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Abstract

A physical model of an electro-optic silicon phase shifter (PS) in an electronic-photonic integrated
circuit (EPIC) technology platform is derived and implemented using a hardware description lan-
guage (HDL). The model enables SPICE-compatible electro-optic co-simulations using common
integrated circuit (IC) design software. The physically oriented modeling approach enables the link-
ing of PS geometries and doping concentrations to PS parameters and characteristics. In a novel
approach, extending the consideration of pn-junctions in silicon PSs from abrupt to non-uniform
profiles revealed a physical interpretation of a SPICE diode model parameter previously treated phe-
nomenologically and established correlations with the electro-optical properties of the PSs. Analytical
results, simulations, and measurements are compared and consolidated into a compact and scalable PS
model. Through HDL implementation, the model facilitates accurate and efficient co-design and co-
simulation of electro-optic systems using modern IC design software. A systematic parameter-fitting
scheme is presented and applied to two different PSs with distinct doping profiles in a commercially
available EPIC bipolar complementary metal-oxide-semiconductor (BiCMOS) technology. Addition-
ally, the accuracy of the model is demonstrated by simulating a complete electro-optic transmitter
with data rates of up to 80 Gb/s, showing excellent agreement between simulation and measurement.
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1 Introduction

Phase shifters (PSs) using the free-carrier plasma
dispersion (FCPD) effect are fundamental com-
ponents in silicon photonics, enabling precise
high-speed control of light propagation in inte-
grated photonic circuits. Therefore, they enable
modulation of optical data signals by means of
Mach-Zehnder modulators (MZMs) and ring mod-
ulators, which are key components in electro-
optic transmitters. While photonic electromag-
netic (EM) simulation tools allow for modeling
and parameter extraction of strongly idealized
PSs with homogeneous materials and boundaries
[1-3], they generally do not align well with manu-
factured devices and are therefore not applicable
to accurate chip design and system develop-
ment. In this work, the developed model is based
on measurements of manufactured devices and
is implemented in SPICE-compatible [4] hard-
ware description language (HDL) to allow efficient
electro-optic co-simulation and integrated circuit
(IC) design with conventional electronic design
automation (EDA) software. Unlike conventional
EDA-compatible, phenomenological models, the
developed PS model captures physical effects
within the PS and links parameters to geo-
metric dimensions and material properties. It
reveals links between common diode SPICE
model parameters, which are well-established in
modeling, to electro-optic properties. Moreover,
a parameter fitting process is presented and
applied to two PSs in a commercially avail-
able 250 nm electronic-photonic integrated circuit
(EPIC) BiCMOS technology [5]. Therefore, the
derived results can be directly transferred into the
technology’s process design kit. A novel approach,
which takes into account not only abrupt but also
non-uniform pn-junctions, describes charge dis-
tribution and space-charge-region (SCR) expan-
sion, considers continuity of all important physi-
cal quantities in multiple operation regions, and
allows capturing of deviations from ideal operation
due to tolerances and parasitics. It enables sim-
ulation and modeling in a wide operation range.
Furthermore, the robust model helps understand-
ing trade-offs and is applied to investigate bottle-
necks. This is demonstrated by a PS doping profile
improvement, which is consistent with the phys-
ical model and leads to a higher bandwidth in
simulations and in measurements. The PS model

is applied to a high-speed broadband electro-optic
transmitter with data rates up to 80 Gb/s and it
is shown that transient and S-parameter simula-
tions of the transmitter are in-line with transmit-
ter measurements, when using the proposed PS
model.

In Section 2, the PS model is introduced and
an equivalent circuit is derived. All incorporated
physical effects are investigated and explained. A
detailed description of all mathematical correla-
tions and model parameters is given and further
discussed in Section 3, which is also presenting
an improved PS doping profile. It is followed
by Section 4, which presents the measurement
setup that was used to analyze two different PSs.
The measurement results are used in Section 5,
which discusses the parameter fitting process in
which the model is fitted to the measurement
results. Afterwards, in Section 6, a proof of the
PS model is presented. The PS model is applied
to a high-speed broadband electro-optic transmit-
ter and it is shown that transient and S-parameter
simulations of the transmitter are in-line with
transmitter measurements, when using the devel-
oped PS model. Finally, Section 7 concludes and
summarizes all results.

2 Phase shifter model

As depicted in Fig. 1, the PS consists of a rib
waveguide with p and n dopings. Thus, a pn-
junction diode is formed inside an optical waveg-
uide.
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Fig. 1 FCPD based silicon PS geometry including input
and output waveguides



In the following, a corresponding PS equivalent
circuit, which is presented in Fig. 2, is derived.
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Fig. 2 Reverse-biased PS equivalent circuit

2.1 Electrical modeling

Since the PS includes a pn-junction, the electrical
equivalent circuit is similar to conventional diode
equivalent circuits. A series resistance Rg mod-
els the contact resistance and the ohmic behavior
of the semiconductor material, whereas an ideal
diode D, which follows the Shockley equation
(given in (1)), models the ideal, lossless diode
operation [6-8].

ip=1Ig- (e’LSPVT — 1) (1)

where ip denotes the diode current, vp the diode
voltage, Is the saturation current, np the ideality
factor, and Vr = kgT'/e the thermal voltage.

As shown in Fig. 2, the parasitic capacitance
between the anode and cathode contact metaliza-
tions is modeled by a constant capacitance Ceop.
Assuming an ideal diode without any crystal
defects or impurities, an abrupt pn-junction in
z-direction with homogeneous p-doping for x < 0,
homogeneous n-doping for x > 0, and neglect-
ing any charge carriers in the SCR, because their
charge is negligibly small compared to the ionized
dopant atoms, the space charge density can be
approximated by [6-8]:

- ideal
pideal o ] 7€ Ny -2 =2<0 2)
e-NBr 0<ac§x;€lde“l

where e denotes the elementary charge, NS’ the
ionized donor density, N, the ionized acceptor

density, z,, the SCR expansion into the p-doped
region, and x, the SCR expansion into the n-
doped region (see Fig. 3a).

Accurate modeling of the space charge density
is essential for describing the charge distribution
and junction capacitance correctly. Therefore, a
more general approach is chosen to improve mod-
eling accuracy and to capture variations in the
space charge density p, which can result from non-
homogeneous dopant distributions and defects:

_{—e'CA'IZIM,

e-Cp - |z[M,

— <

. T, < <0 (3)
<z <wy

with Ca, Cp and M being defect and doping con-

centration dependent parameters.

Therefore, the abrupt pn-junction in (2) follows as

a special case of (3) with M =0, Cp = Np, and

Ca = N, and is presented by the blue graph in

Fig. 3b.

Applying Poisson’s equation

e p
—r - 4
da? € (4)

to (3) and considering

de _

de -E (5)

results in:

R R Ca |FM dF, —x, <z <0
(x> - T eCp ~ M 1~
[ zM di, 0<z<ua,

Tn

e(M+1)
¢Cp__ . (pM+1 _ pM+h) )<z <y
(6)

T e(M+1)
where € denotes the permittivity, ¢ the electric
potential, and E the electric field.
Considering continuity of E' at z = 0 in (6) yields

{—ECA (T — g MA) —p, <2 <0

Ca-a)th=Cp-a) ™ (7)



With (5) and (6), the electric potential ¢ is given
by:

olx) = —/Oz E(z)dz

eCh M+1 (*1’)M+2 _
_Jarm T Tt e ) T <z <0
eCp M+1,, _ zM+2
c+1) (Tn M3 ) 0<z<an

(®)

The results of (3), (6), and (8) for different gra-
dient coefficients M are presented in Fig. 3b, 3c,
and 3d.

The voltage across the pn-junction ¢y — vp is
obtained as:

03— vp = @(Ty) — p(—1p)
e 1

M+2 M~+2
= gz Oo-a ™+ Ca )
)

where @; denotes the built-in junction potential
and vp the externally applied voltage.
As depicted in Fig. 3a, the total SCR width dj is

dy = Tn + zp. (10)

With (7) and (10) it follows:

C C
dy =y - <1+ M*{/di) =2y <1+ M*{/di)
)

(11
Applying (11) to (9) leads to:

dﬁw‘ﬂe

Y3 —Up =

1 1 M+1
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Therefrom, the SCR width dj results as:

dy =djo - Mg 1-— :;% (13)
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Fig. 3 (a) Illustration of doping concentrations and geo-
metric parameters, (b) Space charge density, (¢) Electric
field, and (d) Potential in the PS for different gradient fac-
tors M, normalized to same SCR width

with the zero-voltage SCR width
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In case of an abrupt pn-junction with M = 0,
Cp = N3, and Cy = N, according to (2), the
SCR width simplifies to

€ Qg 1 1
PR S R R
e NS Ny

which is in line with findings in [6], [8], and [9].
A linearly graded pn-junction with M = 1 and
C = Cj = Cp leads to

3 €- 1
dyo = (/12 - e‘p" ¥ (16)

which is in line with findings in [9)].

The junction charge g; represents the deviation
in the number of free charges when the applied
voltage equals the junction potential (vp = ¢y)
and the effectively SCR vanishes. Since the num-
ber of free charges in the pn-junction decreases as
the SCR width increases, the junction charge ¢s
is negative by definition and is described by:

0 Tn
qy = —Ajy- / pde=—A;- / pdx  (17)
T 0

13

with Ay = hps - Ips being the area spanned by the
PS height hpg and length lpg.
Applying (3) yields:

€AJCA1‘£4+1
. M+1

eAJCDJL‘ﬁ/IJrl

M+1 18)
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With (11) and (13), z, and z, can be expressed

as:
Ty = dy — dyo L M42(1 — D
1+ JVI+1/%§ 1+ M+1/%]Z (%K)
(19)
Ty = d'] = dJO Lo MA2/1 U7D
p 14+ 1\4+1/%g 1+ JM+1/% PJ
(20)
Inserting (19) into (18) yields
e dM+1
= _Ay- . J
a3 J M1 R L M+1
( s t Mﬂ/@)
(21)

which can be expressed as

M+2
@ = - (1 - ”D) (22)

with the zero-voltage junction charge

M41
e dy

M—i—l(

q30 =— Ay -
1 1
TG, T RO

) M+1
(23)
Since the junction capacitance Cj is defined as the

derivative of the junction charge ¢j with respect
to the applied voltage vp, it results as:

_da o ML 1
! dvp w3y M+2 ye 1—
(23]
1 V 1)

= jor—  —
M+2/1 — YD
®PJ

with the zero-voltage junction capacitance

g0 M+1
Cpo = —20.
vy M+2
M+1
— 4,2 ! di”
w3 M+2 1 1 M1
———
(25)
Inserting (14) yields:
e AM+2 M1
CjO = M+2 ‘]1 ) A1
03(M +2) ( LIERYiony + M+m)
€
= A —
T dyo
(26)

A common way of modeling a junction capacitance
C; in SPICE is to use a gradient coefficient M¢
and describe it as follows [6]:

1

— 9p\M,
(1—g)Me

Ci = Cjo- (27)

Thus, a comparison of (24) and (27) shows that
the presented modeling is also in line with SPICE



models with: 1

Mo = 12 (28)
However, in contrast to common SPICE models,
the expansion of the SCR and the junction charge
are described here as well, which is important for
electro-optic modeling.
As the voltage vp increases, the SCR width dj
decreases (see (13)). As soon as the SCR becomes
very small and is on the order of the Debye length,
the junction capacitance starts to deviate sig-
nificantly from (24) [8]. Therefore, and in order
to avoid discontinuities and poles at vp = ¢y,
a piecewise formulation with forward-bias coeffi-
cients F'Cy, FC5 and a Taylor approximation are
applied:

Cj0m7 vp < FChy;g
®J
C; = c 1-FCi(Mc+1)+Mc 2 FCip; < vp,
WO ASFOOTETT oy < POy
(29)

with

M -e\Me
Cio =4y - < ¢ 6) el Me
(2

< Mg Mo N\ Mc—1 (30)
. CDMO T _|_CMC 1)

and FCQ > FCl

With Cj % and consideration of boundary

condltlons to fulfill continuity, the junction charge
qy results as:

QJO'(l—W)l Mo, o SFG
[(1 — FCy)l~Me
— VD
U7 e (g - Foy S e
Mo (1-Mc) (22 Fcl)z} Py =02
(1 Fcl)NICJrl I
(31)

with qj0 = CLOJ\/}OC]‘ according to (25) and (28).

Rearranging (21) and applying (28) yields:

Mo
dJ:<cD1 Ve Lo MC>

Mg
. 1 — Mg\ ~Me (= qJ)lMI\?o
MCAJ€

Considering (13) and (28) for vp < FC - ¢y, (31)
and (32) in the range F'Cy < 72 < F'C; and con-
sidering continuity, the SCR width dj is described
by:

vp \ M v
dyo - (1 —2)%e, o <SPG
djo - [(1 — FCy)t~Me
dy = Mc(l—Mc)(%—Fcﬁ)Q FC < LPJ’
2(1—FCI)Mc+1 D FCQ
Mg w3 —
(1- MC)( Fcl) T=Mc
(1 FCI)IWC bl
(33)

with djo = Ay - CLJO according to (26).
For voltages vp > F'Cs-py, the PS becomes highly
conductive and the SCR effectively vanishes.
Although this operating region is not the focus of
this work, the implemented model includes this
operation region to avoid discontinuities, ensure
numerically stable simulations, and allow further
forward-bias modeling in future works. In those
further works, a diffusion capacitance parallel to
the junction capacitance would also be consid-
ered. A detailed description of the modeling for
vp > F'Cs -y is given in Appendix A. Exemplary
graphs of Cj, gy, and dj, including (29), (31), and
(33), are shown in Fig. 4.

As Fig. 2 shows, the junction capacitor Cj is
placed in series with a junction resistor rj. This
resistor models the nonlinear voltage-dependent
ohmic resistance experienced by charge carriers
when charging or discharging the junction. The
experienced resistance in a semiconductor with
length L, width w, height h, conductivity o, elec-
tron mobility pe, free electron concentration N,
hole mobility uy, and hole concentration Ny can
be expressed as:

| L 1
R_/O cA de /0 wh(peNe + pnNp) de

(34)
If we consider the p-type and n-type semiconduc-
tors separately without forming an SCR, constant
resistances r,9 and r,¢ are present in the p- and
n-type semiconductor, respectively. Assuming a
negligible concentration of free electrons in the
p-doped semiconductor and a negligible concen-
tration of holes in the n-doped semiconductor, the
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Fig. 4 (a) Junction capacitance Cj, (b) Junction charge
qs (c) SCR width over the applied voltage vp for different
gradient factors M (normalized to same zero-voltage junc-
tion capacitance Cjo)

total resistance can be expressed as:

730 = Tp0 + Tno

1 0 1 1S
th—“’%sﬁhdx—"ﬁfoz = do (39)

lpshps

Considering the SCR, the charge carriers pass a

distance d, = “5% — x, in the p-doped semi-
conductor and a distance d,, = ¥PS — z, in the

2
n-doped semiconductor during charging and dis-

charging processes. Therefore, the junction resis-
tance ry is given by:
ry = rp(Tp) + rn(zn)
1 =% 1 1S
/s Wy drt g [, de (36)

lps - hps

~

With (35), the junction resistance ry can be
expressed with respect to rjo:

ry =130 — Ary
1 (0 1 1 (Zn 1
Sl w dr ok [ de (37)

lpshps

Ty —

Therefore, under consideration of Nj, = Ca - |z|™
and N, = Cp - |z|, the junction resistance offset

Arjy results in:

1 1 ay M gl M
Ary = . . P + =
lps-hps 1 =M \pn-Ca  pe-Cp
(38)
Inserting (19) and (20) into (38) yields:
s
A?"J = AT‘JO . <1 - UD) (39)
PJ
with
digM 1
Arjo =7 Joh : 1M
PS PS /uLhOA <1_|_ M+\l/%)
1 1
* c\ M| 1-M
ueCo (14 /G
(40)

In (36) the PS height hpg is assumed to be
constant, although every semiconductor manufac-
turing process is subject to process tolerances and
non-ideal etching and polishing processes with
anisotropy v < 1, which lead to deviations from
ideal rectangular rib structuring and height vari-
ations hpg(z) in (34). Moreover, material bound-
aries with roughness and defect states also affect
the junction resistance rq. Therefore, the expo-
nent in (39) is replaced by another ideality factor
M,., considering these deviations. Additionally,
the case discrimination and Taylor approximation
applied in (29) are employed in the junction resis-
tance as well. Thus, the junction resistance rj is



modeled as:

r30 — Aryo - (1 — %)I_M”, o SFG
ry = {730~ Aro- {(1 — FCy)t=Mr
FCi < Z{%
1-M, v
T O=FC)Mr (?? ’Fcl)]’
(41)

It should be noted that the junction resistance rj
only covers the ohmic behavior of the semiconduc-
tor experienced by charge carriers within junction
capacitance charging and discharging processes.
The exponential diode behavior is still present and
modeled by the ideal diode D in Fig. 2.

2.2 Small-signal phase shifter
resistance and capacitance

The small-signal PS impedance is examined to
enable interpretation and comparison between
measurement results and modeling in later
sections. Therefore, the electrical small-signal
equivalent circuit presented in Fig. 5 is investi-
gated. It is obtained by replacing the diode in
Fig. 2 with its small-signal resistance rq.

dvD - np - VT

vp
— — .p npVv- 492
diq Is e (42)

Td

an ca

Rs Rs
2 f4 2
o—o— AAA ° o NAA o
rJ(;D) Ci(vp) rJ(;D)
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Fig. 5 Small-signal PS equivalent circuit

According to Fig. 5, the total PS small-signal-
impedance can be derived as:

1 Zqa+ Rs
Zps = = —
p Zd-iRs + jXécon 1+ jw(Zqs + RS)C'C((m |
43
with
1 1 ] C;
2= _ Gy

ra: ,
47 + jw(ry +rqa)C;

Approximating rq — oo for voltages Vpg << 0,

chon << {ch7rd7rj} for 0 < VPS < @I,
and rq — 0 for voltages Vpg >> ¢y results in:
_ritRs
(IJ:C%?S)Q ,Wps << 0
Tps = §R(’ZP*) ~ RS + :dd%::]J 70 < VPS < @3
Rs , Vps >> ©wJ
(45)
1
C = ———
ps w - (2ps)
Cj + Ceon ,Vps << 0 (46)

2

= Cj'(l-i-%) ,0 < Vps < @3
m Vps >> ¢

Further details on the applied approximations

and derivation of (45) and (46) are given in

Appendix B.

2.3 Optical modeling
An optical input signal E(t, z) entering the PS

E(t,z) = Ey - eIWt . g ikz (47)
where k£ denotes the complex wavenumber

2T 2T 2T
kzi = —Neff — ) — e s 4_8
k=S n= g e — Iy et (48)

neft the refractive index, keg the extinction coef-
ficient, and A the optical wavelength in vacuum,
leads to an optical output signal E(t,lps), which
can be described as [10]:

E(t,lpg) =Eq - e/ - ¢79%0 . g5 Ies

49
e~ iA0(a) e—iAO;(q) lps ( )

in which the static and dynamic phase shifts and
attenuation coeflicients are defined as [10]:

2T
¢0 = /\70 * Teff 0 * lps (50)
2
A¢(vp) = )\—7; - Aneg(vp) - lps (51)
2
Qg = /\70 * Reff,0 (52)
2
Aafvp) = . Akefr(vp) (53)



In Fig. 2, the static phase shift ¢y and static
attenuation coefficient oy are modeled by conven-
tional lossy waveguides. The static attenuation
coefficient aq leads to the static insertion loss (IL):

P 10dB
I :—1OdBlog10( OUT> _ 10dBlrsaq
Pix log, (€)
(54)

The dynamic, voltage-dependent phase shift
A¢(vp) and attenuation coefficient Aa(vp) are
represented by an inner E-to-O-converter block
(see Fig. 2). According to the FCPD effect,
changes in electron and hole concentrations cause
changes in the refractive index n and the attenu-
ation coefficient « [11]:

2.2 AN, AN,
<X ( + ') (55)

202 e - * *
8-m2-c5-€0 M m¥ my

3.2 AN, AN
Aa = € 30 ) + h
4-7m2-cg-€0-n \mi2-pe  mp-py

(56)

where ¢y denotes the speed of light in vacuum,
€9 the vacuum permittivity, n the unperturbed
refractive index, and N., Np, m}, my, [, and
un the density, effective mass and mobility of free
electrons and holes, respectively.
(55) and (56) cannot be directly applied to cal-
culate the optical phase shift, because the charge
carrier density and the electric field of the optical
signal are not equally distributed. According to
[12, 13], the spatial distribution can be taken into
account by applying an overlap integral between
the normalized optical intensity and the refrac-
tive index variation An to calculate the effective
refractive index change Aneg. Considering that
the optical intensity is proportional to the squared
magnitude of the electric field, the refractive index
change can be expressed as:

1 Eo(z,v)|?
Aneg ~ A—m//An(a:,y) . ‘Ogjy)‘ dA (57)

An = —

m

with A, = dynhps being the area in which the
electric field is distributed, and normalization by
means of Ey = Ey(z = 0,y = 0).

Inserting (55) yields:

A’I’chf ~ A?’chf’h + A’ncff,c (58)

with
ANw(z) | Eol(z,y) |
Ane N_f// ’ LY g4,
b Nh nl EO
(59)
Eo(x,y)
Ane e ~ // ‘ = ’ d147
H, Ne nl EQ
(60)
with s
8-me-ci-eo-n
Npn1 = W s My, (61)
and s
Nowp = 2T C0 €01 e (g9

e? - \3 e

The modeled PS is designed for single-mode
input and output waveguide interfaces and the
employed 250 nm EPIC BiCMOS technology only
contains TE mode optimized grating couplers.
Therefore, only the fundamental TE mode is con-
sidered here and no other modes are assumed to be
guided. In a waveguide with sufficiently low prop-
agation loss due to a negligibly small evanescent
field outside of the waveguide, the optical mode
can be approximated by a cosine field distribution
inside the waveguide:

Eo(z,y) = Eo - f(z) - g(y) (63)
with
COS( ,L), _dmgxgdm
fa) = ) TESTSE gy
0, x| > 5
and
cos g%), 0<y <1y
9(y) = { cos g%) Yo <y < hps
0, y <0ory> hpg

(65)
These assumptions were confirmed by EM simula-
tions performed in Ansys Lumerical [14] that also
show only one guided mode, which is presented in
Fig. 6.
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Fig. 6 Field distribution of the only guided optical mode
found by the finite-difference Eigenmode solver in Ansys
Lumerical

As further discussed in Section 3 and depicted
in Fig. 7, the pn-junction is not placed in the cen-
ter of the examined PSs, but near one of the rib
edges. Thus, a generalization is introduced and
the center of the pn-junction is considered to be
located at position z..

1 U X

Fig. 7 PS cross section (the electric field distribution is
indicated in yellow)

Since the charge distribution and, conse-
quently, the refractive index change An are inde-
pendent of y, substituting (63), (64), and (65) into
(59) and (60) yields:

. 1 Te ANh(l‘) 2
Anegn = ~ 5 /IC_mp Nont - f*(x)dx (66)
and
1 [%*™ AN,
AN e = — & . fQ(m) dz (67)

2dm Te Ne,nl

The charge carrier density does not change
outside the SCR. Assuming that the charge car-
rier density within the SCR. is negligibly small and
that the charge carrier density prior to the for-
mation of the SCR corresponds approximately to
the doping concentration, the electron and hole

concentration changes within the SCR are:
AN, = —C’A~|x—xC|M, for xo —ap < <z
(68)
AN, = —Cp - (m—xC)M, for z. < x <z + Tn
(69)
Inserting (64), (68), and (69) into (66) and (67)
leads to integrals that cannot be solved analyt-
ically for arbitrary M. Further details are given
in Appendix C. Therefore, the refractive index
change is instead approximated by the product of
the average charge density change AN,, in the
SCR and the overlap of the optical signal with the

SCR:
Ame .~ 1 ANpay // ‘Eowy ’
effh ~ —
’ A Nh nl
Ascr,p
(70)
An _LANeav // EO Zz, y
eff,e = A Ne o
ASCR,n
(71)

with Agcr,p and Agcrn being the areas of
depleted p- and n-doped silicon, respectively.

The average charge density change is defined as
the total charge change given in (18) divided by
the volume:

ANpe B g W (72)
oAy explpshps A M
M
43 z
AN, .y = G
& exnlpshps b M+1 (73)
Inserting into (70) and (71) results in:
An 1 Cazy Cax // EO (z y
N A M+ 1) Nhnl
AsCR,p
CAxp e 2
_ . d
2dm(M + )Nyt /mz o) de

CAJZM

p dm

|:$p n sin(27r;—;)—sin (271' - Ip):|
27

ANy n1 (M +1)
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(74)



and

sin (27r Totan )7511’1 (27r ze
dm dm

2

)

Anefre &
Teff, ANy (M + 1)

(75)

It should be noted that in case of M = 0, (74)
and (75) are identical to (66) and (67), as shown
in Appendix C, and therefore no error arises in
the approximation. Furthermore, it should also
be noted that in the presented derivations, it
is assumed that the SCR does not exceed the
approximated mode size (|z. — zp| < % and
% + xn| < %»). Since this is not generally the
case, other cases leading to modified integration
boundaries are also taken into account. All fur-
ther cases, which are considered in the derived PS
model, are described in Appendix D.

Similar to the effective refractive index change
Aneg, the attenuation constant change A« is
modeled as:

Aa =~ Aay + Aae (76)
with
CA-I’I])W |:;cp + sin (2” Te )_;: (2” ch:up ) :|
Aoy ~ —
ah ANyor (M + 1)
(77)
and
CD.I'I]y |:§n I sin (2#%@1—sin (2#(&;;)]
Ace ~ —

ANe o1 (M + 1)
(78)

for the case of |z. — xp| < ‘%‘“ and |z + zy| < ‘%m,

4-72-c% e n

Nha1 = ERpY (79)

mi? -

and

4'7‘1’2'6%'60'71

Neo1 =
& e? - \3

*2
.me © Me -
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2.4 Model implementation

The presented model is implemented using the
HDL Verilog-A to allow usage in common EDA
IC design software [15]. It includes length scal-
ing and all formulas derived in Subsections 2.1
to 2.3. The implemented Verilog-A code, which
strictly follows the derived equations, is available
n [16]. It allows simulation in conjunction with
common SPICE models and parameter linking
to layout cells, which enables efficient microchip
design. Furthermore, it enables automated param-
eter optimization using EDA software to ensure
optimal model parameter fitting.

To allow electro-optic co-simulations, optical sig-
nals were defined in a new Verilog-A discipline
and all optical ports were assigned to this new
discipline. All optical signals are defined as three-
component vector signals, with the first compo-
nent containing the real part of the electric field,
the second component containing the imaginary
part of the electric field and the last component
containing the wavelength of the optical signal:

R(E)
Sopt = %(E)

)\opt

(81)

Due to the abstraction, the optical signals are
reduced to their field strength, phase and wave-
length. The high frequency of the optical wave is
only taken into account in simulations by means
of the wavelength in the third component of the
vector, and only the envelope of the optical signal
is calculated as a function of time within tran-
sient electro-optic simulations. As a result, the
simulations can be carried out efficiently, even
though the optical signals contain significantly
higher frequencies than electrical signals.

3 Discussion of model
parameters and doping
profile improvement

The physical modeling approach used in the pre-
vious section implies that all model parameters
can also be related to or directly derived from
the geometry, material and dopant parameters
used in fabrication. This is a major advantage
over conventional phenomenological modeling, as
bottlenecks of devices can also be identified and



optimizations of the fabrication process can be
derived from the model. The novel approach of
including the dopant gradient M in the PS mod-
eling shows that the doping technique during the
manufacturing process has a decisive influence on
the device functionality. Spatially confined dop-
ing, with little dopant diffusion, for example by
avoiding high process temperatures after doping,
leads to a low gradient coefficient M, reduces the
capacitance at high reverse voltages and reduces
the junction resistance nonlinearity (see r; becom-
ing fully linear for M = 0 and vp < FCipy in
(41)). It also leads to a higher slope in the SCR

expansion 991 (see Fig. 4c) and therefore to higher

dvp.
small-signal EO efficiency ‘éﬁ—f.

Only in the transition zone between p- and n-
doped regions, where the SCR, occurs in normal
operation, is it assumed that the space charge den-
sity p is described by (3). Only when operating at
high voltages vp which would cause unnecessarily
large phase shifts A¢ >> 27, p would approach
the doping concentration levels Ny and Nj} in
the p- and n-doped regions. Thus, (3) is not valid
for unreasonably high voltages. In this case, p is
limited to the implanted doping concentration lev-
els Ny and N, and the factors Cy and Cp are
proportional to the doping concentrations.

Taking into account (56) and considering that
holes have a significantly higher effective mass
in silicon than electrons, p-doped silicon leads to
lower losses compared to n-doped silicon at com-
parable doping concentration [17]. Therefore, as
depicted in Fig. 7 and described in Section 2.3,
in the investigated PSs, the pn-junction is posi-
tioned close to the rib edge (x. &~ %“), so that the
optical mode is mainly facing losses from holes,
but not from electrons when no voltage is applied.
Consequently, the IL is reduced.

As the measurement and parameter fitting
process of the PS depicted in Fig. 7 revealed, the
bandwidth was strongly limited by a large junc-
tion resistance rj (presented in more detail in
Section 5). To reduce the resistance and improve
the PS bandwidth, a second PS geometry has been
investigated, which is shown in Fig. 8, in which an
additional doping implantation has been applied.
However, as (26) shows, a homogeneous increase
of doping concentrations over the entire PS would
also result in an increase in junction capaci-
tance, which would reduce the bandwidth instead.

12

additional
n4-doped region

additional
p+-doped region

PS core, excluded from
additional implants

F—/%

Fig. 8 Cross section of the PS with optimized doping
profile

Moreover, it would also increase the number of
mobile charge carriers and therefore, according to
(56), it would also lead to increased static opti-
cal losses. Thus, the additional doping has been
limited, excluding the PS core region in which
the SCR occurs and the optical mode is confined
(see Fig. 8). As it will be presented in Section 5,
the PS region excluded from the additional dop-
ing was sized such that the PS capacitance was
not measurably affected, but the resistance ry was
significantly reduced.

The measurement and parameter fitting pro-
cess also revealed that although the voltage depen-
dency of the SCR width described by (33) agrees
well with the model, the pre-factor djy does not
correspond to djg = Ay - CLJO when assuming the
permittivity ¢; of intrinsic silicon. Doping affects
the permittivity, but also crystal non-idealities
and material interfaces may affect the permit-
tivity. Therefore, an additional pre-factor Ngj is

used:
Najy - €

dyo = Ay —~
J

(82)

4 Measurement setup

In the following, three measurement setups, which
were applied to both PSs types (see Fig. 7 and 8),
are presented.

4.1 Y-parameter measurement

First, the PS was electrically characterized using
the measurement setup depicted in Fig. 9. A vec-
tor network analyzer was connected to the PS via
high-frequency cables and probes. Additionally, a
voltage source was connected to the internal bias
tees of the network analyzer to bias the PS. The
bias voltage was swept, and Y-parameters were
measured at each voltage step.
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Fig. 9 Y-parameter measurement setup

4.2 Half-wave-voltage measurement

Another measurement setup used to extract the
half-wave-voltage-length product V. L is presented
in Fig. 10. As depicted, an external cavity laser
with tunable output wavelength Ay generates an
optical input signal. To ensure optimal coupling,
the input signal polarization is adjusted using a
polarization controller. It is then fed into an on-
chip MZM including an optical delay line of length
Lqi and group index ng(A) in one arm and PSs in
both arms. The MZM output signal is split into
two signals, one of which is received by an optical
power meter and the other by an optical spectrum
analyzer. Only a small share of 10% is directed to
the power meter, as it is used for automatic fiber
alignment ensuring optimal coupling and measure-
ment of PS losses.

The PS voltage vps and the input wavelength
Ain were swept and the voltage-dependent optical
spectrum Pppt out (AN, Upg) was measured at the
spectrum analyzer.
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External cavity
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Fig. 10 Electro-optic measurement setup for Vi L extrac-
tion

The delay line causes a wavelength-dependent
phase shift

2
— e (An) LI, (83)

Agpa(Aiv) = pw.

in one arm and the PS in the other arm causes a
voltage-dependent phase shift

Ups
= r. —

A¢ps(vps) %

(84)

resulting in a phase difference A¢ between both
arms:

2w VpSs
~—NegLpr, — 7 ——

o da1 — Agps m A

(85)

Assuming negligible differences in losses in both
MZM arms, the transfer function of an MZM with
insertion loss IL is

P 1 1
Zoptout _ rr ( + 2COS(A¢)>

86
Popt,in 2 ( )



and the measured optical spectrum Pop¢ out (AN)
can be expressed as:

1 1 2w v
|:2 + 5 COS ()\INneffLDL — ﬂ;j):|

(87)

Popt,out —IL
Popt,in

with minima at i—’;neﬁLDL —- ’%S =7-(142m),
m € Z.

Therefore, the positions of the minima in the opti-
cal spectrum change according to the applied PS
voltage vpg (see Fig. 11).

)

Popt.out
log( 7

Ain

Fig. 11 Optical output spectrum for two different PS
voltages vpg when sweeping the input wavelength Ay

With the free spectral range (FSR) defined as
the distance between two minima (see Fig. 11) and
A\ being the shift when changing the PS voltage
by Awpg, the voltage-induced phase shift A¢gpg
can be derived. For an infinitesimally small wave-
length shift of d\, the required phase shift d¢pg
is [18]:

27
dps = HomdA (88)
Thus, considering (84) and (88), the half-wave-
voltage V. can be determined by measuring the
spectrum, extracting the FSR, and determining
the inverse of the measured voltage-dependent
shift 92

dvpg *

dvps
dA

V.= FSR. (39)
As only DC voltages are used in this measure-
ment procedure and minima can be determined
with high precision in the optical spectrum, this
method allows accurate measurements of the
half-wave-voltage V. without inaccuracies due to
frequency-dependent effects.
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4.3 Insertion loss measurement

A third measurement setup was used to extract
the PS loss (see Fig. 12). For this purpose, an
optical signal was fed to a PS segment via grating
couplers, while a reference structure was also fed
to enable de-embedding of grating coupler losses.
Thus, the output power Popr oyt was measured
and the PS insertion loss I Lpg is given by:

(dB) dB)

(dB) dB
ILps” = POPT,OUT - P(()PT,IN -2 ILéC) (90)

where ngff)’m denotes the optical input power

and [ L((fg ) the grating coupler loss in decibels.
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Fig. 12 Optical measurement setup for loss extraction

5 Parameter fitting process

5.1 Parameter fitting setup

The EDA software Keysight Advanced Design
System [19] was used to perform Y-parameter,
AC, and DC simulations and fit all model param-
eters. First, the Verilog-A PS model, following the
mathematical descriptions derived in Section 2,
was written and compiled. Afterwards, the test-
bench was set up. Y-parameter, AC, and DC
simulation blocks, variables, optimizer, optimiza-
tion goals, electrical and optical sources, as well
as data access components to read measurement
results, were placed and configured. The param-
eter fitting procedure, in which PS parameters
are iteratively optimized until the PS character-
istics match the measurement results, is depicted
in Fig. 13. It was applied separately to both
reverse-biased PS types using the corresponding
measurement data.

First, an EM simulation was carried out using
the manufacturer’s layout and material stack files
to extract the contact capacitance C.o,. Second,
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Fig. 13 Illustration of the simulation and parameter
fitting process implemented in Keysight ADS (red: ADS
components, green: files based on the findings of this work,
orange: parameters, yellow: PDK components)

all remaining electrical parameters (Is, np, Rs,
Cjo, Mc, @1, TJO,s A’I"J()7 ]\47‘7 FCl, FCQ) were
fitted to match the measured Y-parameters to
the PS model, as they are independent of the
measured optical characteristics. Afterwards, the
remaining optical parameters (o, Zc, Ndaj, Nhni,
Nents Nh,a1, and Ne o1) were fitted to match the
measured VL and loss.

5.2 Parameter fitting results

To allow an easy interpretation and compari-
son of the Y-parameter measurement results with
the derived formulas, the Y-parameters were con-
verted into an equivalent resistance R = —R (Y, ")
and a capacitance C' = —(21f)~ - 3(Yy;') (see
Fig. 14). Tt should be noted that the capaci-
tance was only extracted for PS bias voltages Vpg
below ¢j because strong noise contributions pre-
vented reliable capacitance extraction from the
measured Y-parameters beyond ¢j. From (45) and
(46), it is apparent that the frequency dependence
is negligibly small in the applied measurement
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range, which is in line with the measurement
results shown in Fig. 14. Apart from small rip-
ples, which are likely caused by the measurement
equipment and limited calibration accuracy, the
measured resistance does not show a strong fre-
quency dependence. Furthermore, the capacitance
is nearly constant up to frequencies of 30 GHz and
shows a slight increase at higher frequencies where
the approximations applied in (46) become less
accurate.

400
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100 —Vpras = =2V
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0 7VEIA§ = —4V]|
5 10 15 20 25 30 35 40
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8 L —
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4 FVBras =0V
&) B14S
—Vbras = —1V/|
2 —Viras = =2V
Viras = =3V
0 —VBias = -4V
10 20 30 40 50

fin GHz

(b)

Fig. 14 Measured (a) resistance and (b) capacitance over
frequency and voltage (lpg = 20 um, PS type 2)

Fig. 15a and 15b show the mean values of
the measured resistance and capacitance (aver-
aged over the range from 5GHz to 30 GHz) and
the simulation results after parameter fitting. Fur-
ther details on the measurement sets are given in
Appendix E.

Again, the measurement results are in good
agreement with the applied equivalent circuit and
the formulas derived in Section 2. At low voltages,
the resistance is dominated by ry + Rs until the
small-signal diode resistance rq falls below r; and,
finally, the series resistance Rg dominates at high
bias voltages. It can be seen that, as intended,
the additional doping implants in PS type 2 only
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Fig. 15 Measured and simulated (a) resistance

(Ips =20 um), (b) capacitance (lpg = 20um), (c) half-
wave-voltage-length product VxL, and (d) loss (aver-
aged measurement results, further information given in
Appendix E)

result in a measurable change in resistance, but
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not in any significant change in PS capacitance
compared to PS type 1. Therefore, the PS band-
width is significantly increased. Furthermore, the
measurement and simulation results of the PS
half-wave-voltage-length product VL and loss are
given in Fig. 15c and Fig. 15d. Apart from the
insertion loss of the PS of type 1 measured at
0V, which significantly deviates from the other
insertion loss measurements and is explained by
temporary displacement of the input fiber, leading
to non-ideal coupling into the grating coupler in
one of the measurement sets, all optical character-
istics of the model are in very good agreement with
the measured characteristics. In summary, Fig. 15
shows that the fitted PS model agrees well with
the measurement results. An overview of all fitted

model parameters is given in Table 1.

Table 1 Parameters of both investigated PSs (shown
in Fig. 7 and Fig. 8) according to the new PS model
(depicted in Fig. 2) at 1 mm length and 1550 nm input

wavelength
[ Parameter [ PS type 1 [ PS type 2

Ccon 44.7fF 44.7fF

hps 220 nm 566 nm

dm 555 nm 560 nm

Is 89.4595 pA 24.957 15 nA

np 1.79288 1.68484

Rs 751.458 m$2 374.858 mS2

C; 296.98 fF 300.298 fF
Mc 0.304688 0.303726

3 706.66 mV 705.298 mV

T30 33.4398 Q2 16.3601 Q
Arjo 52.9742mS2 21.9368 mS2

M, 0.99766 0.99766
FCy 0.954981 0.945616
FCo 0.991884 1.008

y 244 161
ng 3.81 3.81
I1LWB) /1 1322.53 4B/m, 1332.63 4B/m,

o 304.521/m 306.851/m

Te 236 nm 230 nm
Naj 3.25 3.06
Nion1 6.25 - 10~ 61/m2 4.539 - 10~ 01/m2
Neon1 4.167-10751/m2 | 3.026-1061/m2
Ni, a1 2.041-107111/m2 | 1.673- 10~ 111/m2
Ne,o1 1.14-10"111/;m2 | 9.347 - 10~ 121/m2




6 Electro-optic co-simulation
of a high-speed transmitter

In the following, an electro-optic co-simulation of
a reverse-biased silicon PS-based MZM with linear
driver is discussed. The electro-optic transmitter
is implemented in a 250 nm BiCMOS technology
[5] and is presented in [20]. A segmented trans-
mitter approach was chosen, dividing the 6.24 mm
long PS into 16 PS segments with 390 um length
(see Fig. 16). An input amplifier drives 16 segment
drivers, each of which drives a single PS segment.
The input driver is connected to the segment
drivers by means of velocity-matched transmission
lines. The velocity matching between the electrical
signal and the optical signal in the MZM ensures
maximum electro-optic modulation efficiency and
bandwidth [20-22].

As presented in [20], the transmitter allows
higher data rates than all previously published
transmitters in the same technology. During the
design process, a conventional phenomenological
RC PS model (depicted in Fig. 17) according
to [23] was applied. All model parameters are
presented in [20].

A comparison between measurement results
and simulations shows that the conventional RC
PS model does not sufficiently describe the high-
frequency electro-optic response (see deviation
between the green and the blue graphs in Fig. 18)
and a more advanced PS model is required to allow
precise simulations and improvements in high-
speed transmitter design. Therefore, the new PS
model, discussed in Sections 2 to 5, was developed
and applied.

Fig. 18, Fig. 19, and Table 2 demonstrate the
high accuracy of the developed model for both

Table 2 Resulting parameters from electro-optic
transmitter S-parameter measurement and simulation

Measurement RC PS New PS
Parameter
result model model
f3aB 23.5 GHz 25.3GHz | 24.2GHz
fean 26.7 Gz 33.7GHz | 26.2GHz
Overshooting 2.8dB 0.65dB 2dB

S-parameter and transient simulations. All rele-
vant S21-parameter gradients, peaks and turning
points are clearly captured by the new model
(see red graph in Fig. 18), whereas they are not
captured by the old model. Although the mea-
surement shows an overshoot of approximately
2.7dB, the simulation shows a smaller overshoot
of approximately 2dB, the 3 dB-bandwidth and
the 6 dB-bandwidth of 24.2 GHz and 26.2 GHz are

in good agreement with the measured bandwidths
of 23.5 GHz and 26.7 GHz, respectively.
Furthermore, as can be seen in Fig. 19, the mea-
sured and simulated data rates of 60 Gb/s with
non-return-to-zero (NRZ) and 80Gb/s with 4-
level pulse amplitude modulation (PAM4) match
well.

Vinn GND Vi

optwo—— (I

Sy j):>f
TL
Gy

th.PS,,,

—-o optowr

E th.PSpottom

Fig. 16 TX structure with input pads, transmission lines (TL), input driver (ID), segment drivers (SD), TL termination

resistors (Rterm ), reverse-biased PS and thermal PS
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Fig. 17 Previously applied RC PS model (based on [23],
applied in [20])
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Fig. 18 Normalized S-parameter measurement and simu-
lation results (green: model according to [20] and [23], red:
new model developed in this work)

7 Conclusion

A model of a reverse-biased silicon PS has been
derived and implemented. In contrast to common
PS models, the presented model combines SPICE
compatibility and physical modeling rather than
phenomenological modeling. Therefore, it allows
linking between parameters in the manufactur-
ing process, in layout files and in the HDL code,
and enables efficient electro-optic co-simulation in
commonly used SPICE-based simulation environ-
ments.

Novel aspects of the model include the physical
description of junction capacitance, junction resis-
tance, charge, SCR expansion, and optical mode
profile, taking into account non-homogeneous
dopant concentrations. The approach uses param-
eters that are also employed in SPICE diode
models to capture electrical behavior and are
therefore well established, but to the best of
the authors’ knowledge have not previously been
used for electro-optic modeling in any published
FCPD-based PS model. Furthermore, the junction
capacitance gradient exponent has not only been
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Fig. 19 Eye diagrams measured in a data transmission
experiment (presented in [20]) and eye diagrams simulated
with 100 ns simulation time, transient noise enabled, and
PN31 pseudorandom binary sequence input signal
(a) measured with 60 Gb/s NRZ modulation
(b) measured with 80 Gb/s PAM4 modulation
(c) simulated with 60 Gb/s NRZ modulation
(d) simulated with 80 Gb/s PAM4 modulation

treated as an ideality factor as commonly done



in SPICE models, but has also been investigated
and linked to doping profiles. The derived model
considers the spatially limited, voltage-dependent
change in charge carrier density and reveals the
significant influence of the doping concentration
gradient in the pn-junction region. It allows iden-
tification of bottlenecks by linking PS behavior
to the applied semiconductor technology and the
parameters employed in the manufacturing pro-
cess, as demonstrated by the example of a PS
doping profile optimization. The high junction
resistance has been identified as a bottleneck of
the first PS and has been improved by another
doping process step. According to the developed
model, the PS core has been excluded from addi-
tional doping to ensure no increase in capacitance.
The developed PS model has been analyzed ana-
lytically and measurement results match the out-
come of the analysis. Moreover, a proof-of-concept
has been given by application of the PS model
to an electro-optic transmitter design. The trans-
mitter, which shows data rates up to 80 Gbit/s
in measurements, has been simulated and the
simulations show excellent agreement with the
measurement results.
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Appendix A Cj, q;3, and d;
modeling in
forward-bias

operation

With effectively vanishing SCR, the junction
capacitance as well as the offset junction charge
must approach zero in order to be modeled phys-
ically correct:

C;j>0, lim C;—=0 (A1)
vp — 00

q3 <0, lim ¢gy—0 (A2)
vp — 00

Moreover, both variables must also fulfill math-
ematical continuity in order to ensure fault-free
simulations. Consequently, considering (29), (31),
and (33)

1 — FCy(Mc + 1) + Mc - FC;
(1 — FCl)MC+1 ’

Ci(FCap3) = Cjo-

(A3)
Q1 (FCapy) = qyo - | (1 — FCy)'~Me
1— Mg
~ G Fae (FC = FO
1— Mg Mg
~ G Foyer g FG—FO),
(Ad)
and
dJ(FCQ(,OJ) = dJ() . |:(1 - FOl)liMc
1— Mc Mc 2
T Foyven g G FC)
Mc
1—- Mg 1=Mc
~ T o (6 FO)
(A5)

have to be fulfilled.
Therefore, in forward-bias operation vp > FCs -
©3, the junction capacitance C}, charge gy, and

SCR width dj are defined as follows:
Cy =[ Cj(FCapy) - (1 —y(vp — FC2p;))

— q3(FCapy) - (vp — FCapy) - ¥°]
. e~ V(vp—FC2¢;)

(A6)

20

a1 = [ q3(FCap3) - (1+7 - (vp — FC2p5))

+ Cj(FCapy) - (vp — FC2pj)] (AT)
. e~ Y(vp—FC2¢;)
Mo
q3 1=Mc
dy = dj(FC: | ——
! 1(FCapy) (fZJ(FCQSOJ))
= di(FCap)- [Lalon = FCopn)

Mg

- (vp — FCQ()O‘])} e

Gi(FCapy)
43 (FCap;)

M
. 6—7'(1’D—FC280J)‘%

with v defining the velocity of the discharging pro-
cess when the SCR is effectively vanishing.

To ensure no positive offset junction charge gj
and no negative junction capacitance Cj, the
parameter v has to satisfy

C'(FC2S0J)
> el A9
T= q1(FCapy) (49)

Further forward-bias PS modeling would also
include the pn-junction diffusion capacitance Cy,
which is rising with increased PS diode current iq
[6, 10]:

CD = TTT * id (AIO)
where 7pr denotes the charge carrier transit time.

Appendix B Approximation
of rps and Cpg

For negative bias voltages Vpg << 0 the small-
signal diode resistance rq is very large and there-
fore it is neglected. Thus, with rq4 — oo, (43), and
(44) it follows:

() A 1
S E— + jwC,
it 55 +Rs JWhcon

_ 1Jrjw(7“J+Rs)Cj
B _W2Cjccon(71J + RS) + JW(CJ + Ccon)
(B11)

Conjugated complex expansion results in:

Lv) (rs + Rs) - Cj2
P> (C; + Ceon)® + w?(ry + Rs)?C2CE,
. (CJ + C‘con) + WQ(T'J + RS)2Cj20COn
(G Ceon)? + wi(ry + Rs)2CPCE,,

(B12)




Therefrom, the effective PS resistance and capac-
itance follow as:

) = R(E)

~ ry+ Rg (B13)
(1+ w“) + w?(ry + Rs)?C2
covy -1
’ w- S(zp")
N (Cj + Ccon) + wz(T’J + Rs) 02082011

- (CJ + C(con) + w2(rJ + RS)QCJ' C(con
(B14)
With the parameters found within this work,
w(ry + RS)QOEOn <<1
w?(ry + Rs)*CiCeon << 1,
apply for frequencies below 100 GHz, so that:

and

Tgb}V) ~ ﬂ (B15)
(1 + con)
Cprsw) ~ C + Ceon (B16)

For small positive bias voltages 0 < Vpg < ¢y
the contact reactance Xc con is small compared
to X¢,, rq and 7;. Therefore, with (43), (44), and
neglecting Ceon, the PS impedance zps follows as:

1+ jwryC;
1 +jw(rd + T'J)Cj
1 — jwrqCy + w?ry(ra + TJ)Cj2
L+ w?(rq +75)2C
(B17)

zr()ssv) ~ Rg+rq -

= Rg+rq-

Therefrom, the effective PS resistance and capac-
itance follow as:

1+ w?ry(rq + TJ)Cj2

(sv) — R (sv) Re +
T 2 T
ps (2:7) ~ R + 7 1+w2(rd+rJ)2Cj2
1 1
rq-ry Lt E P (ratra)C?
= Rs + 1
Td + ry 1 + Td-‘r?"J : w2(rd+”)cj2
(B18)
2 212
o P SR S i (”d2+ ry)*C;
P W - (Z[()SSV)) w wriC

(B19)
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W?C?| >>1 is assumed for vp ~ @5 and it
follows: -
(V) g Ro 4 —4 T B20
"'ps s+ T4+ 73 (B20)
ry 2
ClY) ~ ¢ - <1 + Td) (B21)

For high bias voltages Vps >> ¢ the diode
becomes highly conductive and rq4 becomes negli-
gibly small. Therefore, assuming rq4 — 0, (43) and

(44) result in:
(hV)

0 (B22)
L) o 1 _ Rg
“ps Rls T chlrcon 1+ jwRsCeon (B23)
_ Rg — jwR3Ceon
14+ w2RZC2

con
Since w?RZC2, << 1 is valid for frequencies

below 100 GHz, the PS resistance simplifies to:

Rg

(hv) _ 8%( (hv)) > ~R (B24)
ra z S
P 1+ w?R:C2,
and the capacitance is
1 1
C) = X Cnt
P w - %(zl()}sw)) con w2 RECoon
N 1
- w?RECeon
(B25)

Discussion of
the integral for
refractive index

Appendix C

calculation
Inserting (64), (68), and (69) into (66) and (67)
leads to
Ca [i¢ (e — x)M cos? (7r~ £ ) dx
A _ c m
Peflh = 2dm-N'h,nl
(C26)
and
Cp [7 (@ — 2c)M cos? <7r : dl) dx
A — c m
Teff,e 2dmNe,n1
(C27)



The integrals cannot be solved generally for all M.
In case of M = 0 they follow in:

Tc 2 x
Ca fxc_xp cos (7r E) dx

Anegp =
Mefth 2dm]\/vh,nl
e sin (27r;"—;) —sin (2#%) S
B 4-Z\fh,nl 27 dm
(C28)
Cp [ cos? (7ro di) dx
Aftefte = 2dm N,
m+Ve,nl
B CD sin (271'4‘TCJ‘H;T!1> — Sin (27T C?:;) n Tn
4N 2 dim
(C29)

Case distinction
for the
refractive index
calculation

Appendix D

Considering Ay, = dm - hps and considering Zmin p
and Tmax,p being the boundaries of the depleted
p-doped silicon overlapping with the optical signal
in x-direction, (70) follows in:

T el N L2 il e
h,av 0 ZLmin,p Eo z y

dthS Nh,nl

ATleff,h ~ -

(D30)

Taking into account the electric field distribution
according to (63), (64), and (65) follows in:

Tmax,p
[ P@
’ (D31)

1 ANpay

An, Fh ~ ——
o 2dm Nh,nl

AN}y av is the average of the charge density change
in the region in which the optical signal and the
charge density change overlap:

fhps [meer ANy () do dy

0 ZLmin,p

(D32)
hPS (xmax,p - {Emin,p)

AJ\fh,av =

22

Solving the integral with respect to y and inserting
(68) leads to:

Ca - [P |z — 2o |M dz

ZTmin,p

ANy oy = — (D33)

Tmax,p — Lmin,p

Thus, (D33) can be inserted into (D31) to derive

Tmin,p Zmin,p

A CA fzmax,p ‘CU _ l'c‘]wdl' fwmax,p f2 (.T)dl’
Neffh ~ .
o 2dmjvh,nl : (xmax,p - xmin,p)

(D34)
Similarly, Aneg, follows as:

Cp [Tmo |z — x| Mdz [T f2(z)dw

Zmin,n Tmin,n
2dm]\/ve,nl : (xmax,n - Jf'min,n)
(D35)

Aneﬁ,e ~

where Tminn and Tmaxn denote the boundaries of
the depleted n-doped silicon overlapping with the
optical signal in x-direction.

Inserting the boundaries for the individual cases
leads to the results presented in table D1 and D2.

Table D1 Effective refractive index change caused by
the hole concentration change

[ case [ Aness h l

zc < ——d;" 0
dm M

dm CA (zct+ 73
4Ny n1 (M+1)

loc| < 5> g ze we 4 1
2 o7 S 2m dm + dm + 2
s
Cp-x
d ATp N zc
|Te — p] j R ING o1 (MF1) {2« sin (27T dm)
|zc| < <

27 dm
Ao NMF1
o fop - (oo 2

4N 1 (Y —we+ap)-(M41)

— 5= sin (27Tzcizp) + ;fp]
m

m
< Tc ., .,
2 L s Tp—Te 1 _ Ze—@p
[27\- sin (27r E- ) + 3 T
B Swe —ap 0
d d. M+1 d M+1

ve—azp < — T | opf(ect )T - (e Gp)

d

= < z. Adm Ny, 1 (M+1)




Table D2 Effective refractive index change caused by
the free electron concentration change

[

case [ Aneff,e l

d
<o 0

d j%4
O (P —wc)
INe n1 (M+1)

. [—ﬁ sin (2#%) +31-

d.
=+ < xc+ Tn,
d
|ze| < -

|ze + 2n| < 52,

T
dm
—__—D"n____ .| _ Zc
4Ne,nl'(M+1) [ (27\' fim>
+ g sin (2rogEm) 4+ o0

N
O 7y L sin

dm T

d
—% S e

Cp [ (=T — ) MFT
|e + @y < m d
¢ i 4Nen1 (zn+ S +zc) (M+1)
zo < —dm & . oot
TRTE | [Fesin (w4 st 4
T+ a0 < — 0 0

2

d
B < wetan, | Opo (PP —ae) M (—dp o) MH1]

zc < —d§“ 4Ne ni-dm-(M+1)

Appendix E Measurement

sets

The measurement sets listed in table E3 were
conducted to extract the PS parameters.

Table E3 Measurement sets

PS Measured Measure- Device Bias voltage
. length range
type quantity ments (in mm) (in V)
1 Y 3 0.02 —3 to 1.3
1 VrL 3 2 & 4 0to7
1 IL 3 20 0Oto7
2 Y 10 0.02 —4to 0
2 Y 3 0.02 —3to 1.3
2 VrL 3 2& 4 0to7
2 IL 4 20 0to7
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