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Electrical Modelling of High-speed Photodiodes
Geo Philip Muppathiyil

Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

Photodiodes are pivotal components in optoelectronic systems, converting light into
electrical signals with applications spanning from telecommunications to medical
devices. This thesis presents a comprehensive study on the electrical modeling
of photodiodes, aiming to enhance their performance when integrated with tran-
simpedance amplifiers (TTAs) in receivers.

The research commences with an in-depth analysis of the physical principles gov-
erning photodiode operation. Various modeling techniques are examined, with a
particular emphasis on equivalent circuit models that accurately represent the pho-
todiode’s behavior under different biasing conditions.

The model is constructed based on experimentally measured frequency response and
single-port reflection of the device. Devices with varying optical apertures and dif-
ferent biasing pads are analyzed. It is observed that the ground-signal pad geometry
introduces additional inductance to the electrical model, enhancing the frequency
response by up to 5 GHz compared to the ground-signal-ground pads. The study
also compares the performance of several photodiode prototypes, varying param-
eters such as absorber thickness and extraction layer thickness. Furthermore, the
combined response of the photodiode and TIA was simulated. The results indicate
that the frequency response, when combined with the TTIA for ground-signal pad
geometry, remains flat up to 35 GHz, outperforming the ground-signal-ground de-
sign. This ensures that the receiver is free from frequency-dependent distortions.
The responsivity and dark current characteristics of the devices are also measured.

In conclusion, the electrical modeling techniques presented in this thesis offer a
powerful framework for understanding the photodiode performance with TIA in
optical recievers. The findings contribute to the advancement of optoelectronic
technology, paving the way for more efficient and versatile applications in various
fields such as data centers and other high-speed communication systems.

Keywords: Photodiode, Frequency response, scattering parameters, Transimpedance
amplifier, Absorber layer, Extraction layer, Ground-signal, Ground-signal-ground,
Voltage-controlled current source
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1

Introduction

The increasing demand for high data rates and high-quality transmission, cou-
pled with the proliferation of large-capacity data storage, sensing capabilities, and
imaging technologies, presents novel challenges for existing communication systems.
While standardized 100-GBaud transmission schemes are available [1], recent publi-
cations have already demonstrated successful transmission experiments using symbol
rates of up to 200 GBaud for both coherent and direct detection schemes. Recent
advancements in Al have been nothing short of revolutionary, particularly in the
realms of generative Al and machine learning. These technologies are not only
transforming the way we interact with data but are also driving an unprecedented
demand for high-speed data centers. As artificial intelligence (AI) models grow in
complexity and the datasets they process expand exponentially, the need for rapid
data transfer within and between data centers has become critical [2]. Moreover,
the Al boom is coinciding with a period of intense growth in the data center market,
with expectations for the hyper scale data center market to grow at an impressive 20
percent compound annual growth rate[3]. As we continue to push the boundaries of
what Al can achieve, the symbiotic relationship between Al innovation and the ca-
pabilities of data centers will remain a pivotal focus for the tech industry. The need
for 100Gb/s per lane multimode (MM) vertical-cavity surface-emitting lasers (VC-
SELs) and associated receivers remains strong, particularly in data centers, cloud
storage, and enterprise networks. VCSEL-based multimode links, known for their
cost-effectiveness and energy efficiency, are especially well-suited for high-speed in-
terconnections (HSI) that support generative Al [4]. These advancements have been
facilitated by the accessibility of high-speed components [5, 6]. From the receiver’s
perspective, where the photodiode (PD) plays a central role, its performance signif-
icantly impacts data speed scaling and overall system efficiency.

Photodiodes serve as a crucial component in the receiver chain of a system. Their pri-
mary function is to convert optical signals, whether analog or digital, into electrical
signals, typically manifested as a photocurrent. The fundamental physical process
underlying semiconductor detectors involves the optical generation of electron-hole
(e-h) pairs through the absorption of incident photons. Subsequently, the photo-
generated e-h pairs are separated and directed toward the external circuit via an
electric field. This collecting field can be generated by applying an external voltage
bias across a reverse-biased junction, as observed in configurations such as PN (p-
type and n-type) and PIN (p-type, intrinsic, and n-type).

Physics-based models including fundamental physical partial differential equations,
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such as diffusion and transport equations [7, 8|, are often used to accurately predict
the electrical behavior of semiconductor devices and can be used to minimize the
costly and time-consuming test wafer runs involved in the development of new PDs.
However, a photodiode’s performance is influenced not only by the device itself but
also by the external microwave circuits, often resulting in discrepancies between sim-
ulations and measurements. To improve numerical modeling accuracy, researchers
employ equivalent circuit models that integrate microwave circuit simulations to
analyze the photodiode’s performance. This analytical approach simplifies the pho-
toelectric conversion problem into a purely electrical one, enabling concise and ef-
fective simulation of high-frequency device characteristics. By analyzing parameters
within the circuit model, accurate device behavior under various conditions can be
obtained [9)].

A precise equivalent circuit model better reflects the device’s physical characteristics,
guiding subsequent analysis and optimization processes. Understanding the full scat-
tering (S) parameters of a photodiode is crucial for designing and modeling optical
receivers, as the electrical interaction between the photodiode and trans-impedance
amplifiers (TTA) significantly influences receiver performance [10]. While modeling
using measured S-parameters alone is possible, having a reliable equivalent circuit
that explains observed photodiode behavior is preferable. The utilization of a simple
RC circuit plus transit time model [11] has proven insufficient to effectively fit the
measured S11 impedance and provide a precise understanding of the factors limiting
bandwidth in PIN detectors.

This research project represents a significant effort in developing a model for photo-
diodes by leveraging their electrical analogs. Specifically designed for use in optical
receivers operating around the 1000 nm wavelength range, they are intended to
be paired with vertical-cavity surface-emitting lasers as transmitters. The primary
objective is to explore the performance characteristics of photodiodes when inte-
grated with TTIAs. The model development is based on measured S22 parameters of
the photodiode device and frequency response measurements. A meticulous analy-
sis of the microwave circuitry associated with the photodiode is conducted, with a
specific focus on understanding how its geometry impacts effective bandwidth. Ad-
ditionally, the study investigates photodiodes with varying absorber thickness and
collector thickness to determine optimal performance in conjunction with TIAs.



2

Theory

This chapter provides a concise overview of photodiode (PD) operation, various char-
acteristic parameters, and the methodology for constructing an electrical equivalent
circuit.

2.1 Physics of Photodiodes

PDs serve as the initial component in the system receiver chain. Their primary func-
tion is to convert optical signals (whether analog or digital) into electrical signals,
typically manifested as a photocurrent (I,5). The fundamental mechanism under-
lying semiconductor detectors involves the optical generation of electron-hole (e-h)
pairs through the absorption of incident photons (Figure 2.1). These photogenerated
e-h pairs are subsequently separated and collected by an electric field, which can be
induced either by an external voltage bias in a reverse-biased junction. In certain
cases, an additional step follows photogeneration and collection: the photocurrent
undergoes amplification through external or built-in gain processes.

In the absence of illumination, detectors exhibit an output current known as the
dark current (ig). Meanwhile, the photocurrent typically demonstrates a linear

p region n region
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Figure 2.1: Photocarriers generation mechanism up on illumination for a standard
PN junction device [12].
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relationship with the input optical power,
Iy = RP;,, (2.1)

where R represents the responsivity of the device and P, is the incident optical
power. However, when exposed to high input optical power, the photogenerated
carriers effectively shield the collecting electric field, resulting in current saturation.
The photocurrent is contingent upon the quantity of photogenerated carriers, which,
in turn, relies on the material’s absorption profile relative to the wavelength (\) of
the modulated optical carrier. Consequently, the responsivity exhibits wavelength-
dependent behavior, characterized by a bandpass response. In the context of quasi-
static and memoryless behavior, the validity of relation (2.1) is maintained when
the optical power changes gradually over time. For time-harmonic input optical
power, this relation remains valid as long as the modulation frequency is lower than
the device cutoff frequency. However, when the input power varies rapidly, the
output current no longer tracks its instantaneous value. This discrepancy arises
due to low-pass or delay mechanisms, including the effects of device capacitance
and finite transit time for photocarriers before collection. In small-signal conditions
and for harmonic input optical power, we can define a frequency domain (complex)
responsivity (R(w)). This responsivity relates the amplitude and phase of the small-
signal photocurrent component at angular frequency (w) to the amplitude and phase
of the harmonic input optical power. Notably, the function R(w) typically exhibits
low-pass behavior.

2.1.1 Material Selection

The relationship between the optical absorption coefficient and wavelength is illus-
trated in Figure 2.2 for various photodiode materials. The curves show that the
absorption coefficient () exhibits strong wavelength dependence. Consequently,
each semiconductor material is suitable only within a specific wavelength range.
The upper wavelength limit (\.) is determined by the material’s bandgap energy
(E,), as the photon energy must be greater than the bandgap energy to create an
e-h pair for conduction. When expressing in electron volts (eV), A. can be calculated
in micrometers (um) using the following equation,

hc 1.2406
e = — = . 2.2
(um) = 5= = 5 vy (2.2)

The cutoff wavelengths are approximately 1.06 pm for silicon (Si), 1.6 um for ger-
manium (Ge), and 1.7 pum for indium gallium arsenide (InGaAs). The absorption
spectrum of InGaAs is contingent upon its compositional ratio. Specifically, the
Ing 53Gag 47As variant aligns with the lattice structure of InP, ensuring compatibility.
Beyond these wavelengths, the photon energy is insufficient to promote an electron
from the valence band to the conduction band. Conversely, at shorter wavelengths,
the photoresponse diminishes due to photon absorption near the photodetector sur-
face, where the recombination time for generated electron-hole pairs is very brief.
Consequently, the carriers recombine before the photodetector circuitry can collect
them.
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Figure 2.2: Optical absorption coefficient as a function of wavelength of different
photodetector materials [13].

2.1.2 Bandgap Engineered PDs

Conventional junction photodiodes encounter challenges related to the width of the
depletion region and the extended time required for charge carrier diffusion. In con-
trast, bandgap-engineered PDs, such as PIN and UTC(Uni-traveling-carrier) PDs,
are specifically designed to address these issues and enhance both frequency response
and responsivity.

The band diagrams for PIN-PD [14] and UTC-PD [15] are shown in Figure 2.3. The
PIN-PD has a straightforward three-layer structure, consisting of wide-bandgap
P- and N-layers along with a depleted absorber. In the depleted absorber of the
PIN-PD, both holes and electrons contribute to the photoresponse. However, the
output response primarily depends on the low-velocity carrier holes. Their transport
velocity is an order of magnitude lower than that of electrons, which limits the overall
photoresponse. The band structure of UTC-PD, achieved by dividing the PIN-PD
absorber into two layers, consists of a p-type neutral absorber and a wide-bandgap
(depleted) carrier collector [17]. By employing bandgap grading or doping in the
absorber, a quasi-field is formed to effectively reduce the electron traveling time.
Meanwhile, the photogenerated holes in the InGaAs absorber respond rapidly within
several picoseconds due to the high concentration of holes. This negligible effect on
the photoresponse allows the high-velocity electrons to dominate the overall response
in UTC-PDs. Additionally, quasi-ballistic transport (overshoot velocity) occurs in
the InP collector, resulting in a very short total delay time for the entire UTC-PD.
When comparing PIN-PD and UTC-PD with the same absorber width (W,), the
UTC-PD (with (W, = W..)) exhibits superior frequency response due to the shorter

5
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Figure 2.3: Band diagrams of (a) PIN-PD,(b) UTC-PD [16].

traveling time in the collector. This advantage arises from the significant difference
in carrier velocities, even though carriers in UTC-PD travel approximately three
times the average distance compared to those in PIN-PD.

The photodiode aperture must be sufficiently large to accommodate misalignments
in the supporting optics or to efficiently collect light from an optical fiber operating
in multimode conditions. Additionally, there are novel modified PIN diodes with
separate light absorption and electron drift/collector regions [18]. Similar to UTC
PDs these devices take advantage of the high absorption properties of InGas at lower
wavelengths (980-1060 nm) and the peak electron drift velocity in InP under specific
electric field conditions. Figure 2.4 shows the schematic of the energy level diagram
of this modified PIN PD with separate light absorption and drift regions, where the
arrow marks the position of a thin n-type layer that controls how the voltage drop
is divided between the absorber and collector.

—Ec
— kv

p-InAlAs

InP collector INGaAs

absorber

Energy

Position

Figure 2.4: Energy level diagram of separate absorption and drift region PD.
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2.1.3 Channel capacity of a Photodiode

The maximum data rate of a communication channel, often referred to as the channel
capacity C of a communication system is given by the Shannon-Hartley relation [19],

S
=B1 1+ — 2.
C 08 ( —|—N,) (2.3)

where B represents the bandwidth, S and N represent signal and noise power re-
spectively. Substituting the expressions for S and N for a PIN photodiode,

R*P?

C = B logy(1
%Lt 3 (RPw +ip)B + 4hsTB/ Ry

(2.4)

where ip is the dark current of the PD. kg represents the Boltzmann constant, T is
the absolute temperature and Ry, stands for the load resistance. Equation 2.4 [19]
demonstrates that while dark current and background noise do impact channel ca-
pacity, frequency bandwidth, and responsivity play a more crucial role in achieving
maximum channel capacity.

2.2 Photodiode Characteristic Parameters

2.2.1 Quantum efficiency and responsivity

The quantum efficiency 1 of a photodiode relates to the photodiode’s ability to
convert optical energy into electrical energy, which is defined as:

_ number of e-h pairs created (2.5)
= umber of photons incident’ '

Iy,

n= 5 (2.6)

n

hv

where I, is the photo-induced current, P, is the incident optical power, ¢ is the
elementary charge, h is the Planck’s constant, and v is the frequency of the incident
radiation. Instead of the quantum efficiency 7, the responsivity R (Equation 2.1) is
often used,

qn

R = W (2.7)
For an ideal photodiode, the output photocurrent (I,,) exhibits linearity with the
incident optical power (Py,). A photodiode is considered linear when its responsiv-
ity (R) is independent of input power. However, in practical scenarios, photodiodes
exhibit linearity only within a specific range of incident optical power. The mini-
mum incident optical power corresponds to the threshold of detectability, while the
maximum incident optical power is limited by the photodiode’s saturation point.
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2.2.2 Frequency Response

The bandwidth of photodetectors is a critical performance metric across various
applications. Researchers have extensively studied the limiting factors affecting re-
sponse time and explored methods for improvement. Typically, a photodetector’s
response time relies on carrier transport within the device and the circuit dynamics
described by the lumped element model. The 3-dB bandwidth serves as a useful char-
acterization parameter, reflecting the upper limit of the photodetector’s speed[20].

1

f3-dB = —F——,
v I+ fré

assuming Gaussian impulse response and transfer functions, the formula considers f;
as the transit time-limited bandwidth and frc as the RC time-limited bandwidth.
The transit time refers to the duration it takes for photogenerated carriers (electrons
and holes) to be collected within a photodiode. In an ideal PIN photodiode, this
transit time is directly proportional to the thickness of the depletion region relative
to the carrier velocity. Reducing the depletion region thickness increases the transit
time-limited bandwidth, but it comes at the cost of lower quantum efficiency for a
PIN PD whereas the quantum efficiency of the UTC-PD and separate absorption
and drift region PD are predominantly controlled by the thickness of the absorber
layer. Additionally, decreasing the depletion region thickness may lead to a larger
junction capacitance, which in turn reduces the RC time-limited bandwidth. The
RC time-limited bandwidth is often derived from the equivalent circuit model of the
photodetector. The presence of junction capacitance, along with parasitic capaci-
tance, creates a low-pass filter effect. Consequently, a smaller active area is preferred
to achieve a high response speed as the junction capacitance of a PD scales linearly
with the area.

(2.8)

The bandwidth of a short-pulse detector can be determined by applying an ultra-
short optical pulse to the input and measuring the resulting current pulse duration
at the output. The output pulse is passed through a load resistor (typically 50€2) to
generate a voltage pulse, which can be displayed and measured using an oscilloscope
and transformed to the frequency domain by a Fourier transform. The detector’s
bandwidth is then defined as the frequency at which its response drops to 50% of
its DC value. On a logarithmic scale, this corresponds to the -3 dB point of the
voltage spectrum and is commonly referred to as the voltage bandwidth. In optical
applications, this same measure of bandwidth is known as the optical bandwidth.
In analog and microwave contexts, bandwidth is defined as the frequency where the
output power decreases by 50% relative to its DC value. Again, on a logarithmic
scale, this corresponds to the -3 dB point of the power spectrum and is referred
to as the power bandwidth. Historically, this has also been termed the electrical
bandwidth. Mathematically,

-3 dB optical bandwidth = -6 dB electric bandwidth, (2.9)

due to the fact that electrical power is proportional to the square of optical power
in the photodetection process.

8
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2.3 Equivalent circuit model

The PIN-PD can be treated as a special case, consisting of a single intrinsic/de-
pletion layer (W,). The RC time-limited bandwidth (frc) and transit time-limited
bandwidth (f;) typically constitute the main 3-dB bandwidth of a PD. In this con-
text, we neglect diffusion effects at high frequencies. Assuming that the PD has a
single intrinsic layer (as shown in Figure 2.3) with thickness (d) and area (A), the
RC time-limited bandwidth can be expressed as:

1

fre =555 (2.10)

where C is the PD capacitance (in the ideal case)and R is the sum of series resistance
and the load resistance which is 5082 and the diode junction capacitance is given by

the relation,

e A
= — 2.11
C d ? ( )

with € being the permittivity of the i-layer. It is important to note that (2.11) un-
dergoes modification when a PD consists of multiple dielectric or depletion layers.
In such cases, the corresponding values are replaced by the effective relative permit-
tivity (€.) and the total depletion thickness (dr), respectively. These adjustments
are necessary for accurate modeling[22].

1

6’!"6 = ﬁ’ (212)
m=1 ﬁ
dr =dy +do+ ... + d,, (2.13)
re A
¢ = 0re & (2.14)
dr
Top optical
‘ window
P
P-InGaAs SiN,
P-InP
Polyimide

i-inGaAs

N
InP on Si template
(a) (b)

Figure 2.5: (a) Cross-section schematic of a mesa PD structure. (b) 3D schematic
of a high-speed InGaAs PD on silicon [21].
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Figure 2.6: Simplest equivalent circuit for S22 of a PD.

and the 3dB bandwidth becomes

dr

_— 2.1
21 Rege, A (2.15)

f3aB,rRC =

In this simple scenario, the input impedance of a PD should be represented by a very
simple circuit as shown in Figure 2.6. However one needs to consider the associated
microwave circuitry also to develop a practical equivalent circuit for a PD.

2.3.1 Time Delay equivalent circuits for PD

The time-delay equivalent circuit model for PIN-PDs has been thoroughly analyzed
by Wang et al.[23, 24], and is depicted in Figure 2.7. Fundamentally, a basic PIN PD
acts as a current generator. The corresponding equivalent circuit comprises three
main components, as shown in Figure 2.7.

e The PD itself

o The coplanar waveguide (CPW)

e The load
The photocurrent is obtained and simulated using a current source (1) in parallel
with the junction capacitance (C;) and a large shunt resistance, R; (usually 100
kQ2). Additionally, a small series of resistances (R, Rs2) accounts for the resistance
of the PD including the depletion region and the ohmic contact resistance or metallic
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Figure 2.7: PD equivalent circuit with CPW and load.
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Figure 2.8: PD equivalent circuit considering the transit time, CPW, and load.

connections. The impedance of the CPW section depends strongly on the geometry
and can affect the frequency response of the PD.

To evaluate the opto-microwave conversion properties of high-speed PDs, we can
synthetically analyze S-parameters, including reflection coefficients (Ss3), and op-
toelectronic conversion properties (S1). The small-signal radio frequency (RF)
equivalent circuit for the PD, considering both the carrier transit effect [25] and
the external parasitic components [24] is given in Figure 2.8. The small-signal RF
equivalent circuit given in Figure 2.8 uses a voltage-controlled current source (VCCS,
Iie = gmVae, where g,,, is the transconductance (taken to be 1 in this study), and
Ve is the voltage drop across C; to replace the current source I,;. R, and C; control
the transit response of the device. The overall frequency response of the photodi-
ode is influenced by several key factors, including the transit time bandwidth, RC
bandwidth, coplanar waveguide, and load impedance properties. An advantage of
using a simple time delay model lies in the ability to deduce lumped components
from basic impedance and frequency response measurements. This derived model
can then be effectively employed alongside available load properties (such as the
small-signal model of the load) to characterize the collective behavior of the receiver
system.

11
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3

Methods

This chapter provides an account of the experimental procedure employed to mea-
sure the critical parameters of photodiodes for constructing their electrical equiva-
lent circuit. As discussed in the preceding chapter, the electrical model is developed
based on impedance and frequency response measurements. Additionally, the as-
sessment encompasses the measurement of dark current (i) and responsivity (R),
both of which play pivotal roles in characterizing photodiodes.

3.1 Frequency Response measurement

Accurate measurement of photoreceiver responses is essential for applications in
high-speed optoelectronic systems. Historically, both impulse and heterodyne meth-
ods have been widely used to characterize high-speed photoreceivers. Heterodyne
methods offer exceptional accuracy [26] but can be time-consuming, providing only
the magnitude of the response. In contrast, time-domain measurements yield both
magnitude and phase information rapidly [27]. Advanced time-domain techniques
incorporate corrections for oscilloscope frequency response, jitter, and laser pulse
width. Additionally, time-base distortion, electrical mismatch, and measurement
nonlinearity[28] can also be addressed in time-domain measurements.

Considering a linear system with impulse response h and input x the output of the
system is given by a convolution,

y(t) = / 2(T)h(t — 7) dr. (3.1)

In the Fourier domain,
Y (@) = X(w)H(w), (3.2)

where H(w) is frequency response of the system. The frequency response can be
obtained by performing a discrete-time Fourier transform on the measured impulse
response function. In this project, impulse measurements using a pulsed laser allow
us to calculate the frequency response of the system.

3.1.1 Experimental procedure

At the core of the impulse measurement setup is a femtosecond laser system—the
FemtoFiber Pro by TOPTICA Photonics. This laser employs a core-pumped fiber
doped with Erbium ions as the active laser medium and non-linear processes sub-
sequently produce laser output with a tunability in wavelength (850nm-1100nm)

13
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Figure 3.1: Schematic of the experimental arrangement (a) lensed fiber focusing
the laser onto the device under test, (b)biasing and data collection.

and a pulse width of ~ 1 ps. The laser output is extracted using a polarization-
maintaining (PM) fiber and subsequently directed to the input side of the variable
optical attenuator (VOA) model V8OOPA by Thorlabs. The VOA allows precise
control of the output power through an external DC voltage. Figure 3.1 shows the
schematic of the experimental arrangement to measure the frequency response of
the PD. The output from the VOA is subsequently coupled to a (Yokogawa) optical
spectrum analyzer (OSA). The next step is the pulse width measurement using an
autocorrelator (APE pulseCheck 150). The operation of an autocorrelator for mea-
suring pulse duration involves superimposing a pulse with a time-delayed replica of
itself. These two pulses are then focused into a nonlinear crystal, such as a second
harmonic generation (SHG) crystal, where they recombine both spatially and tem-
porally, producing a third beam at twice the frequency of the original pulse. By
varying the time delay, the temporal overlap of the two pulses changes, resulting
in different interaction intensities. A detector measures the autocorrelation signal,
which represents the overlap intensity as a function of the distance (delay) variation.
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Figure 3.2: (a) Optical spectrum and (b) pulse width from the autocorrelator
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Since the autocorrelation signal is proportional to the pulse duration, analyzing this
signal enables the calculation of the pulse duration. The intensity autocorrelation
(a special case of cross-correlation) of the laser pulse (signal shape) is given by,

A(t) = / [()I(t — 1) dr, (3.3)
which in the Fourier domain becomes,
G(w) = Fi(w)F} (w) =] Fi(w) | (3.4)

The impact of the laser pulse shape can be de-embedded from the measured fre-
quency response, F'(w), using the autocorrelator measurement, thus giving us the
actual PD frequency response,

| F()

H(w .
| H(w) | o]

(3.5)

Figure 3.2 shows the optical spectrum measured in the OSA and the autocorrelator
pulse width measurement results.

Following spectrum and pulse width checks, the laser beam is directed into a lensed
polarization-maintaining fiber. The lensed fiber focuses the fundamental fiber mode
to a small area, significantly enhancing light coupling efficiency to the PD. The lensed
fiber is securely mounted vertically on a three-axis stage with fine adjustments, en-
suring precise alignment over the photodetector under test. Additionally, the PD is
placed on a temperature-stabilized platform to maintain a constant temperature of
25°C throughout the measurement. The biasing and output signal collection from

—GSG

—GS

Frequencyresponse(dB)

_25 1 1 1
0 20 40 60 80 100

Frequency(GH=z)

Figure 3.3: Frequency response of PD-A with GSG and GS probe measured at
-2V biasing.
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the photodetector is facilitated using either a GSG or GS probe, depending on the
PD design. The probe is connected via a V-cable to a bias T, which effectively
separates the DC biasing voltage from the high-frequency PD output. The resulting
output signal from the bias T is then directed to an equivalent-time sampling scope
for further analysis. After probing the photodetector (PD) using a microscope, we
record its impulse response under various bias conditions. To analyze the frequency
response, we perform a Discrete Fourier Transform (DFT) on the collected impulse
response. Figure 3.3 shows the frequency response plots obtained for PD-A with
GSG and GS probes with -2v biasing. The effect of the V-cable, bias T, and excita-
tion pulse shape are de-embedded from the frequency response. The length of the
PM fiber to the sample and the autocorrelator is kept the same to account for the
dispersion-related pulse broadening in the fiber.

3.2 Responsivity Measurements

The responsivity of a photodiode represents the ratio of generated photocurrent to
incident optical power. This measurement is typically performed within the linear
response region. To determine the responsivity of the photodiode under test, we
employ a continuous-wave (CW) 1064 nm laser. The input power of this laser is
adjusted using a VOA, whose voltages are calibrated to specific power levels using
a broad-area photodiode. After calibrating the VOA to specific power levels, we
direct the laser beam into the vertically mounted PM lensed fiber with a spot size
approximately 4 times smaller than the PDs’ optical aperture. The position of the
lensed fiber is adjusted while monitoring the reverse current to ensure maximum

light coupling. Figure 3.4 shows an example measurement of the responsivity of
PD-A with 20um optical aperture.
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Figure 3.4: (a) Responsivity measurement of PD-A GS probe(20um),(b)plot
between photocurrent vs optical power
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Figure 3.5: (a) Dark current for different optical aperture PD-A GS probe
(20um),(b) dark current of different optical aperture PD-B GS probe (20um).

3.3 Dark Current Measurement

To measure dark current, the device under test is enclosed within a black box in a
dark room, and the current passing through it is recorded at various biasing voltages
using a source measurement unit with a sensitivity in the order of 10s of picoampere.
Figure 3.5 illustrates the dark current for PD-A and PD-B under biasing conditions
of -1.8V and -3V. The dark current for the PD-B design is an order of magnitude
lower compared to PD-A. This reduction is likely attributed to the thicker absorber
in PD-B, which results in a lower electric field for a given reverse bias voltage
compared to the thinner absorber in PD-A.

3.4 Electrical reflection measurements (S22)

Single-port electrical reflection measurements, specifically S22 measurements, play a
crucial role in constructing the electrical equivalent circuit of the photodiode. These
measurements are conducted using a vector network analyzer (VNA). Prior to each
measurement, the VNA is calibrated using a standard calibration substrate provided
by the vendor. This calibration process effectively eliminates the impact of connec-
tion cables and probes, ensuring accurate and sensitive reflection measurements.
Figure 3.6 shows example S22 measurements of PD-A (20um, -2V bias) with GSG
(ground-signal-ground) and GS (ground-signal) probes. The VNA measurements
yield a complex reflection coefficient (S22) with a 502 load. S22 can be correlated
to the device impedance and the load by the relation

AR
S22 = 3.6
et (36)
knowing S22 and the load the impedance of the device can be calculated as
1— 522
Z =17 .
522 (3.7)

The measured S22 of the device can be used to determine the parasitic components
of the electric model. The optimization function in ADS is used to figure out the
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(a) (b)

Figure 3.6: (a) 522 of GSG and (b) S22 of GS of 20um PD-A biased at -2V.

component values of the circuit given in Figure 2.7. Once the parasitic components
are fixed the transit part is extracted by de-embedding the parasitic response from
the measured frequency response of the device. The high frequency reflection with
GSG and GS probe shows a significant difference (GS shows higher noise at high
frequency). This can be attributed to the better electric field confinement in the

case of GSG and the higher inductive nature of GS which is predominant at high
frequencies.
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Results

This chapter delves into a systematic analysis of the experimental data and the
process of constructing an electrical model. We employ Keysight Advanced Design
System (ADS) for circuit modeling. Specifically, we deduce the parasitic components
of the photodiode (PD) equivalent circuit based on single-port reflection measure-
ments. Subsequently, we leverage this information to derive the transit properties
of different photodiodes.

The study encompasses five distinct photodiodes (PD-A, PD-B, PD-C, PD-D, PD-
E), each characterized by varying absorber and collector thicknesses, as listed in
Table 4.1. Additionally, we fabricate photodiodes on each wafer with different op-
tical apertures (15, 18, 20, 22, and 25 um) to optimize device geometry for the
intended application. Increasing the thickness of the absorber layer notably im-
proves the photodiode’s responsivity, albeit at the bandwidth cost. Conversely,
adjusting the collector thickness impacts both the transit and capacitive properties
of the reverse-biased PD, potentially affecting the effective bandwidth of the receiver
system. Striking the right balance among these parameters is critical for optimizing
overall PD performance.

While this family of PDs are fabricated with Ground-Signal (GS) pads to facil-
itate flip chip compatibility with a specific platform, each wafer also includes a
Ground-Signal-Ground (GSG) pad device corresponding to all five different optical
apertures. This arrangement enables direct comparison and facilitates a detailed
study of external parasitic contributions to overall performance. Figure 4.1 depicts
a microscopic image of the GSG and GS pad devices.

PD Absorber thickness Collector thickness
PD-A d X
PD-B 1.6d 0.94x
PD-C 1.6d 0.81x
PD-D 1.6d 0.69x
PD-E 1.6d 0.56x

Table 4.1: Absorber and collector thicknesses of the different modeled PDs.
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(b)

Figure 4.1: (a) PD with GSG and (b) PD with GS pad.

4.1 Parasitic Components

The parasitic component values are determined from the measured single-port reflec-
tion data. Subsequently, the circuit depicted in Figure 4.2 is employed to optimize
the lumped component values. The vector network analyzer (VNA) measurement
yields a complex reflection coefficient (S22) with a 5092 load. S22 can be correlated
to the device impedance Equation (3.7) which in general is a complex quantity with
both real and imaginary parts.

4.1.1 Optimization of parasitic components

The component values are determined using the optimization function in ADS. Four
distinct optimization goals are defined, each with varying error tolerances. These
goals include optimizing the magnitude of S22 (with an error tolerance of up to
2%), the phase of S22 (with an error tolerance of up to 2%), the imaginary part
of Z (with an error tolerance of up to 2%), and the real part of Z (with an error
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@

Figure 4.2: Electrical equivalent circuit for single port reflection of PD.
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tolerance of up to 6%) for the component extraction process. The optimization
process spans a frequency range from 10 GHz to 60 GHz, aligning with the device’s
area of interest. Initially, the tuning function in ADS is employed to approximate
the main component values based on experimental measurements. Subsequently, a
random optimization algorithm with 2500 steps refines the lumped element values.
Figure 4.3 illustrates the plots for PD-A with GSG pads (20 um and -2V reverse
bias), featuring component values C; =43.13fF, C; = 6fF, C, = 23fF, Rs; =8.99,
RSQ :19169, L1 = 7pH, L2 = 23pH

Simulated Z_imag
Measur imag

freq, GHz

Figure 4.3: Experimental and simulation results of different parameters for 20
pm PD-A with GSG pads at -2V:(a) S22 Smith plot, (b) the magnitude of S22, (c)
the percentage error in magnitude and phase of S22, (d) imaginary part of
impedance, (e) real part of impedance (f) the percentage error in the real and
imaginary part of impedance.
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4.1.2 Dielectric bridge and CPW

In the preceding chapter, C1, L1, C2, and L2 correspond to the dielectric bridge and
coplanar waveguide components of the device. Regardless of the biasing conditions,
these components must remain consistent for each aperture size device. To achieve
this, optimization with identical goal definitions is performed across devices of vary-
ing aperture sizes and at different bias voltages (-2V, -3V, -4V, -5V). Ideally, one
would anticipate that the C1, L1, C2, and L2 values remain constant for a device
of a specific aperture size. Consequently, the average values across different bias
voltages are used to determine the fixed component values. Figures 4.4, 4.5, 4.6 and
4.7 present the measured and simulated results of PD-A (20 pm), using the C1, L1,
C2, and L2 average values, while Table 4.2 provides the corresponding values for
the different voltages.
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Figure 4.4: Experimental and simulated S22 and impedance results for GSG 20
pm PD-A at -2V bias.

Bias voltage (V) | C1 (fF) C2(fF) L1(pH) L2 (pH)
-2 6 15 3 23
-3 5 16 11 22
-4 6 20 8 24
-5 7 21 6 23
Avg 6 18 7 23

Table 4.2: Lumped element values for different biasing conditions for 20 pym
PD-A with GSG pads.
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Experimental and simulated S22 and impedance results for GSG 20

pm PD-A at -3V bias.
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Experimental and simulated S22 and impedance results for GSG 20

pm PD-A at -4V bias.

In a similar procedure, lumped element values are extracted for various aperture
sizes. The average value across different conditions is then utilized to construct the
impedance model for all PDs. PDs with GS pads undergo a similar analysis. Table
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Figure 4.7: Experimental and simulated S22 and impedance results for GSG 20
pm PD-A at -5V bias.

Bias voltage (V) | C1 (fF) C2(fF) L1(pH) L2 (pH)
-2 0.5 15 222 2
-3 1 25 208 5
-4 1.5 20 216 7
-5 1 20 214 6
Avg 1 20 215 5

Table 4.3: Lumped element values for different biasing conditions for 20 pym
PD-A with GS pads.

4.3 presents the lumped element values corresponding to various bias conditions,
with the average value employed in constructing the equivalent circuit.

4.1.3 Parasitic Response Extraction

After identifying the lumped components for the dielectric bridge and CPW, we ana-
lyze the parasitic response of the device using the specified circuit given in Figure 4.8.
The circuit’s scattering parameters are computed using ADS. In the methodology
employed for this study, we focus solely on the S21 magnitude during the modeling
process. All other magnitudes are intentionally set to ‘-100dB’, and phase angles are
uniformly set to ‘0. The bridge and the CPW parameters are established based on a
predetermined aperture size, characterized by the mean values of C1, C2, L1, and L2
(given in Tables 4.2 and 4.3). Subsequently, the optimization process is reiterated
to ascertain the values of the parasitic elements, specifically (C;, R;, Rs1 and Ry).
Table 4.4 provides the values of the parasitic lumped elements for PD-A (20um)
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Figure 4.8: electrical equivalent circuit for extracting the parasitic response of
the device.

with GSG and GS pad geometry at a biasing voltage of -2V. The device’s parasitic

Pad geometry C; (fF) R;(KQ) Rs1(92) Rsy (92)
GSG 49 22 9 19
GS 47.8 29 13 11

Table 4.4: Parasitic lumped element values for 20 pm PD-A biased at -2V with
GSG and GS pads.

frequency response can be accurately simulated by computing the S21 parameter,
utilizing the circuit delineated in Figure 4.8. This computation incorporates the
lumped element values as specified in Tables 4.2, 4.3 and 4.4. The following plot
(Figure 4.9) shows an example of the extracted parasitic response of PD-A (20um)
at -2V bias with GSG and GS pads.

dB(GSG)
dB(GS)

freq, GHz

Figure 4.9: Extracted parasitic response of 20pum PD-A biased at -2V with GSG
and GS pads.
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Figure 4.10: Extracted parasitic response of different 20um PDs biased at -2V.

The effect of high inductance in GS pad devices is well manifested in the peaking
parasitic response of the device. It is anticipated that this will have a significant im-
pact on the device’s frequency response as well. In the same procedure, the parasitic
response for all the other PDs also generated using their specific parasitic elements.
Figure 4.10 shows the parasitic response of different PDs of 20 um with GS pads at
a biasing voltage of -2V.

Table 4.5 presents the extracted parasitic component values for various photodiodes
(PDs) with GS pad geometry (20um, -2v biasing). The peaking frequency of the
parasitic response is influenced by the junction capacitance, series resistances, and
pad lump elements. Among the devices, PD-A exhibits the lowest junction capaci-
tance (as shown in Table 4.5) and consequently, the highest peaking in the parasitic
response. Given that all these devices have the same optical aperture, the dielec-

C, () | R,KQ) | RBsi(Q) | Rss ()
PD-A 47.8 29 13 11
PD-B 54.2 33 17 7

PD-C 51.6 28 14 17
PD-D 54.8 29 8 10
PD-E 64.8 39 13 10

Table 4.5: Parasitic lumped element values for 20pum PDs with GS pad geometry
biased at -2V.
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tric bridge and CPW lumped elements remain constant. Therefore, the parasitic
response of the device is determined solely by C},Rs; and Rs,.

4.2 Transit Response Extraction

The transit response of a photodiode refers to the time it takes for charge carriers
(electrons and holes) generated by incident light to travel across the photodiode’s
depletion region. The transit response of the device can be deduced from the mea-
sured frequency response, utilizing the parasitic lumped elements (extracted par-
asitic components in the previous section). In this study, Ground-Signal-Ground
(GSG) devices are employed to extract the transit response. The parasitic response,
illustrated in Figures 4.2 and 4.10, is de-embedded from the measured frequency
response (performed in ADS) to isolate the device’s transit response. To enhance
accuracy and mitigate the impact of device aperture size, we compute the aver-
age transit response across various device sizes obtained through the de-embedding
process. Figure 4.11 illustrates the transit response of PD-A at a reverse bias of -
2V, obtained through the de-embedding process that removes the parasitic response
from the device’s frequency response. The simulated transit time is derived from
the physics-based simulation of the device structure. The simulated transit band-
width is slightly lower than the extracted values, potentially due to deviations in
doping levels from the design. These deviations can result in varying transit speeds
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Figure 4.11: Extracted transit responses of of PD-A at -2V bias with the
simulation result
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or shorter effective transit lengths, which enhance bandwidth at the expense of in-
creased capacitance.

Adhering to the established methodology, the transit response of all photodiodes
(PDs) is derived from the measured frequency response using the parasitic response,
which is deduced from the parasitic elements calculated for the respective device.
Figure 4.12 illustrates the transient response of the PDs featuring a 20 ym aperture,
under a bias voltage of -2V. The absorber layer thickness in PD-B, PD-C, PD-D,
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Figure 4.12: Extracted transit responses of 20 ym PDs with GS pads biased at
-2V.

and PD-E is 1.6 times greater than that of PD-A, which would typically suggest a
higher transit bandwidth for PD-A. However, as shown in Table 4.1, the collector
layer thickness of the different PDs is also gradually reduced. The transit response
is thus a combined effect of both the absorber and collector thicknesses. Notably,
PD-E exhibits a broader transit response despite having a thicker absorber layer,
likely due to its significantly thinner collector region.

4.3 PD Electrical Model

By leveraging the parasitic lumped components derived from optimization based
on measured S22 and the extracted transit response of the PD, we construct the
electrical equivalent circuit for the PD as shown in Figure 4.13. R represents the
impedance of the load connected to the PD. We utilize the S parameter associated
with the transit to model the transit time for charge carriers within the PD. The S21
value of the circuit, configured with components chosen for the desired bias voltage,
yields the simulated frequency response of the device. In the transit S parameter
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Figure 4.13: PD electrical equivalent circuit.
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file, all magnitudes except S21 are intentionally set to ‘-100dB’, and phase angles
are uniformly set to ‘0’, aligning with the modeling methodology of interest.

Figure 4.14(a) presents the measured and simulated frequency response of PD-A
(GS/20pm) under a reverse bias of -2V. Notably, figure 4.14 (b) highlights the ne-
cessity for an additional inductor of 140 pH to align the measured frequency response
with the device’s simulated behavior. This additional inductance can be attributed
to the GS probe, which is not fully accounted for, as only the magnitude of the
probe’s frequency response is de-embedded for the impulse response measurements.

4.4 PD TIA co-simulation

Co-simulations of the PD and trans-impedance amplifier (TTA) are conducted us-
ing the 4-port S parameters of the TTA as a load for the PD’s equivalent circuit.
The circuit depicted in Figure 4.15 is employed for these co-simulations. L; in the
circuit diagram refers to the inductance of the bond wire from the PD to the TTA
MMIC. The TIA S-parameters are provided by the TIA designers. To represent the
transit behavior of the device, the extracted transit S-parameter file is used and the
optimized parasitic component values of the corresponding devices are used for the
simulation. Figure 4.16 shows the combined frequency response of PD-A and TIA
at different bias conditions for the GSG device and Figure 4.17 the corresponding
results for the GS device. It is evident from Figure 4.16 and 4.17 that the extra
inductance in GS pads produces a peaking in the frequency response. The peak-

simulation
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Figure 4.14: Simulated and measured frequency response of 20 um PD-A biased
at -2V. (a) without extra inductor (b) with an extra inductor.
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Figure 4.15: Circuit for PD TIA co-simulations.

ing caused by the additional pad inductance results in a flatter frequency response
for the GS pad device below 30 GHz. This maintains the system’s linearity and
prevents frequency-dependent distortions. Additionally, the flat response simplifies
system calibration and enables effective utilization of the available bandwidth.

Similarly, the PD (GS pad) and TTA co-simulation is performed for different PDs of
aperture size 20 ym at a biasing voltage of -2V. Figure 4.18 presents the normalized
frequency response of these PDs in conjunction with the TIA.
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Figure 4.16: Combined frequency response of 20 pum PD-A with GSG pads
together with the TIA at different bias voltages.
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Figure 4.18: Normalized frequency response of different GS 20um PDs biased at

-2V together with TIA.
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4. Results

Among the different designs, PD-A, which has the minimum junction capacitance,
exhibits the maximum peaking in the frequency response together with the TIA. Re-
ducing the thickness of the collector layer enhances the device’s transit bandwidth
but conversely increases its capacitance, resulting in a reduced overall bandwidth.
PD-E, with the minimum collector thickness and maximum capacitance, demon-
strates the lowest bandwidth among the devices.

4.5 DC measurements of PDs

As a part of characterizing the device the dark current and the responsivity of
different PDs are also measured. Table 4.6 shows the measured responsivity and
dark current of different PDs with GS pad geometry of 20 pum aperture at -2V
biasing condition.

PD-A PD-B PD-C PD-D PD-E
Responsivity(A/W) 0.46 0.58 0.55 0.55 0.55
Quantum efficiency 0.54 0.68 0.64 0.64 0.64
Dark current (nA) ~10 ~ 0.5 ~ 2 ~ ~
Channel Capacity 58 72 71 71 69
(Gbits/sec)

Table 4.6: Measured responsivity, quantum efficiency and dark current of
different 20um PDs with GS pad at -2V biasing

The photodiodes PD-B through PD-E exhibit an enhanced responsivity, which aligns
with expectations, attributable to the presence of a thicker absorber layer when
contrasted with PD-A (Table 4.6). Nanoampere dark currents are anticipated to
have a negligible impact on performance, as TIA noise is expected to dominate
provided the dark current remains below 1 pA. The channel capacity calculated

using the measured bandwidth, responsivity, and dark current is also given in Table
4.6.
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Discussion and Conclusion

Various photodiodes (PDs) were electrically modeled based on single-port reflection
measurements and frequency response data. The electrical model was constructed
with particular emphasis on the geometry of the contact pads. It was observed that
the specific geometry of the contact pad significantly impacts the performance of
the PD when used in conjunction with a trans-impedance amplifier (TTA). To de-
lineate the parasitic components from the S22 measurements, an initial assessment
of the bridge and CPW components is conducted across various geometries. It has
been observed that devices featuring a ground-signal (GS) pad geometry exhibit
a comparatively higher inductance, which, in turn, markedly affects the frequency
response of the device. The transit behavior of diverse devices is determined by de-
embedding the parasitic response from the device’s measured frequency response.
The adopted methodology necessitates the extraction of both transit and parasitic
responses under varying bias conditions. Pertaining to the comprehensive electrical
model of the PDs with GS pads, an additional inductance of approximately 140
nH is required to replicate the measured frequency response. This supplementary
inductance is attributable to the inductance of the GS probe, which is employed for
biasing and for the collection of photocurrent from the PD, a characteristic partic-
ularly pronounced in GS pad devices.

Notably, the behavior of ground-signal pads, as compared to ground-signal-ground
pads, indirectly contributes to an inductive peaking effect [29], resulting in a 3dB
frequency response enhancement of up to 5 GHz. The study also reveals that the
transit response of the photodiode (PD) depends not only on the absorber thickness
but also on the thickness of the collector layer. Therefore, it is possible to achieve
higher responsivity without compromising the device’s transit speed by adjusting
the collector layer thickness. However, this adjustment increases capacitance, mak-
ing it essential to consider the real-world load of the PD to achieve an appropriate
trade-off between transit time and capacitance. Among the various designs, PD-A,
with the minimum junction capacitance, exhibits the largest bandwidth but also
the strongest peak in the frequency response when paired with the TTA. Reducing
the collector layer thickness enhances the device’s transit bandwidth but conversely
increases its capacitance, resulting in a reduced overall bandwidth with the TTA.
PD-E, with the minimum collector thickness and maximum capacitance, demon-
strates the lowest bandwidth among the devices.

The methodology employed in this study utilizes S22 and frequency response mea-
surements to construct the equivalent circuit. Consequently, the mathematical equa-
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5. Discussion and Conclusion

tions used are sometimes under-determined, making it difficult to fully separate cer-
tain variables (e.g., C1 and C2, L1 and L2). The accuracy of S22 and frequency
measurement data is crucial, as small errors can lead to inaccuracies in the cal-
culated lumped elements. For GS devices, S22 exhibits significant noise at higher
frequencies. Therefore, optimization is performed only up to 50 GHz, which makes
the model prone to more errors in high-frequency simulations.

The model could be enhanced by employing 3D electromagnetic modeling of the

CPW and the dielectric bridge, allowing for the extraction of lumped elements from
the 3D EM simulations.
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