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Kurzfassung

Moderne Kommunikationstechnologie und der Aufschwung des Smartphone fithrten zu ei-
nem grofleren Einsatz von opto-elektronischen Komponenten in integrierten Schaltungen.
Ein schneller Entwicklungsvorgang erfordert prizise Simulationsmodelle der verwendeten
Bauteile.

Herkémmliche Schaltungssimulatoren unterstiitzen keine optischen Grofien. Deren Einfluss
wird mittels elektrischen Ersatzschaltbildern dargestellt um die Implementierung in Schal-
tungssimulatoren zu ermdoglichen. Die Struktur der Ersatzschaltbilder wird von der zu-
grundeliegenden Physik und den getroffenen mathematischen Vereinfachungen bestimmt.
Die elektrischen Groflen hingegen werden durch Charakteristiken des opto-elektronischen
Bauteils definiert.

Diese Arbeit behandelt das Problem der Verifikation eines Modells und der Anpassung
der Parameter anhand einer integrierten Photodiode.

Eine Analyse der opto-elektrischen Effekte wird fiir die Verifikation des Modells durch-
gefiihrt und die wesentlichen Annahmen dargelegt. Eine Strategie zur Parameterextrakti-
on wird durch Variation einzelner Parameter und Beobachtung der daraus resultierenden
Verénderung in der Charakteristik der Photodiode entwickelt. Mess- und Simulations-
Daten bilden die Grundlage fiir eine Optimierung der Modellparameter.

Das angepasste Modell wird Schaltungsdesigner in Zukunft fiir die Simulation neuer opto-
elektronischer Systeme zur Verfiigung stehen. Neuentwickelte Photodioden kénnen mit der
gezeigten Parameterextraktions-Strategie in die Entwicklungsumgebung integriert werden.
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Abstract

Integrated opto-electronic devices have become increasingly important due to the rise of
smart phones and modern communication technology.

Traditional circuit simulation tools do not provide the designer with opto-electronic com-
ponents or optical signals. Typically, equivalent circuits are used in order to mimic the
opto-electronic behavior. Photophysics determines the structure of the equivalent circuit
for a certain type of device, while the values of the equivalent circuit components are
defined by the characteristics of the particular opto-electronic device. Accurate device
models for circuit simulation lead to shorter development processes.

This thesis presents the verification of a photodiode model and the adjustment of its pa-
rameters according to measurements and simulation results.

An analysis of opto-electronic effects will verify the model, its assumptions and simplifi-
cations. The observation of the photodiode characteristics while changing the parameters
results in a parameter extraction strategy.

The model enables designers to simulate future opto-electronic systems. Newly created
photodiodes are integrated into the design environment using the proposed parameter
extraction strategy.
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Chapter 1

Introduction

Motivation

The daily use of the internet and hand-held devices such as smart phones requires high data
rates. Optical fiber networks have been established and free-space optical communication
systems seem promising to tackle data traffic and security demands. Integrated circuits
(IC) on the other hand are the electronic backbone of data processing. The incident optical
signal has to be transformed into an electrical one at the receiver. Photodiodes allow for
the transformation of impinging light into electrical current. Accuracy of measurement
equipment like optical spectrometers depends on the properties of this transformation. But
available commercial circuit simulation software covers the electrical domain only. Optical
signals and light sources are represented by electrical components. Faster development
of opto-electronic integrated circuits (OEIC) requires accurate results of DC, AC and
transient simulations.
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Problem

Several photodiode models for device and circuit simulation have been published in the
past [11, 2, 3, 4, [5, [6, [7]. These models come up with different implementation techniques
and assumptions. Each of which simplifies the expression for the generated photocurrent
to integrate the obtained model into the simulation environment. Considering all con-
tributing effects in a photodiode would lead to an inappropriate complex model and long
simulation cycles. Photodiode models are created with a set of problems in mind. These
models solve their corresponding problems only and are less suitable for other issues. A
model for a p-n-photodiode for example will not be able to represent an avalanche photo-
diode.

Photodiode models and their parameters are valid for a few process technologies only. As
long as the device structure is conserved it is sufficient to adept the model parameters
to the new process or device. The physics based relations of the model can be reused.
This thesis reports on the parameter modification of a photodiode model to a different
manufacturing process.

A Verilog-A photodiode model shall be adjusted to match experimentally obtained data.
The measurement of device characteristics include the responsivity R and frequency re-
sponse H(f). In order to predict the measurement results by simulation the parameters
of the model have to be adjusted by a least-mean-square fit. The model is simulated in
Matlab for future parameter optimization. The model has to be validated by comparison
of the simulation and measurement results.

A brief discussion on basic photodiode physics is given at the beginning to understand
the performed measurements and model parameters. The influence of certain parameters
on characteristics of the photodiode and the extraction strategy are presented followed by
an explanation of the measurement principles. In order to validate the model simulation
results are compared to test readings. A summary and a concluding discussion of the
obtained model finalizes the thesis.



Chapter 2

Fundamentals

This chapter covers principle physics and describes photodiode structures in order to
understand how a photodiode works. In this progress terms used throughout this thesis
are clarified.

Basic properties of light and materials are discussed first. Charge carrier generation and
recombination as well as their movement are covered. A detailed outline of the absorption
process and the loss mechanisms follows since both have a major impact on the photodiodes
behavior. Beside these opto-electric phenomena pure optical ones like transmission and
reflection in multiple layers are examined.

Typical photodiode structures, the p-n- and the p-i-n-photodiode are presented in order
to demonstrate the working principle. Additional anti-reflective coatings (ARC) deposited
on top of photodiodes in order to enhance their performance are discussed.

Photodiode characteristics compare different photodiodes in certain aspect like response
speed and conversion efficiency. Frequency response along with dark current, capacitance
and responsivity are the photodiode characteristics treated in this thesis.
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2.1 Basic Physics

Light is the most prominent subject of the wave-particle duality. It has to be regarded
as wave and particle at the same time to wholly describe its properties. In a bottom-up
approach the characteristics of photons are covered first.

As any particle a photon has a momentum p, which corresponds to a de Broglie wavelength

A given by N
ﬁ:h-E:X-ék (2.1)

where K is the wave vector and €, the unit vector pointing in the direction of K. h and

h are the Planck constant and the normalized Planck constant, respectively. The energy

E,), of a single photon is determined by the Planck-Einstein-relation. Either the frequency

f, the angular frequency w or the wavelength can be used to calculate the photon energy.
h-c

Bpp=h-f=hw=== (2.2)

The wavelength dependence of the photon energy will be particular important when dis-
cussing the absorption process in a semiconductor. Only a photon with sufficient energy,
i.e. short wavelength will be absorbed and creates an electron-hole pair.

While the energy of a single photon is well defined the energy Epcqm and power Ppegm, of
a light beam are not. There is no detailed information on the illuminated area A nor the
location where the photons impinge. Instead of the beam power Ppeqy, the intensity S is
used. The intensity gives the power transferred to a unit area. The light exposed area A
with normal vector n4 is used to relate the intensity with the beam power.

PBeam = / SoniadA (2.3)

Later on the power transferred to a surface is of little interest. The flux density ® will be
more important. The flux density gives the number of photons passing through a certain
area per time. It is related to the intensity by

P = (2.4)

S
Epp
The properties of light as a particle stream have been outlined up to now. The idea of a
photon is useful when interactions between particles are of interest.

For the analysis of macroscopic effects like interference the interpretation of light as an
electromagnetic wave is advantageous. Therefore a brief discussion on wave properties will

be given next.
An electrical wave E for example is described by

E=E. e (kfwt) g, (2.5)
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where E is the amplitude, ¥ the position vector into the direction of motion and €g the
unity vector in direction of the electric field. The hollow circle represents the dot product
of two vectors.

A wave propagating in x-direction and omitting the vector notation is given as

E=E. (5 a-wt) (2.6)

In order to determine the velocity v one has to determine a relation between x and ¢.
Therefore a certain point, e.g. a extrema of the wave is tracked. Arbitrarily tracing a
maxima of the wave means the exponent must be 0.

2. 1.
Zxéw-t (2.7)

The derivative of the function x(t) gives the velocity of the wave

\%

\%

_dzx
Cdt

A w
== 2.8

5 (2.8)
When the wave travels through a material its velocity is determined by the dielectric
constant or electric permittivity € and the magnetic permeability u,, as material properties.
1

= — 2.
v i (2.9)

The permittivity and permeability are composed of a vacuum and a relative component.

€= €0 €

Hm = H0 * Hr

The speed of light in vacuum is obtained by equation and setting the relative permit-
tivity €, and permeability u, to 1.

em L (2.10)

V€0 1o

The velocity of the wave in a medium is related to the speed of light in vacuum by

combining equation [2.9| and
ve S (2.11)
\Er M

In most materials in optical applications the relative permeability u, can be considered
unity. Thus equation [2.11] simplifies to

(2.12)
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The relative dielectric constant €, is wavelength dependent. This can be seen by combining

equations [2.8 and

2-m-c
Arw

(2.13)

€pr —

The refractive index n and the extinction coefficient K are related to the dielectric constant.
Véer=n+j-K (2.14)

Furthermore as the relative dielectric constant ¢, is wavelength dependent the refractive
index n and the extinction coefficient K change with .
Replacing A in equation with the velocity v given in equation

E—E. (st (2.15)

Substitution of the velocity by equation and the dielectric constant by equation [2.14
results in

E=R.wmit), wKs (2.16)

The first exponential is a harmonic oscillation while the second one describes the decrease
of the electric field along x due to extinction.

The counterpart of the intensity in the wave regime is known as the Poynting vector S
which equals the vector product of the electrical field E and the magnetic field H.

S=ExH (2.17)

Replacing the vectors with their magnitudes and unit vectors gives

The electric and magnetic field are related to each other by [§]
Vim -H=+ec-E (2.18)

Therefore the Poynting vector can be written as

- (8y x €g) (2.19)
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2.1.1 Absorption

Absorption means a photon is consumed somehow inside the semiconductor. This process
is directly related to the extinction coefficient K mentioned in section 2.1} Absorption can
be investigated in the wave and particle representation of light.
The magnitude of the Poynting vector as given in equation for the electric field in
equation [2.6] equals
S = i B2 i 2w (nEt) 2wk g (2.20)
N

where the absorption coefficient « is introduced as

_2-w-K

; (2.21)

a

The Poynting vector can be expressed by the photonic flux ® as given in equation [2.3
Thus absorption leads to an exponential decrease in the magnitude of the Poynting vector
and photonic flux ®.

S~P~e *® (2.22)

Note the dependence of the absorption coefficient o on the angular frequency w of the
impinging light given in equation [2.21] Furthermore the angular frequency is related
to the wavelength A by equation [2.8] Therefore absorption increases with decreasing
wavelength A. Figure shows the absorption over wavelength for different materials and
temperatures.

A mechanism for absorption in a semiconductor is the excitation of an electron-hole pair.
Since this thesis reports on photodiodes the word absorption will be used as a synonym
for photoexcitation. Intrinsic photoexcitation means a band-to-band transition. Extrinsic
photoexcitation involves transition between forbidden-gap energy levels and the valence
or conduction band. Therefore the critical photon energy for extrinsic photoexcitation is
less than the intrinsic one.

For an intrinsic semiconductor the photons energy must exceed the band gap energy Ej.
Since energy FE,; and wavelength \ are related to each other by equation there is a
maximum wavelength A\, a certain semiconductor may absorb [9].

_hee

Ac
Eg

(2.23)

The semiconductor is transparent for photons with longer wavelength than the critical
wavelength A.. This is called the long-wavelength cutoff.

The aforementioned absorption coefficient « is a crucial quantity when investigating opto-
electronic devices. On the right hand side of figure the light penetration depth is given
as the reciprocal of the absorption coefficient. Long wavelength light penetrates deep into
the semiconductor. One can see that for a short wavelength the penetration depth is small
and the photons will be absorbed near the surface. Due to the high defect density near
the surface the lifetime is very short and most of the charge carriers cannot be collected
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Figure 2.1: Absorption coefficient « as a function of wavelength A for different semicon-
ductors. Solid lines for 300K, dashed lines for 77K [9], page 750.

by the electric field of the depletion region. This leads to a short-wavelength cutoff for the
photodiode.

Furthermore figure [2.1] indicates the temperature dependence of the absorption coefficient.
The absorption coefficient « in Silicon for example increases with increasing temperature
T due to the decreasing band gap energy F,.

The absorption coefficient a(A,T") as a function of wavelength and temperature is crucial
for the upcoming photodiode model. It defines where the bulk of charge carriers is going
to be generated. The shorter the distance the charge carriers have to travel the faster the
device will respond to a change in irradiation.

Assuming a light wave traveling along the x direction and omitting the vector notation
the photon flux ®(x) at a certain position = from the surface exponentially decreases by
equation [2.24]

B(z) = By - e~ (2.24)

where @ is the photon flux impinging on the surface.
Assuming each photon creates an electron-hole pair the generation rate equals the decay
of photons over distance. Using equation [2.24] one can calculate the generation rate by

G=-Vod=0q -a e " (2.25)
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2.1.2 Loss Mechanism

Recombination processes try to reestablish the thermal-equilibrium condition of the
semiconductor. In an intrinsic direct-band semiconductor an electron-hole pair recombines
by a band-to-band transition as presented in figure [2.2

Ey
wf——Q—
Generation Generation
Recombination Recombination
" O] ©) + ©
non radiative radiative x

-
-

Figure 2.2: Band-to-band generation and recombination of an electron-hole pair in an
intrinsic direct-band semiconductor as per [10]. E¢ and Ey are the conduction and valence
band edge, respectively.

Transitions are categorized into radiative and non-radiative according to photon contri-
bution.

In an extrinsic semiconductor dopants create energy levels in the forbidden band. This en-
ergy levels can be utilized by generation and recombination processes as shown in figure[2.3
The transition probability of charge carriers increases with decreasing energy difference.
Therefore defects lead to stronger recombination and limit the lifetime of charge carriers
[10].

The numbers given in figure indicate the different processes of recombination. Process
1 is generation and recombination in donor levels near the conduction band edge. In
acceptor levels near the valence band edge this is called Process 2. Process 3 requires two
different types of dopants and is a charge transfer from one level to another one. At room
temperature all dopants are ionized, i.e. a captured charge carrier is immediately released.
However, the charge carriers may be trapped at the impurity level if the energy difference
exceeds the thermal energy. Traps near the middle of the band edge can capture charge
carriers from the conduction band and emit them into the valence band as pictured by
process 4. This has a strong impact on the charge carrier lifetime. The minority-carrier

lifetime 7 equates to

v (2.26)
T = .
oV - Ny

where o is the capture cross section, vy, the thermal velocity and N; the trap density [9].
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Figure 2.3: Generation and recombination in an extrinsic direct-band semiconductor as
per [I0]. E¢ and Ey are the conduction and valence band edge, respectively. Ep is the
donor level, E4 the acceptor level. Ep is the trap energy level.

As the minority-carrier lifetime is proportional to 1/N; the carriers recombine at a faster
rate in damaged regions like near a surface.

Leakage is another loss of charge carriers in integrated photodiodes. In contrast to
recombination the charge carriers get separated but travel to other contacts or sinks than
intended. A possible path for the leakage current is presented in figure [2.4

Nearby MOSFET Photodiode

_— ] m— Y

L2 () i P

S

O

p substrate

Figure 2.4: Leakage current in an exemplary structure. The minority electron does not
contribute to the photocurrent as it diffuses to a nearby MOSFET.

Recombination is an effect inside the device while leakage is caused by the device surround-
ings and strongly influenced by the chip layout. Thus leakage cannot be properly modeled
in a photodiode model used in a schematic design environment. The distance to neigh-
boring structures is defined in the layout process. Hence leakage can be accommodated
by layout design rules to decrease its impact.
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2.1.3 Reflection in Multi-layered Material

Previous to the discussion of multi-layered material it is necessary to examine the reflection
on a single surface.

The portion of the reflected light on the surface is defined as the reflectance or reflection
coefficient R. It depends on the permittivities ¢; and ey of the involved media and therefore
on the wavelength of the impinging light. At an incident angle other than perpendicular
the reflection coefficient may differ for s- and p-polarized light. The s stands for senkrecht
and p for parallel. The Fresnel equations for a lossless mediaE] are used to determine the
reflection coefficient [§].

Ve - cos(O1) — (/€1 - cos(O2)
E; ez c0s(01) + /a1 - cos(O2)

(2.27a)

R, _ Ers _ V@ cos(©3) = e - cos(61) (2.27b)

E;s (/€1 -cos(O1) + /€2 - cos(O2)

Where ©7 is the angle of incident and ©5 the angle of refraction. The indices p and s
represent the polarization. Incident and reflected light are denoted by i and r, respectively.
Complementary to the reflectance the transmittance or transmission coefficient T gives
the portion of light traveling through the surface. In a lossless media the energy of the
reflected and the transmitted wave must be identical to the incident energy. Therefore the
reflectance plus the transmittance must equal unity.

R+T=1 (2.28)

If the surface is coated by another material with a dielectric constant ec the light wave
is reflected multiple times between interface 1 and 2. This leads to a more complicated
calculation of the total reflectance and transmittance, respectively. A coated surface shown
in figure [2.5] with interface 1 and 2 is considered. The arrangement will be illuminated
from the left hand side and the absorbing media is located at the right hand side. The
total optical wave in the different regions is decomposed into waves going to left and right
hand side, respectively.

The reflectance is calculated as a relation between the fields at interface 1 and 2. The
electric field at interface 2 is assumed to be given and the electric field on boundary 1 is
the object of research.

During the further investigation the vector arrows will be omitted.

Assuming perpendicular illumination the electric and magnetic field are tangential to the
boundaries. The tangential electric field on a surface is continuous. As the current density
on the boundary is zero the magnetic field is also continuous. The tangential fields on
interface 1 are

E;, = E; + Egri = E71 + Ego
H;,=H; - Hpgi = Hr1 — Hpy

LA lossless media has a negligible extinction coefficient K.
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Figure 2.5: An optical wave impinging on a coated surface. A magnetic field vector
pointing into the image plane is marked by a cross. A central dot indicates that the
magnetic field vector points out of the plane.

The magnetic and the electric field are related to each other by the wave admittance Y.

Y=5% (2.29)

Furthermore with equation the wave admittance can be written as
€ €0 - €
Y=,/—=,/2~ (2.30)
Hm Ko - fr
For most materials used in optical applications p, is 1 and the relative permittivity e,

determines the wave admittance.
One can substitute the magnetic field

E;, = Er1 + Ego
H;,=Yc -Er1 — Yo -Egrs

Using a matrix notation gives

<EIZ> N [Ylo —;C} ' (EZL) (2.31)

As the light travels between boundary 1 and 2 there is a phase difference 9.

2. 1.
5= 77; NC g (2.32)
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For light traveling to the right hand side is denoted with a single dash and its phase
difference is negative. Light traveling to the left hand side is marked with a double dash
and has a positive phase shift. Again the magnetic field is expressed as the admittance
times the electric field.

/ —j-0
ETl = ETl - e J

! —7.0
HT1:YCET16 J

" j -0
he =Epz-e™

" +j5-6
HYy = Yo -Epgy -et?

No reflected wave arrives from the right hand side since all light is assumed to be absorbed
inside the rightmost region. The electric and magnetic fields at boundary 2 are

E; =E}; +E}y =Ep
H; = H/Tl - I}/22 = Hpo

Using the expressions for E7.,, H.,, E,, and HY,, results in

E2 = ET1 . 67]'6 + ER2 : €+]'5
Hy =Yo Ep-e 9%~ Yo Epy-eti?
and in matrix notation

Ey\ [ e et Er;
<H2> - [YC e ~Yeo - et ’ Epo (2-33)

Solving for Ep; and Egs gives

—j+ +5-8 !
5 )= s e (234)
Ego Yo-e ™% —Yo-e™ H,
The inverse of a 2 x 2 matrix is computed as the adjoint over the determinant.
a b 1 d b
— . 2.
[c d] a-d—b-c [—c a] (2.35)

Combining equations and results in

Er) 1 |efd? LE.eti?d
—_. : C .
Ego 2 |eI? —%c e I0

: (IE{Z> (2.36)
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The equation above can be used in equation [2.31

Ein 1 1 1 etid %‘eﬂl'é E,
H,, o 5 Yo Yo ' €7j'6 —Yflc-eijl(S . H,

N —

Hin Yo et — Yo e 0 et 4 o790 H,

With the trigonometric identities

‘ -

sin(x) = (e — eI )

J
cos(z) = = - (7 +e777)

N = DN

and the wave admittance equation becomes

<Y;EnE m) [ cos(s) Yﬂé.sin(a)}( E, > (238

j-Yo-sin(§)  cos(d) Yy - Eo
Note the determinant of the matrix is identically unity as the media are assumed to be
lossless.

For a multi-layered structure one starts at the layer next to the bulk assuming Eo = 1.
For this layer the output vector is calculated and forms the input vector of the next layer.
This progress is repeated until the input vector of the top most layer is determined.

For perpendicular illumination the Fresnel equation for parallel polarization in equa-
tion [2.27a] must be used. The dielectric constant in the Fresnel equation can be substituted
with equation Setting ,/€,1 = 1 for air the reflectance R is than given as

= ‘Y” — 1' (2.39)

Y+ 1

As an example the transmittance T is calculated with the refractive indices listed in
table The results for two assumed structures is presented in figure [2.6 For the
calculation of this example the refractive indices are assumed to be constant. But as
discussed at the beginning of section the refractive index changes with wavelength.
The model considers this dependency and calculates the the transmittance accordingly.

Table 2.1: Refractive indices for calculating the transmittance [9]. The silicon refractive
index marked with* is obtained by equation [2.14] as the square root of e,.

ng; 3.45*
150, 1.46

NSi3 Ny 2.05

The model up to now offers no possibility to change the angle of incident to anything
than perpendicular. Therefore also polarization has no influence on the transmission of
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Figure 2.6: Transmittance of a TARC and a BARC on silicon. The TARC consists of
100 nm SigNy on 5 um SiO2. The BARC is a 100 nm thick SigN4 layer.

the ARC. However, as the angle of incident changes the transmission characteristic of the

ARC, worst case parameter sets can be used to cover non-perpendicular illumination to
some extend.
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2.2 Photodiodes

After getting through the basics in section the working principle and structures of
photodiodes can be studied. Simple photodiode settings like the p-n and the p-i-n will be
discussed. Furthermore this section details the collection of charge carriers as well as the
meaning of avalanche effect in a photodiode.

In order to compare different types of photodiodes quantitatively numerous figures have
been developed. They measure the performance of a photodiode in different aspects like
response speed or leakage current. A discussion of these quantities concludes this section.

2.2.1 Working Principle

Electrons and holes generated due to photoexcitation must be collected and transported
to the device contacts. One method is using an electric field to separate the charge carriers
and avoid recombination in the device. This electric field can be a build-in electric field
like in a diode or can be applied externally as used in a photoconductor. Figure shows
a simplified image of a p-n-photodiode and the photoexcitation of an electron-hole pair.
The charge carriers drift towards the contact until they arrive at the boundaries of the
depletion layer. In the quasi-neutral p and n region the carriers diffuse to the contacts.
Thus the photodiode can be divided into two different regions according to the movement
mechanism of charge carriers

e Diffusion in quasi-neutral regions

e Drift in depletion layer

p Depletion layer n

—oT

Photon

r 3

Figure 2.7: Charge carrier separation in a p-n-photodiode.

A quantitative analysis requires the solution of the continuity equation in each of the
aforementioned regions for electrons and holes.

on 1 =

=G, —U, + - 2.4
5 G, —U, +q Vol (2.40a)
o 1

— G, —U,—=-Voi 2.4
9 G, —-U, . Vol (2.40Db)
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The temporal change of the charge carrier numbers p and n at a certain position is caused
by the following reasons:

e Generation G
e Recombination U
e Spatial change in current flow % Vol

The number of electrons and holes generated by photoexcitation is equal, because an
electron-hole pair is created. Therefore both quantities GG, and G, are given by equation
The recombination rate is the excess charge carrier density over the life time.

n—ngo

U, = (2.41a)
Tn

U, = L0 (2.41D)
Tp

The last component of the continuity equation has different signs for electrons and holes,
as a positive current means a positive flux of holes and a negative flux of electrons. In
order to exemplify this figure 2.8 shows the change of charge carrier density as a reason
for a non-zero divergence of current density.

This current flow is further composed of a drift and a diffusion current.

jn:+q~Dn~Vnp+q-un~np-
Ty

(2.42a)
(2.42D)

t‘ql P‘jl

Thus one can write the continuity equation for electrons and holes in one dimension x
assuming a constant mobility and electric field along the region of interest.

2 _
Ry e
o *pn OPn  Pn— Pno

D, and D, are the diffusion constants, p, and n, are the minority carrier concentrations,
Pno and n, are the equilibrium minority carrier concentrations, u,, and p, are the carrier
mobilities, 7, and 7, are the lifetimes, E is the electric field and G(z) is the generation
rate due to photoexcitation.

In order to solve these differential equations different assumptions are necessary to obtain
a solution suitable for a circuit simulator. These assumptions and the derivation of the
model are covered in section [3.1]
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a) divI<0 dv

o 7 L<
O—

b) divI>0 4V ]
/
A 5L>1 g
—(© —(O
-0 ——— > © 0

Figure 2.8: Divergence of current density causes a local change of charge carrier concen-
tration in an infinitesimal small volume dV.

a) Increasing hole concentration p with V o J<o.

b) Increasing electron concentration n with V o J>o.

2.2.2 Characteristics of Photodiodes

Numerous characteristic figures have been developed in order to compare different photo-
diodes. They give information of a photodiode’s performance regarding specific aspects.
These figures describe the performance during illumination and in dark situations as well.
This allows for a standardized specification at the market and in literature. The charac-
teristics used in this thesis are explained next.

Dark Current

Even if the photodiode is not illuminated a small current flows in a reverse biased condition.
This is the very same leakage current as in any diode and is called dark current. In a
photodiode it is of particular interest since it limits the sensitivity, i.e. the minimum
detectable amount of light. As photodiodes are large area devices their leakage current is
also important when it comes to power consumption in mobile devices.

The dark current is determined by the Shockley equation [9].

q-V
I=1J,- (em-ks-T - 1> A (2.44)
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where I is the saturation current, V' the forward bias voltage, m the quality factor and
A is the device area. The saturation current density is determined by [9]

D D
J.=q-=2. +qg-=-2.n
s —4q Lp Pno T ¢ L, p0

D D
=\, Np " Ln-Na

where n and p are the carrier concentrations of electrons and holes, respectively. The
index letter gives the region where the quantity is used, e.g. p, is the hole density in the
n region. The index 0 means the quantity at equilibrium. D is the diffusion constant and
L the diffusion length. Both are indexed accordingly for electrons and holes. N4 and Np
are the doping concentrations for acceptors and donors, respectively.

The saturation current is determined by the doping concentrations and the minority charge
carrier concentrations. A low leakage current device is heavily doped. Furthermore the
saturation current is temperature dependent due to its relation to the minority charge
carrier concentrations. This effect is usually more pronounced than the temperature de-
pendency given in equation The reverse current of a diode increases in exponential
manner with higher temperatures.

Capacitance

The depletion layer forms a capacitance. Since the boundaries of the depletion layer
depend on bias the capacitance is voltage dependent. In order to determine the capacitance
per unit area one must calculate the derivative of the stored charge at the junction ). with
respect to the applied voltage in reverse direction V,. According to Sze the capacitance
for a one-sided abrupt junction equals [9]

dQ. q-€-Np
= = 2.4
‘T \/2'(‘/bz'+Vr—2-kB'T/Q) (245)

where Vj; is the build-in voltage and Np the lower doping concentration given as

B

_ N4+ Np N Np if Ny >> Np
"~ Na+ Np Ny if Np >> Ny

For a linear graded junction with a impurity gradient a the capacitance is given as [9]

dQ, a2
_ Qe o] grace (2.46)

C=w N2 e

The dependence of the capacitance on the bias voltage is obvious from equation and
The capacitance is crucial for the response speed of the device as this capacitance
has to be charged. Applying a reverse bias to a photodiode decreases its capacitance and
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therefore speeds up the device.

Besides the depletion capacitance there is the diffusion capacitance. However, this gets im-
portant in forward direction only. As a photodiode is typically reverse biased a discussion
of the diffusion capacitance is omitted.

Quantum Efficiency

The fraction of the number of collected charge carriers n. to the number of impinging
photon n,y, is defined as the quantum efficiency QFE.

QE = (2.47)

The number of charge carriers can be expressed as the integral of current in respect to
time over elementary charge.

1 ("
Ne = — - / Idt (2.48)
t

1
For a DC current the upper equation can be reduced to
It

q

Ne

The number of impinging photons is the photonic flux o integrated over the illuminated
area A and time. For a homogenous and time-independent photonic flux the integrals
simplifies to

npp = © - A-t

Substitution of the number of charge carriers and photons in equation [2.47] yields

I-t/q I

E: =
@ d At qqg-P-A

Normalize I to the illuminated diode area A assuming a homogenous current flow gives

the current density J.

J

An ideal, non-avalanche photodiodeE| has a maximum quantum efficiency of 1, for the case
that each electron-hole pair of a photon is collected. Note that the quantum efficiency can
exceed unity in avalanche photodiodes due to carrier multiplication.

Depending on the position where the photon flux ® is measured one distinguishes between
external and internal quantum efficiency. External quantum efficiency takes all photon
impinging on the device into account. Since some photon get reflected or absorbed in
the ARC or ILD not all impinging photons reach the silicon surface. Internal quantum
efficiency considers the amount of photons reaching the silicon surface only.

2See section m for avalanche and non-avalanche photodiode.
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Responsivity
The responsivity R relates the output current to the beam powerﬁ

I
R —
PBeam

(2.50)

This quantity is used more frequently than the quantum efficiency and they are related to
each other. Combining equations and yields
R=-1 .\.QF
h-c
The responsivity is proportional to the quantum efficiency times the wavelength.
As mentioned for non-avalanche devices the maximum quantum efficiency is limited to
unity. Thus there is a maximum responsivity given by

q
maxzi‘)\
R h-c

Usually the responsivity is given as a plot over wavelength \. Therefore the photocurrent
and the beam power are measured for each wavelength and the responsivity calculated
per equation A exemplary responsivity curve is printed in figure [2.9

0,8
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0,6
2
<05
=
s 04
= -
0 o
203
Q
o
0,2
! == == R {max}
01 Example
0
400 450 500 550 600 650 700 750 800 850 900

Wavelength innm

Figure 2.9: Exemplary responsivity plot. The solid line is the responsivity. The dashed
line is the responsivity for a quantum efficiency QE = 1.

3In theory the beam power is not well defined. In the laboratory the beam power is easily measurable.
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Frequency Response

So far all figures were valid for static operation. Dynamic properties are covered by the
frequency response or Bode plot H(f) and H(w), respectively. It pictures the output
current over the frequency of the impinging light signal. It is important to distinguish
between the frequency of the signal f and the frequency of the light wave f,,. A small
example will examine the difference.

A light source with a wavelength A = 600nm is turned on and off every second. This
gives a signal frequency of f = 1/T = 1Hz while the frequency of the light wave is
fw = ¢/XA = 500 THz. Further on, the term frequency means the signal frequency while
the wave frequency is referenced by the wavelength.

The frequency response is usually defined as the relation between input and output quan-
tity. For low frequencies this relation is the responsivity. To avoid redundancy in the
information the frequency response will be the set as the relation between the AC and the
DC output values.

The response speed of a photodiode is primarily defined by the carrier movement through
the device. The charge carriers must travel from the place of generation through the deple-
tion layer and the quasi-neutral regions to the contacts. The response features a fast and
a slow component. The fast component stems from the charge carriers in the depletion
region. The slow component is caused by the charge carriers in the quasi-neutral region.
There the charge carriers have to reach their equilibrium value. This means they either
have to recombine or diffuse to the depletion layer. The latter are the cause of the slow
component.

2.2.3 Structures of Photodiodes

Photodiodes usually consist of a photo-active volume where photoexcitation takes place
and a protective surface layer. The latter often also serves as an anti-reflective coating
(ARC) to either enhance or block the transmission of a certain wavelength.

First the photo-active area will be covered. The two basic types of photodiodes are the
p-n and the p-i-n photodiode. The single letters indicate the doping profile of the device.
A p-n photodiode consists of a p and an n doped region like a normal diode. A p-i-n
photodiode comes with an intrinsic or lowly doped layer in between the p and n region.
In both a single photon creates one electron-hole pair only, limiting its quantum efficiency
to unity. The two structures are printed in figure [2.10

Contacts

Y

Figure 2.10: Structure of photodiodes. Left: p-n-photodiode, Right: p-i-n-photodiode
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A special type worth to mention is the avalanche photodiode (APD) which multiplies the
charge carriers created within by impact ionization. Thus a single photon results in several
charge carriers in an APD and its quantum efficiency can reach values between 10? and
10% [9). As the model is for non-avalanche devices a detailed discussion of the APD will
be omitted.

The transmission filter on top the photodiode can be build in different ways. Simple color
filters and complex multi-layered interference filters are two possible realizations. In either
way their purpose is to tune the response of the photodiode to a certain wavelength.

p-n-Photodiode

A p-n-photodiode is the most simple photodiode. It is formed by a diode as used in
non-optoelectronic applications. Its junction may be set to a certain distance from the
surface to adjust the device response to light exposure. Since the absorption coefficient «
depends on the wavelength as detailed in section the position of the junction has a
crucial impact on the response of the photodiode. A p-n-photodiode designed to detect
long wavelength light will come with a big junction depth. To detect shorter wavelength
more efficiently the junction is placed close to the surface.

p-i-n-Photodiode

The p-i-n-photodiode has an additional intrinsic or lowly doped layer between the p and
the n region. This intrinsic layer spreads the electric field over a bigger distance and so
increases the charge collecting volume. A p-i-n-photodiode can be tuned to utilize nearly
all impinging photons, i.e. they are almost without loss. In addition its frequency response
can be tuned as well although it is slightly slower than a p-n device [9]. As the intrinsic
layer is grown by epitaxy the p-i-n-photodiode is more expensive and not available in every
process.

Anti-Reflective Coating

An anti-reflective coating (ARC) minimizes the reflection of a certain wavelength in order
to increase the photodiodes sensitivity. This ARC can be a single layer deposited on top
the photodiode with a certain refractive index in simple cases. More complex transmis-
sion spectra can be obtained using interference filter. These are multi-layered structures
of material with different refractive indexes.

The ARC is usually deposited on top of the inter-layer dielectrics (ILD) above the pho-
todiode. This is called a top anti-reflective coating (TARC). If the ILDs are removed
previously, i.e. the ARC is deposited directly on top the photodiode it is called bottom
anti-reflective coating (BARC).



CHAPTER 2. FUNDAMENTALS 24

AR G
_~1ILD

/Sl‘--.___‘

Figure 2.11: Different structures of anti-reflective coatings.
Left: Top anti-reflective coating. Right: Bottom anti-reflective coating.

Top Anti-Reflective Coating

As the TARC is deposited on top of the ILD one has to calculate the reflectivity and
transmission of a multi-layered material even if the TARC consists of a single layer. In
addition there is usually very few information about the ILD properties like layer thickness,
layer thickness variation and refractive index. However the TARC is much cheaper to
produce than the BARC by a simple adjustment of the silicon nitride passivation layer
thickness.

Bottom Anti-Reflective Coating

The BARC is positioned directly on top of the photodiode. Thus no additional layers have
to be considered in a model. As an additional process step is required to remove the ILD
above the photodiodes the BARC is more expensive to produce.



Chapter 3

Model Verification

The previous chapter contained the necessary knowledge to verify the photodiode model.
Different photodiode structures and the continuity equation for charge carriers were pre-
sented. This chapter covers the principle assumptions of the model and investigates their
validity.

The depletion layer is discussed first, since it is the easiest part to calculate and the most
important one. Before solving the continuity equation for the quasi-neutral regions their
general properties are derived as a common basis. Once the basic equations are given the
calculations and assumptions of the particular regions are explained.

During the examination of the model different positions inside the device are referenced.
These are pictured in figure 3.1 The model describes an n-well in an epitaxial layer de-
posited in a lightly p-doped epitaxial layer on a heavily p-doped substrate. The silicon
surface is located at x = O0m. The n-well extends to a depth of x1 for the calculations. The
depletion layer reaches from x; to 3. Below this comes the quasi-neutral region of lightly
p-doped epitaxial layer which extends to xy. Between the epitaxial layer and the substrate
the doping concentration changes. This change occurs in a transition layer reaching from
xr, to . Due to the doping gradient in the transition layer, an electric field is created.
The maximal electric field is located at x3. The substrate starts at gy and extends to
the rear side of the wafer. The penetration depth of light is below 100 um for wavelength
shorter than 900 nm as presented in figure A substrate with a thickness of greater
than 500 pm can therefore be assumed semi-infinite.

An exemplary doping profile of a photodiode is shown in figure The doping profile is
crucial for the behavior of the charge carriers traveling through the device. It influences
diffusion and recombination, which are important for the photodiodes characteristics.

25
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Figure 3.1: Geometry for the model verification.

3.1 Depletion Layer

26

The depletion layer is the most important layer in a photodiode. Its electric field separates
the excess holes and electrons from each other. Thus carrier transport is dominated by
drift current. The total photodiode current equals the one traveling through the depletion
layer. This effect can be calculated by using the Laplace transform with respect to time.
Electron and hole drift current densities travel in different directions with respect to the
current flow direction. This causes a difference in time the charge carriers take to travel
through the depletion layer. Hence the current densities for electrons and holes will be

distinguished.

JDepl(mat) = Jp(:E?t) + Jn(‘r?t)

Integrating equation [3.1] over the width of the depletion layer gives

T2 X2
/ JDepl(x?t) dr = /
1 1

1
/ Jp(z,t) + I (2, t) do

dDepl 1

Jp(x,t) + I (z,t) do

(3.1)

(3.2)
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Doping concentration (log. scale)

X1 X2 XL X3 XH
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Figure 3.2: Exemplary doping profile of a photodiode.

where dpep is the depletion layer width defined as

dDepl =2 — I

The carriers take a certain time to travel through the depletion layer. Applying the Laplace
transform with respect to time on equation [3.2] results in

] 1 w2
Tonls) = / 3, (@, 5) + To(a, s) do (3.3)
Ep: 1

Furthermore the hole and electron current densities consist of two components. The first
current density is generated in the quasi-neutral regions and the second one inside the
depletion layer. The current densities arriving from the quasi-neutral regions are named
Jpap and J .4, respectively, in accordance with figure Note these current densities are
constant along the depletion layer and do not depend on x. The current densities J,o and
Jno are generated inside the depletion layer. Thus the individual current densities can be
written as

The current densities from the quasi-neutral regions are discussed prior to the one gener-
ated inside the depletion layer.

An electron current density travels from bottom to top starting at x5 in the structure given
in figure [3.1] and in the opposite direction of z. The time delay is therefore determined by

_ To—T

Jn(:E?S) =Jdpca-e vn “ (35)
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A hole current density travels in the direction of z starting at x;.

— — r—x

Jp(z,8) =Jpap-e v» (3.6)

vy, and v, are the drift velocities for electrons and holes, respectively. These velocities are
set equal to v. This simplification is justified, as the dynamic behavior of a photodiode
is determined by the quasi-neutral regions. Two different drift velocities for holes and
electrons lead to an unnecessary complicated model of the depletion layer.

The current density through the depletion layer out of the quasi-neutral regions J Depl1 (2, 5)
is obtained by equation Substituting J,(z, s) by equation [3.5(and J,(z, s) by gives

— 1 T2 _ _z—my s _ _zy—w s
JDepll(S) = d ’ Jpab e v + Jncd e Vn dx
Depl 1
dDepl
_ 1l—e v S _ _
JDepll(S) = W : (Jpab + Jncd)

v

The fraction of the depletion layer width dpep to the velocity v is defined as the transit
time t,.

_ Apepl
v

t, (3.7)

The current density in the depletion layer caused by the quasi-neutral regions becomes

1— e 5tr

jDepll(S) = st
r

’ (jpab + jncd) (38)

The current densities generated inside the depletion layer J,o and J,o are covered next.
Again equal drift velocities for electrons and holes are assumed. The life time of the charge
carriers is much larger than the mean transit time through the depletion layer. Hence
recombination as well as diffusion is neglected. The current densities, equation and
can be written as

Joo(z,t)=q-n-v-ég (3.9a)
Jpo(z,t) =q-p-v-ég (3.9b)

Solving for the carrier concentrations and substituting the results in equations and
while neglecting diffusion and recombination gives

aJ, 1Y\ - dd
T

dx v L

djpo S 1) = dd
-+ —]J -— =0 3.10b
dz * <v * L> ptd dz ( )
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were the mean free path L equals
L=v-1 (3.11)

The solutions of the differential equations [3.10a] and [3.10D] are

T s do

JnO(xa S) - / 67(;+%)'(y7‘r) g ——dy (3123“)
@ dy
T (s d®

Jyo(z,s) = —/ e (GFT) ey ¢ = dy (3.12b)
1 Y

The two equations above are used in equation and result in

_ g d®
I pepia(s) = / / )lz=yl | d—ydyd:z (3.13)

dDepl

The solution of the above integral is not trivial. Therefore some approximations are made
to obtain manageable expressions for the circuit simulator.
The stationary solution is determined by the final value theorem of the Laplace transform.

f 100 = i s 1)

Applying the final value theorem to equation [3.13] gives

_lz—yl do
I peyia(t & dyd 3.14
palt %) = = / / sy 10

Furthermore the mean free path is usually large compared to the depletion layer width
dpepi- Thus the exponential is approximated by unity. The current density caused by
the photogenerated charge carriers is obtained by performing the double integration in
equation [3.15]

JDepi2,pc = Ipepia(t — 00) = q - ®(21) — q - P(x2) (3.15)

The photogenerated current density equals the difference between the ideal photocurrent
entering at x; and the one leaving at xs.

The dynamic behavior can be approximated by observing equation The time delay
of the individual charge carriers is

b, y) = =Y (3.16)

v

This value is less or equal to the transit time ¢, of the charge carriers coming from the
quasi-neutral regions. However the transit time for all charge carriers traveling through
the depletion layer is set to t,.. The inaccuracy caused by this simplification is considered
negligible. The cut-off frequency of the depletion layer is usually much larger than the one
of the quasi-neutral regions. Thus the total current of the depletion layer and photodiode
equals

1—e 5t

- (Tpab + Jncd) (3.17)

JDepl =
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3.2 Quasi-neutral Regions

Starting with Einsteins relation

=L (3.18)

with D the diffusion constant, p the mobility, kp the Boltzmann’s constant and 7' the
absolute temperature. Introducing the thermal voltage Vp

kg T

Vr 3.19
. (3.19)
one can rewrite the currents given in equation [2.42a] and [2.42h)
- E
J.=¢q -D,- <Vnp +ny - > (3.20a)
Vr
- E
Ip =0 Dy | =VDn+pn - (3.20D)
T

The majority charge carriers can not travel across the depletion layer. The current density
must become J = 0A/m?. This results in a relation between the electric field and the
charge carrier distribution.

E Vn
Vo n
E Vp
Vr  p

The electron and hole densities consist of the equilibrium charge carriers ng and pg and
the photogenerated excess electrons 7 and holes p, respectively. All donor and acceptor
impurities are assumed to be ionized, i.e. ng &~ Np and pg =~ N4. The number of generated
charge carriers is assumed to be significantly less than the doping concentrations.

E VNp

SR St h<< N

Vi Np " b
E VN4

— = p << N

Vi Na p A

Using the obtained electric field for the minority carrier current density in equation
and 3.200]

=4 : Dn ~

T =L Y (R, Na) (3.21a)
Na

- .D

J,= -1 .V (p. - Np) (3.21b)
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Substituting the above equations in the steady state carrier concentrations in equation
[2.40a] and [2.40D] assuming negligible recombination yields

A Ny Ny

“Np)=—-®+— ¢, .22
V(7 - Na) D, +Dn c (3.22a)

A Np Np

-Np)=—-®+ — .22b
Vi Np) = 2+ P e, (3.220)

where ¢, and ¢, are constants of integration. Equation [3.22a] and [3.22b] show an ideal
photocurrent contribution in the first addend and a constant in the second one. The
constant of integration must therefore be negative as the collected current is less than the
ideal photocurrent.

Substituting equation in and analogously for equation in gives

Jo=q- (®+cp) (3.23a)
Jy=—q (®+¢p) (3.23D)

The equations for the carrier distribution [3.22a] and [3.22b] are used to obtain the constants
¢p and ¢,. These are substituted in equation [3.23a) and [3.23D] to obtain the current density.
But recombination was neglected to obtain the upper equations and this assumption has
to be verified in each region.

The electric field in the depletion layer inhibits any majority carrier flow out of the quasi
neutral region. The properties of a certain region are determined by its minority carriers.
In order to obtain the current contributed by a quasi-neutral region the continuity equa-
tions [2.40a] and [2.400] are integrated over the volume.

V-jn:q-<(V~5>+€;z+Z>

A

V'jp——q-<(V-ci>’)+g];+i)>

Applying Gauss’ theorem

/Vv-dezjif-ﬁdA
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gives

/v L dV =q- /v <I>dV+8/q'ﬁdV+/ TN v
ot Vv Tn

/ nAdA=q- /cp ndA+a/q-ﬁdV+/ T8 gv (3.24a)
A A ot VvV Tn
/v J,dv =—q- /v @dV—a/q ﬁdV+/”dV
8t A4 Tp
F i dA - 0 R q-p
J, idA=—q- [ -7 dA— = q'pdV+ — dV (3.24b)
A A ot v Tp

The surface integral on the left hand side is the sum of the current towards the surface
Jyap and the current to the depletion layer J,q; as shown in figure

In the p-type quasi-neutral region the surface integral over the current density equals the
sum of the current to the depletion layer J,.q and to the rear side surface J,cp. As the
substrate is assumed to be semi-infinite extended all electrons recombine in the volume.
Thus the surface recombination velocity (SRV) on the rear side has no influence and J,cp
becomes 0.

The surface integral over the photon flux in the n-well under perpendicular irradiation is
the difference between the light impinging on the surface and the one leaving through the
boundary to the depletion layer.

_q./Aq, dA =g (9(0) = (1)) - 4 (3.25a)

In the semi-infinite p-type quasi-neutral region the surface integral over the photon flux
is the light passing through the depletion layer.

—q~/(I)dA:q-(I)(IE2)'A (3.25D)
A

The third integral in equation [3.24b] and [3.24a] is the total photogenerated excess minority
charge stored in the volume. The fourth integral is Qo /7 assuming the life time does not
change along the depth of the region. If the life time changes a weighted average is used.

The current collected inside the quasi-neutral region is the one reaching the boundary to
the depletion layer

Jned = q - Po(z2) — (82” + ?”) (3.26a)
_ _ _ Qp )

Jpab = (q- Po(0) — q - Po(z1)) + 22+ Jpas (3.26b)
p

The dynamic behavior, i.e. the response time is characterized by the charge control con-
cept. This is a so called quasi-static approximation as the dynamic properties are deter-
mined by static quantities. The dynamic behavior is then modeled as a single pole.
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The charge control concept regards the time t5 it takes to remove all stored charge carriers
Q@ by the device current.

te = — 2
: (3.27)

The single pole in Laplace space is then given as

= Jpc
J=— 3.28
1+s-1t5 ( )
This implies the assumption that all stored charge carriers are removed by the collected
photocurrent. An additional sink is the surface recombination. Thus only a portion of the
stored charge is actually removed by the collected photocurrent. This can be considered

by introducing a collection efficiency 0 < £ < 1 in equation [3.28

= J
J— DC :
(1+s-t)

This results in an additional phase which may be realized by an delay line in a commercial
circuit simulator. Zoltan Huszka, the author of the model omitted this delay line to reduce
the models complexity until measurements results indicate its necessity [11].

3.2.1 n-Well Region

The n-well is the front most layer in the photodiode model. It is approximated by a
Gaussian doping profile. The model also features a thin n+ diffusion below the surface.
There the life time is small and it is assumed that all minority charge carriers generated
there immediately recombine. The n+ is used to model the surface recombination velocity
(SRV) and the parasitic series resistance.

The shape of the minority carrier distribution is assumed to be close to the one with zero
recombination. This assumption is justified by the large diffusion length of 80 to 100 um
compared to the small n-well width of usually smaller than 10 gm.

The n-well is created by a diffusion process during fabrication. Hence the doping profile
in the n-well is approximated by a Gaussian fit.

Np(z) = Ny - (%) (3.29)

where Ly is the characteristic diffusion length of the n-well doping profile.
The doping profile and the photon flux are substituted in equation and integrate
results in

p= vm-®o- Ly, <C1-e(ﬁv)2 —|—cg-erfc:v<z> —e‘a“-erfcac(x—i— @ LN)) (3.30)

2-D, Ly = 2

As the diffusion constant and the lifetime both depend on the doping concentration average
values are used. erfcx is the normalized complimentary error function.
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erfea(y) = e - erfe(y)

In order to obtain the constants ¢; and co in equation boundary conditions are
necessary. The excess minority holes density becomes 0 at the depletion layer boundary z;
and the SRV at the silicon-oxide interface determines the slope of the doping concentration.

) dp . d(InNp) .
— 3 N i N S/ R SN
pen=o/m Dy (i M) 5] (3.31)
where S}, is the SRV. Introducing the normalized SRV
VTS, Ly
Sp=
2-D,
the solutions for the constants ¢; and ¢y are
a-L
(1+4s,)- el 7). erfe(fx + olyy erfe(fs) (14 sp- er fo(L5N)) (3.32)
a= Tt sp-erf(22) '
a-Lpy2
1+s,-eT2 ) (erfe(@En) —erfe(2 4 @Ln
.Y — p (erfe(*5%) (£ +95%) (3.33)

1+ sp-erf(7s)

Integrating equation from the surface to the depletion layer boundary z; and multi-
plying with the elementary charge ¢ results in the stored minority charge @,. Which is
expressed by the intrinsic time constant ¢;r of the n-well

L2

tip =X 3.34
iF Dp ( )

and the normalized charge integral

x1 2z )? - L
Yp=Lyn- VT / c1 -e(LN) +cy- erfcx(i) —e . erfc:c(i 42 N)d:v (3.35)
2 0 LN LN
as

Qp=q-P(0) - tir XF (3.36)

In order to obtain the current density equation is substituted in equation to
determine the constant c,,.
Cp = —q)(] &)

The constant is used along with equation to calculate the current at the silicon-oxide
boundary J,apB.

Jpap =Jp(0) = q- P(0) - (1 —c2)
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The collected photocurrent is according to equation

Jpab = (¢ Po(0) — ¢ - Po(w1)) — (q - ®(0) - Z—F Yp+q-D(0) - (1 — 02)>

t;
Jpab = q - Po(0) - <C2 —emom _ . EF)

Tp

The response time tsr can be calculated using equation |3.27]

b= Qp tir - XF
S - - .
Jpab  cp —emom — UL Y

This results in the dynamic photocurrent collected in the n-well

= q- ©o(0) —qwy  LiF
Jo - Ny — e _HE 3.37
pab =7 gy 2 T (3.37)

3.2.2 Bulk Quasi-neutral Region

As already pictured in figure[3.1]the bulk quasi-neutral region is composed of three different
segments.

e Epitaxial layer
e Transition layer
e Substrate

In contrast to the n-well these regions can not be solved individually but have to be com-
puted together. First the general properties of the bulk region are discussed in order
validate assumptions that will simplify the calculation. The homogeneously doped sub-
strate and the epitaxial layer are covered afterward. The transition layer is a result of the
diffusion of the dopants from the substrate to the epitaxial layer during the fabrication
process. Therefore its doping concentration is changing along the depth of the device.
This has to be considered in the charge carrier movement.

The doping profile of the bulk quasi-neutral region is shown in figure from xo to the
right hand side of the plot. The epitaxial layer extends from zs to xy. In the transition
layer between xy, and xz g the doping changes from the epitaxial and the substrate doping
concentration. A gradient in the doping concentration is associated with an electric field.
Its maximum is located at x3. Below the transition layer comes the substrate from xj
onward.

The doping profile is approximated by a piecewise exponential function for the calculation
of the minority carrier concentration. The exponential function in the transition layer is
fixed to x3. At this point the doping concentration equals N3. The approximation features
a parameter ap which adjusts the slope and the width of the doping profile. Along with
the dimensions of the transition layer the electric field is controlled by ap. The electric
field equals the maximum electric field at z3 times ag.
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Substrate

At the rear side of the substrate the minority charge carrier density n is assumed to be
its equilibrium value ng, i.e. the photogenerated carrier density is 0. Thus no surface
recombination occurs on the rear side and equation for the steady-state becomes

d2n i 1 dd

@ I, Du dr

Where the subscript S stands for the substrate.
The boundary conditions for the substrate are

Al — 00) =0/m®>  fA(ry)=ng (3.38)

This results in

_z—wy (bo . e—a-xH ()52 . L2S < _z—wy

ns(x) =ng-e *ns + : ns__ . (e=x@=Tn) _ o7 Tus 3.39

(=) o Dps  1-a2 L7 (3.39)
The diffusion current at z g is

dng

J —qg-Doc. —2

ps(xy) =q- Dps I

Jps(zm) =q- Po(zH) - (

=g
a- Lyg Ny - Dpg 1 )
14+ a-Lyg Lns Dy - e~TH

(3.40)

In order to obtain the solution the value nngy at the boundary is needed. This quantity is
determined by the transition layer.

Epitaxial Layer

The recombination in the lightly doped epitaxial layer is small and thus neglected in the
continuity equation The differential equation becomes
d*np 1

@z = Dy O

Applying the integral twice yields

—Qx

-e +Ccop -+ C1E

With the boundary conditions

A(ze) = 0/m? n(xr) =nr,
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the minority charge carrier concentration becomes

~ (I)O —-To ( —a-(x—x2)
___ % . _ 1)
ne(x) o Din e e
® —
n <’ﬁL 40w, (e—a~pri _ 1)> T2 (3.41)
a-Dyg WEpi

Where wgy; = 21, — x2 is the width of the epitaxial layer. In order to calculate the current
density in the epitaxial layer Jg(x) equations [3.22af and [3.23a] are used. The derivative of
the electron concentration times the epitaxial doping equals

%)
—(Ng-ng) = Ng - cem T
( E E) E Dig
o . Ng
+ (n A ) .
L a-Dyg ( ) W Epi
. E Ng (Dne . Op - e 2 e
— (Ng-ng) = d ( 0 —I—i-eo‘wEP’—l) 3.42
( £ E) Dy ( ) Dng WEp; L @ - WEp; ( ) ( )
Cn

Comparing this with equation gives the integration constant ¢, as marked in equa-
tion Therefore the current density according to equation reads as

D By - 2
B4 — (e — 1) 4 B - e—m) (3.43)
WEpi & - WEp;

Jpe(r)=q- (

Transition Layer

In the previously discussed substrate and epitaxial layer the quantities ngy and ny, are still
unknown. The transition layer links both quantities. The changing doping concentration
leads to a more sophisticated calculation of the minority charge carrier distribution. As
already mentioned at the beginning of this section the doping profile is approximated by
an exponential function for the calculation of the minority charge carrier concentration. In
a logarithmic plot this functions is a straight line, which slope is adjusted by a parameter
aF. This parameter is the relation of the slope of the approximated function and the
maximum slope of the real doping profile.

The point x3, N3 is determined by the electric field maximum. The electric field is caused
by the gradient of the doping concentration as

1 dNp
E=Vy. — . L
T Ny ' dx
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The doping profile for the calculation of the electric field maximum is not approximated
by an exponential function. Instead the complimentary error function is used.

Ng— N i —
Np=Ng+-2_"E. erfc Whpi — % (3.44)
2 Lgs

Where Lgg is the characteristic diffusion length of the doping profile in the transition
layer. Using the normalized position u

WEp; — X
U= —- 3.45
Tos (3.45)
du = b dx
Lgs
Thus the electric field becomes
Vr dNt
E = . A4
Nr - Lgs du (3 6)
The maximum is obtained by setting the first derivative along u to 0
dE
=20
du
d 1 dNr
— = .22 ) = A4
du (NT du > 0 (3.47)

Calculating the outermost derivation

d (1 dN 1 dNp\* 1 &N
Sl (/A Y (e I T (3.48)
du \ Np du Nt  du Nt du?

The first and second derivatives equal

dNy  Ng— Ng )
f— ue

du N3
42Ny ANy Ns—Ng 2
du? dx NZs

Using the doping profile of equation [3.44] and substitute the derivatives in equation [3.47
and yields

=0

1 Ng — Ng\ 2 Ng— N
1 ( s E) e g, Vs NE |
Ng + ==5=E - erfc(u) e VT

Separating u gives
2
—Uu

Ng— N
— erfe(u) ST YE
T

= —In > N,

n
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The left hand side is approximated by a second order parabola and 4, can be determined
by

in | Y52E | - 0.4321

0.8373

Umazr = —1.1433 + \| 1.307 4

(3.49)

Denormalizing back to x according to equation results in the position of the electric
field maximum.
T3 = WEpi — LEgs - Umaz (350)

The electric field itself is determined by

1

Er, =
N- 2
Lgs-+/7- Noowy © Clmas

(3.51)

with N3 the doping concentration given by equation at position x3.
As the doping profile and the resulting electric field are determined the charge carrier
density is computed next. Introducing

_ N(=)
M(z) = D) (3.52)
one can reformulate equation to
AV (’ﬁT . NT) = M(m) . (I)(SL‘) + M(l‘) - CnT (3.53)

Where the index T' symbolizes the transition layer. During the derivation of equation
and therefore [3.53] recombination was neglected. This assumption is not as well met as in
the lightly doped epitaxial layer. However it is justified as the slope in the doping profile
causes an electric field which removes charge carriers. This effectively increases the mean
free path of the charge carriers. In addition the typical width of the transition layer is
about 4pm while the electron diffusion length in the highly doped substrate is about 8um.
As the doping concentration increases from the epitaxial concentration to the one in the
substrate the effective mean free path is larger than in the substrate. Thus the mean
free path of the electrons exceeds the width of the transition layer again justifying the
assumption of negligible recombination.

The minority charge carrier concentration is determined while approximating the doping
profile, the function M (z) and the reciprocal diffusion constant D,, by an exponential
function.

N(z) = Ng - @B Erm-(z—zL) (3.54a)
N,
M(z) = =1 . eambar(e=er) (3.54b)
Dnp
L 1 apBp(a—ar) (3.54c)
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These assumptions basically generate a homogeneous electric field across the transition
layer. The quantity ap approxiamtes the electric field and is a parameter of the model
as will be discussed in chapter [l The electric field of the approximation is given by
subsituting equation in This results in an approximated electric field of ag -
Erp,.

The unknown Sjs is given by the boundary conditions

Ng
T=2H: M(xyg) =
(wr) = 5~
Nr(xp) = Ns
T =z Nrp(zxp) = Ng
Introducing the transition layer width wp
wr =TH — X, (3.55)

and using equation [3.54D] in the first boundary condition results in

& . 0B ByM-(TH—L) &
DnE DnS
Reordering the equation gives
eOE BT & . Dnp (3.56)
NE DnS

The relation between the substrate and the epitaxial layer doping concentration can be
expressed by combining the second and third equation listed in the boundary condition.

Thus By is obtained by equation [3.56

B Brwr D ap-Erm-wr
Dys
25 By —Erm)wr _ Dng
DnS
1 D
ag - wr Dys
Introducing Bp
1 D
Bp = l ’ nE
ag - wr Dns
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results in

Bm = PBp + Erm (3.57)

The charge carrier concentration is obtained by equation [3.53] Expanding this formula as
given below

d @(zp)
% (ﬁT NT) = M(:L’) - cor + M(LU) : <I>(a:) / g(:j)
a-w
d . d(xp, cnT —or(mz
T (Ap - Np) = a(- wT) < (x) (er) +M(z) o wp - e L)> (3.58)
a-wr
CaT

In order to determine the charge carrier density normalized quantities are used to achieve
manageable expressions. The normalized carrier concentration equals

a-Dyg
®(zr)

nr(x) = np(z) (3.59)

The normalization is used in equation [3.58

d “ <I>(I'L) v (p— Oé'DnE
il . Np) = (M : M(z) - o - e (@ rL)) .
o (Ap - Np) o wr () -cor + M(z) -a-wr-e B(eg)
d D
. (np - Nr) = u:;E - M(z) - cor 4 Dy - M(z) - o - e~ @=2L) (3.60)
The original constant ¢, has been replaced as marked above by
)
CnT = 2(zz) " CoT (3.61)
o - wr
The constant cor is obtained by substituting M (x) of equation [3.54b| in
i (nT . NT) = NE . eaE'BM'(Ifo) . DTLE . CQT _|_ DnE -Q eia'(zfm[/)
dx D.g wr
4 (np - Np) = Ng - e Pm(z=2r) . ar Ng - et Bu(@=zr) o g=a(z—zr) (3.62)
dx wr
An integration of equation yields
nT(x) = e—aE.ETm‘(ﬂﬁ—xL) - + M -Co + M . e—(aE~,BD—a)~ocL
ag - Bm - wr ag - Bp — «
— —— ~~
p(z) q(x) r(z)

(3.63)



CHAPTER 3. MODEL VERIFICATION 42

The three functions marked above are introduced to simplify the expressions to come. The
coefficients ¢y and cop are determined by the boundary conditions.

>

= (xp) =ng

=zxg: n(xg) =ng

During the calculation of ¢;7 and cop and in the following sections the following notations
will be used

a(ry) bzr)| _
awn) blam)| ~ @Y
a ~
=aq
(,q)
Thus the coefficients can be written as
_(n1,q) — (r,q)
ar=-————~——=
(p,q)
_ (np,p) + (r,p)
T = ——F
(p,q)

The current density of the transition layer is obtained by replacing ¢, in equation
by the relation given in [3.61

Jor(z) =q- <<I>(33) + acsz -<I>(1:L)> (3.64)

Bulk Region Current

During the investigation of the bulk quasi-neutral region two still unknown quantities
have been introduced. These are the minority charge carrier densities at the boundaries
between the different layers 7i;, and nz7. They are expressed by the constants c;p and cop
of the transition layer. The photocurrent at the zone boundaries x; and zg has to be
continuous. The current densities of the different regions are given in equation
and respectively.

cos and cop are defined before starting with the calculation of ny and ng. They are
constants of integration similar to ¢;p and cop in the transition layer.

a-Dpg . a-Lyg
29 (I>($H) H 1 + - Lns ( )
- D
C2F = & Tk g —14e”*ME (3.66)

P (z2)
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At the boundary between epitaxial and transition layer xy the current densities are

Ipp(zr) =q- <<I>(33L) + aC?E : <1>(x2)>

)
' @(xm)

CaT
—q- (o
Ipr(rr) =q ( (@r)+

and therefore

q- (<1>(:cL) + aC?iE -<I>(:c2)> —q- (@(mL) - aciTUT -<I>(:cL)>

This leads to a relation between cop and cor

Cop - wr _ cor - e YVE (3.67)
wWE

The current densities on the boundary at xy are

car
pr(zu) =q < (zm) + o wr ($L)>

o Lyg nyg - Dps 1
psen) =q-Qolzn) \T 7=~ T G eawn

Applying the current continuity
cor a- Lyg nu - Dns 1
N ®(zm) + - ®(zp) ) =q- P(zh) - ( - ' )
- (Bom) 4 ) ) = @) (e M
Cor . a-Lpg Dys np
CD(xy) - [ 1+ .e‘“"T): - O(x ( - ‘ >
q- ®(vm) < o wr COen) T e Los  Lus ®(am)
1 Dn,s ng

_OT | jawr _ _ — .
« - wr 1+a-Lys Lys (I)(xH)
LnS‘CZT.ea-wT:_ a.DnS‘ﬁH‘i‘ a'LnS
wr O(xp) 1+ a-Lys
eas
and the relation between cor and cog
L
Cor - =25 = _gpg - XML (3.68)
wr
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The constants ¢z in equation [3.67] and are substituted as given in their particular
sections

-D
@ D W (ay) + D) s () sy BTy (BP) aws (3 60,)

P(z2) wg (p,q) wg  (p,q)

(nT)p) Lyps . a-Dypg )

. (T,p) ) Lys o Lpg
(p,q) wr  P(zg)

(p,g) wr 14a-Lys

e YT ng(xg) = e T (3.69Db)

In order to obtain a linear system of equations for nn; and 7y the normalized carrier
concentrations in the transition layer ny and the carrier concentration in the substrate
ng have to be replaced. First the carrier concentrations in the epitaxial layer and the
substrate are normalized

a-D .
ng(r) = ﬁ -np(z) (3.70)
a- Dy N

The carrier concentrations of the transition layer and the substrate are formulated using
the carrier concentrations in the epitaxial layer

Bg-e~ VT2
nr(zr) = oDy ._aDng__
r(#r) = g emamr M Boe o2

a'DnE
Bg-e— VT2
nr(zi) = _a-Ds ._@Dng__
T\ H) = Dy - e—vTL H Po-e— 22
CM'DnE
Dg-e= T2
ns(an) = 5o S v
ST gy - emocan M R
a'DnE

The carrier concentration at the zone boundaries are also normalized to the concentration
in the epitaxial layer

nr
OC'DnE
Ny
NHE = ~g0, (3.72b)

Oé-DnE
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This results in

D3 .
nr(ry) =nre - - eMVE
DnE
D3 .
nr(ry) =nye - D - eME
nkE
Dys .
ns(zn) =ngp - = - e*wetwr)
DnE

Using the normalized quantities in equation [3.69a] and [3.69b] gives

w ~ ~ w T, .
<T +pH> ‘npp —pr-nae = (1 —e *YF). T (r.p) L e¥WE (3.73a)
wg wg  (p,q)
LnS ~ < LnS ~ DnS>
—— PH"NLE+ | ——— "PL— "MHE
wr wr Dng
_ P Lus o @ Los | o wetur) (3.73b)
(p,q) wr L+a- Lys
The above equations can be transformed in a matrix notation
% + ﬁH _ﬁL ) (TLLE>
%"TS'ﬁH —fﬁs'ﬁL—gZ; NHE
— e wWE) K WT (rp) | jawg
= <( ) (Ll € ) wWE J; (,9) € ) (3'74)
P n — Q- Q- Loy —
) €T+ gy em et

The normalized carrier concentrations np g and nyg are obtained by inverting the matrix.
They are used to calculate the quantities encountered throughout the computation of the
bulk quasi-neutral region. Most notable the constants cog by equation cop by
and cor by

The collected photocurrent from the bulk quasi-neutral region is given in equation [3.43

Using the constant of integration cog from equation the collected photocurrent can
be simplified to

Jpe(z2) = q- P(22) - (1 +2F > (3.75)

Q- wg

According to equation the quantum efficiency QFEp of the bulk quasi-neutral region

becomes
QEg = e~ . (14 C2F
- WE

The response time is calculated as the stored minority charge in the region over the
photocurrent. The stored minority charge is expressed by the intrinsic time constant ;
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and the normalized charge integral ¥ similar to the n-well region. The total charge is the
sum of the individual charges of the epitaxial layer, transition layer and the substrate.
The charge stored of the latter is obtained by integrating equation from zp to inf.
The intrinsic time constant equals the minority electron lifetime in the substrate 7,,g.

QEs =q-®(z2)  Ths - Xs (3.76)

The normalized charge integral of the substrate equals

- nS(xH) 1 —a-(wg+wr)
ES_<Oé‘LnS+1+OZ'LnS> e (3.77)

The charge stored in the epitaxial layer is obtained by integrating equation from o
to x,.

QFEp =q-®(z2) - tp-XE (3.78)

The intrinsic time constant of the epitaxial layer is

WE

tip = :
B= o p- (3.79)

The normalized charge integral of the substrate equals

Sp=1+ ”%L - <0.5 + > (1 —emvr) (3.80)

Oé-LnS

The intrinsic time constant of the transition layer is

1
tir = 3.81
T 4p-a-Epm-Dup (3:81)

The charge stored in the transition layer is calculated by integrating equation from
xr to xrg.
QEr =q-®(x2) - tir - X (3.82)

The normalized charge integral of the substrate equals

Yr=(3m 4+ X+ Xp3) e VVE (3.83)

were Y71, Y79 and Y3 are

X711 =pL " (1 — e_“E'ETm'wT)

E
Y12 =qr - TZm : (eaE'BD'“’T — 1)

S = 1 - ap - Erm ) (e(aE'ﬁD—Oé)'wT B 1)

ag-Bp —«
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Thus the response time of the bulk quasi-neutral region is determined by

_ Qs+ Qr+Qr

JpE(x2)

tsB

Substituting the stored charges with equation [3.76] [3.78] and [3.82] as well as the current
density in equation [3.75| results in

lig - X+ tir - X7 + Ths - Xg

tsp = (3.84)
R
Thus the collected photocurrent of the bulk quasi-neutral region is determined by
1 + F
J s=qg - Py(0) e ¥T2.____ XWE 3.85
ned q 0() € 1+5'tsB ( )

3.3 Equivalent Circuit

In order to efficiently solve the equation stated in the previous sections of this chapter
an equivalent circuit is used. The quantum efficiencies and response times for the five
aforementioned regions are represented as component values. These are calculated by
Verilog-A, a hardware description language. It allows for an easy implementation of com-
plex relations into simple circuit components. The result is an equivalent circuit. This
equivalent circuit is than simulated by an appropriate program, e.g. SPICE. In this section
the structure of the equivalent circuit is presented.

Figure displays the equivalent circuit of a photodiode with epitaxial grown layer.
Different groups of components represent a specific region of the model as pictured by the
dashed boxes in figure Number 1 incorporates the transmittance of the ARC as well
as the absorption coefficient. Group 2 covers the response time of the depletion layer. Its
special position inside the circuit stems from the fact that each collected charge carrier
has to travel through the depletion layer as given in equation [3.17} Groups 3, 5, 6 and 7
are the responsivity and response time of the n-well, epitaxial layer, transition layer and
substrate. Number 4 represents the stationary responsivity of the depletion layer only
as its response time is already integrated in 2. The non-opto-electronic properties like
dark current and capacitance of the photodiode are collected in a separate standard diode
model [I1]. Along with a series resistance this diode is located in 8.

The dynamic behavior of the individual regions is modeled by equation [3.28, Therefore
first order RC filters can be used to implement the response times. This is done by setting
R =1Q and C to the calculated response time.

Temperature, doping concentrations and all other contributions mentioned before change
the values of the individual components in the equivalent circuit. The configuration itself
is determined by the device structure. For example group number 5 for the epitaxial layer
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Figure 3.3: Equivalent circuit of a photodiode with epitaxial grown layer [I1], page 101,
modified. The groups of components serve the following purpose:

1: ARC transmittance and absorption coefficient 2: Response time space charge layer 3: n-
well 4: Responsivity space charge layer 5: Epitaxial layer 6: Transition layer 7: Substrate
8: Standard diode model and series resistance

and 6 for the transition layer would not be included in a model for a photodiode without
epitaxial layer.



Chapter 4

Parameter Extraction Strategy

In the previous chapter, a model was introduced and verified regarding the assumptions
and simplifications to obtain a model suitable for a circuit simulator. A set of parameters
are used to fit this model to measurements. These parameters will be classified into process
parameters (e.g. doping, distances), instance parameters (e.g. width and length) and pure
fitting parameters.

In this chapter, the characteristics detailed in section are subject to a sensitivity
analysis. The impact is investigated and the parameters are ordered accordingly to obtain
a parameter extraction strategy. A characteristic is typically influenced by a fraction of
the parameter set. Therefore only the parameters with detectable impact are discussed.
The parameters will be fitted one at a time as a first step. A subsequent multiparameter
fit optimizes the parameters. Starting with a multiparamter fit may cause difficulties for
the convergence of the optimizer. The optimizer itself processes the parameters in an user
defined order. The sequence of parameters for the single- and multiparameter fit has to
be retained.

The diode parameters for dark condition are extracted using a well established strategy
[12} 13, [14]. This thesis focuses on the optical parameters.

Parameters associated with the doping profile and device dimensions are fixed. Doping
concentrations and related distances are extracted from the doping profile. Device width
W and length L are set by the circuit designer. The parameters used for the extraction
strategy are detailed at the beginning of this chapter.

49
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4.1 Parameters

dbarc sets the thickness of the BARC on top of the photodiode. This significantly
changes the transmittance as discussed in section [2.1.3] The position of dbarc in the
photodiode is illustrated in figure

ARC —_

ILD ___

[ dbarc

Si

Figure 4.1: Parameter dbarc sets BARC thickness.

dnpp isthe width of the heavily doped n-layer below the ARC of the photodiode. Charge
carriers are assumed to immediately recombine there. Hence this volume does not con-
tribute to the photocurrent. The position of dnpp in the photodiode is pictured in the
doping profile given in figure [.2]

— dnpp

Doping concentration (log. scale)

Distance from surface

Figure 4.2: Exemplary doping profile to emphasize the position of dnpp and aF. The
parameter dnpp sets the thickness of the heavily doped n-layer. The parameter aF sets
the slope of the approximated doping profile.

aF is the relation between the slopes of the approximated and the real doping profiles
in the transition layer. It therefore sets the slope of the approximated doping profile
and its associated quantities. The mathematical representation of aF can be seen in
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equation The sketch of a doping profile in figure presents the position of aF
inside the photodiode.

The approximated electric field in the transition layer must be greater than 0 and must
not exceed the real electric field maximum. Thus aF is limited to values between 0 and 1.

ktauns is a correction factor for the minority electron life time in the substrate. The
principle data from literature used for modeling the life time is based on high purity silicon
[11} (15, 16]. During production the wafer is doped and experiences several heating cycles.
Thus the real life times differ from the ones given in literature. This can be considered by
the parameter ktauns.

ksrv scales the SRV at the silicon-ILD and the silicon-ARC interface, respectively. The
values from literature are measured on high quality interfaces [I1], [I7]. However, a wafer
undergoes several heat cycles during production. This influences the interface and there-
fore the surface recombination. The parameter ksrv accommodate for this effect.



CHAPTER 4. PARAMETER EXTRACTION STRATEGY 52

4.2 Responsivity Parameter Extraction

The responsivity R is influenced by three parameters as pictured by figure The initial
values for dbarc can be obtained from the process parameter document. Likewise the
doping profile is used for the initial value of dnpp. The value for aF has to be estimated.
As discussed in the previous section the value of aF has to be between 0 and 1. A
value close to 1 is recommended. The parameters were changed by £50% in the sensitivity
analysis. The wavelength range is determined by the measurement equipment.

dbarc Sensitivity dnpp Sensitivity aE Sensitivity
06 06 07
05 - 05 /\\_ o
\ 05
§ 0.4 § 0.4 §
& = E04
z Zz z
203 203 2
0 [} 0
5 5 —_500 503 —50%
a 3 -50% g b
g 3 g
o 0,2 e 0.2 1 55 o 55 0%
o 50%
0.1 0.1 e o1 i
0 0 0

400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900
Wavelength Ain nm Wavelength Ain nm Wavelength Ain nm

Figure 4.3: Responsivity parameter impact varying A from 400 nm to 900 nm.
left: dbarc, middle: dnpp, right: aF

The parameter dbarc changes the principal shape of the responsivity, as shown in figure [4.3
left. It therefore will be the first parameter to be optimized to measurement readings.
The parameters dnpp and aoF influence a different part of the responsivity, as they are
associated to separated regions of the device as presented in figure dnpp impacts
near to the top interface of the silicon while aE contributes to the behavior towards the
substrate. As seen in section [2.1.1] the absorption coefficient is wavelength dependent.
Short wavelength light is absorbed near the surface and long wavelength light penetrates
deeper into the device. Therefore dnpp changes the responsivity for short wavelength and
aFE for long wavelength as can be observed in the center and right hand side of figure
As dnpp contributes to a larger wavelength range it will be optimized prior to aE. However
the order can be varied for a different photodiode.
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4.3 Frequency Response Parameter Extraction

The parameters impact on the magnitude of the frequency response H (w) is investigated
at two different wavelength of A = 670nm and A = 850nm. They are chosen in accor-
dance with the available laser sources in the laboratory. The parameters with detectable
influence on the frequency response are aF, ktauns and ksrv. The parameters are varied
by £50% in the sensitivity analysis. The highest frequency of 10 GHz in the simulation is
chosen to cover the measurable frequency band.

The simulation results for A = 670 nm in figure [£.4] displays little influence of the param-
eters in the observed frequency range.

aE Sensitivity ksrv Sensitivity ktauns Sensitivity
0 0 0
5 5
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! @ !
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-20 -20 -20
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Figure 4.4: Frequency response parameter impact at A = 670 nm in a logarithmic plot.
left: aF, middle: ksrv, right: ktauns

The parameter impact on the magnitude of the frequency response at A\ = 850nm is

plotted in figure [£.5] The magnitude shows a significant parameter dependence compared
to the simulation at A = 670 nm.

The difference in parameter impact between A = 670nm and A = 850 nm is caused by
the charge carrier distribution in the photodiode. At A = 670 nm the charge carriers are
generated closer to the depletion layer compared to a generation at A = 850 nm. As the
parameters aF and ktauns change the properties near the substrate their influence is more
pronounced at A = 850nm. As expected the attenuation is less for A = 670 nm due to the
fast response of the depletion layer.

ksrv changes the properties next to the top surface. Both of the available wavelength
generated a major fraction of charge carrier deeper inside the device. Thus the influence
of ksrv decreases. In order to investigate its impact more closely are short wavelength
light source is needed.

The parameter impact at A = 670nm is insufficient for an extraction. Further discussion
will therefore focus on A = 850 nm.
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Figure 4.5: Frequency response parameter impact at A = 850 nm in a logarithmic plot.
left: aF, middle: ksrv, right: ktauns

The parameter aF changes the position of the drop-off, but also influences the responsivity.
A trade-off between the responsivity and the frequency response fit with respect to the
parameter aF has to be made.
The parameter for the surface recombination velocity ksrv does not change the frequency
response significantly. Therefore the parameter left for fitting is ktauns. As can be seen
on the right hand side of figure ktauns sets the position of the second drop-off. There
is no possibility to influence the frequency response in the lower frequency range. This
results in difficulties in the fitting process as encountered in chapter [6]

4.4 Extraction Strategy

Table 4.1: The parameters are optimized in the given sequence.

Optimization Sequence | Parameter Category | Parameter Name

Ny, Ng, Ng, Ly, L

1 Process parameters 0 E, S, LN, LES, X1, X2, TL,
zy, Dp, Dng, Dns, Lns, Tp, T
Device dimensions (width W, length

2 Instance parameters
L, number of fingers ng), T

3 Process parameter | dbarc

4 Fitting parameter dnpp

5 Fitting parameter | aF

6 Fitting parameter | ktauns

7 Fitting parameter | ksrv




Chapter 5

Measurement of Photodiode
Characteristics

The characteristics of photodiodes were discussed in section [2.2.2] This chapter covers
the measurement of these aforementioned characteristics responsivity R and frequency re-
sponse H(f).

The device under test (DUT) is a p-i-n-photodiode implemented in a 0.35 um CMOS pro-
cess. All measurements were performed on-wafer and at a nominal temperature Tnopm =
27°C. The DUTs were contacted with needles on micromanipulators. A glass fiber was
used to illuminate the photodiodes. Care has to be taken as ambient light must neither
impinge on the photodiode nor on its surrounding area. During the measurement the
wafer was placed into a light impenetrable prober and all unnecessary light sources in the
laboratory were switched off. The microscope light must be turned off as well.

The prober and nearby measurement equipment is shown in figure 5.1l During the mea-
surements the screens are turned off and the prober is covered with a black cloth.

Figure 5.1: Photo of the opto-laboratory.

55
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A photo of the wafer inside the prober with the optical fiber and two needles is presented
in figure 5.2} The top plate and one of the side plates were removed and the microscope
moved into its upper position for taking this photo. The fiber is marked with a green
arrow and visible at the left hand side. The needles for electrical contact are indicated by
a blue arrow. The wafer can be seen underneath and is marked with a white arrow.

Figure 5.2: Photo of a wafer inside the prober. The green arrow on the left hand side
indicates the fiber. The blue arrow on the right hand side marks the needles. The white
arrow below points at the wafer.

The glass fiber is fixed on a micromanipulator and its cladding is removed. A lighter is
used to heat the fiber and thus make it bendable. The fiber is bend until its tip points
perpendicular to the wafer surface. A photo of the final assembly is presented in figure [5.3

Figure 5.3: Photo of the fiber assembly.

The fiber should be placed close to the surface of the DUT without actually touching it.
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The fiber may break or scratch the surface of the photodiode. Typically a microscope
on a probestation offers no possibility to change its viewing angle. Hence the distance
between fiber tip and wafer surface can not be seen directly. But the fiber tip becomes
more detailed and defined as it approaches the surface. This can be used to estimate the
distance between tip and wafer. A proper fiber position is shown in figure [5.4

Figure 5.4: Fiber (white) position over a 150 um x 150 um photodiode (blue) seen through
the prober microscope. Also visible are the needles (black) used during responsivity mea-
surements to contact the photodiode.

The rapid motion of the chuck when moving to the next DUT causes vibrations in the
prober which are transferred to the fiber. Thus the fiber is possibly no longer aligned with
the DUT after movement. Depending on the unsupported length of the fiber it may be
necessary to lower the movement speed of the probestation.
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5.1 Responsivity Measurement

The optical power and the reverse current of the illuminated photodiode are measured.
This is done for a given set of wavelength A. The recorded optical power and photodiode
current at each wavelength are used in equation to obtain the responsivity R over .
The output wavelength of the tunable light source (TLS) ranges from A = 400nm to
A = 900nm. The light source features an internal photodiode to monitor the optical
power during measurements. This improves accuracy and reduces the impact of drift in
long-term measurements.

Prior to the actual measurement the internal photodiode of the variable light source must
be calibrated. The schematic calibration setup is illustrated in figure |5.5

Tunable Light Source
Xenon Lamp TLS2
Optical Output Communication Port
~—F——7
Monochromator
Internal /
Photodiode
Reference Photodiode .
Optical
PD300 Powermeter
Optical Output 'y without filter
Nova Il

Figure 5.5: Schematic for the calibration of the tunable light source TLS2 internal photo-
diode.

The tunable light source is turned on and left to settle for about 15 minutes. The fiber
is then positioned over a reference photodiode connected to an optical power meter. The
reference photodiode is a differential type device. It features two photodiodes, where only
the one on the far side of the connection cable is illuminated by the device to be calibrated.
The second one measures the ambient light power in order to eliminate its influence. The
reference photodiode comes with a removable filter. This filter has to be removed during
calibration [I§].

The light source offers a communication port for the optical power meter and stores the
calibration data. The calibration is performed every AA = 5nm from A = 400nm to
A = 900nm. The calibration data is used to calculate the actual optical power from the
monochromator during measurements. The calibration is a very sensitive stage. During
the calibration run a change in illumination must not occur.

After calibration the fiber is placed above the DUT. The fiber is connected to the tunable
light source and the contacts of the photodiode are connected to source-measurement-units
(SMUs) of the parameter analyzer. A schematic of the setup is given in figure
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Figure 5.6: Schematic responsivity measurement setup.
A list of used equipment is given in table

Table 5.1: List of equipment used for the responsivity measurement.

’ Type ‘ Manufacturer | Model
Parameter Analyzer Agilent 4156C
Optical Power Meter | Ophir Nova II
Reference Photodiode | Ophir PD 300
Tunable Light Source | A3PICs TLS2

For responsivity measurements the bias voltage is constant and usually Vg, = 0V. The
current compliance must be set properly. In case the DUT is short-circuited due to a failure
a high current flows. This may damage the needles or other components of the setup. A
compliance of several uA prevents damaging the equipment. The individual measurement
devices are computer controlled. The program sets the wavelength and triggers the current
sampling of the SMU. The number of samples per wavelength A taken can be set by the
user. The program calculates the average of all samples at a wavelength.

The measured current and the optical power spectrum are plotted in figure Each
individual data point is the average of three samples. Most of the features visible in the
optical spectrum stem from the xenon lamp, e.g. the two peaks between A = 800 nm and
A = 900nm. The step at A = 650nm originates from the internal optical setup of the
TLS. The internal grating is moved to change the order of interference, causing a change
in irradiation [I8] [§].
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Figure 5.7: p-i-n-photodiode current and optical power for responsivity measurement from
A =400nm to A = 900nm in AX = 5nm steps at V. = 0V bias voltage.

Once the photocurrent and the optical power are obtained the responsivity R is calculated
by equation The resulting responsivity is plotted in figure
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Figure 5.8: p-i-n-photodiode responsivity measurement result from A = 400nm to
A =900nm in A\ = 5nm steps at V. = 0V bias voltage.

The responsivity is a smooth curve in the measured wavelength range. This is explained
by the behavior of the BARC. Its single layer inhibits multiple reflections and interference.
For comparison the calculated transmittance printed in figure [2.6| gives the same smooth
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curve for an arbitrary BARC. A TARC would result in variations of responsivity over
wavelength.

The responsivity R reaches a maximum value at around A = 750 nm. The wavelength for
this maximum responsivity can be controlled by two parameters. The first is the position
of the p-n-junction. The second is the thickness of the BARC.

For shorter and longer wavelength either the transmittance T of the BARC decreases
or more charge carriers recombine as they are generated at a larger distance from the
depletion layer.
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5.2 Frequency Response Measurement

Several papers deal with the measurement of the frequency response [19) 20, 21} 22]. The
optical heterodyne detection uses two laser beams with different wavelength to generate
an optical beat signal [19, 20]. However, this technique is mainly used to characterize
photodiodes in optical communication systems. Their typical operation wavelength of
A = 1,55 um is beyond the wavelength range covered in this thesis. Furthermore optical
modulators as utilized in [22] are mainly available for said wavelength. Electro-optical
modulators for wavelength between A = 400nm and A = 900 nm offer insufficient modu-
lation frequencies of several MHz [23), 24].

Another method is called the pulse spectrum analysis (PSA). Short laser pulses are di-
rected onto the photodiode and its response is measured. From the data the frequency
response can be obtained. However, the accuracy of the result depends on the pulse width
[19, 21]. The available equipment is not suited for this method. The laser source offers
rise and fall times smaller than 350 ps as specified by the manufacturer [25]. But for a
PSA the pulse width needs to be in the range of several ps.

The frequency response of integrated electronic devices is usually measured by a Vector
Network Analyzer (VNA). This device applies a sinusoidal signal to the DUT and mea-
sures its response. Unfortunately the available laser source ’LS1’ can not be modulated in
a sinusoidal manner. A different approach has to be used.

The output of the laser source are square-shaped laser pulses. They are used to illuminate
the photodiode while its response is measured in the time domain. Once the transient time
response is recorded the frequency response is calculated by a Laplace transformation. A
detailed derivation is given in appendix [A] The fitting process in the time domain is not
practicable. It would require a transient simulation of the model for each iteration during
optimization. An AC simulation is performed faster. The frequency response is used in
order to minimize the time required for an optimization run.

The measurement setup is schematically printed in figure [5.9

Laser Source Laser Driver .
f\_ Oscilloscope
Output -+
(] 0] 0] q) Q 0]
J_ Coaxial Cable
—Fiber Bias-T

RF-Cable

. RF-Needle

Thermo Chuck

Figure 5.9: Schematic frequency response measurement setup.
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The equipment used for the frequency response measurement is listed in table

Table 5.2: List of equipment used for the frequency response measurement.

] Type ‘ Manufacturer ‘ Model
Oscilloscope Lecroy SDA 760Zi-A
Laser Source A3PICs LS1
Digital Laser Driver | A3PICs DLD1
Waveform Generator | Tabor Electronics WW5061
Bias-T Picosecond Pulse Labs | 5546
DC Source Agilent E3631A

The laser source is not directly driven by the waveform generator. A laser driver is used
to achieve the steep slopes and correct voltage levels needed to operate the laser source.
The waveform generator output voltage is set to a square shaped signal with 50 % duty
cycle. The waveform generator’s amplitude is determined by the input limits of the
digital laser driver (Vipmae = =£400mV). For safe operation the amplitude is set to
Vin = £250mV. The frequency must be selected in accordance with the bias-T. It is a
bandpass filter and will influence the measurement at a too low frequency. Therefore a
frequency high enough to pass the bias-T but at least a decade below the corner frequency
of the photodiode has to be chosen. A frequency of 100 kHz is used for the measurement.
An oscilloscope detects the response of the photodiode. Thus the current generated by the
light pulses has to be transformed into a voltage. This voltage however changes the bias
condition of the photodiode. The current slope for a zero-biased device is steeper than
for a negatively-biased one. Therefore to minimize the impact of bias voltage changes the
device is reversed-biased with V,. = 3V. This is close to the maximum operating voltage
of Vgsmaz = 3.3V for MOS transistors in this process.

The maximum measurable frequency with the equipment listed in table is limited by
the oscilloscope to 6 GHz. Due to the high frequencies a special RF-needle and cables have
to be used. Conventional coaxial cables are not suitable. They would lead to too much
loss in signal amplitude at high frequencies. The needle is composed of three individual
tips as shown in the inlay in figure The outermost ones marked with 'G’ are grounded.
The needle between indicated with ’S’ is the signal line. Thus the wire is shielded all the
way to the contacts on the wafer.

However, during measurements interfering signals were detected. These occur randomly
but are constant in amplitude and shape. A potential source is the in-house telephone
system. To reduce the impact on the measurement the average function of the oscillo-
scope is used. The results were obtained by averaging 100 individual measurements. An
additional benefit is the reduced impact of noise in the obtained data.

The equivalent circuit of the measurement setup is shown in figure [5.10

Note that the potential decreases when the light is turned on. The current has to flow
through the capacitor C due to its rapid change. The inductor L inhibits a fast current
alteration. The oscilloscope detects a drop in voltage.

The measurement result in the time domain is given in figure for A = 670nm and
figure for A = 850 nm.
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Figure 5.10: Equivalent circuit of the frequency response measurement setup.

The measurements for A = 670 nm show a difference in light on and light off response.
The light off response is a single steep slope while the light on response is an exponential
drop-off. This asymmetric behavior can not be described with the model. Its transient
response is caused by a combination of first order RC filters as given in section [3.3] Hence
the model has a symmetric rise and fall sequence.

Contrary the response for A = 850 nm is symmetric as given in figure [5.12

The difference in light on and light off response at A = 670nm and the slow decrease
after the initial slope at A = 850 nm may indicate problems with the measurement setup.
Multiple reflections along the fiber may have occurred.

The transient response of a photodiode features a fast and a slow component as detailed
in chapter [2| The fast component is caused by the charge carriers in the depletion layer.
The charge carriers generated in the quasi-neutral regions however take more time to reach
their equilibrium value. The charge carriers have either to recombine or to diffuse to the
depletion layer. The latter contributes to the current and causes the slow component of
the transient response.

The measured data was fit by a combination of exponential functions. The number of
exponential functions was increased until the fit matches the measured data. Three expo-
nential functions are sufficient to achieve a fit. Before the fitting process was started the
logarithm was applied to the amplitudes. Thus the fit for small values is improved. The
obtained exponential functions are used to calculate the frequency response as given in ap-
pendix[A] The fitted curves of the transient records are given in figure for A = 670 nm
and figure for A = 850 nm.

The Bode plot obtained by the Laplace transform of the turn-on response for A = 670 nm
is printed in figure and for A = 850 nm in [5.16

Comparing the two figures with each other shows a faster response of the photodiode on
A = 670nm compared to A = 850nm. This is in accordance with the simulated frequency
response discussed in section At A = 670nm more charge carriers are generated
near the depletion layer. This lowers the distance they have to travel by diffusion. An
illumination with A = 850 nm generates more charge carriers towards the substrate. The
charge carriers have to diffuse over a larger distance and slow the response down.
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a reverse bias-voltage of V,. = 3V. Left: Light turn on sequence. Right: Light turn off
sequence.
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Figure 5.12: p-i-n-photodiode transient response measurement results for A = 850 nm and
a reverse bias-voltage of V,. = 3V. Left: Light turn on sequence. Right: Light turn off
sequence.
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Figure 5.13: Fit of the p-i-n-photodiode transient response measurement results for
A = 670 nm using three exponential functions.
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Figure 5.14: Fit of the p-i-n-photodiode transient response measurement results for
A = 850 nm using three exponential functions.
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Figure 5.15: p-i-n-photodiode Bode plot for A = 670 nm illumination obtained by Laplace
transform of the transient data.
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Figure 5.16: p-i-n-photodiode Bode plot for A = 850 nm illumination obtained by Laplace
transform of the transient data.
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In figure[5.16] the slow and the fast component can easily be identified. The slow component
has a time constant of approximately 1us and is close to the charge carrier lifetime in
the substrate. The fast component’s time constant is about 10ns. It has to correspond
to the charge carrier’s travel time through the depletion layer. The travel time through
the depletion layer can be estimated by the depletion layer thickness over the saturation
velocity. This results in a travel time of 1 ps for a depletion layer width of 10 um. However,
the fast component may exceed the limits of the measurement equipment. Thus the
reported fast component is an upper limit to the real fast component.



Chapter 6

Parameter Optimization and
Results

This chapter covers the determination of the model parameters. Furthermore the results
are presented as a comparison between measurement readings and simulation. Mismatches
between measurement and simulation as well as their origins are discussed.

The parameter extraction strategy deduced in chapter |4| is applied. The measurement
data was obtained according to the methods detailed in chapter

Furthermore a p-i-n-photodiode is used for the parameter extraction. As the model de-
scribes p-n-photodiodes it is not perfectly suitable for the chosen device. The depletion
region extends into the heavily doped substrate. However, this study is used to evaluate
the need for a special p-i-n-photodiode model and the limits of the currently available one.
The characteristics of the photodiode were optimized by an Levenberg-Marquardt opti-
mizer [26]. It compares the simulation result to the measurement readings by a least-
squares method. The simulation results are obtained by a Spectre testbench. The circuit
simulator is called and the result containing file loaded automatically by the program and
handed over to the optimizer. The optimizer observes the changes in the characteristic
and alters the parameters. This process is repeated until a certain deviation between
measurement data and simulation result is achieved.

The optimizer offers the possibility to weight certain data ranges differently. The weights
were set to unity during the optimization process. Hence no region was set apart. The
weights can be used for special devices to focus on a particular wavelength range and
frequency range, respectively.

69



CHAPTER 6. PARAMETER OPTIMIZATION AND RESULTS 70
6.1 Responsivity Fitting

The result of the Levenberg-Marquardt optimizer for the responsivity R is given in fig-
ure [6.1] The hollow circles represents the measurement readings. The fitted simulation
results are printed as a solid line. The simulation results match the measurement readings
with small deviations due to measurement uncertainties.
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Figure 6.1: Fitted Responsivity.

The parameters obtained by the curve fitting of the responsivity are given in table [6.1]

Table 6.1: Model parameters obtained by fitting the responsivity R.

Parameter‘ Value ‘

dbarc 8.3547TE-2
dnpp 8.2825E-2
aF 7.7784E-1
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6.2 Frequency Response Fitting

The parameter extraction of the frequency response discussed in section gives no
significant parameter impact for a wavelength of A = 670nm. Thus the optimization is
done at A = 850 nm. However, the curves for both wavelength are printed and discussed
in this section.

The frequency response for A\ = 670 nm is printed in figure [6.2] The hollow circles are
obtained by measurement. The solid line represents the simulation results. Above 10 MHz
there is a mismatch between simulation and measurement. At first the simulation gives
higher magnitude and then drops below the measurement data at around 3 GHz.
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Figure 6.2: Frequency response for A = 670 nm illumination.

Figure [6.3] shows the frequency response for A = 850nm. The hollow circles are the
measured frequency response used as target for the fitting process. The solid line is the
simulation results.

The parameters obtained by the frequency response fitting are given in table The
parameter ksrv has little impact on the frequency response as discussed in section [4.3
This causes difficulties in convergence of the optimizer. Hence the parameter ksrv is set
to its default value of 0.

The deviation in the frequency response is severe. However the more interesting quantity
for a circuit design is the transient response.

The simulation results are plotted along with measurement readings in figure and
for A = 670nm and A = 850 nm illumination, respectively.
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Figure 6.3: Fitted Frequency Response for A = 850 nm illumination.

Parameter Value

ktauns 4,843E-3
ksrv 0

Table 6.2: Model parameters obtained by fitting the frequency response H(f) at
A = 850 nm.

The initial slopes in the transient simulation for A = 850 nm are quite accurate to the
measurement results. The measured signal then slows down at 0.15 before reaching its
final value. The reason for the deviation cold be parasitic effects in the measurement
setup, e.g. parasitic capacitance, the bias-T, instability of the laser source or multiple
reflection of the laser. This effects have not been investigated so far. The rise and fall
times for 20-80 % however are considered accurate enough for use in a circuit simulator.
The result for A = 670nm is not as close as the one for A = 850nm. The asymmetric
behavior of the photodiode was already encountered in section[5.2] As expected the model
is unable to mimic this effect. However, the obtained results for the transient response
describe the qualitative behavior related to the wavelength A, i.e. the photodiode responses
faster on wavelength which are absorbed closer to the depletion layer. The simulated
transient response is sufficiently accurate for a first generation photodiode model.

TCAD simulations were performed and compared to the measurement readings and model
output. The results of all three do not agree with each other as shown in figure

The reason was under investigation at the time this thesis was concluded.
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Figure 6.4: Transient response for A = 670 nm illumination.
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Figure 6.5: Transient response for A = 850 nm illumination.
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Chapter 7

Conclusion

State-of-the-art simulators able to calculate the opto-electronic phenomena in a photo-
diode are costly. They are expensive and the simulation takes a long time compared to
circuit simulations. Special models are necessary to efficiently perform the calculations
for circuit simulation. The verification of these models were discussed in this thesis. The
assumptions and simplifications were investigated. The parameters for fitting the simu-
lation results to measurement readings were covered and a parameter extraction strategy
developed. A Levenberg-Marquardt algorithm was used to optimize the parameters. The
parameters of future photodiodes can be optimized using the obtained parameter extrac-
tion strategy.

The capability of the p-n-photodiode model was investigated by using a p-i-n-photodiode
as the device under test. The measurements of the major optical photodiodes charac-
teristics responsivity and frequency response were discussed. Static quantities like the
responsivity are well covered by the model. However major mismatches are encountered
in the frequency response. These mismatches are considered acceptable for a first genera-
tion photodiode model.

The model enables circuit designers to simulate opto-electronic integrated circuits. Thus
decreasing the development time, the risk of redesign and cost.
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Appendix A

Laplace Transformation of
Transient Response

The Laplace transform is used to obtain the frequency response of the measured transient
signal. It is given as

Flw) = £(f(1) = /O T H(t) et dt

The photodiode is illuminated by square-shaped light pulses. This signal can be written
as a sequence of step functions. Defining the step or Heavyside function ¢

1 ift>0
¢(t) = - Al
(t) {0 ift<O (A-1)

A Heavyside-shaped signal is transformed to

(A.2)

The step response current of the photodiode is assumed to be composed of exponential
functions starting at ¢ = Os.
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]~

In(t) =Y a? - (1- e*i> -o(#) (A.3)

k=1

Where K gives the order of the approximation. Using the Laplace transform results in

K 1 00 K 1 - 11 1100
L(In(t)) = aj <—> et =N a? <_ - ) e

k=1 5 0 k=1 ™ TS 0

SO . 1
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k=1 k=1 Tk o

K 1 Th
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L(Ion(t)) _Zak';_ak'm (A.4)

K
1 Tk
L(In(t)) =) aj - 5 aj - .

K
1+s-7 9 s
L, ZE 2, T2 W 2.2
£on(®)) kzlak s-(14+s-7) Tk s-(14+s-73)
K 2
1 1 a
L(Imn(t)) = — ..k A5
(@) =302 5 (A.5)

The transfer function in the complex frequency domain H(s) is given by the output (equa-

tion [A.5)) over the input quantity (equation |A.2]).

_ L(Lon(t))
HE) ==
H(s):f:l-a’% (A.6)
Th S+ = '
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The time constants 7, and the coefficients ai are used to fit the approximated transient
response in equation [A73] to measurement readings. For normalized signals the coefficients
sum has to be unity.

K
> ap=1 (A7)
k=1

Thus there are K — 1 independent variables which have to be optimized according to
measurement results. The coefficients are collected into an unit vector.

aK = [al, a ... CLK]

Using the vector notation equation becomes

aK~a?(:1

The coefficients of the unit vector are its projections on the axes. They are expressed as
the angles ¢ from the axes. For different orders K the individual coeflicients become

K=1: al = 1
K =2:a; = cos(p2) as = sin(p2)
K =3 : a1 = cos(p3) as = sin(ps) - cos(p2) a3 = sin(ys) - sin(p2)

For a general K the unity vector can be obtained by

ag = [cos(pk), sin(pk) - ax—1]

The measurement data of the photodiode is approximated using equation and K = 3.
Thus 5 quantities (y2, @3, 71,72, 73) have to be fitted. The resulting values are used to
obtain the transfer function by equation
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