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Summary

Optical modulators are key components in the design of high speed optical com-
munication systems. In particular, Electro-Optic Mach Zehnder modulators (EO
MZM) realized in LiNbOj are a well established and reliable solution in long haul
communication, suitable to encode both analog and digital information. Even
though the operating principle is the linear electro-optic effect (Pockels Effect),
these devices are considered interferometers since they exploit the interference be-
tween two phase shifted light beams to obtain an amplitude modulation. The
appealing feature of LiNbO3 MZM is the possibility to obtain a good trade off
between the need to have low losses, low driving voltages, broad bandwidth and
low chirp, while a big drawback is the large footprint (~ cm?) that poses a se-
vere limitation when compact and performing devices are needed [7]. In the search
of a valid alternative to LiNbO3 MZM, when very small dimensions are required,
Plasmonic POH Modulators emerged as promising devices ideally capable of pro-
viding a large bandwidth (>100GHz), small energy consumption (~ 25fJ/b) and
a very small voltage-length product (~ 40V um) with a footprint of the order of
few pum?. In these structures, Metal-Insulator-Metal (MIM) waveguides are inte-
grated on SOI wafer; light propagates as surface plasmons at the metal-insulator
interfaces making possible to achieve sub-wavelength field confinement which is
main cause of the small dimensions. In this thesis work a study of a Plasmonic
Mach-Zehnder modulators is proposed. Starting from the analysis of the basic
Electro-Optic Mach Zehnder modulator structure, a block model developed in a
microwave CAD environment is proposed, it gives the possibility to design and op-
timize the driver and modulator within the same circuit environment[5]. The last
part focuses on the description of wave propagation through plasmonic structures
and shows some simulation results obtained integrating the electric characteristics
of plasmonic structures in the block model previously described.



Contents

List of Figures

1

EO Mach-Zehnder modulator: Theoretical Introduction

1.1 Imtroduction . . . . . . . . . ...

1.2 Lumped Case . . . . . . . . .
1.2.1  System Level Description . . . . . .. .. .. ... ... ...

1.3 Distributed Case . . . . . . . . . ... ...
1.3.1 Co-propagating RF and optical waves . . . . . . . . ... ..
1.3.2  Counter-propagating RF and optical waves . . . . . . .. ..
1.3.3 Frequency Response . . . .. .. ... ... .. .......

1.4 Chirp Model . . . . . .. .

EO Mach-Zehnder modulator: Multi-Sectional Model

2.1 Introduction . . . . . . ...

2.2 Modelling . . . .. ..

2.3 Phase-Modulation Block . . . . . . ... ... ... ... ...,
2.3.1 Mathematical Formulation . . . . . ... .. ... ......
2.3.2 Modelling . . . .. ...

24 AM Block . . . ...

2.5 Implementation . . . . . . . . ... L
2.5.1 Phase Modulator Implementation . . . . .. ... ... ...
2.5.2 Interferometer Implementation. . . . . . . . ... ... ...

Plasmonic Waveguides

3.1 Imtroduction . . . . . . . . . . ...

3.2 Characterization . . . . . . . . . . ...
3.2.1 Oscillatory Modes . . . . . . . ... ... ... .. ......

3.3 Metal-Dielectric Interface . . . . . . . . .. . . ... ...

3.4 Metal-Dielectric-Metal waveguide . . . . . .. ... ... ... ...
3.4.1 Lossless Media . . . . . . . .. ... ...

11
11
12
12
18
19
21
24
27

31
31
32
33
34
37
40
41
42
43



4 EO Plasmonic Mach-Zehnder modulator 65

4.1 Introduction . . . . . . . . . ... 65
4.2 POH Modulator . . . . ... .. ... .. 66
4.3 Implementation Details . . . . . . . . ... .. ... ... .. ..., 67
Bibliography 81



List of Figures

1.1
1.2
1.3
1.4
2.1
2.2
2.3
24
3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2

4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

[2] Mach-Zehnder Modulator. . . . . . ... ... ... ... ....
[2]Co-propagating Circuit Schematic. . . . . . .. ... .. ... ..
Counter-propagating Circuit Schematic. . . . . ... ... ... ..
Counter-propagating Circuit Schematic. . . . . . .. .. ... ...
[5]Schematic of a Mach-Zehnder Amplitude Modulator. . . . . . . .
3]Phase-Modulation Block. . . . ... ... ...
3]Optical Phase Line. . . . . ... ... ... ...
3]Interferometer. . . . . ...
6]Plasmonic Waveguide. . . . . . . ... ... L0
6] Metal Dielectric Structure. . . . . . . . .. ... ... ... ...
Field Components for TM modes. . . . . . .. ... ... ... ...
[6]Field Components for TM modes. . . . . . ... ... ... ...
H,(x) field component for the propagating modes. . . . . .. . ..
effective index for the oscillatory TE and TM modes . . . . . . ..
effective index T'My and T'M; plasmonic and modes and fot the T'M;
oscillatory one. . . . .. ..o
[7]Plasmonic Mach-Zehnder Modulator. . . . . . . .. ... ... ..
RF Effective Refractive Index, Loss, Real and Imaginary Character-
istic Impedance. . . . . . ..o
[9]Plasmonic Mach-Zehnder Modulator: reference structure.

Real and Imaginary Permittivity of Gold. . . . . . . .. ... .. ..
Dielectric Permittivity of SiOo. . . . . . . . . ...
Circuit Schematic. . . . . . .. . .. ... L
Output Phase Shift. . . . ... ... ... .. ...
Small Signal Circuit Schematic. . . . . .. ... ... ... .....
Small Signal Response. . . . . . . . ... ... oL
Frequency Response. . . . . . . . .. . ... ... .
Small Signal Response:anomaly. . . . . . . ... ... ... .....
Circuit Schematic for Distortion. . . . . . . ... .. .. ... ...
Input Signals. . . . . .. ...
Distortion. . . . . . . . . Lo

[
[
[
[
[



10



Chapter 1

EO Mach-Zehnder
modulator: Theoretical
Introduction

1.1 Introduction

An overview on the basic principles of the Electro-Optical Mach Zehnder modulator
is presented in this chapter.

This device performs an amplitude modulation through the recombination of two
phase-modulated beams, the input light is injected into an beam splitter, the result-
ing beams propagate in the two arms and experience a variation of their phase due
to the linear EO effect (Pockel’s Effect) or other effects leading to the modulation
of the refractive index, such as the Kerr effect or the plasma effect. When a voltage
is applied at the central electrode, the resulting electric field in the transverse direc-
tion of the arm provides a refractive index variation and so a phase variation. The
two beams are recombined at the output with a certain ratio by a beam combiner.

The analysis starts from the lumped case characterizing the overall structure and
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its behaviour, then the travelling wave case is analysed considering the transmission
line theory applied to this specific case, the chirp model is finally described from

the result obtained in the lumped case.

1.2 Lumped Case

[2][3] In this section a description of the MZ-model is provided when the device can
be seen as lumped element, characterizing its behaviour through its fundamental
parameters, then the DC amplitude analysis and the small-signal one are discussed.

1.2.1 System Level Description

i Y‘(;mbiner
—_ v ——
/ 0

Y splitter

Figure 1.1. [2] Mach-Zehnder Modulator.

A MZ-EO Modulator consist of the cascade of three sections:

e a first beam splitter region which is an Y-junction splitter;

e a modulation section made of two optical waveguides (arms of the modulator),
lying between three electrodes;

e the last region is an optical beam combiner (Y-junction beam combiner).

The working principle exploited to obtain the shifting of the beam phases is the
electro-optic effect, in this particular case the Pockels Effect (i.e. linear electro-
optical effect) is considered in crystals like LiNbOj or in organic electro-optic poly-
mers.

Even though the physical modulating effect exploited is a phase modulation, the
total modulation at the output comes from the interference between two optical
phase-modulated beams (i.e. at the output an amplitude modulation is exploited),

12



1 — EO Mach-Zehnder modulator: Theoretical Introduction

that is why they are considered interferometric devices. Considering a single arm,
the variation of the refractive index is proportional to the applied voltage as follows:

3
_neT33V

A = V:
n a °G

defining

3
_ TleT33

2G
where G is the distance between the signal electrode and the ground plane, 733
is the electro-optic linear tensor element, n. is the material extraordinary refractive
index, and I',,p is the overlap integral between the optical F,, and electrical F,
field expressed as follows:

a = Fmg

_ G [ [|Eop(r)] Ex(r)dS
V [ | Eop(r)dS
where \q is the working wavelength. The phase difference induced by the applied

voltage is evaluated integrating the variation of the refractive index over the length
of the arm

FmO

21 nirysV L 2T

—Aoez‘”‘évrmo = —/\—OaLV. (1.2)

In the overall structure, the two arms are driven by voltages equal in magnitude
but opposite in sign since the RF signal is applied at the centre electrode while
the external electrodes are grounded. Generally the two A® are opposite but they
will be denoted with the subscript U and L (referring respectively for the upper
and lower arm) since in some cases the overlap integral,and so the proportionality
factor a, are not the same in the two arms, it happens for example in Z-cut MZ
lithium niobate Modulators. Therefore the expressions of the induced phase shift
in the two arms are:

L
A@—%/ Andzx =
)\0 0

2
Ad, = oy Lv
Ao
2
AD, = Lo, LV.
Ao

The ON —OF F behaviour of the modulator depends on the total induced phase-
shift i.e. on the difference between the upper and lower phase shift at the output

In the symmetric case ay = ay = a, the expression becomes:

13
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A(I)U — A(I)L = —4£GLV
Ao

The device is ON when the phase difference APy — Ady, is zero (constructive
interference) and so V' = 0, in this case the optical beam experiences a constructive
interference and the characteristic mode is excited at the output; the device is in the
OFF — state when the phase difference is equal to 7, the interference is destructive
and only the radiating modes can be found at the output. In the OF F — state we
obtain:

ACDU - A(PL = —7CLLV7|— = T. (13)

When the modulator is symmetric A®; = Ad; = 7/2, instead, in the non
symmetric case, the two induced phase shifts have different values but their sum
has to be 7.

From (1.3), it is possible to find the ON — OF'F voltage V,

T 2|CLU + (IL|L

while in the symmetric case

Ao
Vo = 2|a|L

DC EO Amplitude Response

Another significant parameter to describe the behaviour of the MZ Modulator is
T(V;,) the ration between the power injected P, and the power transmitted at the
output P,;.

The beam is injected in an input splitter described electrically considering its
scattering matrix. Considering the input port (port 1) matched, the two output
ports (port 2 and 3) isolated and supposing negligible losses ( SSPSZ;) = 1), the
Y-junction S-matrix is expressed as follows:

0 Jaeitw T aeitn
Sep = Vaei®s 0 0
V1 — ael¥s» 0 0
where « is a factor representing the asymmetry in the power splitting of the Y-
junction (in presence of symmetric splitters a = 1/2). From the Scattering Matrix
it is passible to estimate the two output power waves by and b3

S’lj:7 )

@ | g =0Vks
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1 — EO Mach-Zehnder modulator: Theoretical Introduction

by = \/&6]¢Spa1,

bg =V 1-— ozej¢SPa1

defining a; as the incident optical power wave at port 1.
The splitted beams experience a phase delay due to the propagation through the
two modulator arms described by S ;s

0 eIkl
Sarms = < o—ikoL 0 )

Therefore the power waves at the combiner upper and lower inputs are:
, 4 o
ay = \Jaed¥rq e IR l—iAdy

a;} — /1= aej¢spa16_jk0L_jA¢L.
The output beam combiner is described by a scattering matrix S, = S, and so the
optical power wave at the output (b)) is:
b, = 9wkl {ae‘jM}U +(1— a)e‘jM)Lal} : (1.4)

Supposing that the input and output optical waveguides have the same char-
acteristic impedance, it is possible to estimate the ratio between the optical input
and output power T'(V;,) as follows:

2

= {1+ 2a(1 — a)[cos(Ady — AD,) — 1]} (1.5)

!
1
a1

N~ e—ozoL—Asp—AC
is a factor that represents the optical insertion loss of the lower and upper arms,
in this case it is supposed to be voltage independent; « is the optical loss of the
modulator waveguides, As, is the loss factor of the splitter and A, is the loss factor
of the combiner. Considering symmetrical splitter and combiner (i.e. ay = 1/2)
but with asymmetrical upper and lower branches, equation (1.5) becomes

T(Vy) = g[l + cos(ADy — ADy)).

In order to evaluate the static transfer curve, T'(V;,,) has to be expressed as function
of the time domain voltages v;,;y and v, respectively applied at the upper and
lower arms. Starting from the induced phase shifts in the two arms

15
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VinU VinL
v 7T‘/7rU ’ r WVWL 7 (16)

the ON — OF'F voltages of the two branches can be obtained as follows

2
|[Ady | = T|GU,L
0

=T

Ao

2|aU7L|

VWU,L =
Finally, it is possible to evaluate T'(vy,)

1 1 ,
T(vin) = g {1 + cos |:7T <VU + VL> Um]} - g {1 + cos <7TZ‘};">}

where vy, = Vin, = Vi, and Vi (modulator ON — OFF voltage) is defined as
follows

VTI’U V7rL
V7rU + V7rL .

T =

Small Signal Analysis

The small signal operations are performed with respect to a DC working point, in
this case the analysis is performed around V; /2 since it is the optimum point for
linearity.

’U(t) = VDC + @(t), U’m(t> = V;n,DC + U:n(t)

where v(t) is the time-varying open circuit voltage of the real generator connected
to the modulator, vy, () is the input voltage expressed as a function of v(¢) including
R¢ (generator resistance of the input equivalent circuit) and Cj, (modulator input
capacitance).
Linearizing around the bias point, the normalized output power is obtained as:

out (T in in (T
p t()zn{l—l—cos(WV ,pc + U ())}%

P, in 2 V7r

~ g {1 + cos <7T‘/;T‘;fc)} - 7727‘2 {1 + cos (7?Vi7€/’7rDC> vgn(t)}

which can be also written as:

Pout (t) Pout,DC N ﬁout(t)

P, P, P,
At Vi, po = Vi /2 the previous equation becomes

16
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Pout (t) E ﬁm (t)
Pa, v
Moving on to the frequency domain, the normalized output power Py (t)/P;
becomes:

~ 0
2

Poi(w)  wVi(w) 7 V(w)
p, Ty TS

where the relationship between the input voltage phasor V;,(w) and the generator
voltage phasor V' (w) is represented by a low-pass transfer function H(w) as follows

(1.7)

Vin(w) = H(w)V (w).

From (1.7) and considering that |H(0)| = 1, it is possible to evaluate the modulator
frequency response m(w) as:

m(w) = m—— = [H(w)]. (1.8)

Recalling that the modulator is composed of two sections: a linear and dispersive
system (phase modulation section) and a non-linear memoryless one (combiner), it
can be demonstrated[1] that the overall normalized frequency response coincides
with phase modulation section frequency response. Supposing that (1.6) holds for
time-varying input voltages, the phase delays associated to the upper and lower
arms are:

 Vi(w) V(w)

APy =7 VU TH(w) VU
 Vilw) V(w)
Adp = —7 VL TH(w) VI

formulated assuming that the same voltages have been applied to the upper and
lower arms. The frequency response is obtained as follows:

A(I)a(w) o _
A®,(0) = H(w),a=U,L.

The modulator transfer function considering an input capacitance Cj, and the
generator resistance Rq is evaluated from :

1

Vi) =V e

H(w)V(w). (1.9)
The modulator response is obtained substituting the expression of H(w) in (1.8)

17
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m(w) = |H(w)| = \/m (1.10)

To find the 3dB electrical bandwidth

m( f3ap.er)|ap = —3dB

substituting 1.10

1
m(fsap.et)|ap = 2010go[m( fap.e)] = 201ogy,
\/1+ w?R%4C%

= —3dB

27 f3aB,el RaCin, = 1

1
QWRGCin .

Similarly, for the evaluation of the 3dB optical bandwidth

f3aB,el =

m( f3aB.op)|las = —3dB.

Since

m(faap.et)|as = 2m(f3as,0p)|dB,

the resulting fsqp op is:

V3

op — 3 el = 5 -~ ~ -
f3dB,0p V3 f3aB.el 57 RaC.

1.3 Distributed Case

[2][3] This section focuses on the description of a uniform Travelling Wave MZ
EO Modulator. A closed form model for the optical response of the modulator
is obtained through the study of the distributed interaction between the RF and
optical field both in the co-propagating and counter-propagating case, supposing
that the active area (i.e. the region where the interaction between the optical and
electrical fields takes place) is described as a uniform transmission line terminated
by a generator and a load at the ends.

18
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I { L

2 oo [T >| > 2

»
L

Electro-optical interaction region

Figure 1.2. [2]Co-propagating Circuit Schematic.

1.3.1 Co-propagating RF and optical waves

The following analysis is performed taking as reference the circuit in Fig.1.2 and
supposing the optical and RF signals travelling in the same direction.

To evaluate the variation of the refractive index it is necessary to know the RF
voltage applied at each arm. Starting from the input impedance Z;,, it is possible
to estimate the input voltage at the beginning of the transmission line V;,

Z1, + Zy tanh(~,, L)
Zo + Zp tanh(~,,L)

Zz'n = ZO

where Z; is the characteristic impedance of the line, 7 is the load impedance and
Ym 18 the RF signal propagation constant in the metal electrode. It is defined as:

Tm = Qm +j6m

with a,, representing the line losses and f3,,, = <n,, (1, is the microwave refractive

index). Therefore V;, is obtained as follows:
Zin
Vin = B
“Zy+ Zin

The total input voltage can be expressed as the superposition of a progressive
V:F) and a regressive i.e. reflected (V;.) component.
(Vin g in P

Vin = Vi + Vi = Vit (1 +Tin) (1.11)
where
Z — Zo —2vm L
Fin - e m 1.12
ZL+ZO ( )

19
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From (1.11) and (1.12) it is possible to find an expression of the progressive and
regressive input voltages

V=V (ZL + ZO)eVmL
in = Vin gz ek 1 (21 — Zo)e ot
(1.13)
‘/z; = Vin (ZL — ZO)e_WmL

(ZL + Zo)e’YmL + (ZL — Zo)effyml’
Remembering that the voltage in a generic point of a transmission line is given
by
V(z) = Viye ™ 4 Vet
and substituting (1.13), the result is:
Zin  (Zy+ Zo)er\E72) 4 (Z, — Zy)emL=2)
V(Z) = EG
Zy+ Zin  (Zr+ Zy)erml 4+ (Zy, — Zy)e 1mE

In the time domain

Zin 2+ Zo)em\E72) + (2, — Zy)emE—2)
Zg + Zzn (ZL + ZO)G'Y"LL + (ZL — Z())@_'YWL

V(Z, t) = EG

et =V (2)elt

where w is the microwave field angular frequency and V' (z) is the phasor associated
to the RF voltage.

An optical beam with field group velocity vy is supposed to enter the active
region at z = 0 and t = t;, the expression of the resulting voltage v,,(z,t(2))
applied at a generic position z of the active region (0 < z < L with L total length
of the active area) at the time ¢(z) =ty + 2z /vy is

(2, t(2) =V <z,t0 - Z) = V(z)ejw(tﬁ%) = V(z)elvteiPor
Vo
where
W wn,

6027*

Vo Co

is the equivalent propagation constant of the guided mode supposing the optical
losses negligible. The local change of refractive index due to an applied RF voltage
results in a variation of 3,:

AB = :’Tvm(z). (1.14)

It is possible to evaluate the induced phase shift A®,, integrating AS over [0, L].
At time t =t it is given by

20
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L 7w n3rD A
A@co ;t == / A d = — E : :
(F,to) = J APz === Fa7 =
. /L (Z1 + Zy)erm\L=2) 4 (Z; — Zo)e_q’m(L_Z) pIwto oz
0 (ZL + ZO)eVWL + (ZL — Z[))€7'YWL

Defining

_l—u:i:
ot

F(ut)

where

ut = (£9m — jB0)L = j(£Bm — Bo)L % amL = FamL + j2 (nm — ny) L.
Co

It is possible to define the total phase shift as

3 . — )
Ad(f 1)) = = rT'L - Zin (214 Z0)F(uy) + (Z1 ZO)F(U*)erto'
)\0 G Zzn + ZG (ZL + Z0)€u+ + (ZL — Zo)e“—

1.3.2 Counter-propagating RF and optical waves

In the case of RF and optical signals propagating in opposite directions, two dif-
ferent scenario are possible concerning the reference transmission line modulator

equivalent circuit:

e the input and output optical ports are swapped with respect to the co-propagating
case;

e the optical wave has an unchanged propagation direction while the microwave
signal is generated at the load terminal and collected at the source one.

The analysis performed is similar to the the one discussed in the co-propagating

case.
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I 1 L

Z e \4

P
L

Electro-optical interaction region

Figure 1.3. Counter-propagating Circuit Schematic.

Referring to the first equivalent circuit Fig.1.3, the RF voltage seen at the generic
position z has to be reformulated since the phase modulated optical signal prop-
agates in an opposite direction with respect to the previous case. It is applied at
the end of the active region in position z = L and propagates towards z = 0).
Um(2,t(2)) becomes:

L—=z
Vo

Um(2,1(2)) = v (2, to + ) = V(z)eetoeiboll=2)

where the line voltage V' (z) does not change. Following the same steps, it is possible
to find the total phase shift Ad. integrating the induced AS over the interval [0, L]

L 7w n®rl Z;
A(I)ct(fa tO) :/0 Aﬁdz = /\70 G GZn + ZG.
/L (Zy + Zy)erm\L=2) 4 (Zp, — Zy)e "m(L=2)
0

(ZL + Zo)e“me —+ (ZL — Z())@*AY’“L

e]WtO e]ﬁo(L_z) X

Defining

_1—u:|:

F(ux) -

where
ut = (£ — B0)L = j(£Bm — Bo)L £ AL = taumL + j = (£1m — 1) L.
Co

The total phase shift becomes:
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7 nir[L Z;

A(I)co 7t = 3 :
(f 0> )\0 G GZZ'TL + ZG

. (ZL + Z(])F(u-‘r)ej’ym[/ + (ZL - ZO)F(U—>6_j’YML6jwt0 (1 15)
(ZL + Zo)e“+ + (ZL — Zo)e“* ’ .

» -
» Z

Electro-optical interaction region

Figure 1.4. Counter-propagating Circuit Schematic.

Instead, using as reference the second equivalent circuit Fig. 1.4, the line voltage
has to be reformulated as follows:

Zi (ZL + Zo)e’ymz + (ZL — Z())G_Fymz

V(z,t)=FE jet
(%) GZg + Zin (Z1, + Zy)erml + (Z), — Zy)eml
and so v,,(z,t(2)) becomes:
Zi 21+ Zg)e'mE + (4, — Zy)e ™
vm(z,t(2)) = Eg (2 + Zo)em” + (Z 0)e eIwteiboz,

Zg =+ Zm (ZL —+ Z())G’YT"L —+ (ZL — Zo)e_VmL

Taking into account the previous expression, it is possible to evaluate the total
phase shift integrating the resulting AS over the total length of the phase modu-
lating arm. The resulting A®,,; is

L 7 n3rl Z;
A®, ,t:/Ad:— g Zin__
t(f O) 0 6 N /\0 G GZZ'Tl—f‘ZG
‘/L (ZL+Z0)e7mZ+(ZL—Z0)e_7mZ
0

(ZL + Z())GW"L + (ZL — Z())@_'ymL

eJwto piboz
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7 n3rI'L Z;

AD,(f.ty) = = in__
(f O) )\0 G GZZ'TL + ZG

(ZL + Zo)F(U_i_)Gj’YmL + (ZL — Zo)F(U_)Gij’YmL

(ZL + Z())€u7L + (ZL — Zo)e“*

eJwto,

which coincides with the one evaluated in (1.15).

1.3.3 Frequency Response

[2][3] As already discussed in the lumped case, the frequency response can be anal-
ysed studying the behaviour of the modulator index m(w) where

Ad(w)
AD(0)

It can be mainly limited by three factors:

m(w) =

e the velocity mismatch between the optical and the RF signals (An = n,,,—n, #
0);

e the RF losses of the modulator line;

e the impedance mismatch of the transmission line with respect to the generator
and the load.

Considering the co-propagating case, the expression of the the the total induced
phase shift with respect to a reference time ¢, in absence of losses (., = 0) and
impedance mismatch (7, = Zg = Z) becomes:

7 ndrTL 2 Jjw 22 (n—no)L
A (w) = —— E inc | S— (N, — ne)L| e20 "m0 edwlo,
W==%"¢ Foz 3255 [200(" o) }e ’ ‘
and so
sin(U)
i) = 1) = |5
where .
Jjw
= — —n,)L. 1.1
U 2Co(nm No) (1.16)
Imposing the following conditions
Mop( f3aB.0p)lap = 1010g19[m(f3ap,0p)] = —3dB (1.17)
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Mer( f3a,er)|ap = 2010go[m( fsap,a)] — 3dB (1.18)

it is possible to obtain Usqp ,p = 1.89 and Usqp = 1.39 and so, from (1.16), f3ap.e
and f3qp op Which are respectively the electrical and optical 3dB Bandwidth

1.8900

opl = GHz - 1.19
f3dB, D W(nm — no) Z - 1m ( )
1.39
Jaap,al = ©_GHz m (1.20)
T (N — Ny)

It can be noticed from (1.19) and (1.20) that the velocity mismatch causes a
reduction of the bandwidth.
In the case of nearly velocity matching (5% of velocity mismatch) and perfect
impedance matching (Z;, = Zg = Zy), Ad.,(w) becomes

7 n3rTL Zy 1—eoml
Ad,, = —— Jwto
(W) X G “ Zo+ Za  apL €
and so
_ _y |sinh(W)
m(w) =e —
where
O‘WL(f)L O‘m(fO)L f
— - 2~ 1.21
w 5 5 3 (1.21)

Imposing (1.17) and (1.18), it is possible to fine the electrical and optical 3dB
Bandwidth in the presence of RF losses (Wsqp = 0.368 and Wsqp ., = 0.794).
Substituting these two value in equation (1.21), it is possible to find the total line
attenuation corresponding to the optical and electrical bandwidth (a,(f3a,0p) and

am(deB,el))

am(f3dB,op>L
2
Oém(fgdBpp)L = 1.588

am(f3dB,op>L|dB = 13.79dB

=0.794

Oém(fde,ez)L

= 0.368
2
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A (f3ap.et) L = 0.736
O (f3aB,et) L|ap = 6.393dB

The effect of losses are a reduction of the electrical and optical 3dB Bandwidth
and the filling of response zeros, they can be the main cause of a bandwidth re-
duction in high speed modulators which turns into a reduction of the electro-optic
interaction.

In presence of impedance mismatch but no losses or velocity mismatch

7 n3rTL 7 F(u_)
Ad,, = —— ’ :
() X G GZm + Z e 2iBmlL
and so
( ) RL + RG ZZ F(U_)
m(w) = :
RL Zm + ZG e=2iPmL
where

u_ = —2j8mnL.

Impedance mismatch causes multiple reflections of the microwave signal and so
the effective voltage on the electrodes changes as a function of frequency, which
results in ripple in the optical response.

Counter propagating frequency response

To understand the counter-propagating frequency response a comparison with the
results obtained in the co-propagating case is performed.

The total induced phase shift for co-propagating signals with respect to a fixed
time ty in the case of perfectly matched load and transmission line is expressed as
follows:

7 n3rU'L Zy  Fluy)

A(I)co = -
(f) )\0 G GZO + Zg evt

aml 7wf
i —J— - m OL
u%sm I3 —|—Co(n No)
anl wf
-] - m = OL
Iyt (m = no)

= AD(0)e (1.22)

where

1n3TFL Zo
N G Zo+Za

In the counter propagating case instead
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7 n3rT'L Zy  F(uy)
Aq)c = —— YmL =
()= gy Do Fll,
mL
sin —ja— + 7Lf(nm + no)Ll
uy 2 CO ’Ym+j350L
= AP(0)e ol 7f ez " (1.23)
—j——= 4+ —(nm +n,)L
2 Co

If the losses are negligible, (1.22) and (1.23) become:

A, (f) = A@(O)eij%("mfn"wsinc [Wf(nm - nO)L]

Co

Ad,(f) = A@(O)e‘j%(nm—i{ino)LsinC [Zf (N + no)L] .
0

Looking at the sinc argument in the two cases, it can be noticed that for co-
propagating waves a velocity matching and so a synchronization of the RF and
optical signals can be achieved since the argument is proportional to a difference
of refractive indexes, while in the couter-propagating case a synchronization of the
two signals is impossible due to the presence of a sum of the two real and positive
values n,, and n,.

A further confirmation comes looking at the expression of the optical response

3dB Bandwidth

f . 1.3900
3dB,CO - W(nm - nO>L

f . 1.3960
3dBct = (N + 1) L

in the case of counter-propagating waves the bandwidth is furtherly reduced with
respect to the one obtained for co-propagating signals and so the performances are
even worse.

1.4 Chirp Model

[2] Referring to the lumped case, in addition to the amplitude modulation per-
formed by output optical combiner, a spurious phase modulation is present at the
output of the EO Mach Zehnder Modulator due to geometrical factor rather than
physical parameters.
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To evaluate the instantaneous frequency deviation a time dependence is introduced
n (1.4)

by = 29w e=ikol {ae—m%(t) F(1— &)e—ij(t)al] -

=K [ae—jMU(t) +(1- a)e—ij(t)al]

where K = a;e¥%re=7%L ig a time independent constant. The phase of the output
signal is obtained as

m(b; /K )1
Re(b,/K)
o asin(Ady(t)) + (1 — a) sin(AdPL (1))
o) =t [acos(mU( N+ (1—a) cos(A@L(t))]
Af(t) is obtained deriving (1.24) with respect to the time

#(t) = —tan™* [

(1.24)

Af() = 1 dgzﬁ( ) 1.d tan-! lasin(A@U(t)) +(1—a) sin(ACDL(t))] '

o dt 2ndt acos(APy(t)) + (1 — a) cos(AdD (1))

In the case of symmetrical splitter and combiner (i.e.ac = 1/2) Af(t) becomes

_ 1 d tan-! [sin(ACDU(t)) +sin(A<I>L(t))]
cos(Ady (1)) + cos(APL(1))

2gin <A¢U+A¢L)C (A<I>U A<I>L)
)

= ——tan™'

1d 1 APy + Ay _id(A@U—I—A(I)L)
- 2  4r dt

Substituting the expressions of APy and APy, (1.6)

1[ 1 d’UmU 1 dvinL‘|

Af(t) = - —
) 41 Vop dt Ver dt

(1.25)

While the result of the amplitude modulation is

Pous = il + cos(A0y (1) — A2y 1))

deriving with respect to time
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.

1 dP,, Ssin(A®y — A®y) [ 1 dvy 1 dme]

=T
1

— tan (A(I)U(t) — A(I)L(t)> [ 1 dUmU 1 dUmL‘|

2 Vo dt Ver dt

The instantaneous frequency deviation is described by the Henry chirp parameter
ap

(1.26)

ATt A f

ag = m (127)
Pout dt
substituting (1.25) and (1.26) in (1.27)
1 dvinU 1 dvinL Ad () Ad ()
o Vzu dt VrL dt U t - L t
= 1 dvinU LdvinL cot ( 2 .

Voo qt | Ve dt
It is a function of time which values might be positive or negative according
to the modulator parameters and the driving voltages. If v;,y = Vinp = Vin, Qg
becomes:

Vﬂ—U — V7rL A@U(t) — A(I)L(t) V7rU — V7rL N Uzn(t)
ag = cot = cot | =
VTK‘U + V7rL 2 VTK'U + V7rL 2 V7r

where V.. has been defined as

o V?TUVﬂ'L
" V7rU + Vﬂ'L ‘
In small signal conditions
v?TU - VTI’L T V;n(t)
_ t = 1.28
an Vﬂ—U + V7rL “ <2 V7r ( )

where

Vin(t) = Vi + Oin(t) = Viy.

It can be noticed from (1.28) that ayy is a constant in small signal condition and
its value can be tuned by the value of cot ((7/2)(V;,(t)/V%)). Biasing the device at
the optimum point for linearity (i.e. Vi, = V,/2), cot ((7/2)(Vin(t)/Vz)) is equal to
1 and the chirp just depends on the unbalance between the modulator upper and
lower arms, while if the modulator is completely symmetrical V,; = V,; and the
chirp is null at any applied bias point.
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Chapter 2

EO Mach-Zehnder
modulator: Multi-Sectional
Model

2.1 Introduction

In the previous chapter, basic theoretical knowledge on a Mach Zehnder modulator
was proposed, the device was analysed when it is considered lumped or travelling
wave, presenting some parameters that are fundamental for the description of its
behaviour. The aim of this chapter is to propose a model that is realizable within
the framework of a microwave CAD suite allowing for the optimization of the ge-
ometrical parameters, time-domain analysis, small-signal and large signal analysis.
In order to guarantee the compatibility of the device with the CAD requirements
some solutions are adopted, the overall design is divided in blokes and the opti-
cal signals are represented as pseudo-electrical signals. Finally few implementation

details regarding the block models and their realizations are presented.
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2.2 Modelling

[2][3][5] In the previous chapter the Mach-Zehnder amplitude modulator has been
presented as a structure made of three sections:

e an Y-junction beam splitter;
e an Y-junction beam combiner;

e a region made of two arms providing a phase shift between the splitted signals
if required.

The phase delay in the inbetween region is given by the interaction between the
optical signal travelling in the two arms of the modulator and a microwave signal
guided by an RF transmission line. Its magnitude depends mainly on three factors:
the line length, the mismatch between the optical and the RF signal velocities
and the microwave electric field. In the development of this kind of devices in an
RF CAD environment some issues have to be considered. First of all, the overall
structure is dispersive and non-linear, it cannot be directly handled by a RF circuit
or system simulators which supports only linear and dispersive or memoryless and
non-linear devices. In order to overcome this problem, the modulator has been
divided in two blocks:

e the Phase-Modulator Block (PM block) representing the phase shifting arms;

e the Interference Block (AM block) representing the Y-combiner.

Another concern is to find a way to describe optical signals in a microwave
CAD environment since optical components does not exist in this kind of tool.
The adopted solution associates electrical variables (ports) to optical signals. For
instance, in the frequency domain, the optical signal power and slowly varying phase
are expressed as RF currents having the same frequency as the input RF signal.

Finally, the electro-optical phase shift has to be described no more in term of
generator and load impedances but as a function of the voltage at the input and
output sections of the interaction region. This requirement comes from the need
to have a model compatible with a circuit simulator based, for example, on nodal
analysis.
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Upper phase modulation arm
RF RF IN RF OUT

Modulated
optical power

D ut I

CW optical - » _‘_‘”(?._-1—
"‘| Gout

®

)

power
Instantaneous
frequency deviation

RF 8

PM
block vV oV i
RF OUT L

Lower phase modulation arm

RF IN

Figure 2.1.  [5]Schematic of a Mach-Zehnder Amplitude Modulator.

2.3 Phase-Modulation Block

[2][3][5]The PM block is a four port block model with two electrical ports and two
optical ones. The driving measures are the electrical voltages applied at the RF
ports while an input phase delay (®;,) coming from other circuit elements and
the total phase modulation (®,,;) are the optical measures expressed as currents
(respectively I;, and I,,;).
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RF RF
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PM kernel
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L0 ouTpPuT
INPUT <k

Figure 2.2. [3]Phase-Modulation Block.

The quantity to measure is the electro-optical phase shift A®,,; expressed as a
function of the voltage at the input section of the interaction region between the
optical and the RF signals (V; = V/(z1) where z; = 0) and the voltage at the output
one (Vo = V(29) where zo = L).

2.3.1 Mathematical Formulation

[3] The first step to begin the development of the corresponding CAD model is
the study of a more general mathematical reformulation of the previously used
formalism. The model implemented has to be stand alone i.e. independent from
any assumption on external conditions imposed by the circuit network connected
to it.
As already seen, the interaction region between the optical and microwave signal
can be modelled simply as a transmission line of length L and it is analysed in term
of active device electrode voltage distribution but, due to the previous statement,
the co-propagating and counter-propagating operating conditions are unified and
do not require a separate discussion any more.

Starting from the expression of the voltage at a generic section z of a homoge-
neous transmission line,

V(z) =Vfe m? 4 Vmetm? (2.1)

where V;" and V|, respectively, the progressive and regressive voltage measured at
z = 0, it is possible to find the input and output voltages

Vi=Vit+ Vo
Vo = Vit exp(—=vymL) + Vi~ exp(Vm L)
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where L is the line length.

To obtain the line voltage V(z) as a function of V; and V5 this system has to
be inverted so that it is possible to find V;" and Vi, the solution in matrix form is:

l Vit ] B 1 exp(yml) —1 ] [ Vi ]

Vi | exp(ymL) —exp(—ymL) | exp(—vml) 1 Va

and then considering also the effect of the propagation in time domain

(ViermE — Vo)emmm= 4 (Vo — Vie rml)erm=
e'VmL — 6—’YmL

Vi(z,t) =V(z)e = et
From this is possible to measure the line voltage seen by the optical field at
section z at t (reference time). This voltage is:

Vi(z,t(2)) =V (z,to + Z) = V(z)ejw(to_%) =V (2)el el (2.2)
/UO
where to = 0 is the reference time and v, = ng/c (c is the speed of light and n, the
optical refractive index).
Substituting the voltage in (2.2) in (1.1), the electro-optic induced change in the
refractive index is obtained as follows:

1n3rD
2 G

Following the same procedure done in Ch.1, the global induced phase shift is
obtained integrating the variation of the refractive index along the active region as

An =

V(z)etwtedfoz, (2.3)

AD(f tg) = i: /OL An(z)dz

Substituting (2.3) and (2.1) the result is

SrT L .
AD(ft) = — - eht [TV (z)edz =
/\0 G 0
_ il
N G

Finally, defining

) L . )
erto/ (‘/1+6—7mz+yﬁoz+‘/1—€77,Lz+3502)d2
0

and
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the phase shift in term of progressive and regressive wave is obtained as:

7 n3rTL
AD(f ty) = —)\*OTewto(VlﬂI’(Vf) + Vi ().

In order to find the phase shift as a function of the line input and output voltages
an additional step is required. Considering the functions

V(v )ermt —U(y, e L
e’YmL — e—’YmL

Cl(f) =

Cl(f) _ _\II(V—) + \IJ(]/+)

e’YmL — 6_’YmL

which are a linear combination of the ¥ function, A®(f,ty) becomes:

7 n3rlL

AD(f,ty) = —/\*OT@jwto(‘/lCl(f) + Vala(f))-

DC finite resitance

Even though the transmission line model used to describe the behaviour of the metal
electrodes supposes that their conductivity is infinite (i.e. they can be seen as short
circuits), the active region is characterized by a small parasitic resistance which
may influence the value of V; po (i.e. the optimum bias point for linearity when
a small signal analysis is performed). Generally this resistance can be neglected if
an accurate analysis in not required but in low power structures, in order to reduce
the ON — OFF voltage, the active region length L is increased and it turns in an
increase of the active region resistance due to its linear dependence on the length.
The result is that the parasitic resistance Rpc cannot be neglected anymore.

The strategy adopted to implement the presence of Rpe and its influence on the
overall performance is simply to replace the transmission line with its series resistor
at DC which does not require to modify the transmission line model developed so
far or the introduction of an ad hoc frequency-independent attenuation constant.
The value of Rpc is obtained as

Rpc=R-L

where R is the resistance per unit of length. In order to formulate the optical
response in a way consistent with the formalism developed so far, the voltage dis-
tribution along the resistor has to be evaluated. Considering an ohmic conductor
of length L

Vi—V,
L

V(z)=Vi — z (2.4)
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where z € [0, L], V; and V; are the resistor port voltages such that

Vi—Va = Rpcl.

I as the current flowing in the resistor.
It is possible to evaluate the induced phase shift at DC substituting (2.4) in the
expression of AP(0, )
7 n3rl L .
— it — — Jwto JBoz g, —
AD(0,ty) = }[13% N G e /0 V(z)e"*dz
Tt ( Vi —Vq
)\0 G 0 ! L

2)dz =

B n3rl
X 2G

Eqaution (2.5) becomes equal to the induced phase shift of a lumped ideal mod-
ulator (1.2) when Rpc ~ 0 (i.e. Vi1 =V, =V)

AD(0,10) = (Vi = V2)L. (2.5)

7w n3rD

LV

2.3.2 Modelling

[2][3][5] Starting from the model just explained, the PM block has been developed
in the CAD environment It is in turn divided in two sub-component:

e a modulating core which provides the undelayed (i.e. referring to the input of
the interaction section) electro-optical phase modulation (PM Kernel);

e an optical delay line which adjust the optical phase shift according to the
multisectional requirement of the device.

Phase Modulating Kernel

The PM Modulating Kernel is a linear three-port device characterized by two elec-
trical input and one optical output. At the optical port (port 3) is present the
undelayed optical phase shift (A®,) as a function of the RF signal (i.e. the volt-
ages at port 1 V] and 2 V2). The whole admittance matrix in the frequency domain
is:

I Vi
I | = Va
I3 &
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where

[ Ve Y
YRF_[Ym 1/22]

is the admittance matrix of the transmission line section and

Yae = [(1C2]

is the sub-matrix related to the optical phase shift. It can be noticed the presence
of the zero column in the admittance matrix Y represents the impossibility of the
voltage at port 3 (the optical one) to influence the electrical circuit part. Since
the interaction region is modelled as a lossy transmission line, the RF admittance
matrix can be evaluated as:

Yir = Yo(I — ) - (I +5)™"

where Yj is the characteristic admittance and

g [ 0 e ]

eyml 0

and so

Y —2ymL _ —2ymL
Yip = 0 [ 1+e 2e ]

1— 672’ymL _26_2'YmL 1 + e_Q'YmL

valid for f # 0. When the frequency is zero, Yrp is equal to

1 1
Rpc  Bre
Yrr =
_L _1
RDC Rpc

Yao instead represents an ideal linear controlled current generator (VCCS)
where Y33 = 0 has been imposed. It generates the current I3 which is the elec-
trical variable corresponding to the undelayed phase shift. Starting from:

I = (1G] [ o ]
where

V(v )erml —W(y, )ermE

e’YmL — 6_'YmL

Cl(f) =

—W(v) + ¥(ry)
e’YmL — e*"/mL

38

Cl(f) =



2 — EO Mach-Zehnder modulator: Multi-Sectional Model

V() = (1 - ),

ve = (£%m + jBo)L
neglecting the dependence at the reference time t,, the phase shift is obtained as:

7 n3rTL

N G (VG (f) + Vaa(f))

Substituting the value of the ON — OF'F voltage V., the final result is:

.[3 == A(I)Q(f, to) ==

Yag = 17 [616:]

Optical Phase line

It is a two-port device modelled as an ideal lossless transmission line terminated on
matched loads to avoid back reflection, an output controlled current source guaran-
tees complete decoupling from subsequent stages and makes the line unidirectional.
Since the phase signal is not a real phase signal but a current, this device can be
connected to those elements that are contained in other modulation blocks like ideal
current generators, current meters or other optical lines.

Figure 2.3. [3]|Optical Phase Line.
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The physical phenomenon modelled is the delay of the induced phase shift due
to the finite velocity of the optical beam. The input and output phase modulation
are related as follow

CI)out = (q)m + ACD(])e_jw%L - (I)ine_jwnTOL + AP

The corresponding electrical formulation is

[out = ](lmte_jﬁOL = (—[m + Ig)e_jﬁOL

— yle
where y = w"e.

2.4 AM Block

[2][3][5] The interference block is a five port device that models the behaviour of an
output optical combiner.

l Agf1)
T jr')uul(‘f]
P —o0—>
—_— O] Interferometer
—O —
A1)
J;AL(I}

Figure 2.4. [3]|Interferometer.

There are three input ports and two output ones where two of the optical inputs
are A®y and APy, respectively the total phase shift coming from the lower and
upper Mach-Zehnder modulator arm and are represented as currents, the remaining
optical input represents the input optical power P;, as a current. The two optical
outputs represent the output optical power resulting from the amplitude modulation
i.e. interference of the the signals coming from the two arms and the instantaneous
frequency deviation (chirp) Af(t), they are as well described as currents.

The aim of this section is to provide a mathematical formulation of the output
optical power intensity and the instantaneous frequency chirping as a function of
the splitting ratios of the Y-junctions and of the interferometer arms asymmetry.
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The amplitude of the output optical field a,,; is defined as follows:

Aout = am\/ﬁ[\/&e]ﬁ% + /1 — ael2®] (2.7)
V2
where n = P;,,/ P, is the overall power efficiency in absence of modulation and
a = Py /Pr is the asymmetry factor equal to the power flowing in the upper (Py)
arm and the transmitted power (Pr = nP;,), these two parameters make possible
to take into account the splitting ratio effect.
It is possible to find the normalized output power from (2.7) as:

2
Qout

pP—

= D[Vaer 4 YT = e [ae i 4 T ae %]

Ain
J(A®y—Adyp)

142 —a? APy — Ad
P—n +2Va —« cgs( U L)‘ (2.8)

In case of n =1, « = 0.5 and Ady = —AdP, = Ad, (2.8) simplifies as

1 + cos(2AD)
—

Defining 0 as the parasitic phase modulation of the AM signal, it is possible to
obtain the instantaneous frequency chirping Af(t) as

P =

1 - asin(Ady) + (1 — a) sin(Ady)
AL = 27 ta acos(ADy) + (1 — a) cos(ADy)

where the time derivative is implemented by an internal component DVDT.

2.5 Implementation

[3]The implementation of the two blocks just described has been realized exploit-
ing the Model Wizard Tool provided by AWR MWOFFICE. The source codes
describing the behaviour of the devices are written in C++, then compiled into a
Dynamic-Linked Library (DLL) using Microsoft Visual Studio. Once the DLL is
installed a library containing all the devices implemented is available in the AWR
environment.

Standard base class supplied by AWR are provided in order to describe properly
the behaviour of the devices. The one exploited in this particular project are:
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¢ KNoCacheElectModel class, in order to provide a description of linear mod-
els through their frequency domain admittance matrix;

e KCacheElectModel class, in order to provide a description of multiport el-
ements through their Y — Matriz;

e KNoAggregateModel class, in order to characterize a linear model with an
equivalent network using a user defined netlist;

e KNL3BranchModel class, in order to provide a description of a generic
three-port nonlinear VCCS that has an output current controlled by its three
branch voltages.

2.5.1 Phase Modulator Implementation

A Top-Down implementation strategy is exploited to build the Phase Modulation
Block. The top level structures are described as an aggregate models of all the
bottom level components until the last level is reached i.e. the one that has com-
ponents which must be described by their Y-matrix, or which have an equivalent
circuit made of standard elements.

Once in the working space, a model interface makes it possible for the user to set
the following parameters

e V. L [V -m] (product between the ON — OF F driving voltage and the length
of the active region);

e L [m] (active region length);
e n, (effective refractive index for the optical field);
e n,, (effective refractive index for the RF field);
e R [Q2/m] ( DC substrate/electrode resistance per unit of length);
e o [Np/m] (conductor skin effect attenuation);
e oy [Np/m] (dielectric loss attenuation factor);
e fo [Hz] (attenuation frequency reference);
e 7, [Q] (line characteristic impedance);
e PhaseReversal (flag which alters the sign of V).
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It has to be noticed that the transmission line complex propagating constant ,,
is computed taking into account both the dielectric and the conductor attenuation
factors, the formula adopted in the model is:

Y = ozo\/ZJr 041;0 +ji7ornmf-

A further version of the PM block has been developed making it possible to
import the frequency-dependent microwave propagation characteristics computed
through external EM models as user-defined files of frequency samples. It is ex-
ploited when a more accurate analysis is needed or the waveguide structures under
test are more complex or unconventional.

2.5.2 Interferometer Implementation

The AM block is a non-linear four port device described by the following equation

14+ 2vVa —a?cos(Ady(t) — AdL(t))
2

It is implemented cascading a non linear controlled current source (VCCS) with
a network of linear components where the optical quantities are represented by
electrical ones. Therefore, (2.9) is represented as:

14+ 2va —a?cos(Vag)
2

Pout - Pmn

(2.9)

Iout = V;nn (210)

where

e Pout = Lout;

o P = Vins

o Ady(t) — ADL(t) = Vag.
and

e 1) (overall power efficiency 0 <n < 1);

e « (beam splitter asymmetry factor 0 < a < 1);

are the input variable that can be set by the user.
The presence of the linear network is necessary to fulfil three functions:

1. the need to convert the current representing the phase shift of a single arm
coming from the PM block into a voltage of the same amplitude (using unitary
resistors) to interface it properly with the non-linear controlled current source;
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2. the need to compute the phase difference Ad®y () — A (1);

3. the need to introduce small additional elements used to overcome the restric-
tion that does not allow non linear elements to be connected in parallel. There-
fore, the VCCS has not direct access to the external ports, and so the whole
component can be freely linked to other non-linear elements.
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Chapter 3

Plasmonic Waveguides

3.1 Introduction

Differently from the previous chapters, the analysis moves on the characterization
of plasmonic waveguides, these particular structures will be exploited as active
areas when the plasmonic electro-optical modulator will be discussed, their main
feature is the capability to highly confine the RF electric field at the interface be-
tween the metal and the electro-optic material. The chapter starts with a general
characterization of the surface plasmons, then the study of the plasmonic waveg-
uide field distribution is carried out, with particular care in the description of the
simple propagation at the dielectric-Metal interface and then the propagation in
metal-dielectric-metal structures. In particular, it will be demonstrated that this
last configuration supports both oscillatory modes (common TE and TM modes)
characterized by real propagation constants, and plasmonic modes characterized
by imaginary propagation constants, they can propagate as TM waves only in a

certain wavelength range, precisely the one corresponding to a negative real part
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of the metal permittivity (NIR to visible range).

3.2 Characterization

[6]Surface plasmons or polaritons are waves propagating along the interface between
a dielectric material and a metal but attenuating exponentially in both media, they
exist when the metal permittivity has a negative real part. In order to introduce
a first generic characterization, a basic structure made of three layers is defined
thaking as reference Fig.3.1:

1 x
}:

plasmonic

waveguide /

P =

cladding Ee —

film i surface
substrate &y waves on
metal=dielectric
mnterfaces

Figure 3.1. [6]Plasmonic Waveguide.

e the cladding and substrate (characterized respectively by their relative permit-
tivities €, and €, ) are the two external layers;

e the in-between region is named film (characterized by its relative permittivity
€ f) .

In the following analysis, the two side regions are supposed to have infinite extension
along the y-direction while the film is thick 2a. The propagation takes place in the
z-direction while the transverse confinement direction is along z; the overall field
solution has a dependence from time ¢ and the propagation direction z of the kind:

pilwt—p2)

Starting from the study of the field propagation in the side regions along the z-
direction, it can be noticed that the attenuation coefficients real part corresponding
to the cladding a. and substrate a, have to be positive since the field behaviour
is exponentially decaying away from the interface, therefore, the field shape for
r < —a (substrate) and x > a (cladding) is:
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efac,s\:d
with
2 _ 32 _ 12,
5 y-s 3.1
2= B2 k2, (3.1)

where kg = 27/ is the vacuum wavenumber and )\ is the wavelength correspond-
ing to the operating frequency fo = co/\o.

In the z direction, the solutions () that guarantee the exponential attenuation of
the electric field while propagating in the z-directions are the ones with negative
imaginary parts

f=Pr—jbr with pr>0. (3.2)

and so
e3Pz — —i(Br=IP1)z _ =iPRZ P17

In the film region, the solutions in the z-direction are a linear combination of
hyperbolic terms (sinh(yz) and cosh(vyz) ),they are denoted as Plasmonic Solutions
where v has been defined as an “attenuation” coefficient. In order to find v the
following relation is imposed

kt = kiey — 37
where ky is the transverse cutoff wavenumber.
Finally ~ is defined as:
2 _ g2 i
v ==k} or v =jks. . (3.3)

Relation (3.3) holds especially in case the film region is a metal with a negative
real part of the dielectric constant (i.e. k7 < 0).
In order to find plasmonic solutions (TM mode solutions) the following equations
have to be solved in each region:

0*E,
0x? + (]fgﬁz —BE, =0
. 0L,
WEQE;
H, = E,
B
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where 7 corresponds to ¢, f, s. The following field distributions are obtained:

jweoEoé—f cosh(vyx + 1) x| <a
fy

—ju}eoE‘oE sinh(ya + )e @@=z >a (35)
a

C

—jweOEOE—S sinh(ya — 1p)e® @) g < —q
«

S

1 OH
—2 it is possible to obtain F.,(z)
WENE; ox

imposing F, = j

Eqsinh(yz + 1) lz| < a

E.(x) ={ Eysinh(ya +)e @4 2 >a (3.6)
Eysinh(ya — ¢)e@+a) g < —q

imposing £, = ————H,, it is possible to obtain E,(z)

WEpE;
ip
Eo— cosh(yx + ) lz] <a
v
E.(z)= —EOE sinh(ya + ¢)e @4z >q .(3.7)
%
—Eoﬁ sinh(ya — ¥)e®@t) < —q
A

It can be noticed that imposing the continuity of the tangential H-field at the
interfaces (z = =4a) is equivalent to impose the continuity of the normal D-field

(eE,), it results in:

Ef; cosh(ya + ) = —g sinh(ya + 1)

c

& cosh(ya — ) = & sinh(ya — 1))
v a

S

which becomes

tanh(ya + 1) = — Pele
(3.8)
tanh(ya — ) = Pl
v
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where

€
and p,= -1 (3.9)

€c €s

_ 9

pe
Substituting (3.8), the system of solutions (3.5) can be rewritten as
Hysinh(yx + 1) lz| <a
H,(z) ={ Hpsinh(ya + ¢)e @9  z>a (3.10)

Hysinh(ya — ¢)e*@t0 3 < —q

where
HO = jWEoEOE*f.
Y

Equations (3.8) can be decoupled in

tanh(2va) = _2(pette + ps0s) (3.11)
V2 + peepsis
and
fanh(29) = — L{Pede = Ps0s) (3.12)

V2 = peepsis

It is possible to find 3, 7, a. and «, (complex quantities when the media are
lossy) from (3.11) and from the following expression:

v = kyer — B
a? = kje. — 3° (3.13)

o = ke, - 5.
Then 1 can be found, it is defined up to an integer multiple of j7/2 since the
following relation holds
tanh(2¢ &+ jmm) = tanh(2¢)

where the introduction of m is necessary to denote particular modes. It is possible
to write the inverse of (3.8) as:

ya + 1 = tanh ™ (_m%)
Y
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and
va —1p = tanh ™! <_psas> — jmm
leading to
1 ce 1 — S+Ss 1 .
ya = itanh_1 (_pj ) + §tanh ! (—’07@ > — gimm (3.14)
and
]_ cHe ]- — S8 1 .
) = itamh_1 (—'Oj ) — §tanh ! (_,0704 ) + Sim. (3.15)

As it will be discussed, the modes of interest are the T'M, and T'M; corresponding
tom = 0 and m = 1. If an additional jm/2 term is present, depending on the value
of the parameter, (3.14) and (3.15) becomes

1 _ ol 1 _ v 1.
= —tanh ' [ — —tanh™! [ — - —1 3.16
o= gt (< T ) frant () - B —1n 3a0)
1 _ y 1 _ ol 1.
0 5 tan ( pcac> 5 tan ( /&%) + gmm (3.17)

where the following relation has been used

1
tanh ™' (z) = tanh ™" () + Sign(m)jg
T
valid for z real and |z| < 1.

It can be noticed that (3.12) is equal to zero in case of a symmetric structure (i.e.
€. = €5 and a. = ay) leading to two possible solutions ¢ = 0 and ¢ = j(7/2). The
first solution is denoted as even or symmetric due to the fact that the corresponding
transverse electric filed E,(x) and magnetic field Hy(x) are symmetric within the
film region (they are proportional to cosh(yz) which is an even function of x). In
case of even modes, (3.11) becomes:

_PeQe
o
The second solution is instead denoted as odd or antisymmetric due to the

antisymmetry of the transverse electric filed E,(z) and magnetic field H,(x) that

are proportional to cosh(yz + jm/2) = jsinh(yz) odd function of . In the odd case
equation (3.11) becomes:

tanh(ya) = (3.18)
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el

coth(ya) = (3.19)

where the identity

tanh (x ijg) = coth(x)
has been exploited.

The notation even/symmetric and odd/antisymmetric also holds for non sym-
metric structures, corresponding respectively to solutions that have value of
mostly real (even) or with imaginary part close to jm/2 (odd).

3.2.1 Oscillatory Modes

Plasmonic waveguides support not only plasmonic modes but also oscillatory ones,
where the peak of the field instead of being at the interfaces is at the centre of
the film region (as happens in common waveguides). In this case the waves are
characterized by v = jk; which is predominantly imaginary, k; is defined as:

]{Zf = \//{Z(%Ef - ﬁQ.
Substituting jk; it in (3.11), the result is:

k:f(pcac + psas)
k]% + PclcPsOls

tanh(2ksa) = (3.20)

where the identity

tanh(jz) = jtanh(z)

has been exploited.
If k¢ is predominantly real, both TE and TM modes exist and the TE solutions are
the ones obtained setting p. = ps = 1. Imposing ) = j¢, (3.8) becomes:

tanh(kra + ¢) = —£2=2<

kg
(3.21)
— b)) = —ps%s
tanh(kra — ¢) = W
while (3.14) and (3.15) become:
1 e 1o s 1
kra = §tanh_1 <ijé ) + §tanh ! <_pk(j ) + gmm (3.22)

and
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]- — pcac ]- psas 1
= = 1 - - - - - .2
(0 5 tanh ( K > 2atanh ( K > + 2m7r (3.23)

that are valid both for TE and TM modes.

In the following sections, the procedure just described will be applied in order to find
the plasmonic solutions for the simple case of propagation in a single Dielectric-
Metal interface and in case of propagation in a Metal-Dielectric-Metal structure.

3.3 Metal-Dielectric Interface

x
¥ /]_: &f fe

metal dielectric

Yy Hy(x)
_— Ey(x)
dielectric £ Hy(x) Z x

surface

e
£(x)
rn.ewl Ef Wave -
L‘_}y w‘-.t TM modes

0

Figure 3.2. [6] Metal Dielectric Structure.

[6]As it can be seen in Fig.3.2, the guiding structure is composed of two semi-
infinite section, the metal film (where a has been considered infinite) and the di-
electric cladding, with the interface placed at x = 0.

Considering a dependency from the propagation direction z and from time ¢ of
the kind
ejwtfﬁz

the field components for TM modes can be obtained from (3.4) as:

_ €
—JweoEO—de*adx z>0

Qyq
H,(z) = (3.24)
jwegBg—e= 1l 1 <0
Y
—Egﬁe_“” x>0
oq
E,(z) = (3.25)
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Figure 3.3. Field Components for TM modes.

Eoe ™ 1 >0
E.(z) = (3.26)
Epe 2l 2 <0

where the subscript m and d respectively identify the metal and the dielectric.
Due to the continuity of the transverse component of the magnetic field (H,) at
the interface (x = 0) the following condition is obtained:

v = —em% (3.27)
€d
leading to
2 2 €m 2 2
B — kjem = o= (8% — kiea)-
d

Equation (3.27) can be solved in order to find /3, v and ag4, the results are:

€Emé€d
s 3.28
B =ko P (3.28)
I{?()Em
S — 3.29
ot Era— (3.29)
k
g = 4 (3.30)
—€Em — €4
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where the imaginary part of 8 (/3;) is negative and the real part of 5 (8gr), aq and
~ are positive. Defining

€m = —€R — J€I

it is possible to rewrite (3.28), (3.30) and (3.29) as follows:

€Erp — €4 €R — Gd)

B = ko, |~ [1—3‘2 It 1 (3.31)
GR(

koer er(er — 2€q)

by s l1 +J2€R<€R_€d)] (3.32)

Foeq

which shows that in order to have g > 0 and 8; < 0 and to guarantee the existence
of plasmonic waves it is necessary to have eg > €;. Considering eg > €4, from (3.33)
and (3.32) it results:

Qg =

R
e(v) _€r > 1
Re(ad) €4
therefore
1 1

< (3.34)

where 1/Re(v) and 1/Re(ay) are the attenuation lengths. Equation (3.34) high-
lights that the field penetrates more in the dielectric than in the metal since the
attenuation length within the metal is shorter.

3.4 Metal-Dielectric-Metal waveguide

[6] In this section the propagation trough the MDM structure is analysed taking
into account the lossless case for sake of simplicity.
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3.4.1 Lossless Media

L X
metal Ep * )_‘Z
y

dielectric &y
metal Ex

b
=1

Figure 3.4. [6]Field Components for TM modes.

The structure under analysis is made of three region, a dielectric lossless film char-
acterized by €; real and positive and metal substrate and cladding respectively
characterized by €, and €. real and negative. Defining e, = —|¢;| and €. = —|e|
with |es| < |e.|, there are three possible working regions:

L fes| < ep < ec;
2. les] <lec| < ey
3. € < |68| < |€¢:|§

where the region of interest for typical metals at optical frequency is the third.
In the MDM configuration, (3.8) and (3.11) become:

tanh(vya + ) = _Pele _ 7|pc|04c
g v
(3.35)
tanh(ya — ) = _Psls M.
Y v
tanh(2ya) = _7<2pco‘c T Pss) _ 'Vg‘/)c!o‘c + |pslas) (3.36)
V2 petepss P+ [pelaclps|os
while 3, a. and a4 can be rewritten as:
v =/B*— kies
ac = /B2 = kjec = \[7? + Kiles +ec) - (3.37)

a0 = /B2 — ey = 77 + Raes + o)
where 8 > ko,/€; and v > 0 to allow the existence of plasmonic solutions.
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From (3.36) it is possible to find the cutoff thickness of the dielectric acyiofr
taking the limit as v — 0. In this case it is possible to exploit the Taylor series
approximation:

tanh(z) =z x — 0;

therefore
tanh(?’ya) ~ 2’7& — _7(2100050 + psas) — fY(JpC|aC + |108’a3> (338)
7 +,0c06c,03045 7 + |pC’aC|p8|aS
1 1
2a = +
lpelac | ps]a
when v =0
2k0acut0f‘f — |€C| |€S| (339)
erfer +lel epyfer el
Region 1 is defined by
e < & < e (3.40)
leading to
g >y
and
|p5|a5 Z 1
Y
therefore

tanh(ya — ¢) = loslas >1
8
where 1 = x + j5 with real . Substituting in the previous equation

tanh(ya — 1) = tanh (’ya —¢— J;) = coth(ya — x) = lpslas > 1.
v
It can be demonstrated that also % > 1 holds because:
tanh(vya + 1) = tanh (7@ +x +j72T> = coth(ya + x) = m,
v

If v and x are real
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| coth(ya + x)| = pelac > 1.
v

Not all the values of beta satisfy the previous expression that imposes an upper
limit on 3

v < |pelPed

substituting (3.37)
B — kier < pa(B* — kolecl)

52 < kgﬂﬂfcl + € _ (2) |EC|€f
R l€c| — €5

€c|€ €€
B < kO ’ C’ ! = kO </ = /Bc,oo
l€c| — € €c = €f

therefore the range of 5 in region 1 is

kOEf S B S 60,0@

The thickness of the film region a results to be an increasing function of beta
with
Qcutoff S a < oo

where acuior 1S @ lower cutoff. As a — oo, the structure tends to the one studied in
the case of a single interface and the magnetic field tends to be more confined at
the film-cladding interface. Plasmonic solutions are found at the interface between
film and cladding since the condition |e,,| < €; at the film-substrate interface does
not allow their existence. To find ya and 1) the starting point is:

coth(ya + y) — el (3.41)
Y

coth(ya — y) = 221 (3.42)

N

Inverting the last two equations, the following expression are obtained:

tanh(ya + x) = ‘ 7’04 <1 (3.43)
~a 4 = tanh™! (\pTa ) (3.44)
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and
tanh(ya — x) = T <1
|pses
va—X:tanh_1< i )
|ps s
Finally

1 1
va = — tanh ™ < 7 ) + —tanh ™! ( i >
2 |pelac) 2 |pslxs

1 1
%) = = tanh™? ( 7 ) ~ ~tanh™! ( 7 > +il,
2 |pC|O‘c 2 |,05|C¥S 2

(3.45)

(3.46)

(3.47)

(3.48)

The propagating modes are the T'M; ones (i.e. antisymmetric-like), in this case

the magnetic field results to be:
Hy cosh(yz + 1) lz| <a
H,(z) = Hycosh(ya +¢)e (=0 3 >q (3.49)

Hy cosh(ya — ¥)e@+) 7 < —q

For small values of x it results

cosh(va + 1) = cosh <7a +x+ jg) = jsinh(ya + x)

that is an odd function of x (i.e. the mode is antisymmetric-like).
Region 2 is characterized by:

les] < €f < |€c].

In this case

ko/€f < B < o0

and

0 S a S GQeutoff

(3.50)

(3.51)

(3.52)

where a is a decreasing function of 5. In this region separate surface plasmons can-
not exist at the two interfaces since the condition for their existence is not satisfied

(lem| > €q).
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The third region is the one of interest for the desired applications (i.e. the de-
velopment of a plasmonic electro-optical modulator). It is characterized by

& < lea] < Jed (3.53)

and it is the only region that guarantees the existence of the two plasmonic modes
(the symmetric-like 7'My and the antisymmetric-like T'M;) at both interfaces since
the condition to have real values of 3 is satisfied (i.e. |en,| > €4), moreover also TE
and T'M oscillatory modes propagate.

The two interfaces can support separate surface plasmons since |e. 5| > €, holds
when a — oo (limit of infinite thickness), the corresponding wavenumbers are:

€C€f €S€f
c,00 — - d s.00 — — .
b, e O Bs, e tes (3.54)
where
kO\/ €r < Bc,oo S Bs,oo- (355)

The condition (3.53) implies that both the ratios

’pC|O‘c and ’psms
Y Y

can be greater or lower than one, corresponding respectively to the T'M; mode
and the T'M,. If

|pes|Qes <y

and considering

pra; — 2 = (L= p2) (B2 — 5°)

(3.56)
paoi — % = (1= p)(B2 = B?)
it is possible to obtain the range of Ss for the T'M, plasmonic mode
Bsoo < <00 (3.57)
and
0<a<o0 (3.58)

where a is a decreasing function of 3, therefore, = 5 o corresponds to a = oo. If

|pes|Qes >y

and considering the (3.56), it is possible to obtain the range of fs for the T'M;
plasmonic mode:
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Figure 3.5. Hy(z) field component for the propagating modes.
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kor/e7 < B < Beseo (3.59)
and
Acutoff S a S oo (360)

is an increasing function of [, therefore, 5 = . corresponds to a = oo and

g = koﬁ corresponds to a = Aeytoft-
Equations (3.47) and (3.48) hold for the T'M; case instead, inverting the following
equations, it is possible to obtain ya and 1 for the 7'M mode

|pe|cx

tanh(ya +¢) = —— <1 (3.61)
Y
tanh(ya — ¢) = lpslas <1 (3.62)
g
The results are:
1 “|Fce|Se 1 — —|Ms|Hs
ya = — tanh™! Zlpda + — tanh ™" Zlpslas (3.63)
2 0% 2 ot
1 — 1 —
2t) = — tanh™" Zlpeac) 1 tanh ™! lpsles . (3.64)
2 gl 2 gl

For imaginary values of 7 oscillatory TE and T'M modes propagate, where

v = jks

and

kf = \/k%ﬁf - ﬁ2.

In order to have v imaginary and so k; real, the condition 8 < kg, /€5 has to be
satisfied, it imposes an upper limit to the possible values of 3. The lower limit of
B is imposed by the positivity of a. and o, but in this case since €, s < 0

Qe = /B2 = K = /B2 4 Klecl
the only requirement is that 8 > 0 and so the range of s is

0 < B < koy/e7- (3.65)

To find the TE,, modes, p. and ps are set equal to 1 in (3.22) and (3.23), the
resulting equations are:
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1 « 1 « 1
oo — ~tan-t [ Qo) & 2 pan-t (%) 4 2 .
fa 2tem </<:f>+2 an <kf>+2m7r (3.66)
1 « 1 o 1
20 = —tan"' | — | — =tan”' | = | + —m. :
P 5 tan <k;f> 5 tan (k:f> +2m7r (3.67)

where m = 0,1,2,3, ....
The T'M,, modes are characterized by negative values of p. and p;, therefore the
identity

tan~!(z) = 5 + tan™! (—%) , x>0

can be applied to rewrite (3.22) and (3.23) in the form:

1 k 1 k 1
kra = §tan’1 (— ! ) + —tan™! (— ! ) +—-(m—1)r (3.68)

Pelle 2 PsQls 2
and
1 k 1 k 1
= tan ' (=) - Zgant (- “mr. 3.69
Y 5 tan < PcOéc> 5 tan < P +2m7r (3.69)

It is possible to find the lower limit for the thickness of the film region (lower
cutoff thickness a,;,) imposing the condition § = 0 in (3.66) and (3.68), where
ky = IC[)\/E_f and a s = ko\/—€cs. The final expressions are:

]- —Cc —Cs
2kotmin = —— [tanl N e +tan™!, /—6 + mw] (3.70)
,/Ef €f €f

for the T'E,,, modes and

1 —€ —€
2koQmin = —— [tan1 \/ ¢ +tan~! N >+ (m — 1)7T‘| (3.71)
VEf €f €f

for the T'M,, modes. The only oscillatory mode that has an upper cutoff thickness (
Umaz ) 1S the T M. Setting § = ko\/q and so a5 = ko\/€f — €c,s Qmaz, the resulting

expression is:

Per/E€Ef — €c Ps\/€f — €s
The peculiarity is that a,,., is the upper cutoff limit for the oscillatory T M;
mode which exist for 0 < § < ko,/€; but, at the same time, it is the lower cutoff
limit for the plasmonic T'M; mode which exist for ko/€f < 8 < 5, oo

1 1 1
Umaz = _27]{:0 [ + ] (372)
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Chapter 4

EO Plasmonic
Mach-Zehnder modulator

4.1 Introduction

In this final chapter the EO Plasmonic Mach-Zehnder modulator is introduced
exploiting all the knowledge presented is the previous chapters. These devices
represent a valid alternative to LiNbO3 modulators when the need of very small
dimensions has to be accomplished. The small footprint is a key feature that allows
to have acceptable losses even though metal layers are present, its cost is the heavy
influence of electrical parasitics (strongly layout and realization dependent) on the
frequency response. The main characteristics are the possibility to have high speed
operation with low power consumption, large electro-optic bandwidth (ideally >100
GHz) and a small voltage-length product. The chapter starts with a preliminary
description of the device under analysis then the simulation results obtained com-
bining the characteristic of plasmonic structures and the model developed in the

CAD environment are proposed.
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4.2 POH Modulator

It is possible to design a Mach-Zehnder modulator using plasmonic interferometers
as phase modulator sections, in particular plasmonic-organic hybrid phase shifters
are employed. These devices are composed of two MIM (metal-insulator-metal)
slot waveguides fabricated on standard SOI wafer (POH structure) where the RF
signal is applied at the central electrode through the use of a suspended bridge. The
structure is filled with a second order nonlinear optical material (NLO) DLD-164
characterized by linear electro-optic effect (Pokels effect) [7][8][9].

Figure 4.1.  [7]Plasmonic Mach-Zehnder Modulator.

As discussed in Ch.3, light propagates as surface plasmons at the metal-insulator
interface, the signal is applied at the central electrode inducing between the "island”
and the ground electrodes a voltage drop that controls the output phase of the
surface plasmons. When the difference between the phase of two arms is m, the
modulator is in the off state and the anti-symmetric mode is excited at the output
of the phase shifting arms, when it is 0 (i.e. opposite voltage drop is induced) the
symmetric one is instead excited.

Many are the advantages offered by the use of NLO materials:

e ultrafast speed (since the only limitation on the electro-optical bandwidth is
induced by the RC time constant due to the electrodes and their wires);

e incredibly high value of the r coefficient (increased non linear interaction)
which defines the strength of the light-matter interaction and leads to reduced
Voltage-lengths products;

e low energy consumption due to the low permittivity at radio frequency and so
the reduced capacitance.

In particular, in POH structures, the propagation of surface plasmons at the
gold-NLO interface makes possible to achieve additional benefits:
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reduced dimension (few ~ pm?) without bandwidth restrictions (BW> 100
GHz);

subdiffraction confinement of light due to the high confinement possible at the
metal-insulator interface;

enhanced light-matter interaction which makes possible to design devices with
dimension of the order of micrometers;

even smaller RC constants thanks to the use of highly conductive metal as
electrodes;

reduced plasmonic losses due to the low plasmonic losses of noble metals;

possibility to implement stacked modulators (e.g. compact 1) modulators)
employing POH modulator due to their small footprint.

Even though other technologies have been investigated as optical modulator, these
properties make plasmonic modulators an appealing alternative to LiNbO3 modu-
lators when small compact devices are required.

4.3 Implementation Details

The behaviour of a Mach-Zhender POH modulator has been simulated in AWR
MWOFFICE exploiting the model described in Ch.2 but, instead of using the com-
mon phase modulator block, a version that gives the possibility to describe the
device behaviour through frequency varying parameters has been used. In particu-
lar it is possible to import a txt file in the project that contains the required data
cascaded in the following order:

frequency [Hz];

real part of the characteristic impedance [€)];
imaginary part of the characteristic impedance [€];
microwave loss [dB/cm];

microwave effective index;

optical effective index.

These quantities have been evaluated for a structure where the thickness of the
electrodes is h 4, = 22 nm, the width of the "island” is Wg4nq = 410 nm, the width
of the ground electrodes is Wy, = 100 nm, the spacing between the electrodes is
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Wiair = 520 nm, the dielectric layer is hprp_164 = 22 nm thick and the substrate
thickness is hsio, = 3 puml9].

[ DLD-164 Au M Si [ sio,

Figure 4.3. [9]Plasmonic Mach-Zehnder Modulator: reference structure.

Concerning the physical characteristics, the DLD-164 has an electro-optic linear
coefficient estimated r33 = 180 pm/V and a refractive index n = 1.83, in order to
evaluate the permittivity and so the refractive index at the desired frequency, the
dispersive nature of the SiO, substrate is described by the model from Malitson
(Fig. 4.5), while the dispersive nature of gold is described by the Drude model
(Fig.4.4).

69



CLAUDIA MAzziA 235208 ET AL. EO MODULATORS USING PLASMONIC WAVEGUIDES

Au (Ghione/Drude) relative dielectric permittivity, real part

10"

107!
0 1 2 3 4 5 8 7 8

Frequency, Hz w1014

édlu (Ghione/Drude) relative dielectric permittivity, imaginary part

10

108k 1

10*

] 1 2 3 4 5 6 7 B 9 10
Frequency, Hz x 10

Figure 4.4. Real and Imaginary Permittivity of Gold.

70



4 — EO Plasmonic Mach-Zehnder modulator

Siil'.'l2 (AT version) relative dielectric permittivity

2.3

22r

211

191

187

171

161

18T

147

1.3
100

10!

Figure 4.5.

102

103

Frequency, Hz

Dielectric Permittivity of SiOs.

71

104

1018



CLAUDIA MAZZIA 235208 ET AL. EO MODULATORS USING PLASMONIC WAVEGUIDES

As starting point, the phase at the output of the phase shifting arm with respect
to a variation of the frequency was obtained. The reference circuit is shown in Fig.
4.6

Phase_Mod_df

|D=Phase_MWod_dfl

S1=Mazzia.txt

nefi=0

nopt=0

alpha=-1

fr_alpha=0 GHz

z0=0 Ohm

L=5 um

SUBCKT o

RES ID=81 Vpil=vpL RES
ID=R3 NET="Biss Tes" Fraserevd ID=R1
R=50 Ohm rrorLewvel=0 R

DCVal=0 V bovs
ID=v3
V=DC_Volage V

RES
— ID=R2
R=1 Ohm

Figure 4.6. Circuit Schematic.

where

parameter
Length L )
ON-OFF voltage V, | 14
Bias Point Vpe
Input Power P,

=
D><<g

—| =

As stated in Ch.2, the optical variables are represented by electrical voltages and
currents, in particular the input power P;, and the output phase ®,,; correspond
respectively to two currents: [, (current generated by the current generator) and
I, (current at the output of the phase modulator block). The simulation has been
conduct for a device loaded with different impedance values in order to show its
behaviour in various cases.

Following, simulations in large signal condition and small signal one have been
taken. Starting from the small signal simulation, in Fig. 4.8 can be seen the
reference circuit, where the setting parameters are the one proposed in Fig. 4.3.
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Phase_Mad_df
ID=Phase_Mad_df
S1=Mazza .t

nefi=0
napt=0
alpha=-1
fr_alpha=0 GHz
20=0 Ohm
SUBCKT L=sum
RES -5 Vil =Vpl ncs
1o-51 Phase_rev=0
. ID=R3 MET="Bias Tea" o D=R1
ACVSE 250 Qhm Errarlevel=0 a
ID=v2
Mag=0.001 V
Ofizet=0 V .\ L
DCVal=0 v

DCVsS

2 1
ID=v3 =
V=DC_Valtage V — -

Mach_Zehnder! a ID=v1

ID=0PT1 1=1000 mA
- wla=1
xi=0.5

Figure 4.8. Small Signal Circuit Schematic.
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The simulations have been performed around the bias point (~ V;/2) in order to
be in the optimum conditions for linearity at 10GHz. The input signal is a sinusoid
whose peak to peak voltage is 1mV, it is generated by a voltage generator and
loaded with 50 2 impedance.
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Figure 4.10. Frequency Response.

Since the parasitics have been neglected, it is possible to notice that the 3dB
bandwidth is in the range of THz.

When simulating in small signal condition (and large signal one), an anomaly
has been noticed: the working point is not maintained when the short circuit load
is simulated with a zero resistance or value lower than 10 €.

Finally a large signal simulation is performed in order to show how the signal is
distorted. The input signal is a square wave with a peak to peak voltage V = 14V
(Fig.4.13). It can be noticed a variation of the excursion of the power amplitude
(Fig.4.14). It is caused by a reduction of the peak to peak voltage at the input of
phase block due to the resistive division between the input port impedance and the
load. It will not affect significantly the overall performances since the device has
shown good results even when it works not precisely in the ON or OFF states [§].
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Figure 4.12. Circuit Schematic for Distortion.
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The presence of distortion, noticed in the large signal simulations, has a double
nature, a linear one caused by the modulation itself and a nonliear distortion due
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to non-linear electro-optic response: the shape of the transfer function 7'(V;,) is a
raised cosine.
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