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Abstract—We present a rigorous comparison between Si ring
modulators based on interdigitated and lateral p-n junctions. A de-
tailed Si ring modulator model is derived, which is used to fit and
benchmark the measured modulation performance of both ring
modulators. At 10 Gb/s and 1 Vpp drive swing, the interdigitated
ring modulator is found to exhibit a superior extinction ratio at
low insertion loss as compared to the lateral ring modulator, at the
expense of a higher capacitive load. Design improvements are pro-
posed to obtain 25-Gb/s operation with similar extinction ratio and
low insertion loss in future devices. Such devices are attractive to
enable power-efficient scaling of optical interconnects to 400 Gb/s
and beyond.

Index Terms—Optical interconnections, optical transmitters,
ring modulators, silicon photonics.

I. INTRODUCTION

THE CONTINUOUS growth of internet traffic is impos-
ing major challenges on system interconnects in high-

performance computing systems and data centers, with respect
to bandwidth density, power consumption, and cost [1], [2]. Op-
tical interconnects based on single-mode (SM) optics and fibers
are increasingly being considered for use in such systems, as
the reach and the high bandwidth density of SM-based links
may be required for enabling continued scaling of data centers
both in terms of capacity and footprint. Several implementations
for next-generation, SM-based 100 Gb/s Ethernet optical mod-
ules for the short-to-medium range (<2 km) are currently being
proposed and evaluated [2]. One implementation comprises the
wavelength-division multiplexing (WDM) of four wavelength
channels, generated by an array of four distributed-feedback
laser diodes and individually modulated at 25 Gb/s using Mach–
Zehnder (MZ) modulators, as illustrated in Fig. 1(a). Photonic
integration technology will be essential to sufficiently reduce
the fabrication cost of these optical modules. Silicon photonics
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Fig. 1. (a) MZ-based silicon photonics 100G transmitter. (b) Ring-based
silicon photonics 400G transmitter.

technology is highly attractive in this respect, as the passive op-
tical components such as the fiber couplers and WDM filters, as
well as the 25 Gb/s MZ modulators and Ge-based photodetec-
tors can be cost-effectively integrated on a single wafer using
existing CMOS infrastructure and integration processes [4], [5].

Further interconnect scaling will be needed beyond the
100 Gb/s optical modules currently under development, even-
tually targeting 400 Gb/s and 1 Tb/s optical interconnects in the
next 5–10 years. Such high-bandwidth electro-optic interfaces
will have to operate at power efficiencies on the order of 1 pJ/bit
or better, combined with a high number of WDM channels (e.g.,
16 or more), each modulated at 25 Gb/s or higher. Obtaining
these power efficiencies will require ultimate device optimiza-
tion along the full optical link to reduce the overall WDM link
energy budget and optical loss [6]. By minimizing the inser-
tion loss (IL) of each optical component as well as the overall
power penalty (PP) across the link, the required laser power for
operation can be reduced, thereby reducing overall link power
consumption.

At the transmitter side, modulators operating at 25 Gb/s and
above should be designed with maximum extinction ratio (ER)
and lowest IL, using CMOS compatible voltages of preferably
1 V peak-to-peak (Vpp), in order to reduce driver circuit com-
plexity while staying within the energy budget of substantially
less than 1 pJ/bit. Silicon ring modulators have demonstrated
high-frequency operation at voltages <2 V, while at the same
time having a smaller footprint and smaller dynamic power
consumption as compared to MZ modulators [7], [8]. In ad-
dition, ring modulators can be cascaded along the same bus
waveguide for modulation of different wavelengths in a WDM
system, without the need for additional WDM multiplexers
and demultiplexers, as illustrated in Fig. 1(b). This can further
reduce the link footprint, IL and thus overall power consump-
tion. Obviously, these benefits will only be obtained provided
that the thermal stability of the rings can be guaranteed, which
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Fig. 2. (a) Typical transmission spectra of carrier depletion ring modulator
for different applied bias. The ER, IL, and ME are indicated for 1 Vpp . (b)
Ring modulator schematic showing the lateral and interdigitated diode designs.
(c) Ring waveguide cross section and mode distribution.

will require the implementation of power-efficient thermal con-
trol circuits [9].

Silicon ring modulators are typically using carrier injection
in p-i-n diodes or carrier depletion in p-n diodes. Carrier deple-
tion modulators combine low fabrication complexity and high
speed, but they may suffer from weak modulation efficiency
(ME), which results in low ER and high IL when driven with
1 Vpp swing. In order to improve the ME of carrier depletion
modulators, the interdigitated diode design was recently theo-
retically proposed [10], [11]. By periodically exchanging p- and
n-doped regions perpendicular to the waveguide, the overlap of
the optical mode with the depletion region is increased, produc-
ing larger refractive index changes. Although interdigitated p-n
junctions were recently demonstrated in both MZ and ring mod-
ulators [12]–[15], the direct comparison of their performance to
lateral p-n junctions is still limited. In this paper, we present
a detailed comparison of both diode implementations for ring
modulators on the same fabrication platform. A comprehensive
ring modulator model is presented in Section II, followed by
extensive device characterization at 10 Gb/s in Section III. The
results are subsequently fitted using the ring modulator model,
and discussed in Section IV. Based on the calibrated device
model, design improvements are suggested to enable modula-
tors with similar performance at 25 Gb/s. Finally, conclusions
are summarized in Section V.

II. DEVICE MODEL

Fig. 2(a) shows an example of the transmission spectrum of
carrier depletion ring modulators and its variation with applied
voltage. Typical figures of merit that are used to describe the
modulator response at system level are the extinction ratio (ER),
insertion loss (IL), bit-rate (BR) and energy per bit (Ebit). The
extinction ratio for a given operating voltage change is the ratio
ER = P1/P0 where P1 and P0 are the power levels when trans-
mitting a 1 bit and a 0 bit, respectively, while the insertion loss
is the loss introduced for a 1-bit. A schematic showing the ER
and IL for 1 Vpp swing at the resonance wavelength is shown

in Fig. 2(a). The maximum obtainable bit-rate is related to the
3-dB modulator frequency response (f3dB), which is used to
describe the modulator’s high frequency limit. The frequency
response can be related to the maximum obtainable bit-rate ap-
proximately as f3dB ≈ 2BR/3. Finally, the power consumption
of a modulator transmitting a nonreturn-to-zero bit sequence is
described by the energy per bit, defined as [16]

Ebit = CdV
2
pp/4 (1)

where Cd is the junction capacitance and Vpp is the peak-to-peak
voltage swing.

All of the aforementioned performance metrics have to be
considered for a fair comparison of different modulator designs.
They are defined by a set of physical parameters that describe the
devices. For example, the extinction at resonance and the ring
quality factor (Q = λr /δλ) depend on the ring geometry, the
loss in the ring, and whether or not the ring is critically coupled
to the bus waveguide: the modulation efficiency, defined as the
resonance wavelength shift per voltage [see Fig. 2(a)], depends
on the p- and n-doping of the ring and on the diode design,
while the modulation speed (f3dB) is defined by the device
capacitance, series resistance, and the Q-factor.

The diode designs considered here are shown in Fig. 2(b).
The lateral diode design has a p-n junction parallel to the wave-
guide. The ring circumference is L = 2πR, where R is the ring
radius. The height and length of the depletion capacitor in the
lateral case are equal to the waveguide height hw and to the
ring circumference L, respectively. The interdigitated diode de-
sign has multiple p- and n-doped areas alternated perpendicular
to the waveguide, comprising multiple p-n junctions along the
ring. Here, the width of the p- and n-doped fingers (dD ) is cho-
sen to be equal, df is the length of the p- and n-doped fingers,
and d1 is the p-n junction interaction length. If d1 is larger than
the waveguide width, the depletion capacitor of one p-n junc-
tion consists of three parallel capacitors: the waveguide core
capacitor of height hw and width equal to the waveguide width
(w), and two slab capacitors of height equal to the slab height
hs and width ws = d1 −w

2 each. All of these components are
taken into account here for calculation of the interdigitated ring
capacitance.

The output spectrum of a ring modulator can be modeled by
combining 1) transmission matrix equations to describe the cou-
pling between the ring and the waveguide and the transmission
through the bus waveguide and the ring, 2) p-n diode physics to
describe depletion carrier changes, and 3) a confinement factor
to account for the fraction of the optical mode that experiences
the refractive index changes in the depletion region.

The transmitted power at the output of the bus waveguide in
the absence of a drop port is given by [17]

Pout =
|t|2 + α2 − 2α|t| cos(θ + ϕ)
1 + α2 |t|2 − 2α|t| cos(θ + ϕ)

(2)

where t = |t| exp(iϕ) is the amplitude transmission through the
bus waveguide with phase shift ϕ, α = exp(−arL) is the ring
round-trip loss, αr is the modal propagation loss, L is the ring
circumference, θ = 2πn e f f L

λ
is the round-trip phase shift, and

neff is the effective index of the ring waveguide.
In the presence of doping in the ring, changes in the effective

index and absorption due to a change in applied voltage ΔV
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can be described as

neff = n0
eff + Δneff (ΔV ) (3)

αr = a0
r + Δαr (ΔV ) (4)

where n0
eff and α0

r are, respectively, the effective index and
absorption at the bias voltage of interest V0 . The modal changes
Δneff and Δαr can be related to the silicon refractive index
(Δnc) and absorption (Δαc) changes via the confinement factor
ΓΔA [18]

Δneff (ΔV ) = ΓA (ΔV )Δnc =
ng

nSi
γΔA (ΔV )Δnc (5)

Δαr (ΔV ) = ΓΔA (ΔV )Δac =
ng

nSi
γΔA (ΔV )Δαc (6)

where ng is the group index, nSi is the refractive index of sil-
icon, and γΔA represents the energy density confined in the
differential depletion area ΔA(ΔV )

γΔA (ΔV ) =

∫∫
ΔA ε|E|2dxdy

∫∫
∞ ε|E|2dxdy

. (7)

It is well known that Δnc and Δαc have a power law de-
pendence on changes of the electron (ΔNe ) and hole (ΔNh )
concentrations [19]

Δnc = −1.62 × 10−28ΔN 1.03
e − 8.07 × 10−23ΔN 0.81

h (8)

Δac = 6.77 × 10−27ΔN 1.21
e + 8.83 × 10−25ΔN 1.11

h . (9)

In a symmetric p-n diode with acceptor concentration NA

equal to the donor concentration ND , the change in free car-
rier concentration is ΔN = NA = ND = Ndop , assuming full
depletion. In that case we can define parameters fN and aN

to combine the electron and hole contributions to the effective
index and absorption changes within a linear approximation

Δnc = fN Ndop (10)

Δac = aN Ndop . (11)

Equations (5) and (6) can now be written as

Δneff (ΔV ) =
ng

nSi
γΔA (ΔV )fN Ndop (12)

Δar (ΔV ) =
ng

nSi
γΔA (ΔV )aN Ndop . (13)

The change in depletion charge per unit length ΔQ is related to
the change in depletion area ΔA according to

ΔQ = qNdopΔA = CdΔV (14)

where q is the electron charge and Cd is the depletion capaci-
tance per unit length at bias voltage V0 . For the calculation of
the depletion capacitance, the p-n junction is treated as a graded
junction. The depletion capacitance is therefore given by [20]

Cd(V ) =
Cj0(

1 − V
Vb i

)m (15)

where Cj0 =
√

qεS i NA ND√
2(NA +ND )(Vb i −(kB T /q))

is the depletion capac-

itance per meter at zero bias, Vbi is the junction built-in voltage,
εSi is the permittivity of silicon, and kB is Boltzmann’s constant.
Typically, the grading factor m is 0.5 for an abrupt junction and

0.33 for a linearly graded junction. The modulation of the ef-
fective index and absorption coefficient can then be calculated
from (12)–(15) as

Δneff (V ) =
ngfN

qnSi

γΔA

ΔA
CdΔV (16)

Δar (V ) =
ngαN

qnSi

γΔA

ΔA
CdΔV. (17)

The modulation efficiency can then be estimated by

ME =
Δλ

ΔV
=

λ

nSi

γΔA

ΔA

fN

q
Cd(V ). (18)

Similarly, an expression can be derived for estimating the
absorption at bias voltage α0

r = ΓSiαN Ndop , where ΓSi is the
confinement factor of the entire silicon waveguide.

Equation (18) shows that increasing the p-n junction capaci-
tance can help increase the modulation efficiency, provided that
the differential depletion area ΔA is implemented near the peak
of optical energy density (high γΔA ). This can be done by in-
creasing the doping concentration Ndop . However, higher dop-
ing concentration will also result in higher modal propagation
loss α0

r , which will impose a limit on the maximum obtain-
able Q-factor, and as such on the ER and IL. Alternatively, the
modulation efficiency can be enhanced by increasing the total
depletion area ΔA within the optical field, which is pursued by
the interdigitated diode design.

In addition, higher junction capacitance will affect the dy-
namic performance of the ring modulator. The frequency re-
sponse of ring modulators depends on the cavity photon lifetime
and the RC time constant and can be approximated by

1
f 2

3dB
=

1
f 2

Q

+
1

f 2
RC

(19)

where fQ = 1
2πτ is the frequency limitation due to cavity photon

lifetime (τ ) and fRC = 1
2πRC is the RC frequency response of

the modulator. The cavity photon lifetime depends on the Q-
factor of the ring and is expressed as τ = Qλ

2πc , where λ is the
operating wavelength and c is the speed of light in vacuum.
Consequently, a tradeoff exists between modulation efficiency
and modulator speed.

III. EXPERIMENTAL RESULTS

A. Device Fabrication

Modulators with lateral and interdigitated diode designs were
fabricated on 200 mm silicon-on-insulator wafers consisting of
220 nm crystalline silicon and 2 um buried oxide. The 450 nm
wide ring waveguides were defined by 193 nm lithography and
etching 70 nm of silicon. This shallow etch allowed for the fabri-
cation of the ring modulators during the same patterning steps as
the fiber couplers, but it imposed a limit to the minimum size of
the rings that was possible without significant waveguide bend-
ing loss. Here, a ring radius of 40 μm was used. After patterning
the rings, the bus waveguides were defined ∼570 nm away from
the rings. This was followed by p- and n-doping of the rings us-
ing boron and phosphorus implants, respectively, and targeting
∼2 × 1018 cm−3 peak concentrations at ∼110 nm depth into the
waveguide. 248 nm lithography was used to form the desired



PANTOUVAKI et al.: COMPARISON OF SILICON RING MODULATORS WITH INTERDIGITATED AND LATERAL P-N JUNCTIONS 7900308

Fig. 3. Normalized transmitted power of ring modulators with (a) lateral and
(b) interdigitated diode designs for voltages from 0.5 to −2 V. The dashed lines
show the fitted spectra.

implantation patterns. For the lateral diode design, the p- and
n-doped regions were formed parallel to the waveguide, with the
p-n junction region centered in the waveguide. For the interdig-
itated diode design, the p- and n-doped regions were alternated
perpendicular to the waveguide with finger widths dD = 300 nm
each. The length of the interaction region d1 of the p-n junction
was fixed to 1.8 μm to fully cover the guided optical mode [see
Fig. 2(c)], while the length of the fingers was df = 3 μm. P- and
n-implants at 1020 cm−3 concentrations were placed 2 um away
from the waveguide center to form the ohmic contacts. After an
activation anneal at ∼1000 ◦C, the highly doped regions were
silicided and contacted via standard CMOS 130 nm technology
tungsten contacts. Finally, connections to the pads were formed
by standard copper damascene processing.

B. Static Performance

Fig. 3 shows the normalized transmission spectra of ring mod-
ulators with lateral and interdigitated diode designs for applied
voltages from −2 to 0.5 V. The total insertion loss off-resonance
was <0.2 dB for both rings, while the back-to-back loss in-
cluding fiber couplers and bus waveguide loss was 9 dB. The
Q-factors of the rings, calculated from experimental data, were
∼15100 for the lateral and ∼16000 for the interdigitated diode
design at 0 V bias. Both rings were close to critical coupling.
The transmission spectra were fitted with the model presented
in the previous section and the results are also shown in Fig. 3.
The model resulted in power coupling coefficients 0.12 and
0.13 for the lateral and interdigitated diode designs, respec-
tively. Similarly, the ring propagation loss was found to be 25.1
and 25.4 dB/cm for the lateral and interdigitated design, re-
spectively, which is close to the value predicted by the model
(24 dB/cm).

The resonance wavelength shift is plotted versus voltage in
Fig. 4. Higher modulation efficiency is observed for the inter-
digitated diode design as compared to the lateral diode design.
In particular, for a voltage swing from 0 to −1 V, the ME of the
interdigitated diode design is 30 pm/V as opposed to 22 pm/V
for the lateral diode design.

A more quantitative comparison of the two diode designs is
shown in Fig. 5, where the static ER and IL are plotted for
1 Vpp swing. The maximum ER of the lateral diode design is
17.2 dB, corresponding to 6 dB IL. For the interdigitated diode
design, the maximum ER of 25.7 dB corresponds to only 4 dB
IL. Comparing the two designs at the same IL of 3 dB, the ERs

Fig. 4. Resonance wavelength shift versus voltage for interdigitated and lateral
diode designs. The symbols are experimental data, while the lines show the
modeled results.

Fig. 5. Experimental ER and IL for (a) lateral and (b) interdigitated ring
modulators for 1 Vpp voltage swing with 0 V bias.

Fig. 6. (a) Capacitance–voltage measurements (symbols) and fitting (lines),
and (b) energy per bit versus peak-to-peak voltage (Vpp ) for lateral and inter-
digitated diode designs.

are 4.7 and 12.7 dB for the lateral and interdigitated modulators,
respectively.

Low-frequency capacitance–voltage measurements were per-
formed at 100 kHz. Fig. 6(a) shows the experimental results,
together with the capacitance values resulting from the fitting
of Fig. 3. The interdigitated diode design results systematically
in higher diode capacitance, as expected from the theory. The
concept that led to this design is to induce larger refractive in-
dex changes by increasing the overlap of the optical mode with
the depletion area, at the expense of higher depletion capaci-
tance. A best fit to both the ring spectra of Fig. 3 and the ring
capacitance–voltage curves of Fig. 6 resulted in grading factors
of m = 0.33 for the lateral and m = 0.38 for the interdigitated
diode design. Fig. 6(b) shows an approximation of the energy
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Fig. 7. (a) Circuit model and S11 measurements from ring modulators with
(b) lateral and (c) interdigitated diode designs. The fitting to the measured data
is shown by the dashed lines.

TABLE I
CIRCUIT MODEL PARAMETERS CALCULATED FROM

FITTING TO EXPERIMENTAL S11 DATA

per bit for the two diode designs, using the modeled capacitance
of Fig. 6(a). The better ER and lower IL of the interdigitated
diode design comes at the expense of higher energy per bit.

C. High-Speed Characterization

The small-signal high frequency response of the modulators
can be studied by measuring the S11 and S21 parameters of the
ring modulators. The S11 parameters were measured at 0 V bias
in the frequency range from 100 MHz to 40 GHz. The results
were fitted using the circuit model shown in Fig. 7(a), where C0
is the pad capacitance, while R1 , C1 , and L1 model the series
resistance, capacitance, and inductance of the p-n diode, re-
spectively. The inductance L1 was included in the circuit model
due to the relatively large size of these ring modulators. The
S11 measurements together with the fitting are shown in Fig. 7.
The extracted parameters for the circuit model can be found in
Table I. The diode capacitance C1 is more than three times
higher for the interdigitated diode design as compared to the
lateral design, in agreement with the low-frequency capacitance
measurements of Fig. 6. The RF diode resistance R1 is also
higher for the interdigitated diode, indicating that device opti-
mization should be done to avoid high frequency limitation due
to this parameter.

In order to determine the electro-optical frequency response
of the modulators, the S21 parameters were measured at 0 V
using a network analyzer. Fig. 8 shows the results of these
measurements. Frequency response 12.9 GHz and 4.9 GHz
were measured for the lateral and interdigitated modulators,
respectively.

Equation (19) can be used to determine which factor is pre-
dominantly affecting the frequency response of the devices.
Table II shows the expected fRC (assuming a 50 Ω driver
impedance) and fQ based on the experimental data from the
lateral and interdigitated diode designs. While the lateral ring
modulator is limited by both the cavity photon lifetime and the
RC response, the interdigitated ring is dominantly limited by its
RC response. To enable operation of the interdigitated modula-

Fig. 8. Electro-optical S21 frequency response of ring modulators with lateral
and interdigitated diode designs at 0 V bias.

TABLE II
FREQUENCY RESPONSE ANALYSIS

Fig. 9. Eye diagrams of (a) lateral and (b) interdigitated modulators at
10 Gb/s.

tor at high speed (>10 Gb/s), the RC time constant has to be
reduced.

Large-signal high-frequency measurements were performed
at 10 Gb/s to study the high-speed modulation performance of
the lateral and interdigitated ring modulators. Measurements of
the eye diagrams were done at 10 Gb/s using a nonreturn-to-zero
pseudorandom bit sequence of 215−1. The voltage was set to 1
and 0.7 Vpp for the lateral and interdigitated rings, respectively,
at the output of the pulse pattern generator and it was applied on
the devices via a high-speed unterminated ground-signal-ground
probe. The dc bias was set to −1 V for both modulators, while
the laser wavelength was set to give maximum ER in each case.
After passing the modulator, the signal goes through an erbium-
doped fiber amplifier (EDFA) and an optical filter of 0.6-nm
3-dB bandwidth, before being monitored by a 20 GHz optical
oscilloscope. The EDFA gain is adjusted to give ∼0 dBm on the
oscilloscope. Fig. 9 shows the 10 Gb/s eye diagrams from the
ring modulators with lateral and interdigitated diode designs.
The eye diagram of the interdigitated modulator is suffering
from horizontal eye closure due to the RC limitation of this
device. However, it was possible to compare the dynamic ERs
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Fig. 10. (a) Expected transmitter penalty versus wavelength for lateral and
interdigitated diode designs, calculated for 1 Vpp swing. (a) Transmitter penalty
and energy per bit versus Vpp for lateral (dashed lines) and interdigitated (solid
lines) diode designs.

of the two designs. ERs of 11.2 and 10.2 dB were measured at 10
Gb/s for the lateral and interdigitated modulators, respectively.

IV. DISCUSSION

The experimental comparison of the interdigitated versus lat-
eral diode design has shown that the interdigitated design can
improve the modulation efficiency and extinction ratio of the
rings, and lower the insertion loss, at the expense of higher
capacitance. The higher capacitance corresponds to higher en-
ergy/bit consumption on the modulator and lower frequency
response. Based on the estimated high-frequency capacitance
(see Table I), and assuming modulation with 1 Vpp signal, the
lateral and interdigitated diode designs require energies of ∼35
and ∼113 fJ/bit respectively.

Another figure of merit that is often used for link comparison
is the power penalty (PP). The power penalty of a modulator
with ER is defined as [21]

PP(dB) = 10 log

(
ER + 1
ER − 1

)

. (20)

We can define the transmitter penalty (TP) as

TP = IL + PP. (21)

Fig. 10(a) shows a comparison of the TP introduced by the
lateral and interdigitated diode designs, centered at the wave-
length of minimum ER and maximum IL. The TP in Fig. 10(a)
is calculated for 1 Vpp swing (from 0 to −1 V). It is shown that
the interdigitated diode design can reduce the TP by ∼2.5 dB
as compared to the lateral diode. The TP and energy per bit are
plotted versus Vpp in Fig. 10(b). At 1 Vpp , there is ∼55 fJ/bit
additional energy penalty when using the interdigitated diode
design, which corresponds to −2.6 dBm additional modulator
power needed at 10 Gb/s. Both the reduction in TP and the in-
crease in energy per bit should be included in a full-link analysis
with interdigitated modulators. However, the existing interdigi-
tated diode design is not optimized—improvements can reduce
the modulator capacitance with small impact on other parame-
ters, as shown in the following.

The results from the diode design comparison are summarized
in Table III. In order to take advantage of the better extinction ra-
tio and insertion loss of the interdigitated modulator, the design
of this device should be optimized for minimum RC limitation
in the frequency response.

First, we will consider the performance improvements that
are possible in the interdigitated design of Fig. 2(b) without

TABLE III
COMPARISON OF MEASURED PERFORMANCE METRICS FOR LATERAL AND

INTERDIGITATED MODULATORS

Fig. 11. Calculated junction capacitance and ME versus interaction length d1 .

changing the waveguide geometry or the doping of the ring.
In the present design, the length of the p-n interaction region
d1 per junction was 1.8 μm to fully cover the guided optical
mode. However, from Fig. 2(c), it is observed that most of
the optical mode is confined in the waveguide region. Since
reducing the interaction region would reduce the capacitance, it
is interesting to know what the impact of this would be to the
modulation efficiency. Fig. 11 shows the simulated capacitance
and modulation efficiency when the finger length d1 is gradually
reduced from 1.8 to 0.45 μm, which is the width of the ring
waveguide. It is observed that while the modulation efficiency is
reduced by only ∼2 pm/V, the junction capacitance is more than
halved, to∼170 fF. The nonlinear dependence of the modulation
efficiency on d1 is due to the dependence of the confinement
factor on d1 [see (18)]. Using the high-frequency resistance of
Table I for the interdigitated diode design, it is found that for
d1 = 0.45 μm, the RC frequency bandwidth becomes fRC =
7.2 GHz. For the same fQ , this results to f3db = 6.2 GHz.

Another drawback of the interdigitated design of Fig. 1(b) is
the high series resistance compared to the lateral design (see
Table I). This is because the current has to pass through 3-μm-
long fingers of 300-nm width. If the interaction length is reduced
to the waveguide region, the length of the fingers could also be
reduced, bringing the highly doped contact areas closer to the
waveguide and therefore reducing the series resistance (see, for
example, [14]). A tradeoff exists between reducing the series
resistance and increasing the waveguide loss when bringing the
highly doped areas closer to the waveguide. However, series
resistance values close to those for the lateral modulator should
be possible. This would boost further the RC frequency band-
width to fRC = 11.6 GHz and the device bandwidth to f3dB =
8.4 GHz. It is expected that this improved interdigitated device
design would enable 12.5 Gb/s operation, while maintaining the
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Fig. 12. (a) Calculated ER versus corresponding IL and (b) frequency response
of interdigitated modulators, with variable finger width dd .

high extinction ratio and low insertion loss of the interdigitated
diode modulator.

To further explore the opportunities and limitations of the in-
terdigitated design, we simulated the performance for variable
finger width dd , from 100 to 400 nm. When varying dd , the
total depletion area in the interdigitated modulator is chang-
ing, therefore affecting the modulation efficiency and frequency
bandwidth of the device. The simulations were performed for
finger interaction length df = 0.45 μm and assuming almost
critical coupling in all cases, yielding a Q-factor of ∼14000 in
all cases. The results for 1 Vpp swing are shown in Fig. 12. A
critically coupled lateral modulator reference is also shown for
comparison. In Fig. 12(a), the extinction ratio is plotted versus
insertion loss for different doping widths. In this plot, the per-
formance is improving when the peak extinction ratio is moving
to the left, toward lower insertion loss. Clearly, by reducing the
finger width, the IL of the interdigitated modulators can be re-
duced significantly. The frequency response versus finger width
is plotted in Fig. 12(b). The performance of the interdigitated
modulator is matching the lateral design for a finger width of
400 nm, both in terms of ER/IL and of frequency response.
When reducing the finger width below 400 nm, lower IL can
be achieved at the expense of higher capacitance and lower fre-
quency response. The higher capacitance that is responsible for
this slow response will affect also the energy consumption of
the device.

Finally, further improvement of the interdigitated modulator
frequency response is possible if the ring radius is reduced
and other parameters are optimized as follows: assuming that
the slab height is reduced to 70 nm, a reduced ring radius of
10 μm would be possible. Keeping the finger width to 300 nm
but doubling the doping concentration would increase the ring
round-trip loss and reduce the Q-factor to 8000, resulting in
fQ ∼ 23 GHz. Higher doping concentration combined with
near-critical coupling would enable high ME (∼60 pm/V). The
smaller ring radius would result in∼60 fF depletion capacitance
with ∼4 dB TP at 1 Vpp . If the series resistivity is maintained
to the value measured experimentally on the lateral modulator
(∼7 Ω·mm), the resulting fRC would be 15.3 GHz and f3dB
∼ 12.8 GHz, enabling operation of the interdigitated modulation
at ∼20 Gb/s. However, the higher doping would reduce the
series resistance. Operation at 25 Gb/s will be possible if the
series resistance is reduced below ∼3.5 Ω·mm.

V. CONCLUSION

A detailed model based on the physical parameters determin-
ing the behavior of ring modulators with lateral and interdig-
itated diode designs has been presented. The model was used
to fit and interpret static and dynamic measurements at 10 Gb/s
on both diode designs. The interdigitated design exhibits higher
extinction ratio at lower insertion loss, resulting in a reduction
of the expected transmitter penalty by about 2.5 dB. Design op-
timizations were proposed to enable operation at >20 Gb/s and
reduce energy per bit, while maintaining low transmitter penalty.
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