Design of the doping profile around the waveguide-core is
critical for high-speed and efficient operation of forward-biased
diodes, the same as those of reverse-biased diodes. The silicon
pads and outer parts of the fins of the gratings were highly
p- or n-type doped at 10?° cm~2, denoted as p™ and n* in
Fig. 1(b). The distances between high-doped regions and the
side-wall of the core are denoted as S and as small as 450 nm,
which must be small to obtain efficient operation of the forward-
biased modulators at high frequencies [21]. To obtain high-speed
operation at 50 Gb/s, we formed p~ and n™ regions between
high-doped regions and the center of the waveguide core, as
shown in Fig. 1(b). We denote the doping levels of these p~ and
n~ regions as N4 and Np, respectively. We did not intentionally
form these regions for 12.5-Gb/s and 25-Gb/s operation. Instead,
long time annealing was applied to diffuse the dopants in the p™
and n" regions into the waveguide core. We fabricated both PN
and PIN diodes; the former had no gap between the p~ and n™
regions, whereas the latter had a gap of 440 nm, indicated as G
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TABLE I
STRUCTURAL PARAMETERS AND PROCESS CONDITIONS OF FABRICATED MZMS

p” and n” dopant

Sample concentration Doping G Activation L
notation (e type (nm) annealing (um)
A 100
B Ny~ 1x107, PN 0 350
- 18
C Nox3x10 PIN 440 0s 250
D 1
T Ny ~3x10", PN 0 228
- 18
¥ No~1x10 PIN 440 250
G None PIN - 20 min. ¢ 100

“In total. After waveguide is made, Phosphorus is first implanted followed
by 15-min. annealing. Next, Boron is implanted followed by 5-min. annealing.

in Fig. 1(b). The structural parameters of the fabricated MZMs
are summarized in Table I.

As indicated in Fig. 1(b), the width and height of the wave-
guide core were set to 460 and 220 nm, respectively. The width
and length of the fins were about 80 nm and 2 pm, respectively.
The pitch of the grating was designed to be 285 nm so that
the detuning of the operating wavelength of 1550 nm from the
Bragg wavelength became sufficiently large. The lengths of the
phase shifters of the fabricated MZMs were 100 or 250 pm,
which are denoted as L in Fig. 1(a).

We used an inverted taper as the optical coupling structure for
all devices presented in this paper. At the facets of the samples,
the width of the waveguides linearly decreases from 460 to
200 nm, from inside to the edge of the samples. The facets were
polished to make them optically smooth after the samples were
cut off from the wafer. In the measurements, we used lensed
fibers and piezostages for the optical couplings and alignments.

B. Fabrication Process

The devices were fabricated in the super-clean-room at AIST
Tsukuba West by using the process technology for CMOS
devices. For the fabrication of the side-wall-grating waveg-
uides, photolithography using the ArF immersion exposure sys-
tem can be used to define the waveguide pattern. There have
been few reports on fabrication using state-of-art photolithog-
raphy [28], [29], such as ArF immersion exposure, and it has
not been clarified if it is possible to fabricate such fine pat-
terns as side-wall gratings. Fig. 2 shows a scanning electron
microscopy (SEM) image of the fabricated passive waveguide
with side-wall grating when we used the ArF immersion expo-
sure system. It exhibited smooth and sharp edges of silicon, as
shown in Fig. 2, which verifies the effectiveness of advanced
photolithography for silicon photonics. So far, we have only
fabricated passive side-wall-grating waveguides without doped
regions or electrodes by using the ArF immersion exposure sys-
tem. We are planning to fabricate the full MZM with doped
regions and electrodes using the waveguide in Fig. 2, in the next
step.

For the MZMs with doped regions and electrodes, we used
a variable-shaped-beam electron-beam (VSB-EB) writer for
defining the side-wall-grating waveguides in our current and
previous works. We fabricated several MZMs (Samples A-G),
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Fig. 2. SEM image of fabricated side-wall-grating waveguides before being
covered with upper cladding layer. These waveguides are fabricated using ArF
immersion exposure lithography.
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Fig.3. Transmission spectrum of waveguides fabricated using ArF immersion
exposure system. Red and black curves show spectrum of waveguides with and
without side-wall gratings. Two and four samples were measured from identical
chip, and all measured spectra are shown in the figure. Results were so uniform
for both waveguide patterns that measured curves can hardly be distinguished.

which had different structures, as summarized in Table 1. For
MZMs with p~ and n~ regions (Samples A-F), dopants were
implanted four times on a uniform SOI layer prior to forming
waveguides, whichresultedinp™,n",p~, and n™ regions. Phos-
phorus (P+) and boron (B+) were used for n- and p-type doping,
respectively. After implantations, thermal activation was done
for 10 s at 1000 °C followed by waveguide formation. For the
MZM without p~ and n~ regions (Sample G), we used a dif-
ferent flow of processes, which was described in a previous
paper [20]. A 1-um-thick layer of silicon dioxide was deposited
to cover the waveguide as a cladding layer. Finally, contact win-
dows were opened on silicon pads, and 1-pm-thick aluminum
was deposited to make contact.

C. Transmission Property of Side-Wall-Grating Waveguides

Fig. 3 is the measured transmission spectrum of passive
waveguides with and without side-wall gratings. They were fab-
ricated using photolithography of ArF immersion exposure. We
measured two side-wall-grating waveguides and four reference
waveguides without the gratings, which were all on the identical
chip. All measured spectrum are shown in Fig. 3, by red and
black curves, for side-wall-grating and reference waveguides,
respectively. For each structure, the measured curves are very
close to each other, and can hardly be distinguished. The av-
erage transmission in 1545-1555 nm was extracted from each
curve. They were —3.58, —3.66, —3.61, and —3.59 dB for the
four reference waveguides, and the standard deviation was only
0.04 dB. The four waveguides were put in a row within about
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Fig. 4. Modeling and analysis of forward-biased PN-diode. (a) Energy band
diagram of phase shifter. (b) Equivalent circuit of (a). (¢) Frequency dependences
of stored carrier ¢ in capacitance C'r calculated using circuits of (b).

3-mm-wide area on the sample chip. The small deviation of
transmission indicates the uniformity of the ArF immersion ex-
posure, as well as small measurement error.

In Fig. 3, as the red lines indicate, the waveguides exhibited
a stop-band due to the side-wall gratings around 1460 nm. At
longer wavelengths than the stop-band, the spectrum exhibited
a wide pass-band, which was as smooth and flat as the reference
waveguides. We set the operating wavelength in this pass-band
to around 1550 nm. The excess propagation loss of the side-
wall-grating waveguides compared to the reference waveguide
was only 0.4 dB/mm. This result indicates that the side-wall
grating is useful as a basic waveguide structure for modulators
and can be fabricated using CMOS standard processes.

III. CIRCUIT MODELING OF FORWARD-BIASED DIODE

In this section, we explain an equivalent circuit model, which
was used to analyze the frequency response of our MZMs.
Fig. 4(a) shows the physical model of the phase shifter in
Fig. 1(b). We defined the carrier recombination times 7y,., and
Teh, which mainly consist of Auger recombination [30] and sur-
face recombination [31], [32]. The stored charge Q(¢) in the
phase shifter satisfies the following rate equation:

dQ (1) I(t)<1+ 1

dt The Teh

) Q) M)

where I(t) is the injected current flow into the phase shifter.
Fig. 4(b) shows the equivalent circuit of the forward-biased
diodes for the phase shifter. This circuit is the same as the
well known equivalent circuit for forward-biased diodes [10],
and we can apply the same analysis as in our previous study
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[27]. Note that the modulator is electrically open without load
resistance parallel to the modulator. This open-termination of
the modulator does not degrade its frequency response because
the length of the phase shifter was small enough, as shown in
Table I. The diode dc current and the () exhibit strong nonlinear
dependence on the forward-bias voltage V-. We use small signal
analysis and introduce differential diode resistance Ry and the
differential capacitance Cp

6Q (t) = CrdVr (1). )

The relation of small values 67, §Q, and §V for the equivalent
circuit is expressed as follows:
d(0Q) , 6V
ol = —_— 3
prany Tor 3)
From (1), (2), and (3), the carrier recombination times are ex-
pressed as

S B
Ten  CpRp’

The series resistance in Fig. 4(b) consists of both driver out-
put impedance R4,y = 50 €2, and bulk resistance in the p- and
n-doped regions R;. When the system varies with time at fre-
quency w as 6Q(t) = q e’ and § V(t) = v e'“!, we obtain ¢
from (1)—(4) as follows:

Cro T
q:1+m[(3 ¥ R,)C ] ©)
drv S F
where 771 = [(Rary + Rs) Cp]™' + (Rp Cp)~'. In (5), if
(Rary + Rs) < Rp, 7 = (Rary + Rs) Cr. This means the
recombination time does not so affect the behavior of the circuit.
In Section IV-A, we discuss the parameters of the equivalent
circuit of Fig. 4(b) deduced from the measured S-parameters.
In fact, the results show that (R4,y + Rg) < Rp holds, as
speculated in the previous study [27]. In general, (5) indicates
that the response of the modulator is dominantly determined by
the faster one between the circuit time constant ( R4,y + Rs)Cr
and the carrier recombination time Ryr Cp. In other words, we
can increase the bandwidth of the modulator by reducing not
only the recombination time [10] but also the circuit parameters,
Rdrv + RS .

To increase the bandwidth of the modulator, reducing Rq, +
R is more meaningful than reducing the carrier recombination
time. In forward-biased operation, the capacitance C'r is so large
that the bandwidth of the modulator would not probably exceeds
10 GHz, even if using any of the two methods. In this case, the re-
sponse of the modulator approaches ¢/v ~ [iw (Rary + Rs)] !,
independently of the carrier recombination time Ry Cp, at the
operating frequencies, as derived from (5). This means that by
reducing R4,y + Rs, we can obtain the larger response |q/v| of
the modulator, as well as the higher bandwidth, whereas reduc-
ing the recombination time can only improve the bandwidth.
In addition, if the bandwidth of the modulator cannot be large
enough for higher speed operation at 20-50 Gb/s, preemphasis
is necessary for forward-biased operation. Thus, the bandwidth
of the modulator is less important for forward-biased operation
compared with the absolute response |g/v|.

“)

The
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Fig. 5. Measured S-parameters of fabricated MZM (Sample C in Table II).
Forward bias voltages were +0.85 V (red) and +0.90 V (blue). Black narrow
lines are fitted curves obtained by circuit in Fig. 4(b) and parameters listed in
Table I.

Fig. 4(c) shows the frequency response of |g/v| calculated
from (5), where |g/v| expresses the efficiency of the modulator
since the phase shift is largely proportional to the amount of
stored charge. In the calculation, we set 7 = (Rqry + Rs) Cr
and R4,y + Rg = 60 €. In the figure, three curves with different
values of C'r approach the single red line of [w(Rqyy + Rs)] ™!,
regardless of the choice of C'p. This means the capability of the
circuit to store the charges in the modulator is determined by
Rg,v + Rg. For relatively small frequencies, too small capaci-
tance limits |g/v|; for example, |¢/v| with Cr = 0.1 pF is smaller
than the other curves with large C at 10 GHz. In other words,
the capacitance should be large enough to use the full capability
of the driver circuit. When compact modulators are needed, the
capacitance per unit length should be large to obtain a large
enough total capacitance. Thus, we used the forward-biased op-
eration of the diodes for the better modulation efficiency at small
lengths of the phase shifter.

IV. CHARACTERISTICS OF MZMS

In this section, we describe the measured characteristics of
our fabricated MZMs. The structures of the MZMs used in the
experiments are summarized in Table I.

A. High-Frequency Response

First, we measured the electrical S-parameters of the MZMs.
We used sample C, which was based-on PIN diodes with G =
440 nm, at relatively high junction concentrations. We measured
S11 reflection and Ss; transmission of the electrode of one of the
two phase shifters on this MZM. We set two electrical contacts
on both sides of the phase shifter in traveling-wave configura-
tion. Fig. 5 shows the measured S-parameters with forward-bias
voltage of Vj, =0.85and 0.90 V. Both S;; and S»; greatly change
at a frequency around several-hundred megahertz, which corre-
sponds to the cut-off frequency of the circuit in Fig. 4(b).

Assuming the circuit topology in Fig. 4(b), we fitted the mea-
sured S-parameters, as the black narrow curves show in the
figure. The measured curves were reasonably reproduced by us-
ing the circuit parameters in Table II. As indicated, Ry is about
three times larger than R4, + Rg. From Table II, the two kinds
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TABLE II
EXTRACTED CIRCUIT PARAMETERS
V" (V) Cr (pF) Rs () Rr (©)
0.85 6.5 10.5 219
0.87 8.9° 10.0° 158°
0.90 11.5 95 93.5

Extracted from measured S-parameters of Sample C shown in Fig. 5. “¥}: bias
voltage, “linear interpolation between 0.85 and 0.9 V.

10 T

= Armi-meas.
0 — A

— Calculated

-10 \
Sample C (PIN) \

L =250 um
=30 N, = 3x10" cm? N
Np = 110" em?

. N,

V,=0.87V
il

107 108 10° 10t 10
Frequency (Hz)

Optical response (dB)
R
o

Fig. 6. Optical response of fabricated MZM (Sample C in Table I) with for-
ward bias voltage of V;, = 0.87 V. Red and blue curves show results of two
phase shifters on MZM, which were independently driven by small-amplitude
signals. Black narrow lines are fitted curves obtained by circuit in Fig. 4(b) and
parameters listed in Table II.

of time constant of the modulator is evaluated for V;, = 0.87 V;,
(Rary + Rs) Cp = 534 ps and Rp Cp = 1.41 ns. Thus, the
circuit time constant determines the bandwidth of our modulator
rather than carrier recombination time. If we reduce the recom-
bination time to 100 ps by using the same means proposed by
Zhou et al. [10], it would become smaller than (R4, + Rg) Cp
and we could obtain faster response of the modulator, too. How-
ever, as mentioned in the previous chapter, this means could not
increase the response |g/v| of the modulators.

Next, we examined optical responses for small modulation
signals. We did not apply 50-2 termination to the MZM and kept
it electrically open, which was exactly the same configuration
as in Fig. 4(b). Fig. 6 shows the measured response of the
same MZM (Sample C). The measured curves are similar to
those in Fig. 4(c). They exhibited a cut-off frequency of around
several-hundred megahertz, and at higher frequencies, the curve
declined by —20 dB/decade.

The black curve is the calculated response of |g/v| using the
circuit in Fig. 4(b) and the parameters listed in Table II. The
measured curves were well fitted up to the highest frequency
in the graph. These results indicate that equivalent circuit in
Fig. 4(b) is valid for high-frequency operation of forward-biased
PIN-diodes.

These results indicate that the forward-biased PIN diodes
electrically behave as lumped elements, as modeled in Fig. 4.
This is not the case if the distances between the doped regions
and the core are too large. Fig. 7 shows the dependences of opti-
cal responses of forward-biased PIN diodes on the distance S in
Fig. 1(b) [21]. For relatively small S, the slope of the response is
about —20 dB/decade above the cut-off frequency, as expected
from the lumped-RC circuit in Fig. 4(b). However, for relatively
large S, the rate of decline above cut-off frequency became
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Fig. 7. Optical frequency response of our fabricated MZM with different
values of S in Fig. 1(b) (colored lines) [21]. The samples had similar structure
as Sample G in Table I. They did not have p- and n- regions, and instead the
dopants in p+ and n+ regions were intentionally diffused to the waveguide
core.
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Fig.8. Measured V;; L as function of bias voltage of fabricated MZM (Sample
C). Inset shows transmission spectrum of MZM with different bias voltage.

steeper than —20 dB/decade. In this case, a more complicated
equivalent circuit would be needed. For 50-Gb/s devices, we
used p~ and n~ regions in addition to decreasing S to avoid
large optical loss due to free-carrier absorption in p* and n™
doped regions.

B. Frequency-Dependent VL

V., L, a product of the voltage and length of the phase shifter
to obtain phase change of m, is a performance index often
used to compare the efficiency of different kinds of modula-
tors. Throughout this paper, V; L is of one of the two phase
shifters in MZMs; it was calculated from the phase shift oc-
curring at, voltage applied to, and length of only one of the
two phase shifters. In forward-biased modulators, the measured
V. L at dc is irrelevant for this purpose because the efficiency of
those modulators strongly depends on frequency, as shown in
previous studies [6], [8]-[12], [19]-[23] and in Fig. 6. We next
normalized the optical response in Fig. 6 by V. L measured at dc
to obtain frequency-dependent V. L. Fig. 8 shows the measured
dc-V;; L as a function of the bias voltage. We measured the shift
of the transmission spectrum of an asymmetric MZI, as shown
in Fig. 1(a), by changing the applied bias voltages, as shown on
the left axis in Fig. 8. The red line on right axis indicates the re-
sultant V. L. As expected, V. L at forward bias voltages exhibits
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Fig. 9. Frequency dependences of V. L with different bias voltages. (a) For
sample B (PN) and C (PIN) at relatively high concentration of p~— and n~ with
L =250 pm. (b) For sample E (PN) and F (PIN) at relatively high concentration
of p~ and n~ with L = 250 um. PN- and PIN-diodes are dc-biased at -3 and
+0.85 V, respectively. Four diodes in two MZMs were measured for each device
structure.

about a 100-times reduction compared with that of reversed bias
voltages.

Using these bias-voltage-dependent V; Ls and optical fre-
quency responses, we obtained frequency-dependent V, L at
different bias voltages, as shown in Fig. 9. This frequency-
dependent V. L is valid for the 50-2 driving circuit with Ry,, =
50 Q in Fig. 4(b). The phase change efficiency is defined for
the amplitude of the 6V in Fig. 4(b). We normalized response at
the lowest frequency using the measured dc-V; L. Though V. Ls
have strong dependences at low frequencies on bias-voltages,
they converge at high frequencies around 20 GHz. Below these
frequencies, forward-biased operation exhibits smaller VL
than the reversed-biased operation.

With these results, the advantage of forward-bias operation
may not be clear for high-speed operation at 50 Gb/s. How-
ever, the key point is that this converging frequency depends on
the other parameters, such as the series resistance Rq.y + R
and the length of the phase shifter. Although we used Ry, =
50 © in the experiments in this paper, we do not have to ad-
here to this traditional load resistance. In particular, in afore-
mentioned SOIPs, both photonic and electronic devices can be
optimized for the better total performances. As mentioned in the
previous chapter, by designing a driver circuit with low output
impedance Rg,, we could obtain more |g/v| for forward-biased
diodes, which have sufficiently large capacitance. By contrast,
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TABLE III
PERFORMANCE SUMMARY OF FABRICATED MZMs
p and n” dopant . Propagation V:L (V-cm)
:;r;pi)(l; concentration Dtoplgg ( fn) loss V,=+0.85V Vy=-3.0V
(em™) P K (dB/mm) DC 10 GHz 20 GHz DC 10 GHz | 20 GHz

A 1o 100 0.025 0.32 0.61 0.84 0.90 0.98

B AA’/" N 13111%”" N 250 189 0.030 0.52 1.00 0.83 0.94 L11

C b PIN 250 12.8 0.029 0.53 1.05 N/A

D 8 100 0.022 0.47 0.90 1.43 1.55 1.61

~ 7.6

E %" flil]%lg PN 250 0.023 0.77 1.48 1.36 1.52 1.66

F P PIN 250 4.8 0.019 0.73 1.45 N/A
for reverse-biased diodes, the small capacitance limits the total Ipe + AL,
stored charge and the reduction of Rg,, would not work. Qt)-Q.. +AQ

s -Q.. +
We measured frequency dependent V; Ls of MZMs with dif- =R, (6)= Qe e
. .. - =
ferent structures and operating conditions, and extracted V. L at Qe *qysin ot
10 and 20 GHz. The results are summarized in Table III. From Vi +AV,e | L
. . =<
the results of PN-diodes with W = 0 (samples A, B, D, and —|— =R
. . . (on

E), we found that forward-biased operation generally provides
smaller V; L at any frequency, N, and IV, and L. As men- Q
tioned earlier, the differences are larger for smaller frequenc1es. Fig. 10. Configuration and parameter assignment of modulator used in calcu-

Forward-bias operation of a 100-um long phase shifter exhib-
ited smaller V. L than that of a 250-m phase shifter, whereas
those for reversed-bias operation were almost the same. In other
words, for a 100-pm long phase shifter, forward-biased opera-
tion exhibits smaller V. L than the reversed one, even at high
frequency of 20 GHz, whereas the difference is small for a
250-pum phase shifter. These dependences can be explained
based on the equivalent circuit analysis in the previous chap-
ter, as follows.

For forward-biased operation, both 100-pum and 250-pum
phase shifters exhibited sufficiently large capacitance for the
capability of the driving circuit. The driver output impedance
dominantly determines the amount of total stored charge in all
diodes. Therefore, the decrease in L results in a minor impact
on the total modulation depth, i.e., phase change of the modu-
lator. This in turn causes an increase in modulation efficiency
per unit length for a shorter phase shifter. For reverse-biased
operation, the capacitances are not so large that they determine
the amount of stored charge in the capacitance even at a high
frequency of 20 GHz. Therefore, a decrease in L leads to a
decrease in phase shift for a given driving voltage; thus, VL
does not change. It is worth mentioning that this advantage of
forward-bias operation of relatively small phase shifters makes
them suitable for use in resonator-based modulators, such as mi-
croring resonators, as well as compact MZMs. Usually, phase
shifters shorter than 100-um are used in such modulators. In
fact, we recently have demonstrated efficient 50-Gb/s opera-
tion of ring-resonator-based modulator using forward-biased
diodes [23].

For forward-biased operation of 250-,:m long phase shifters,
the V; Ls at forward-bias voltage are almost the same between
PN and PIN diodes, whereas the latter exhibit smaller measured
propagation loss. PN diodes exhibit more propagation loss due
to larger free-carrier absorption. Finally, devices with larger N,
and N, (A-C) indicate smaller VL than those with smaller
N, and N,, (D-F), irrespective of the other parameters, at the
expense of large propagation loss.

lation of power dissipation.

C. Power Dissipation

Power consumption is another important metrics for the mod-
ulators. We evaluated the power consumption of the modulators
in forward-biased operation by using the equivalent circuit in
Fig. 4(b). For sake of simplicity, we calculated the power dis-
sipation inside the modulator when it is operated by sinusoidal
signals. By using the notation in Fig. 10, the average power
dissipation P is expressed as follows:

P = (Ipc + Alxc) (Vbe + AVac)
= Ipc Vbe + Alac AVpc

(6)

where overline means taking average in time.

We assume the charges Qr (t) inside the capacitance of the
diode C varies with time ¢ such that Qr (t) = Qpc + AQac =
Qpc + qo sin(wr). As mentioned in the previous chapter, the
amount of AQ ¢ determines the modulation depth via the FCP
effect. From the equivalent circuit, both Aly¢ and AVj¢ are
expressed by AQ ¢ as follows,

d(AQac) AQac
Alpc =
AC a + RrCr’ and
d(AQac) Ry (1 1
A e ] —_— — | A .
Vac = R, m + cr \ B + i Qac. (1)

By substituting, the aforementioned formula into (6), we ob-
tain the power dissipation inside modulator for charge variation
AQxc = qo sin(wt), as follows:

) 2

d(AQac)
®)

AQxc
RrCr

R, + Rp o \’
2 RpCp

P
P = Ipc Vbe+R; {dCfAC] + (Rs + Rrp) (

Ry ;
= Ipc Voc + — (waqo)’ +

2
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In the aforementioned formula, we dropped the products of
AQxc and its derivative because they are cyclic function and
averaged out. In the rightmost formula in (8), the second term
R,(w qo)*/2 is essential for the operation of the modulator.
When the charge in Cr is modulated with amplitude ¢, ac
current of wqq flows through R and causes inevitable power
dissipation. Given that the required charge variation and the
series resistance R are largely same between forward- and
reveres-biased modes, this second term is roughly constant. The
first and third terms in (8) represent dc and ac power dissipation,
respectively, due to the leak current of the diode. Therefore, these
are supposed to become larger for forward-biased operation than
for reversed mode.

We can evaluate the power consumption by assigning values,
which are obtained from the experiments, into (8). As described
in the next chapter, Inc = 0.36 mA and Vpc = 0.5 V, when
sample C was operated at 50 Gb/s. Therefore, the first term in
(8) is as small as 0.18 mW for one of the two phase shifters
in the MZI. To determine the second and third term in (8),
we used the values of Rs, Ry, and Cp, which are listed for
sample C in Table II for V;, = 0.87 V. As for gy, we calculated
the required ¢y to obtain reasonable extinction ratio from the
measured V. L of sample C; we assigned 0.51 pC to q;. We
used 25 GHz for the frequency, which corresponds to 50-Gb/s
operation. With all these parameters the second and third term
in (8) was equals to 32.4 and 0.011 mW, respectively, for one
of the two phase shifters. These results indicate that the second
term in (8), R,(w go)?/2, is dominant in the power dissipation
of the FCP-based modulators. Thus, the leak currents give only
negligible impact on the power dissipation of the forward-biased
operation of the diode, and the intrinsic power dissipations are
largely same between forward- and reverse-biased operations of
the FCP-based modulators.

V. LARGE SIGNAL OPERATION

Finally, we conducted large-signal modulation of the fabri-
cated MZMs at 12.5 and 50 Gb/s. As mentioned earlier, our
modulators are for SOIP applications, where a compact array
of modulators is required. Fig. 11(a) shows a photograph of
the modulator array fabricated for this purpose. The size of the
modulator cell and the length of the phase shifter were as small
as 50 pm x 300 pm and 100 pm, respectively. The modulator
was designed for relatively low speed of up to 20 Gb/s, and did
not have p~ and n~ regions. Instead, we intentionally diffused
the dopants in the p™ and n* regions into the adjacent part of the
waveguide core by long-time high-temperature annealing [20].
We used preemphasis signals to drive the modulators, which
were generated from conventional non-return-zero (NRZ) sig-
nals using inline differentiator. The preemphasis signals were
amplified and leveled using a bias tee. We slightly adjusted the
bias voltages around +0.95 V to keep the phase balance of
the MZI at the quadrature point. The signals of 3.8-4.0 volt-
peak-to-peak (V;,,) were applied to the electrode of both phase
shifters of the MZMs. Fig. 11(b) shows the measured optical eye
diagrams of two of the four channels of the array at 12.5 Gb/s.
We obtained clear eye openings with a dynamic extinction ratio
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Fig. 11. (a) Four-channel compact modulator array. Each MZM has same
structure as Sample G. (b) and (c) 12.5-Gb/s optical eye diagrams of two chan-
nels of modulator array. Waveforms were detected from one of two optical
output ports of each channel. We confirmed that ER and IL from another output
port were almost same as indicated in graphs.

(ER) of 5 dB. Only a single channel of the array was operated
at once due to the limited configuration of the experiments. As
indicated in Fig. 11(b) and (c), optical insertion loss (IL) was
5.4 dB for both channels. This IL includes all kinds of excess
losses of MZMs during 12.5-Gb/s operation from the reference
waveguide without the MMI coupler, side-wall-grating waveg-
uides, or phase shifters. This IL includes 3-dB loss due to the
power distribution between two output ports. The intrinsic loss
of MZMs is only 2.4 dB (= 5.4 -3.0).

For 50-Gb/s operation, we used sample C in Table I, which
had a 250-pm long PIN-diode phase shifter with relatively high
doping concentration [22]. Fig. 12(a) shows the experimental
setup. We formed preemphasis signals from the NRZ signals by
using in-line RF components, such as combiner and attenuators.
This method is equivalent to using an FIR digital filter. The pre-
emphasis signal was divided into two identical signals to drive
the MZM in a push—pull configuration. Each of the two signals
was amplified and leveled at +0.5 V for the forward-bias opera-
tion. Fig. 12(b) shows the resultant electrical waveform applied
to each of the two arms of the MZM with 4.35 V,,,,. This ampli-
tude was measured in an oscilloscope with system impedance
of 50 €2, though we left the electrodes of the MZM electrically
open during the high-speed operation of the MZM. We kept the
phase difference between the two arms at the quadrature during
high-speed operation.
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Fig. 12.  50-Gb/s-large signal modulation experiment using fabricated MZM

(Sample C) [17]. (a) Setup to create preemphasis signals from standard NRZ
signals in PRBS pattern of 27—1 using FIR digital filter. Preemphasis signals
were divided into two identical electrical signals to drive MZM in push—pull
configuration. (b) One of two electrical waveforms applied to modulator as
output from bias tee in (a). (c) Optical 50-Gb/s eye diagrams obtained from bar
ports of MZM. We also obtained about same ER from cross port.

Fig. 12(c) shows the optical output waveforms obtained from
one of the two output ports (bar port) of the MZM. We suc-
cessfully obtained eye openings at 50 Gb/s with dynamic ER of
4.3 dB. The measured IL was 7.2 dB, which was defined in the
same manner as in 12.5-Gb/s operation. The ER and IL from the
cross port was 4.1 dB and 7.0 dB, respectively. Both ER and IL
are almost identical between the two ports, which confirm that
the phase balance was kept at quadrature during the operation.
The intrinsic loss of MZMs is 4.1 dB at this 50-Gb/s operation.

We next estimated the electrical power dissipated in the MZM
during 50-Gb/s operation. During the operation, dc forward bias
voltage of 0.5 V was applied to both diodes of two arms of the
MZI. The measured dc currents were 0.36 and 0.35 mA, respec-
tively. Then, dc power consumption Phc was equal to about
0.36 mW. The ac power consumption Pyc can be estimated
from the input voltage waveform V' (t) in Fig. 12(b). The Pac
is given by a time integral as

_ 2 [T{V)
Parc = T /0 Tdt. ©)

in which 7' is the time span of the measured waveform. We used
sufficiently long waveform with 7" = 5 ns. In (9), the factor
2 is needed because we used two identical signals to drive our
MZM in push—pull configuration. We used 50 2 as R since V' (t)
was measured in 50 €2 systems, and then Py was estimated as
45 mW under an impedance matching condition. The estimated
value must be larger than the dissipation power inside the MZM,
because the MZM’s impedance during high-speed operation was
different from 50 2.
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VI. CONCLUSION

We developed silicon MZMs that have side-wall-grating
waveguides in the phase shifter sections for SOIP applications.
The structure is easy to fabricate in terms of repeatability of the
etching process of waveguides because no thin slab layer has to
remain. We obtained a scattering loss of less than 0.4 dB/mm
using waveguides fabricated by ArF immersion exposure.

We investigated the forward-biased operation of PIN-diodes
using the equivalent circuit formed from the measured S-
parameters. We argued that carrier recombination time only
plays a minor role in that circuit. The impacts of the other
critical parameters, such as driver output impedance and the
length of the phase shifter, on the overall performance were
discussed. In particular, reducing the driver output impedance
is more important, which can increase the response of the mod-
ulator at high frequencies, as well as the bandwidth. Due to
its large capacitance per length, the forward-biased operation
provides efficient modulation for relatively short phase shifters.
We found, by measuring frequency-dependent V. L of the fabri-
cated MZMs, that forward-biased operation can provide higher
efficiency than reversed ones even at high frequency of 20 GHz
for 100-um long phase shifters.

These results make those modulators suitable for the appli-
cations such as SOIPs, where low-driving voltage and com-
pactness of the phase shifter are simultaneously required. We
demonstrated efficient and high-speed operation of MZMs up
to 50 Gb/s with forward-biased diodes by using a phase shifter
as short as 100-250 pum and preemphasis signals. We showed
12.5-Gb/s operation of a compact silicon MZM array; each mod-
ulator cell was as small as 50 pm x 300 pm, including metal
pads. The resulting driving voltages in those experiments were
high for CMOS driver circuits. However, it is expected from
our analysis that the voltage will be reduced for the forward-
biased operation by using low-output-impedance driver, without
increasing the length of the phase shifters. Furthermore, em-
ploying a ring-resonator is one of the promising approaches to
reduce power consumption of SOIPs. For ring-resonator-based
modulators, a short but efficient phase shifter is needed to re-
duce the driving voltage. Forward-biased diodes are suitable for
such modulators, too [23].
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