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Modelling an electro-optical modulator based on a vertical
p—n junction in a silicon-on-insulator structure

A.V. Tsarev, R.M. Taziev

Abstract. We report the results of numerical simulation of a Mach—
Zehnder electro-optical modulator using beam splitters based on
multimode interference in a silicon-on-insulator structure. The con-
trol is provided due to the depletion effect in the vertical p—n junc-
tion, which can be fabricated using the self-alignment technology. An
optimal modulator design is proposed, which impedance is matched
with an external 50-Q load, for which, with a reverse bias of -5 V and
an active length of 1.7 mm, the optical frequency bandwidth of ~ 50
GHz can be achieved. A special doping profile of the p—n junction of
the modulator is presented, which provides an optical frequency
bandwidth of 30 GHz with a reverse bias of -3 V and a modulator
length of 2.5 mm. Such modulators can be used in integrated optics,
optical communications and radio photonics devices.

Keywords: electro-optical modulator, silicon-on-insulator, p—n junc-
tion, numerical simulation, integrated optics, radio photonics.

1. Introduction

Integrated optics and nanophotonics technologies belong to
critical technologies without which the development of the
information society is impossible. With their help, significant
progress was achieved in technical parameters (efficiency, min-
iaturisation, operating speed, etc.) of optoelectronic elements
and systems for optical communication, radio photonics and
data processing and transmission systems. Microwave electro-
optical (EO) modulators underlie many elements of radio pho-
tonics. The modulator operation is based on the matched cou-
pling of microwave and optical waves in an electrode structure
and optical waveguide in the optoelectronic device, in which
the amplitude or phase of an optical wave changes under the
influence of applied microwave electric voltage.

Historically, the most common EO modulators are based
on lithium niobate [1—3]. They allow operating at frequencies
up to 40 GHz. The technology of their manufacturing is well
established — they are reliable and heat-resistant; however,
they have large length and suffer from a significant limitation
on the operating frequency of microwave modulation.
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To achieve a modulator frequency band of the order of
100 GHz, modern electro-optical polymers with a high elec-
tro-optical coefficient (exceeding 100 pm V-!) can be used [4].
The best values of the control voltage and the achieved fre-
quency band were implemented in hybrid silicon modulators
operating in the travelling-wave regime using silicon slot
waveguides and/or photonic crystals filled with an electro-
optical polymer [5,6]. The disadvantage of such modula-
tors is the necessity to work with a low level of optical
power of the transmitted signal (due to the high energy den-
sity in the slot waveguide), which is critical for radio photon-
ics devices.

An alternative solution is to use all-polymer electro-opti-
cal modulators based on ridge waveguides [7-13], which have
a large cross section of the optical mode and, therefore, can
operate at optical power two orders of magnitude larger [11]
than that of silicon slot waveguides. Unfortunately, due to the
lower control efficiency, these modulators also have a rela-
tively large length (several centimetres), which leads to sig-
nificant values (several volts) of the control voltage due to
losses of the microwave wave and the velocity mismatch bet-
ween the optical and microwave waves in the structure of the
modulator operating in the travelling-wave regime. Based on
numerical experiments, we showed [14] that by using MgO
dielectric strips having a high dielectric constant, it is possible
to reduce significantly (up to 2.8 times) the half-wave control
voltage, when operating in the frequency band of ~100 GHz.
Unfortunately, the technology of MgO film production is
optimised for ultrathin (1-100 nm) layers, and the fabrica-
tion of films of required thickness (several microns) is a chal-
lenging technological problem that impedes the practical
realisation of the advantages of this concept of electro-optical
modulators.

Modulators based on the quantum-confined Stark effect
in layered structures with multiple quantum wells [15-17]
grown using layer-by-layer epitaxy on indium phosphide
(InP) substrates are very promising. They are implemented in
very compact optical elements and, in addition, they can be
grown in a monolithic structure together with sources or rec-
eivers of optical radiation. The main disadvantage of such
modulators is the high cost of their manufacture.

A good alternative platform for producing microwave mod-
ulators is silicon photonics, which in the last decade has bec-
ome one of the most popular technologies for the develop-
ment and manufacture of photonic elements and devices
[18—-33]. Its undoubted advantage is high compatibility with
the CMOS technology of micro- and nanoelectronics, as well
as the practical possibility of implementing most of the basic
components of monolithic integrated-optical circuits on a
single technological platform. Currently, intensive develop-
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ment of a laser radiation source and an electro-optical modu-
lator in silicon-based integrated design is underway, but we
do not consider this problem here.

2. Statement of the problem

Analysis of modern scientific literature shows that the vast
majority of silicon electro-optical modulators are manufac-
tured based on silicon-on-insulator (SOI) structures in which
the optical waveguide is located on a thick (~2 um) buried
oxide layer [18—-25]. Such a layer provides optical isolation
from a silicon substrate on which a microwave modulator is
formed, which is an independent optical element or part of a
more complex optical integrated circuit.

The technology for the development of silicon electro-
optical modulators has come a long way from low frequency
cells operating on injection of charge carriers to microwave
cells that can operate at frequencies up to 40 GHz and are an
order of magnitude smaller than similar modulators based on
lithium niobate. The operating speed of such elements is pro-
vided by the operation of the p—n junction in the depletion
regime, as well as by the application of a travelling-wave
modulator circuit.

The electro-optical control of the semiconductor modula-
tor is implemented by changing the concentration of free car-
riers [26] in the region of the p—n junction of the waveguide,
where the optical wave propagates. In this case, the complex
propagation constant of the optical mode changes, which
leads to the dependence of the amplitude and phase of the
optical wave on the control voltage. For the operation of the
modulator, as a rule, phase modulation of the wave is used.
To convert phase modulation to amplitude one, structures like
a ring resonator or modulators based on a Mach—Zehnder
interferometer are usually exploited. The former possess small
size, but require precise control of the radiation wavelength at
which the modulator operates. The latter are large (up to sev-
eral millimetres), but are able to work in a wide range of
wavelengths and are less sensitive to temperature changes. To
reduce the control voltage by a factor of two, a push—pull mod-
ulator is used, in which the microwave modulates in antiphase
the waves in two arms of the Mach—Zehnder interferometer.

Typically, silicon modulators are based on a horizontal
p—n junction [24], whose characteristics are very sensitive to
the accuracy of its positioning across the waveguide ridge,
which has a small characteristic size (0.5-0.6 um). Recently,
a modulator design has been proposed based on a vertical
p—n junction [27-32], manufactured using the self-alignment
process [30]. The achievable operating frequency band of mod-
ulators with vertical p—n junctions is significantly inferior to
that of modulators with horizontal p—n junctions [33]. Never-
theless, if we solve the problem of increasing the operating
frequency band of modulators with a vertical p—n junction,
their higher efficiency [33] and more reproducible manufac-
turing technology will make the efforts to develop modulators
at vertical p—n junctions justified from the point of view of
their practical use.

In this work, we performed a numerical analysis and opti-
mised the parameters of electro-optical microwave modula-
tors based on the SOI vertical p—n junction. This allowed
determination of the structural parameters of the modulator,
providing both a small value of the control voltage and a wide
band of operating frequencies, comparable with the bands of
the best modulators with horizontal p—n junctions. To reduce
the control voltage and match the modulator impedance

with a 50-Q load, an original donor doping profile of the
semiconductor is proposed, in which the waveguide ridge has
a low concentration of free charge carriers (electrons), and the
region adjacent to the ridge has a high concentration of
charge carriers. Numerical modelling was performed using
the specialised commercial software package RSoft [34] with
the MultiPhysics Carrier Utility for calculating the perturba-
tion of the refractive index in a semiconductor structure when
it is modulated by an external electric field. To model the
microwave properties of the active part of the modulator,
where light is modulated by microwave radiation, specialised
software packages can be used, for example, CST Microwave
Studio [35] or ANSYS HFSS [36]. In this work, we used the
microwave package ANSYS HFSS.

3. Optical properties of the Mach—Zehnder
interferometer

The classical scheme of the Mach—Zehnder interferometer
was chosen as the modulator optical scheme. Such a scheme
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Figure 1. (a) Optical scheme of the Mach—Zehnder interferometer us-
ing MMI elements 1 X 2 and 2 X 2, as well as the transverse distribution
of the field amplitude of the optical wave as it propagates and (b) pow-
er change relative to the input signal level for the fundamental mode as
it propagates through the structure for the left ( P, ) and right ( P,) arms
of the Mach—Zehnder interferometer ( coincident for a zero phase shift
of the waves in the arms of the interferometer). The calculation was
carried out using the three-dimensional beam propagation method (3D
BPM).
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converts a controlled variation of phase of an optical wave
propagating through the p—n junction region into the ampli-
tude modulation at the output of the interferometer. The
Mach-Zehnder interferometer itself uses multimode interfer-
ence (MMI) beam splitters, namely, a 1 X 2 MMI beam split-
ter at the input of the device, and a 2 X 2 MMI beam splitter
at the output (Fig. 1). A distinctive property of this optical
scheme is that the interferometer is at the operating point
(equal amplitudes of the left and right channels) when the
phase difference between the optical waves in different arms
at the output of the interferometer is zero. In addition, this
scheme is characterised by low insertion loss, high resistance
to manufacturing errors and broad band of operating wave-
lengths (Fig. 2). All numerical analysis was performed for a
single-mode optical ridge waveguide in a silicon-on-insulator
structure with a ridge having the width and height of 600 and
200 nm, respectively, located on a planar base 200 nm thick,
separated from the silicon substrate by an oxide buffer layer
2 um thick.
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Figure 2. Spectral dependence of the optical power P, and P, at the
output of the Mach—Zehnder interferometer (see Fig. 1). 3D BPM cal-
culation.

It is known that silicon has high nonlinearity, which can
lead to spurious effects even at a moderate power of transmitted
radiation [37]. To reduce it, we selected a structure with a larger
cross section than usual. In addition, a planar base 200 nm
thick is optimal for the manufacture of grating coupling ele-
ments, and the fundamental mode of this ridge waveguide
with negligible losses can be transformed using an inverted
wedge into a wide beam distributed in a planar base [38], for
subsequent input into a single-mode optical fibre using dif-
fraction gratings.

The efficiency of electro-optical control using the p—n
junction with reverse bias is known to decrease with increas-
ing size of the waveguide, because the relative variable part of
the depletion region decreases. However, the present paper
shows that the waveguide structure with parameters chosen
by us has very good characteristics for fabricating promising
types of silicon-based electro-optical modulators.

4. Optical properties of a vertical p—n junction

A schematic of the structure of the vertical p—n junction of
the modulator is shown in Fig. 3. The manufacturing technol-
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Figure 3. Cross section of doping regions of an electro-optical modula-
tor based on a vertical p—n junction.
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Figure 4. (Colour online) Distributions of concentrations of free char-
ge carriers for (a) zero bias voltage and (b) bias voltage of -5 V for
holes (N,,) and electrons (), as well as (c) the transverse distribution
of the fundamental mode field of a ridge waveguide for zero bias volt-
age at Ny =3 X 107 em™, Np = 14 X 10'7 cm ™. 3D BPM calculation.

ogy of such structures is described in Refs [30—32]. In this
case, it is a ridge waveguide on a p-type substrate in which
additional regions of p** and n** types are formed. We are
interested in the optical properties of these structures, which
depend on the concentration of donor and acceptor impuri-



Modelling an electro-optical modulator based on a vertical p—n junction in a silicon-on-insulator structure 1039
AnR AnR
2 0.8F 0.0009 g o8} 0.0009
=2 3
~ ~
~ =~
0.6 0.6
0.4+ 04
0.2 a 0.2 b
0 0
-0.2F -0.2F
—04  -02 0 0.2 x/um —0 —04 -02 0 0.2 x/um —0
AI’[R AnR
£ 0.8f 0.0009 g 0.8} 0.0009
=2 3
~ ~
~ ~
0.6 0.6
0.4r 0.4
0.2 ¢ 02 d
0 0
—0.2F -0.2F
-04  -02 0 0.2 x/um —0 -04  -02 0 0.2 x/um —0
AnR AnR
g 0.8F 0.0009 g 0.8+ 0.0009
=1 3
~ ~
~ ~
0.6 0.6
0.4r 0.4
0.2 © 0.2 f
0 0
-0.2F -0.2F
—04 -02 0 0.2 x/um —0 —04  -02 0 0.2 x/um —0

Figure 5. (Colour online) Transverse distribution of the perturbation of the real part of the refractive index for reverse bias voltages V'=(a) 0, (b)
1,(c)2,(d)3,(e)4and (f) 5V; Ny =3x10'7 cm™, Np = 14 x 10!7 cm™. Calculation using the optical package from RSoft.

ties, geometric parameters and physical properties of the SOI
structure.

In the calculation process, the electric potential distribu-
tion is first found taking into account the doping level of all
layers, and then the changes in the real and imaginary parts of
the refractive index, which depend on the concentration of
free charge carriers, are calculated. Then we analyse the prop-
agation of the optical waves and microwaves through the
waveguide structure, whose properties are controlled by an
external electric field.

Calculations performed using the RSoft package show
that the optical properties of these structures can be efficiently
controlled by an external electric field, which causes signifi-
cant changes in the real and imaginary parts of the refractive
index for the mode propagating through the waveguide. The
physical reason for these changes is that with a variation in
the control voltage, the size of the depletion regions (denoted
in Fig. 3 by dn and dp for electrons and holes, respectively),

which are responsible for the change in the refractive index
associated with the concentration of free carriers, changes sig-
nificantly [26]. In particular, Fig. 4 shows the transverse dis-
tributions of the concentrations of free charge carriers (holes
and electrons) for two different values of the control voltage.
For the optimal modulator design, the maximum values of
the fundamental mode field of the optical waveguide (Fig. 4c)
coincide with the region of the maximum change in the con-
centration of free carriers (Fig. 4a, Fig. 4b) and, therefore,
with the region of the maximum change in the refractive index
(Fig. 5). All this provides high efficiency of electro-optical
control of the phase of the optical wave in a silicon optical
waveguide.

Our task is to find such parameters of the structure shown
in Fig. 3, which provide a significant change in the phase of
the optical wave during its propagation in the waveguide with
a relatively small attenuation of the optical wave and micro-
wave in order to obtain a wide microwave modulation band.
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The attenuation of a microwave depends quadratically on the
frequency and electric capacitance of the p—n junction, which,
in turn, depends both on the doping level and on the electric
potential of the reverse bias at the p—n junction. Besides that,
the attenuation of the optical wave depends on the geometry
of the cross section of the optical waveguide. As shown by
numerical studies conducted in many laboratories, the doping
parameters that are optimal to achieve the minimum attenua-
tion and maximum phase change of the optical wave are not
optimal for the parameters of the microwave. Hence, the
problem is multi-parameter and does not have a unique solu-
tion, because the optimisation of parameters affects the prop-
erties of optical and microwave radiation in the opposite way.
The only way to overcome this contradiction is to find subop-
timal (‘compromise’) doping parameters to reduce the attenu-
ation of the optical wave and microwave that can be used to
solve a specific practical problem.

It is known [32] that from the point of view of controlling
the phase of the optical wave, holes are preferable to elec-
trons, because they cause smaller attenuation of the optical
wave [26]. Therefore, holes in silicon electro-optical modula-
tors usually occupy a large part of the structure in the locali-
sation region of the waveguide optical mode. In addition, to
control the size of the depletion region better, the electron
concentration should be greater than that of the holes. Both
these factors were taken into account in our calculations, in
which we changed the doping level of acceptors N, (to control
the concentration of free holes) and donors, N, (to control the
concentration of free electrons). In the numerical analysis, we
used a uniform distribution of the doping profile over the
thickness of the p—n junction structure, typical of the self-
alignment technological procedure [30]. The latter consists in
first doping with acceptors to form a planar base with hole
conductivity and producing an additional thin n-type top
layer (with a concentration of free carriers #.). Then a mask is
formed, through which the waveguide ridge is formed by
etching, and then through the same mask by donor ion
implantation (at an angle to the surface) a hole-enriched layer
(with a concentration of free carriers n) is formed to the right
of the ridge in the planar base (see Fig. 3). Heavily doped
regions of p** and n** types and control electrodes are for-
med during subsequent technological operations.

We are interested in suboptimal concentrations of donors
and acceptors in the p—n junction region. Heavily doped p*™*
and n** regions are far from the localisation region of the
fundamental waveguide mode and weakly affect the efficie-
ncy of electro-optical interaction. They are necessary for
forming electrical contacts and their properties are insignifi-
cant when solving the problem of optimising the electrophys-
ical parameters of the modulator.

To describe the optical properties of the modulator, two
main parameters were used as critical ones: first, the charac-
teristic length L, of the phase-shifting element of the modu-
lator and, second, the corresponding attenuation Lj,e g of
the optical wave, necessary to shift its phase by m/2, which
corresponds to the complete switching of the push-pull modu-
lator signal at a given voltage V between the domains n** and
p**. It is known that the characteristic of this type of the elec-
tro-optical modulator is nonlinear (Fig. 6); therefore, the
optimisation of the parameters of the electro-optical modula-
tor should be carried out taking into account its geometry,
estimated operating voltage, and also the required operating
frequency band. Our calculations were performed for the
modulator structure corresponding to that shown in Fig. 3.
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Figure 6. Phase incursion @ in the arm of a Mach—Zehnder interfer-
ometer 5 mm long as a function of reverse bias voltage V applied to the
n** region of the electro-optical modulator based on the vertical p—n
junction with uniform doping. The electric potential in the p** region is
zero, Ny = 3% 107 cm™, Np = 14 x 10'7 cm™. Calculation using the
optical package from RSoft.
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Figure 7. (Colour online) Time dependences of the effective refractive
index dMV, for the fundamental mode when a short voltage pulse with
an amplitude of 0.5 V is applied for (a) different sizes of the doping re-
gion beyond the ridge boundaries (W, = W})) and (b) different values
of the reverse bias voltage V at W, = W, =0.2 um; Np =3 x 107 cm™3,
Np = 14 x 107 cm™. Calculation using the optical package from RSoft.

Note that the modulator operation is considerably influ-
enced by the size of the regions doped with holes and elec-
trons (W), and W, regions), adjacent to the waveguide ridge
(Fig. 3) and separating it from the heavily doped p** and n**
regions, where the control electrodes will be located. In par-
ticular, the parameters W, W, p, n and n, significantly affect
the frequency characteristics of the modulator. For illustra-



Modelling an electro-optical modulator based on a vertical p—n junction in a silicon-on-insulator structure

1041

tion, Fig. 7 shows the calculated time dependences of the
effective refractive index for the fundamental mode under the
influence of a short voltage pulse with an amplitude of 0.5 V.
For example, it can be seen that the response time of the verti-
cal p—n junction decreases to 1 ps, when W, decreases from
0.6 to 0.2 um. A further decrease in W, and W, is impractical
due to a significant increase in optical losses as the heavily
doped p** and n** regions approach the localisation region
of the fundamental waveguide mode (see Fig. 5). Therefore,
in what follows, we used the value W), = W, = 0.2 um, which
provides a sufficiently fast response of the p—n junction to a
change in the electric field over the entire range of the bias
voltages applied to the junction (Fig. 7b). In turn, this leads to
a wide operating band of the p—n junction, calculated with a
small change in the signal amplitude. Note that the frequency
dependence of the change in the refractive index of the p—n
junction is described with good accuracy by a combination of
the Gaussian function and the exponential function:

M, o(F) = yo + Arexp(—(FIt})*) + Arexp(—Fity), (1)

where F'is the frequency in gigahertz.

The fitting parameters found from the dependences shown
in Fig. 8 are given in Table 1. They also allow finding the
maximum width of the optical operating frequency band [39]
of the p—n junction AF,,, determined from the relation
M, ,(AF,,) =0.5.

M, (rel. units)
(=)
[ee]

+6V

0 100 200 300 F/GHz
Figure 8. Relative change in the refractive index of the p—n junction for
the fundamental mode vs. the frequency of the weak modulating signal
applied to the electrode structure of the p—n junction operating in the
depletion regime; N =3 x 107 cm™, Np = 14 x 10" cm . Calculation
using the optical package from RSoft.

Table 1. Parameters for approximating the frequency response of a
vertical p—n junction.

Parameters Al
1 2 3 4 5 6 7

Yo 0.053 0.058 0.0655 0.0722 0.0883 0.101 0.108
A, 0.374 0.342 0.3127 0.3611 0.2201 0.312 0.362
t,/GHz 196.0 222.6 229.6 233.1 301.2 2942 2574
A, 0.584 0.614 0.6431 0.5623 0.7341 0.607 0.557
t,/GHz 524.1 581.3 5769 6527 639.6 726.6 7252

285.3 303.5 297.1 4204 400 358.3

AF,,/GHz ~ 243

We calculated the main parameters of the electro-optical
modulator [characteristic length L, and optical losses Liyg

(Fig. 9)], at which a phase shift of /2 is achieved in the course
of propagation of an optical wave through a ridge waveguide
with a p—n junction. They are determined by calculating the
real and imaginary parts of the effective refractive index for
the fundamental mode and substantially depend on the con-
centration of dopants and, especially, on the bias voltage.
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Figure 9. Dependence of (a) length and (b) optical losses providing a
phase shift of @/2 on the concentration of acceptors for various values
of reverse bias voltage at the p—n junction operating in the depletion
regime; Ny =3 %107 cm™, Np = 14 X 107 cm3. Calculation using the
optical package from RSoft.

As already noted above, based only on optical calcula-
tions (see Figs 8 and 9) we cannot draw a conclusion about
the optimal design parameters of a microwave-range EO
modulator, because in this case a decisive role is played by its
microwave properties, mainly the attenuation and propaga-
tion velocity of the microwave. In particular, the results pre-
sented in Fig. 9 show that it is desirable to use a donor con-
centration of N = 3 X 10'7 cm3, because in this case, a mini-
mum of optical losses is observed and a moderate control
efficiency of the optical wave phase is achieved. However, a
joint consideration of all factors (taking the microwave pro-
perties of the structure into account) showed that the subop-
timal parameters for the broadband EO modulator are the
concentrations of acceptors, Ny = 3 X 107 cm=, and donors,
Np =14 x 10" cm™3. Such a concentration of donors is due to
the need to reduce the ohmic resistance of the n-type region
adjacent to the p—n junction, without which it is impossible
to provide a sufficiently wide microwave modulation band.

5. Microwave properties of the vertical
p—n junction

To model the microwave properties of the active part of the
modulator, where the microwave modulates the light wave, a
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specialised software package for microwave simulations was
used [36]. The widths of the modulator electrodes were varied
to achieve the impedance of the coplanar line close to 50 Q at
the operating voltage, as well as to reduce losses during the
propagation of the microwave. The distance between the cen-
tres of two optical waveguides on a silicon substrate was cho-
sen to be 8 wm, which corresponds to the parameters of the
optical scheme of the Mach—Zehnder interferometer (see
Fig. 1).

As follows from the results of the study of silicon modula-
tors described in the literature, the impedance of the coplanar
line of the modulator is usually 25-35 Q. Therefore, it is nec-
essary to control the two arms of the silicon modulator in
such a way that the current would flow in them in series. Such
a series connection of the p—n junctions of the modulator
essentially simplifies the task of obtaining a 50-Q impedance
of the coplanar microwave line. In this case, the phase-shift-
ing elements operate in the push—pull regime, in which both
arms of the Mach—Zehnder interferometer are efficiently used,
since they change the phase of the optical signal in opposite
directions, which reduces by half the length of the modulator.

In the microwave calculation, it was taken into account
that the thickness of the depletion region depends on the concen-
tration of the dopant and the value of the reverse bias voltage.
In particular, for Ny = 3% 10" ecm~ and Np = 14 x 10!7 cm™,
when applying a reverse bias voltage of "'=4V, the total thick-
ness of the depletion region in the p—n junction will be ~0.18
pm, of which 0.15 um corresponds to the region of holes, and
0.03 wm corresponds to the region of electrons.

Numerical simulation of the propagation of a quasi-TEM
microwave in an electrode structure with p—n junctions shows
that its properties depend on the magnitude of the reverse
bias, which affects the size of the depletion region and, there-
fore, the capacitance of the p—n junction. In particular, with
a reverse bias of 5 V, an impedance value close to 50 € can be
obtained, which is important for matching with a 50-Q exter-
nal circuit. In addition, to describe the operation of an EO
modulator, the attenuation of a microwave wave and its effec-
tive refractive index, which determine its operating frequency
band, are of great importance [3]. The influence of these fac-
tors is described by the expression:

MRp(F) = exp(-ayL/2)

" sinh®(ay L12) + sin®(£L/12)]"

(anL12)* + (EL12)*

2

where L is the length of the active part of the modulator; & =
2nF X (Nrg — Np)lco; ¢q is the speed of light in vacuum; Ngg
and N, are the effective refractive indices for the microwave
and for the fundamental mode of the optical wave; F is the
microwave frequency; ay = a/(20loge); and « is the micro-
wave attenuation (dB cm™). The general frequency character-
istic of the EO modulator will be determined by the product
of factors due to the p—n junction (1) and the microwave (2):

M(F) = Mpo(F)Mgp(F). (©)

Using the microwave calculation data and expression (3), we
found the main contributions that determine the microwave
bandwidth for the travelling-wave EO modulator, as well as a
number of other important parameters (Table 2). In this case,
we considered the optical frequency band (AF), which corre-
sponds to the criterion M(AF) = 0.5. It is interesting to note
that for long EO modulators that can operate at frequencies
not exceeding 20 GHz, the main factor limiting the frequency
band is the microwave attenuation. For shorter and, there-
fore, higher-frequency modulators, the main limiting factor is
due to the velocity mismatch between the optical wave and
microwave. Note that for our modulator design, transients in
the p—n junction limit the frequency band insignificantly. If
the characteristic frequency bands for the microwave contri-
bution (AFrg) and the contribution from the p—n junction
(AF,,) are known, the resulting band can be found from the
empirical relation obtained from the numerical analysis of
expressions (1)—(3):

(1/AF)' = (1/AFgp)"® + (1/AF,,)". (4)

It is important to note that this type of the electro-optical
modulator has good functional characteristics. In particular,
at a voltage of 5 V, a modulator 0.17 cm long will have an
optical frequency band ~ 50 GHz wide. By increasing the

Table 2. Microwave parameters of the electro-optical modulator at vertical p—n junctions with a reverse bias voltage of —5 V. The electrode width

is 12 um, providing an impedance of 50 Q at this bias.

VeV dVIV  Lfem  Lgpf/dB  Nrp  AFpp/GHz AFxgp/GHz AF,/GHz AF,,/GHz AF,/GHz Z[Q  L,,/dB /VVnLcm
1 1 0.501  10.7 5499 11.6 14.8 20.1 243.0 11.5 39.7  4.07 1.001
2 2 0.305 228 4942 223 33.0 33.8 285.3 22.1 434 237 1.222
3 3 0.232  35.1 4617 324 56.8 44.4 303.5 31.8 460 173 1.392
4 4 0.192 475 4365 424 105.7 54.6 297.1 41.2 484 138 1.538
5 5 0.172  57.2 4.186 50.8 160.0 62.2 420.4 49.7 50.3 1.20 1.719
6 6 0.159 653 4.048 583 223.3 68.8 400.0 56.7 51.9  1.09 1.904
7 7 0.148  74.2 3912 66.2 339.9 75.4 358.3 63.5 53.6  0.99 2.065
5 3 0.393  18.73 4.2935 25.55 37.52 37.85 420.4 25.37 4943 283 2.36
6 3 0.501  13.89 42016 22.24 30.888 34.06 400 22.11 50.69  3.51 3.008

Note: Vyax and dV are the maximum value (at which the microwave properties are analysed) and the amplitude of the control voltage change; L is
the length of the active part of the modulator operating in the push—pull regime; L, is the microwave loss; NyF is the effective index of refraction
of a microwave; AFgy is the total contribution of the microwave to the width of the optical band of the EO modulator; AFygr is the contribution to
the modulator bandwidth due to the velocity mismatch between the optical wave and microwave; AFj is the contribution to the modulator
bandwidth due to microwave losses; AFy,, and AF, is the resulting modulator frequency band; Z is the wave impedance at maximum frequency;
L, is the internal optical loss due to the presence of the p—n junction; and V; L is the product of half-wave voltage and the length of the modulator
active part.
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Table 3. Microwave parameters of the modified version of the electro-optical modulator based on vertical p—n junctions with a reverse bias voltage
of =3 V. The electrode width is 12 um, providing an impedance of 50 Q at this bias.

Voax/V VIV Llem  Lxp/dB  Nrp  AFgp/GHz AFwgp/GHz AF/GHz AF,,/GHz AF/GHz Z[Q  Loy/dB /K’/‘Lcm
1 1 0.553 8.8 5.664 10.1 12.9 20.8 251.0 10.1 425 333 1.105
2 2 0.331 194 5.054 201 28.2 32.0 287.0 19.9 46.7 1.88 1.324
3 3 0249  31.0 4.687 29.9 48.1 42.0 307.0 29.5 49.9 1.34 1.492
4 4 0.207 419 4.440 389 78.2 51.3 322.0 38.1 52.5 1.07 1.660
5 5 0.183 52.3 4228 474 140.5 59.2 414.0 46.5 549 091 1.831
6 6 0.168  60.8 4081 544 225.1 65.0 439.0 53.3 568  0.81 2.016
7 7 0.157  68.98 3.9489 61.28 363.96 70.52 438 59.69 58.68  0.74 2.193
4 3 0332 21.77 4.4995 26.18 39.224 39.05 322 25.89 5193 1.79 1.993

Note: The notations are the same as in Table 2.

length L of the active part of the modulator, it is possible to
reduce the control voltage, but at the same time, the operating
frequency band, as well as the wave impedance, are simulta-
neously reduced.

In principle, the application of a bias voltage (see the bot-
tom two lines in Table 2) can provide a wave impedance close
to 50 Q, but at the same time, the modulation efficiency is
significantly reduced (see the VL value) and the frequency
band width decreases. At the same time, if the manufacturing
technology is slightly changed and the doping level of the
upper part of the ridge is reduced to a level Np =5 x 107 cm™
(n. in Fig. 3), the depletion region in the vicinity of the wave-
guide ridge will expand, which will reduce the total capaci-
tance of the p—n junction and provide the condition for
achieving a wave impedance of 50 Q at a lower voltage (3 V).
The calculation results for the modified version of the EO
modulator are given in Table 3. It can be seen that such a
50-Q three-volt modulator 0.25 cm long will already have an
operating frequency band ~ 30 GHz wide, as well as signifi-
cantly greater control efficiency (VL = 1.5V cm). Moreover,
it is possible to create modulators with an operating voltage
of 1 Vand 2 V and, therefore, with moderate frequency bands
(10 and 20 GHz, see Table 3).

Thus, when designing the EO modulator based on reverse
p—n junctions in silicon, it is necessary to take into account
the optical and microwave properties of its structure system-
atically. The construction parameters of the modulator radi-
cally depend on the operating frequency band intended for
use and on the control voltage. Under these conditions, by
optimising the structure parameters, it can be achieved that
the modulator on vertical p—n junctions, even for a large-
aperture optical beam (designed to transmit high-power radi-
ation), will have technical parameters comparable to those of
the best EO modulators of alternative designs [18—24]. In
particular, such a modulator for the operating frequency
band of 50 GHz with a control voltage of 5 V will have a total
length of 7 mm and internal losses of ~4 dB, which are the
sum of losses on the MMI elements 1 X 2 and 2 X 2 (~ 0.3 dB),
losses in the active part of the modulator (~1.2 dB at a bias
voltage of 5 V) and losses due to imperfections in the wave-
guide boundaries (~2.1 dB=0.7 cm X 3 dB m™).

6. Conclusions

In the course of the numerical analysis, the suboptimal par-
ameters were determined for the formation of the structure of
the vertical p—n junction in a optical silicon ridge waveguide.
They provide the making of a compact electro-optical travel-
ling-wave modulator (total length 7 mm) with an operating

voltage of ~5 V (for push—pull operation), an active elec-
trode length of 1.7 mm and internal losses of less than 4 dB
(for a bias voltage of 5 V). The modulator impedance is
matched with a 50-Q load at a frequency of 50 GHz and uses
the optical scheme of the Mach—Zehnder interferometer with
MMI elements 1 X2 and 2 X 2, which provide an operating
point without additional bias voltage. A modified modulator
with a 50-Q coplanar line impedance and a modified donor
doping profile can operate in the 30 GHz frequency band
with a control voltage of 3 V.

It is shown that, in solving the problem of optimising the
parameters of a silicon EO modulator, it is necessary to pro-
ceed from the required frequency band and operating voltage,
and in the process of appropriate numerical analysis to take
into account the optical and microwave properties of its semi-
conductor and electrode structures in a systematic way. The
obtained results can be used in the development of electro-opti-
cal modulators and optoelectronic elements for optical com-
munication, radio photonics, as well as data processing and
transmission systems.
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