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Abstract—A compact device model along with simulations and
an experimental analysis of a forward-biased PN junction-based sil-
icon Mach-Zehnder modulator (MZM) with a phase-shifter length
of 0.5 mm is presented. By placing the PN junction to a certain
off-center such that 72% of the waveguide is p-doped, the refractive
index swing at a given drive voltage swing is increased by 2%
compared to the symmetric layout. The effects of the phase shifters’
length mismatch and asymmetric splitting on the modulation effi-
ciency and extinction ratio of the modulator are simulated and
compared with experimental results. Without any pre-emphasis or
post-processing, a high-speed operation up to 15 Gb/s using a non-
return-to-zero modulation format is demonstrated. A modulation
efficiency (V πL) as low as 0.07 V × cm is verified and power
consumption of 0.88 mW/Gb/s is recorded while a high extinc-
tion ratio of 33 dB is experimentally demonstrated. Compared to
previously reported forward-biased silicon integrated modulators,
without active tuning of the power splitting ratio between the arms,
the extinction ratio is 10 dB higher. This MZM along with its
compact structure is also sufficiently energy-efficient due to its
low power consumption. Thus, it can be suitable for applications
like analog signal processing and high-order amplitude modulation
transmissions.

Index Terms—Silicon photonics, photonic integrated circuits.

I. INTRODUCTION

THE NUMBER of users and subsequently the amount of
data have been increasing in communication networks in

recent years. It creates the necessity to accommodate more and
more devices in a single chip, which in turn requires aggressive
scaling [1], [2]. In the electronic domain, devices are hitting
the bandwidth scaling bottleneck and thus photonic devices are
attracting immense interest [3], [4]. To bridge the gap between
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the electronic and photonic domains, electro-optic modulation
is required. Silicon-based Mach-Zehnder modulators (MZM)
are being utilized as a fundamental building block in several
major photonic integrated circuits, as they can be fabricated
using a complementary metal-oxide-semiconductor (CMOS)
technology for large-scale integration.

The refractive index of silicon can be varied by changing
the concentration of the carriers inside the material, which can
be performed in two ways [5], [6]. The first is to deplete the
carriers (by utilizing reverse-bias configuration) [7], [8], and the
second way is to inject carriers (by a forward-bias configuration)
[9]–[12]. The number of reverse-biased MZMs manufactured
by the silicon industry every year is far more than the num-
ber of forward-biased MZMs as they are suitable for various
applications that require high BW, high speed, etc. Although,
the industry will most likely continue to use reverse-biased
modulators for various applications, however, forward-biased
modulators have some advantages, for example, high ER, low
dynamic power consumption, and smaller size. Taking these
into account, forward-biased MZMs might be used for lower
bit rate applications with higher ER and power consumption
requirements. Therefore, it is important to study forward-biased
MZMS, so that the industry can utilize forward-biased MZMs
for some niche applications based on their special properties. In
recent years, the performance of silicon modulators in terms of
extinction ratio (ER), insertion loss (IL), modulation efficiency
(ME, expressed as VπL, with Vπ as the required voltage to
achieve a phase shift of π), power consumption, and modulation
speed has been improved drastically.

To further enhance the performance of a modulator in terms
of ME, several structures have been proposed in the past few
years [13], [14]. Resonant structures like silicon micro-ring
resonators can improve the ME and therefore reduce the power
consumption to a great extent, but show a higher temperature
sensitivity [15]–[17]. Benefiting from slow light, modulators
with corrugated structures can be used to reduce the length
of the phase-shifters to provide a higher level of integration.
However, providing a low insertion loss is challenging for these
structures [18]–[20]. By utilizing a forward-bias configuration,
the IL can be minimized along with an improved ME by sacrific-
ing the modulation speed. The disadvantage of forward-biased
modulators in terms of low speed can be compensated by using
a higher-order modulation. However, a higher value of ER is
necessary for this purpose. Some of the efforts to improve the ER
while keeping a low IL are summarized in Table I [9], [21]–[26].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-4228-020X
https://orcid.org/0000-0002-0438-6276
https://orcid.org/0000-0002-8958-1950
https://orcid.org/0000-0002-0284-9708
https://orcid.org/0000-0001-6853-7128
https://orcid.org/0000-0003-3083-7760
mailto:sourav.dev@tu-dresden.de
mailto:mircea-traian.catuneanu@tu-dresden.de
mailto:kambiz.jamshidi@tu-dresden.de
mailto:karanveer.singh@ihf.tu-bs.de
mailto:arijit.misra@ihf.tu-bs.de
mailto:stefan.preussler@ihf.tu-bs.de
mailto:stefan.preussler@ihf.tu-bs.de
mailto:thomas.schneider@ihf.tu-bs.de
mailto:seyedreza.hosseini@3ds.com


6616507 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

TABLE I
COMPARISON OF THE PERFORMANCE METRICS FOR FORWARD-BIASED

STANDARD MZM

∗ Vπ is the voltage required for a π phase shift.
∗∗ Including driver/equalizer.
∗∗∗Calculated value (excluding grating coupler and MMI loss).

The highest ER without any active tuning reported so far is 23 dB.
An established way to improve the ER further is to actively tune
the power splitting ratio between the two arms of the modulator
[27], [28]. However, this leads to a more complex design and
increases power consumption.

In this paper, a forward-biased PN junction-based silicon
MZM is designed and characterized. The compact design of
this modulator with 0.5 mm of phase shifters length helps to get
it integrated easily in a chip for large-scale integration. Without
any optimization and active tuning, the demonstrated modulator
provides an ER of 33 dB, which is 10 dB higher compared to
previously reported modulators [9], [22], [24]. Moreover, this
modulator offers a solution where an energy-efficient device is
necessary due to its low power consumption. This silicon mod-
ulator can be employed for Nyquist pulse generation [29], [30],
analog to digital conversion [30], arbitrary waveform generation
[31], etc.

The paper is structured as follows. In Section II, the transfer
function of the modulator is modeled. In Section III, static
characteristics are simulated taking into account different arm
lengths of the phase shifters and different splitting ratios for each
arm and verified by comparing with the experimental results.
Based on this study, the design guidelines to improve the ER
of the modulator are also provided. The radio-frequency (RF)
characteristics are evaluated in Section IV. Finally, the paper is
concluded in Section V.

II. MATHEMATICAL MODEL OF THE MZM OPERATION

By applying an electrical field, the free carrier concentration
can be changed which subsequently results in a change of
the refractive index of the material. Considering the operating
wavelength as 1550 nm, this change in the refractive index and
the loss due to the plasma dispersion effect can be modeled as
[5], [6].

Δn = −8.8× 10−22ΔNe − 8.5× 10−18ΔN0.8
h (1)

Δα = 8.5× 10−18ΔNe + 6× 10−18ΔNh (2)

where Δn is the change of the real part of the refractive in-
dex, Δα is the change of the absorption coefficient, ΔNe is

the electron concentration and ΔNh is the change of the hole
concentration.

The real part alteration of the refractive index Δn can be used
to calculate the change of the phase Δϕ of the light passing
through the arms of the MZM as:

Δϕ =
2π

λo
ΔnL (3)

where λ0 is the wavelength and L is the length of the phase
shifter.

The normalized power transmitted through the MZM (a func-
tion of the applied bias voltageV ) can be formulated as presented
in Eq. 4.

P0 (V ) = | 1

1 + σ
(σexp(−j

(
2π
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real(neff1 (V ))L1

− j

(
2π

λo
imag(neff1 (V ))L1

))

+ exp

(
− j

(
2π

λo
real(neff2 (V ))L2

− j

(
2π

λo
imag(neff2 (V ))L2

)))
|2 (4)

where σ is the splitting ratio (the ratio of the power in phase-
shifter 1 and the power in phase shifter 2), L1 and L2 are the
length of the two arms, neff1 and neff2 are their refractive
indices.

III. STATIC CHARACTERIZATIONS OF THE MZM

Utilizing the model derived in Section II, the MZM is charac-
terized by a simulation with the Lumerical DEVICE software.
The cross-sectional structure of the phase shifter in the MZM is
illustrated in Fig. 1(a).

The cross-section of the phase-shifter is designed to maximize
the modulation efficiency of the modulator. The length of the
modulator (500 μm) is chosen to maintain the required current
to achieve the π phase shift within the limits of the foundry
specifications. The cross-section is simulated for forward-bias
voltages from 0 V to 2 V. Since the chips are fabricated using the
multi-project wafer service provided by IHP microelectronics,
the modulators are designed considering the standards set by
them. The design is built on a silicon on insulator (SOI) substrate
with a silicon layer of 220 nm with 2 μm buried oxide. The
waveguide width is 460 nm, constructed with an asymmetric PN
structure, having 330 nm of P-doped and 130 nm of N-doped
region. The asymmetric PN structures, with a wider P-doped
area, are more efficient in terms of modulation efficiency since
the holes have a higher impact on the free carrier index change
[32]. To evaluate this statement, the changes in the electron and
hole concentrations versus the position across the PN junction,
considering 1.0 V of applied DC bias voltage for three com-
binations of widths of the P and N doped regions for the PN
junction, are presented in Fig. 2(a). In all these combinations,
the total width of the WG remains the same (460 nm). The
three combinations are: (i) 330 nm of P-doped and 130 nm of
N-doped, (ii) 230 nm of P-doped and 230 nm of N-doped, (iii)
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Fig. 1. (a) Cross-sectional view of the phase shifter for the fabricated MZM. (b) Top view of the circuit including the modulator. The red circle indicates where
the cross-section is taken.

Fig. 2. (a) Simulated change of electron and hole concentrations (ΔNe and ΔNh respectively) versus position across the PN junction for applying 1.0 V
compared to the initial concentration at 0 V. Here 0 μm means the exact middle point of the PN junction of the cross-section shown in Fig. 1(a). The WG lies
between -0.23 μm to 0.23 μm; (b) Change of refractive index (Δn) for different voltages considering three PN junction combinations, the inset shows a zoomed-in
image around 1.0 V.

130 nm of P-doped, and 330 nm of N-doped region. As shown
in Fig. 2(a), the changes in both electron and hole concentration
result in a higher number with increasing the area of the P-doped
region. As stated in Eq. 1, a higher hole concentration results in
a higher refractive index change. The change of the refractive
index (Δn) is presented in Fig. 2(b) for the above-mentioned
combinations. In the simulation, it turns out that, for combination
(i) the change of the refractive index is 2% higher than the change
of the refractive index considering combination (ii). Similarly,
combination (ii) also offers a 2% higher change compared to
combination (iii). As a result, considering the 330 nm of P-doped
and 130 nm of N-doped combination, a certain change of the
refractive index can be achieved for a comparatively lower
voltage, thus improving the modulation efficiency.

The charge distribution in the cross-section is computed as
well with the Lumerical DEVICE software package, and static
simulations are performed. For N-type doping, the carrier con-
centration is 5×1018 cm−3, while for P-type doping it is 7×1017

cm−3. These carrier concentrations are chosen according to the
requirements of the foundry. The parameters used in the design
are selected by performing simulations considering the maxi-
mum current rating and minimum widths of the P and N-doped
regions provided by the foundry. The surface recombination
on the other hand is set to 107 cm/s as a boundary estimation.

Fig. 3. Block diagram of the experimental setup for the characterization of
the integrated modulator; Here, LD: laser diode, PC: polarization controller,
DC: direct current source, AWG/RFG: arbitrary waveform generator or radio-
frequency generator, respectively, EDFA: Erbium-doped fiber amplifier, BPF:
bandpass filter, PD: photodiode, RFSA: radio-frequency spectrum analyzer. Red
connection lines are optical paths and dotted blue connection lines are electrical
paths.

This charge distribution was imported in the Lumerical MODE
software to evaluate the mode profile and subsequently the
change of the refractive index and the transmitted power, as
a function of the applied bias voltage.

After the fabrication of the chips, the simulation results are
verified by experiments with the setup shown in Fig. 3. An opti-
cal carrier around 1550 nm is generated using a distributed feed-
back laser diode. A polarization controller (PC) is used to ensure
proper input polarization to the chip. To compensate for the
high coupling loss, an Erbium-doped fiber amplifier (EDFA) is
incorporated to amplify the output signal. A 1 nm band-pass filter
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Fig. 4. DC characterization of the MZM for different bias voltages: (a) current-voltage characteristics, (b) transmitted power as a function of the applied voltage.
.

(BPF) after the amplifier mitigates the amplified spontaneous
emission noise. The conversion of the signal from the optical to
the electrical domain is done by a 40 GHz Optilab Photodiode. A
bias tee combines the DC and input electrical signals and is fed to
the chip using a ground-signal-ground-signal-ground (GSGSG)
probe. As shown in Fig. 1(b), each GSGSG port is connected to
both phase-shifters. During the experiment, one GSGSG probe
is used and the voltage is swept using one signal port on one of
the two arms at a time to create the phase difference, while the
end of each phase shifter arm is terminated with a 50 Ω resistor.
Fig. 4 compares the simulation and experimental results for the
current-voltage (IV)-characteristics and the output optical power
of the modulator.

The change of the output optical power with respect to the bias
voltage is shown in Fig. 4(b). Experimental results are measured
for an optical input power of 10 dBm. The modulator’s optical
power transfer function is measured using an optical power
meter for the applied DC bias sweep. As shown in Fig. 1(b),
for the designed device the metal contacts are much shorter
than the phase-shifter. To increase the carrier concentration in a
smaller region, the metal contacts have a total length of 40 μm
or 20 μm on each side of the MZM arm. The reason for this
design choice was to ensure the impedance matching for RF
operations.

By solving the Poisson equation, the free carrier distribution
along the phase-shifter is obtained. The simulation shows that
the free carriers do not get a uniform distribution throughout
the phase-shifter, instead, they are concentrated around the
metal contacts. Moreover, although it was assumed during the
design procedure that the lengths of both arms are the same,
there are some uncertainties due to fabrication imperfections.
Thus, a length mismatch can be expected, and the length of the
phase-shifters might become asymmetric during the fabrication.
By these mismatches, Vπ and the ER might be affected. As can
be seen from Fig. 4(b), for the fabricated device, a Vπ of 1.4 V has
been measured (dashed red curve). To incorporate the mentioned
fabrication errors in the simulation procedure, simulation results
with different length mismatches are swept to find the best match
to the measurement result. As presented by the blue curve in
Fig. 4(b), the simulation and measurement results are in good
agreement with each other when the length mismatch is set to 40

nm (which is lower than the resolution set by the foundry). A high
ER of 33 dB is measured. The minimum transmission occurs at
the voltage and current of 1.4 V and 22 mA correspondingly
(Fig. 4(a)). At this point, the simulated ER is only slightly larger
than the experimental value.

In Fig. 5, L1 and L2 are considered to be the length of the
two phase-shifters and L1 is the actively driven arm. The output
optical powers for the modulators with different phase-shifter
lengths are presented here. In Fig. 5(a), both arms have the same
length (symmetric phase-shifters). It can be observed from the
figure that, with an increase of the length of the phase-shifter, the
required voltage to achieve the transmission minima decreases,
and the ER remains the same, as expected. In the inset of
Fig. 5(a), the effect of the power splitting ratio between the arms
(σ) on the output optical power of the modulator is presented,
considering a phase-shifter with a length of 500 μm. It shows
that, by increasing the value of the splitting ratio (more power
at the actively driven arm), the voltage to achieve transmission
minima remains almost constant, whereas the ER increases. The
reason for having almost the same voltage is that the phase of
the transmission response of the modulator (Eq. 4) will not be
affected by the change of the splitting ratio. However, at this
voltage, the excess power routed to the active arm offsets the
additional dynamic losses at that arm which results in a higher
ER. These simulations do not consider electrical heating due to
the injected current.

To study the effect of the length mismatch, simulation results
are presented for different splitting ratios (less than, equal to,
and more than one) in Fig. 5(b), (c), and (d). In these figures,
the length of the passive arm is kept constant to 500 μm and the
length of the active arm is varied. As L2 is the passive arm, the
second term of Eq. 4 remains constant. For L1<L2 and the same
applied voltage, both the phase and the amplitude part of the
first term of Eq. 4 get smaller. The reduction of the amplitude
part results in a higher ER. However, the reduced values of the
amplitude and phase parts of the first term contradict the total
output power. Therefore, when L1 <L2, voltage for transmission
minima decreases, and the ER increases. This might occur
because a phase shift other than π is needed to reach it. On
the other hand, for L1 >L2, voltage for transmission minima
increases, and the ER decreases.
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Fig. 5. Output power of the MZM vs voltage considering the effect of the length difference between the phase-shifter arms and the splitting ratio (σ), (a) for
different phase-shifter lengths and L1 = L2 considering σ=1 (the inset shows the effect of the splitting ratio considering L=500 μm), (b-d) different phase-shifter
length mismatches, for (b) σ = 0.9, (c) σ = 1.0, (d) σ = 1.1. In all sub-figures, L1 is the actively driven arm.

Based on the simulations, a slight asymmetry in the phase
shifter lengths can change the values of voltage for transmission
minima and the ER. These simulation results can be used to
achieve a better ER by utilizing an asymmetric structure. With
the above design parameters, a splitting ratio of more than one
and a shorter active arm result in a higher ER, whereas a shorter
active arm results in a lower voltage to achieve the transmission
minima This can be used as a design guideline for improving
the design of the MZM with different constraints.

IV. RF CHARACTERIZATION OF THE MZM

For the RF characterization, a signal generator (Agilent tech-
nologies E8257D) is used to carry out the frequency sweep with
an 18 dBm output power for the signal. The loss of the balun
and bias Tee adds up to 8 dB, hence the total input electrical
signal power applied to the chip is approximately 10 dBm
(7 dBm to one single arm of the probe). The electrical input
signal is swept for different bias voltages (0 V, 1 V, 2 V, and
2.5 V). The electro-optic response of the modulator for different
bias voltages is measured using an electrical spectrum analyzer
(Anritsu MS2830A) and is shown in Fig. 6(a). The electrical
response of the employed bias tees, balun, and RF cables, is also
measured for the same parameters with the electrical spectrum
analyzer. This input circuit response is then compensated from
the measured power at different biases. As can be observed from
Fig. 6(a), initially the loss decreases with the value of the applied
forward-bias voltage. This is clearly visible from the zoomed-in
image in the inset of the figure. However, the roll-off gets faster

with the increase of the bias voltage, especially noticeable after
1 GHz.

For the next step, the signal broadband operations of the
device are evaluated. An arbitrary waveform generator (AWG)
is used to generate a non-return-to-zero (NRZ) PRBS-7 signal.
The response of the electrical input system (excluding Balun and
Bias Tee) is also calibrated for the data transmission. The output
of the AWG (set at 400 mVpp) is amplified using an electrical
amplifier and the signal power to one arm of the probe is 5 dBm
and the bias was set at 0.87 V. With a swing of 1.125 Vpp the
modulator operates at the point which provides lowest BER for
the data transmission. At this point, the loss becomes 1.8 dB from
the peak for 15 Gb/s data transmission. This scheme minimizes
the DC power consumption but at the cost of high Vpp, which
increases the RF power consumption. Alternatively, the device
can be operated at a bias point closer to the transmission minima,
which reduces the necessary RF power at the expense of higher
DC power consumption. A 20 GHz photodiode is used for
electrical to optical conversion and the recorded waveforms are
analyzed using a real-time oscilloscope (Tektronix DPO73304)
for the visualization of the eye diagrams and symbol constella-
tions and the measurement of error vector magnitude (EVM).
A DC block is used before the receiver resulting in a negative
shift of the eye diagrams. The data recorded using this receiver
system is raw and provides the BER without any correction. No
forward error correction (FEC) and pre-distortion are applied for
the performed experiments. The signal analyses are conducted
for 5 Gb/s, 10 Gb/s, and 15 Gb/s NRZ PRBS-7 modulations, and
the recorded eye diagrams are presented in Fig. 6. To avoid a
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Fig. 6. (a) Measured electrical output power for different bias voltages. Measured eye-diagram for a non-return-to-zero (NRZ) PRBS-7 data modulation for
different operational speeds: (b) 5 Gb/s, (c) 10 Gb/s, (d) 15 Gb/s.

TABLE II
COMPARISON OF THE PERFORMANCE METRICS

longer acquisition time, a limited number of bits are transmitted
(100000 bits) for every speed. For 5 Gb/s and 10 Gb/s NRZ
modulations, no bit error is recorded, and the BER is calculated
using the measured Q-factor using Eq. 5 [33]. For 15 Gb/s a
BER of 2.94x10−4 is directly recorded and is verified using
the measured Q-factor. The error vector magnitude (EVM) is
shown in Table II to better evaluate the performance metric for
every speed. For the eye diagram measurement, the measured
ER are 6.2 dB, 5.6 dB, and 5 dB at 5Gb/s, 10Gb/s, and 15 Gb/s
respectively. The OMA are −5.4 dBm, −5 dBm, and −4.8 dBm
respectively.

BERest = 1/2 erfc
(
Q
/√

2

)
(5)

All these results are achieved without any pre-emphasis to the
input electrical signal and the photodiode response is also not
taken into account. Especially for a data transmission system, the
signal needs to be adapted to the response of the electrical input
(balun and bias Tee). By using the measured output response
of the modulator, the pre-distortion can be applied to the data
transmission files and the performance can be further enhanced.
But this post-processing is not carried out for the simple device
characterization and only the raw data are presented.

In every case for the output power measurement at different
forward biases, the response gets a dip around 1 GHz. The low
BW is expected due to the forward-bias configuration, but as
a trade-off, this configuration offers an efficient power con-
sumption. Considering 15 Gb/s speed, using IV characteristics,
the calculated power consumption is 0.88 mW/Gb/s, which is
sufficiently low compared to a standard reverse-biased MZM.

V. CONCLUSION

We have investigated a compact forward-biased PN junction-
based silicon Mach-Zehnder modulator with an extinction ratio
of 33 dB that is higher than comparable integrated silicon
modulators while keeping the modulator’s insertion loss within
a considerable limit (calculated as 2.5 dB excluding the grating
coupler and MMI loss). Although the BW of the modulator is
comparatively low due to the design based on the forward-biased
junction, the modulator is energy efficient and has a modulation
efficiency (VπL) which is measured to be 0.07 V×cm. It also
offers a low power consumption which is calculated to be
0.88 mW/Gb/s. The effects of the phase-shifters length mis-
match (asymmetry) and different split ratios on the ER and the
voltage required for transmission minima are simulated. While
different parameters can affect these values like phase-shifter
length mismatch, homogeneity of doping, waveguide roughness,
etc., but we considered a simplified model to study the length
mismatch only while other parameters remain unaffected. From
this model, the simulated results fit the experimental results best
when a length difference of 40 nm between the arms is consid-
ered. We have also presented the design guidelines to improve
the ER of the modulator, which might help to optimize the struc-
ture accordingly. Without any post-processing or pre-emphasis,
an NRZ optical modulation of 15 Gb/s is measured. Due to
its compact and low energy-consumption characteristics, the
modulator design is especially suitable for applications where
compact, low insertion loss, and low modulation efficiency
modulators are required.
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