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Abstract—Through rigorous process, electrical, and optical sim-
ulations, we develop a new silicon depletion-mode vertical p-n
junction phase-modulator implemented in Mach–Zehnder mod-
ulator configuration, enabling an ultralow measured VπL of only
∼1 V·cm. Further, in a 500-µm-long lumped element device, we
demonstrate a 10-Gb/s nonreturn-to-zero data transmission with
wide-open complementary output eye diagrams without the use of
signal preemphasis.

Index Terms—Diodes, optical modulation, silicon.

S ILICON was first explored as an active optical material by
Soref and Bennett [1]. In their seminal publication, Soref

and Bennett measured the refractive index of silicon as a func-
tion of carrier concentration. Subsequent publications demon-
strated useful configurations of silicon modulators [2]–[9]. In
terms of the active region of the modulator, these configura-
tions can generally be classified into three categories: 1) in-
jection mode [2]–[4], [9]; (2) MOS-capacitors [7], [8]; and 3)
depletion-mode structures [4]–[6], [10]. The full-optical struc-
ture can then be generally classified as Mach–Zehnder [2]–[7] or
resonant modulators [9], [10]. Mach–Zehnder modulators have
the benefit of wideband operation, and hence greatly reduced
temperature sensitivity. Resonant structures greatly enhance the
relatively weak free-carrier effect, thereby enabling ultralow
power consumption [9], but operate only over a narrow band-
width and suffer from substantial temperature sensitivities. Both
structures have merit; however, we consider here Mach–Zehnder
implementations only.

Injection-based silicon modulators [2]–[4], [9] have the ca-
pability to induce a large change in the free-carrier concen-
tration at a relatively low voltage. The figure of merit, Vπ L,
for injection-based modulators has been reported to be as low
as 0.02 V·cm [3]. However, injection-based modulators suffer
from the long free-carrier lifetime (∼1 ns) in silicon-on-insulator
(SOI) silicon. As a result, the 3 dB bandwidths of injection-
based modulators are typically below 1 GHz [3]. To achieve
higher speed operation, signal preemphasis has been success-
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fully utilized [9], but doing so requires complex circuitry, higher
drive voltages, and higher power consumption.

Silicon p-n junction modulators can, of course, be run in
depletion mode, where carriers are extracted rather than in-
jected [4]–[6] and high-speed operation (30 GHz) has been ob-
tained. However, without a p-n junction tailored to run in deple-
tion mode in a tightly confined structure, these structures suffer
from very small changes in refractive index, resulting in substan-
tially reduced figures of merit (i.e., Vπ L = 4 V·cm [4], Vπ L =
5 V·cm [5]) compared to forward-biased operation.

Alternatively, the free-carrier lifetime limitation in silicon can
be overcome by the use of a MOS capacitor structure [7], [8].
MOS capacitor structures are in some ways much like p-n junc-
tions, except they are formed from three distinct layers: a poly-Si
layer, an oxide layer, and an SOI silicon layer. By applying a
voltage, carriers can either be stored onto the capacitor or de-
pleted from the poly-Si and SOI silicon layers. In either case,
a refractive index change is induced. Modulators with 3 dB
bandwidths exceeding 20 GHz have been achieved in MOS ca-
pacitor Mach-Zehnder modulators, but at relatively high figures
of merit, Vπ L∼ 3.3 V·cm [8]. In principle, MOS capacitors can
achieve low figures of merit when run in accumulation mode
without free-carrier lifetime limitations. The benefits of MOS
capacitor modulators stem from the high field and large degree
of charge accumulation that can be achieved in MOS capacitor
structures [11]. However, MOS capacitors generally require a
poly-Si layer that can introduce excess loss.

Here, we develop a simple depletion-based vertical p-n junc-
tion, similar to that used for our resonant modulator [10], [12],
[14] for a Mach–Zehnder configuration. This junction enables
a substantially improved modal overlap of the depletion region
with the propagating mode enabling shorter structures with im-
proved figures of merit (i.e., lower Vπ L, where Vπ is the voltage
required to achieve a π phase shift at a device length L). Here,
we demonstrate a figure of merit of Vπ L = ∼1 V·cm. In a sim-
ple, lumped element configuration, we achieve “error-free” (i.e.,
bit error rate < 10−12) 10-Gb/s nonreturn-to-zero (NRZ) data
transmission and a 3-dB electrical bandwidth of 8 GHz limited
only by the impedance of the 50 Ω transmission line used to
drive the modulator.

I. MODULATOR DESIGN

A. Depletion-Mode p-n Junction Design

The parameters describing a depletion-mode modulator de-
sign can be arrived at by considering the effect of free carriers on
the refractive index and the extent to which free carriers can be
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Fig. 1. Change in the real and imaginary components of the refractive index
are plotted as a function of carrier concentration for both electrons and holes
at a wavelength of λ = 1550 nm. The change in the real part of the refractive
index is larger than that of the imaginary part and impacted more greatly by
holes. The plots were obtained from curve fits to the experimental data reported
in [1].

depleted. The refractive index change (∆n) stems from results
of Soref and Bennett [1], which at a wavelength of λ = 1550 nm
in silicon are described as follows:

∆n = A · NB + jC · ND (1)

where N is the electron (Ne ) or hole (Nh ) free-carrier concentra-
tion and the curve fitting parameters Ae = −2.4×10−22 , Be =
1.1, Ce = 4.9×10−26 , and De = 1.2, and Ah = −3.9×10−18 ,
Bh = 0.8, Ch = 2×10−24 , and Dh = 1.1, are used for the elec-
trons and holes, respectively. The results of (1) are plotted in
Fig. 1.

From Fig. 1, we observe that the change in the refractive
index is small for both the electrons and the holes. Additionally,
of the two, holes provide a larger change in refractive index ∆n
and a smaller change in the imaginary index ∆k for a given
change in free-carrier concentration. As a result, it is desirable
to minimize the overlap of the optical field with electrons and
maximize the overlap with the depletion of holes. In depletion-
mode operation, the change in the effective index of propagation
is determined by the overlap of the field with the refractive
index change. It is therefore desirable to maximize the fractional
change in guide depletion. From the depletion approximation
[13] given by

w =

√
2ε

q

NA + ND

NAND
(V + φB ) (2)

where w is the depletion width, ε is the dielectric constant, q is
the electron charge, V is the applied voltage, φB is the built-in
potential, and ND and NA are the donor and acceptor concentra-
tions, we see that the depletion width is inversely proportional
to the square root of the carrier concentration and directly pro-
portional to the square root of the applied voltage. Given that
we desire to achieve a large fractional change in depletion width
across the guide with a high concentration of free carriers, the

Fig. 2. Cross-sectional diagrams of modulators formed by applying voltages
across the (a) wide and (b) narrow gaps of waveguides, and (c) a plot of the
fractional change in the waveguide depletion obtained from the depletion ap-
proximation [13] extending from 0 to 2.5 V applied for a 0.25-µm silicon
waveguide and a 1-µm waveguide. The fractional change in depletion is greater
than a factor of 4, which is better for the narrow guide with a vertical junction.
This figure was originally presented in [14].

guide width (or height) must be kept small. Generally, it is eas-
ier to form a wide, rather than tall, waveguide. Therefore, at a
given carrier concentration, vertical p-n junctions achieve larger
fractional changes in depletion, and hence larger changes in the
effective refractive index. This effect is depicted in Fig. 2.

B. Finite-Element Modeling Results

From the simple considerations presented in the previous sec-
tion, we developed a baseline vertical p-n junction modulator
structure [see Fig. 3(a)]. The structure is formed from a 60-nm
ridge on top of a 180-nm SOI slab. The vertical p-n junction
is formed by implanting the n and p regions with different im-
plant energies, and electrical contact to the junction is made
with tungsten vias connected to p+ and n+ plugs. Full-process
and 2-D finite-element electrical device simulations were per-
formed using Synopys Tsupreme and Medici processing and
electrical simulation tools, with the dopant distributions gener-
ated from implant energies and doses similar to those provided in
Section II.A. The contact separation of 2.8 µm was chosen so
as to minimize the device resistance while maintaining low-loss
operation. The resistance and capacitance of the structure per
unit length were calculated at a bias of 2.5 V to be 6.7 kΩ·µm and
0.83 fF/µm, respectively, enabling an intrinsic RC time constant
of 5.6 ps or a 3-dB bandwidth, 1/(2πRC), of 29 GHz.

Under no applied bias, the built-in internal field of the junction
partially depletes the junction. The remaining carriers contribute
to approximately 2.7dB/mm of propagation loss obtained by
inserting the carrier concentrations obtained from the process
and electrical simulations into a finite-difference mode solver
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Fig. 3. (a) Cross-sectional diagram of the vertical p-n junction active region of
the phase modulator. (b) Combined finite-element process/electrical and finite-
difference optical simulations of the active region of the modulator as a function
of the applied voltage. The simulations indicate that a phase change of π rad
can be achieved at an applied reverse-bias voltage of ∼5 V and device length of
∼2.2 mm, and a wavelength of λ = 1.55 µm or a Vπ L = 1.1 V·cm. The dopant
concentrations are shown using contour plots for both 0 (green) and 5 V (blue)
applied, while the amplitude of the electric field of the optical mode is shown
in red.

Fig. 4. Diagram of the (a) Mach–Zehnder modulator structure and (b) a
closeup of the adiabatic coupler region. The adiabatic couplers enable a four-
port coupler with complementary outputs to be achieved. In this regard, the
Mach–Zehnder modulator is as much a high-speed switch as it is a modulator.
The dimensions of the structure are as follows; w1 = 0.6 µm, w2 = 10 µm,
w3 = 0.4 µm, w4 = 0.8 µm, L1 = 1 mm, L2 = 0.5 mm, and L3 = 0.5 mm.

simulation. Under an applied bias of 5 V, the loss is reduced
to 1.65 dB/mm and a phase change of 1.4 rad/mm is predicted
for a figure of merit of Vπ L = 1.1 V·cm at a device length of
2.2 mm.

C. Mach–Zehnder Design

The Mach–Zehnder structure was formed with a pair of four-
port adiabatic couplers providing complementary output ports
for use in differential signaling, or alternatively, high-speed
switching. The basic structure is shown in Fig. 4(a).

Fig. 5. Optical micrograph of the active portion of our 500-µm-long silicon
Mach–Zehnder modulator. The GSG probe pads are prominently shown.

The use of adiabatic couplers in a silicon Mach–Zehnder
modulator was previously demonstrated by Spector et al. [4].
Adiabatic couplers ensure broadband operation with relatively
loose fabrication tolerances. A closeup of the four-port coupler is
depicted in Fig. 4(b). For simplicity, the modulator was designed
as a lumped element device without traveling wave electrodes.
As such, the realized bandwidth of the device is expected to
be limited to the RC time constant of the full structure and
experimental setup. The 50 Ω transmission line used to drive
the modulator will limit the 3-dB bandwidth to a predicted
6.3 GHz, as a result of the increased impedance induced by the
50 Ω transmission line, rather than the intrinsic RC time constant
of the active region (29 GHz).

II. FABRICATION AND EXPERIMENTAL RESULTS

A. Fabrication

The modulator geometry shown in Fig. 3 was fabricated on
a 6-in-diameter SOI substrate with 250 nm of silicon on 3 µm
of buried oxide. The waveguide and ridge geometry was pat-
terned with an ASML deep UV (248 nm) laser scanner and
subsequently etched with reactive ion etching. The silicon layer
was then oxidized down to a total thickness of 240 nm. The p-n
junctions were formed by implanting 4×1013 /cm2 arsenic (Ar)
and 2.87×1013 /cm2 boron–flourine (BF2) atoms/molecules us-
ing 380 and 110 KeV energies, respectively, directed from the
four cardinal wafer directions (commonly called a quad implant)
at a 7◦ tilt to minimize ion channeling in the silicon lattice. Us-
ing these dopants and energies after the ridge has been etched
produces a vertical p-n junction with ∼1018 /cm3 free-carrier
concentration while providing a conductive path back to the
contacts. The contact area was doped using 2 × 1015 /cm2 phos-
phorus (P) and 1015 /cm2 (BF2), again using a quad 7◦ wafer
tilt and energies of 40 and 35 KeV, respectively. Contact was
then made using standard 500-nm-wide tungsten plugs through a
∼0.9-µm-deposited tetra-ethyl oxy-silicate (TEOS) oxide layer.
Aluminum lines and pads were subsequently defined and etched.
Final passivation was performed with phospho-silicate glass
(PSG). An optical micrograph of a fabricated 500-µm-long
Mach–Zehnder modulator is shown in Fig. 5.

B. Experimental Results

The fabricated structures were tested to determine their dc
and high-frequency characteristics. A parameter of critical im-
portance is the device figure of merit, Vπ L. To determine the
figure of merit accurately, both output ports of the Mach–
Zehnder modulator were carefully measured. The phase angle
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Fig. 6. Derived phase shifts for 0.5-, 1.0-, 1.5-, and 2.0-mm-long active region
Mach–Zehnder modulators obtained by measuring both output ports of the four-
port Mach–Zehnder modulators at a wavelength of λ = 1.5 µm. The measured
result for L = 1 mm is compared against that obtained from the depletion
approximation (2) using equal donor and acceptor carrier densities of 1018 /cm3 ,
demonstrating close agreement between theory and experiment.

θ required to simultaneously produce the measured outputs in
each port was then determined by comparing the power out of
both the bar and cross ports (i.e., Pbar and Pcross) using the
output power relations of a standard four-port Mach–Zehnder
interferometer. The relationship between θ, Pbar , and Pcross is
described by (3), which is accurate for the small amount of dif-
ferential loss exhibited in the two arms of these Mach–Zehnder
modulators

θ = cos−1
(

Pcross − Pbar

Pbar + Pcross

)
. (3)

In Fig. 6, the phase angle as a function of applied volt-
age was derived using (3) and the measured outputs of 0.5-,
1-, 1.5-, and 2-mm-long active region Mach–Zehnder modula-
tors. The average experimentally determined phase shift per
millimeter of device length was found to 1.53 rad at 5 V,
demonstrating a Vπ L ∼= 1 V·cm for a 2-mm device length,
a new record published figure of merit for a depletion-mode
silicon Mach–Zehnder modulator. The phase shifts at both λ

= 1.5 µm and λ = 1.55 µm were found to be in very close
agreement.

In addition to the phase shifts, the losses were compared be-
tween the different length active regions. Doing so, we measured
a loss of 3.1 dB/mm in the active region with 0 V applied at a
wavelength of λ = 1.5 µm. The losses decreased to 2 dB/mm
with 5 V applied bias due to the decrease in the free-carrier
concentration caused by depletion. At a wavelength of λ = 1.55
µm, the losses increased by ∼1 dB/mm due to increased inter-
action with the n+ and p+ plug implants for the more weakly
confined field. The cause of the increased loss was confirmed
by measuring the losses in structures with an increased contact

Fig. 7. Measurement of the bar and cross port outputs of a 2-mm-long Mach–
Zehnder modulator with 0 and 4 V applied.

separation of 3.8 µm. In these, otherwise, identical structures,
the loss at λ = 1.55 µm was measured to be 3 dB/mm at 0
V and 1.8 dB/mm at 5 V, demonstrating close agreement with
our numerically predicted losses of 2.7 and 1.65 dB/mm at 0
and 5 V, respectively. The required increased contact separation
at λ = 1.55 µm is believed to be a result of a slightly smaller
than expected ridge height obtained from fabrication and not
a fundamental issue with the design. Both the measured phase
change and the measured losses closely agree with the numerical
results obtained through a combination of process simulations
and electromagnetic mode solver calculations. The slight dis-
parity in phase shift and loss are likely a result of the minor
differences between the simulated and physically applied im-
plants, and slight differences in the fabricated versus simulated
geometries.

To demonstrate the dc characteristics of the structure, the
output ports of a 2-mm-long device were measured with 0 and
4 V applied bias. The results are shown in Fig. 7. Over 14 dB
extinction is obtained in both the bar and cross ports by applying
this relatively small applied bias.

The electrical bandwidth of the 500-µm-long device was de-
termined by the use of a time-domain-reflectometry (TDR) mea-
surement. The measured electrical spectral response at both 0
and 2.5 V was plotted in Fig. 8. The electrical S11 response
indicates 3- and 8-GHz 3-dB bandwidths at the two bias points.
The 2.5 V applied bias has a higher electrical bandwidth due
to the reduced capacitance in the partially depleted junction.
Since the rate of carrier extraction is directly related to optical
modulation, the electrical S11 response should be a very close
indicator of the modulator bandwidth, and is in close agree-
ment with the predicted RC time constant of the modulator in
series with the 50 Ω transmission line of 6.3 GHz. With the
addition of a traveling wave electrode, which would provide an
impedance match, or alternatively, a low impedance electrical
drive, the device speed should approach the intrinsic bandwidth
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Fig. 8. TDR measurement of S11 indicating the electrical bandwidth of a
modulator with a 500-µm-long active region for 0 and 2.5 V applied reverse
bias.

Fig. 9. Eye diagrams of the (a) cross and (b) bar output ports of the 500-µm-
long Mach–Zehnder Modulator with a peak-to-peak 5-V drive without using
signal preemphasis. In each case, BERs below 10−12 were measured for PRBS
of 223−1 pattern lengths.

of the junction (29 GHz), and provide sufficient bandwidth for
40 Gb/s NRZ data transmission.

Still, even without traveling wave electrodes, the 500-µm-
long device has adequate bandwidth for a 10-Gb/s NRZ data
transmission. Eye diagrams of both output ports of the modu-
lator obtained from the modulator with a 10-Gb/s NRZ pseu-
dorandom bit stream (PRBS) with a 2.5-V reverse bias and
peak-to-peak amplitude of 5 V with a pattern length of 223−1
are presented in Fig. 9, and the BER was measured to be be-
low 10−12 . The device was driven with a ground–signal–ground
(GSG) 50 Ω terminated probe.

III. CONCLUSION

From simple geometric considerations stemming from the de-
pletion approximation, we have developed a silicon depletion-
mode phase modulator that maximizes the overlap of the de-
pletion region with the optical mode enabling a π phase shift
with only 5 V applied to be achieved in a ∼2-mm-long struc-
ture, thus realizing a Vπ L of only ∼1 V·cm. Further, in a 500-
µm-long lumped element device, we demonstrate a 10-Gb/s
NRZ data transmission with wide-open complementary output
eye diagrams and without the use of signal preemphasis. The
measured 3-dB electrical bandwidth of the modulator was mea-
sured to be ∼8 GHz, limited only by the RC time constant of
the 50-Ω transmission-line-driven lumped element. Future im-
provements, such as the inclusion of traveling wave electrodes
and more aggressive doping schemes, will likely enable even
higher bandwidth (>40 GHz) operation with even lower Vπ L
figures of merit.
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