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ABSTRACT

With the advent of smartphone technology, numerous sensors and applications
have been integrated into mobile devices. Plus, this technology can support and
continuously modify people's lives, such as how they connect, shop, and conduct
financial and banking transactions. Apart from mobile technology, one of the most
important things to address is how people defend their rights, data, and private
information in an insecure environment. As a result, security and complexity challenges
arise. Over the last decade, many strategies have been created and tested to ensure user
reliability when utilizing mobile devices and technologies. Thus, biometrics are used to
identify individuals since they are unique. They represent something that exists in every
human being.

Recently, smartphone makers are increasingly opting for a bezel-less display,
eliminating the need for a fingerprint sensor on the home button. Thus, a thin-film
fingerprint sensor within the display area would be an appealing option, despite the
development of ultrasonic and thermal fingerprint sensors. Both have disadvantages:
ultrasonic sensors are expensive for large-area display applications, and thermal sensor
pictures have a short lifetime. Therefore, an optical fingerprint sensor based on solution-
processed organic photodetectors (OPDs) could be used as an alternative. The OPDs
based on organic semiconductors are a potential class of sensors that can provide these
features. Their performance has increased rapidly in recent years, demonstrating their
potential as a supplementary technology to inorganic devices. Most importantly, their
solution processability allows for fabrication using industrial printing processes. The

significant parameter space of printing, along with the morphological and energy
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requirements of OPDs, creates a slew of obstacles to the transition from lab-scale to
applicable production procedures.

However, there are still several issues related to the reliability of the optical
fingerprint sensor, especially identity spoofing. On that account, several studies have
been done recently to employ the Photoplethysmogram (PPG)-based authentication,
which utilized the time-series bio-signals for biometrics. From this perspective, this
dissertation provides a fundamental analysis of the optical simulation for human skin
structure and fingertip structure at different distances and positions between the light
source and detector for PPG sensor application. This analysis is done to understand the
light propagation behavior in human tissues for better detection of PPG sensors. The
simulation results show that the reflectance-based PPG principle has higher detection
than the transmission-based principle. Plus, the reflectance-based is better in terms of
applicability to any body parts.

Then, this study proposed the fingerprint-on-display (FOD) applications based
on OPD devices for the biometric sensing application for the smartphone. This system
uses the pinhole imaging technique, well-known for its immense images and
straightforward structure. It combines optical sensors, which serve as image sensors,
with a display for biometric fingerprint scanning. There are a few options for integrating
this feature across the display area. Compared to inorganic photodiodes, OPDs benefit
from large-area deposition capabilities, which can cover the entire display sensing area.
The light distribution from a pinhole onto the sensor pixel was studied to observe the
crosstalk and uniformity. Thus, recommending the critical parameters to improve the
system in the future.

The evaluation focuses on the optical crosstalk between adjacent pixels for the

organic image sensors using the interdigitated electrode structure. For applications
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requiring full-display sensing, the shorter exciton diffusion length of organic
semiconductors in the OPD can support the high resolution of the organic image sensor.
By adjusting the distance to determine the minimum pixel pitch for the organic image
sensor, we could demonstrate the photocurrent diffusion from the exposed area to the
buried electrodes. Unexpectedly, the observation shows that the photocurrent diffusion

was more critical than the anticipated exciton diffusion length, even at 10 um.
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CHAPTER I

INTRODUCTION TO BIOMETRIC AUTHENTICATION

11 RESEARCH BACKGROUND

Biometric recognition is a scientific field that identifies persons by measuring
some aspects of their anatomy, physiology, or other behavioral characteristics.?
Biometric technologies provide a powerful authentication mechanism and are still being
developed. Governments, forensics, and law enforcement agencies primarily support
their spread to increase public security or a general sense of security. Biometric
identification does not directly improve safety but functions as a disincentive to illicit

activity.

These biometric qualities indicate the individual’s physiological identity and
cannot be transferred or misplaced. They are becoming increasingly crucial in-person
identification solutions. Biometrics attributes are measurements taken from the living
human body since the name biometrics is derived from the Greek words bios (life) and
metron (measuring).? Capturing a biometric characteristic with a biometric sensor (for
example, a fingerprint scanner) generates a compact but expressive representation of
the information (feature set). Then, those pieces of information are finally organized
into one or more feature sets into an enrollment template, which will be saved into

storage. Later, this biometric system can be used for verification or identification.



1.2 BIOMETRIC CHARACTERISTICS

The biometric characteristics can be divided into several parts, as shown in

Figure 1.1. A brief explanation for each feature is provided as follows: -

a)

b)

Fingerprint: It is one of the biometric profiles with the most appealing
characteristics. Fingers, and thus fingerprints, are found on every human
being. They are exceedingly distinct and persistent; even if they vary slightly
owing to skin scrapes and bruises, the fingerprint returns after the finger
heals. Live-scan fingerprint scanners can capture high-quality fingerprint
photographs by placing a finger on the sensor. Fingerprints have long been
used in forensic sections for criminal investigations, and the technologies
that support them are challenging to defeat. Fingerprint recognition is one of
the most well-established biometric technologies and can be used for many

applications.®

Face: Face recognition is one of the most prevalent techniques people use to
recognize other persons in their daily visual encounters. It makes it the most
acceptable biometrics quality for the security verification process. The
acquisition is simple and painless. However, the algorithms are very
challenging to develop as they are invariant to age, expression, stance, and

environment differences.

Hand/palm: Some aspects of the human hand are mainly similar, while
others are unique to a person. The subject’s cooperation is required to

acquire frontal and side-view photos of the palm. It is also possible to



d)

f)

recognize the vein structure of the hand or finger using proper instruments

(near-infrared imaging).”

Iris: Iris recognition is another method to identify a person by examining
their iris pattern. Here, a non-contact imaging procedure is usually used to
obtain the image. However, this recognition method should not be confused
with retina scanning, another ocular-based technology. John G. Daugman is
the person who pioneered the development of this technology based on iris
recognition algorithms.® These algorithms are required for image collection
and one-to-many matching. Iris identification is exceptionally accurate at

high-resolution images and rarely hampered by glasses or contact lenses.

Voice: Voice access is not intrusive. Like a biometric attribute, it is unlikely
to be sufficiently unique to allow a subject to be identified from an extensive
database of identities. The voice signal is affected by elements such as a
person’s health, stress, and emotional state, as well as the quality of the

acquisition device.

Signature: A person’s signature is considered a trait of that person, yet it
evolves through time and is impacted by physical and emotional factors. For
a long time, signatures have been accepted as a verification technique in

government, legal, and commercial transactions.
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Figure 1.1 Biometric classification. (a) fingerprint, (b) face, (c)

palm/hand, (d) iris, (e) voice, and (f) signature.

13 FINGERPRINT AUTHENTICATION

In recent years, full-screen smartphones with thin bezels and no physical buttons
on the front display have become the norm. Fingerprint sensors, formerly housed under
the home button, must now be placed on either the side or backside of the smartphones.
Nevertheless, this fingerprint sensor is more convenient and intuitive if placed on the
smartphone’s front face. Fingerprint recognition has been developed in various ways
for display technology, where capacitive, optical, and ultrasonic fingerprint sensors are
the most common nowadays.”*® These methods are utilized in the current smartphones

since they can be positioned underneath the display.



1.3.1 Optical Fingerprint Sensor

The oldest way of obtaining and comparing fingerprints is with optical
fingerprint scanners. This method is based on the optical image capturing - essentially
a photograph, as shown in Figure 1.2. Using algorithms, it then analyzes the image’s
lightest and darkest portions to discover distinctive surface patterns, such as ridges or
marks. These sensors, like smartphone cameras, have a limited resolution. The finer
details the sensor can discern about your finger, the higher the resolution and the higher

the level of security.

On the other hand, these sensors capture images with far more contrast than a
typical camera. When your finger is over the scanner, it’s apparent that it’s dark. As a
result, scanners use LED arrays or your phone’s display as a flash to illuminate the

fingerprint surface during scanning.

T

Fingerprint surface

Valley

OLED Display

Fingerprint sensor
(photodetector)

Light from display
Reflected light from the fingerprint surface

Figure 1.2 Optical fingerprint sensor



1.3.2 Capacitive Fingerprint Sensor

The capacitive scanner is another popular fingerprint scanner today. It can be
found on most mid-range or high-end smartphones at the front, rear, or side. Due to
their added security benefits, capacitive scanners have gained popularity. As the name
implies, the capacitor is the fundamental component, as shown in Figure 1.3. Capacitive
fingerprint scanners acquire data using arrays of tiny capacitor circuits rather than a
typical fingerprint image. As the capacitors hold an electrical charge, we used them to
track the specifics of a fingerprint by attaching them to conductive plates on the
scanner’s surface. The stored charge is somewhat altered when a finger’s ridge touches
the conductive plates. On the other hand, an air gap will leave the charge at the capacitor

primarily unchanged.

T

Fingerprint surface

Valley

Cr Rid
ge
/JTV\i
Cox % Cox % Passivation layer

Figure 1.3 Capacitive fingerprint sensor

Electrode



1.3.3 Ultrasonic Fingerprint Sensor

The ultrasonic sensor is the most recent fingerprint-scanning technology to join
the smartphone market. Qualcomm was the first to reveal this technology within the Le
Max Pro smartphone in 2016, where Qualcomm’s Sense ID technology is the main
element of the design. The 3D Sonic Sensor, Qualcomm’s first-generation ultrasonic
sensor, debuted in the Galaxy S10 phones in 2018. As time passes, Samsung’s flagships,
including the Galaxy S22, have since implemented Qualcomm’s 3D ultrasonic in-
display fingerprint sensor. The technology consists of an ultrasonic transmitter and a
receiver to capture a fingerprint’s features. An ultrasonic pulse is transmitted when a
finger is put over the scanner. Everyone has the uniqueness of ridges, pores, and other
characteristics on the fingerprint surface. Thus, the reflected pulse will differ depending

on those characteristics, which are then sensed by the sensor.

- T

Fingerprint surface

Valley

Nt P

e — Ridge : .

RICIIp OLED Display

e =~ . .

Fingerprint sensor
. (ultrasonic waves)
Reflected waves Ultrasonic waves

Figure 1.4 Ultrasonic fingerprint sensor



The trend in mobile phone design has been dominated by larger phones, up to
the current maximum for user comfort while maximizing screen size, since the
smartphone’s debut. The emergence of foldable displays will allow the trend mentioned
above to continue. The latest models have an almost full-front side display. As the bezel
and home button have been discarded in the recent model by the phone makers, the
sensors must be integrated with the display to achieve sensing functionality beyond
capacitive touch. Thus, it necessitates a high-resolution sensing solution in the display
area for biometric recognition, which has traditionally been performed with a capacitive
silicon-based sensor. Optical and ultrasonic sensing modalities have been the first
demonstrated technologies integrated into a small display area. The technology for this
purpose has been discussed previously, and the pros and cons are summarized in

Table 1.1.



Table 1.1 Summary of optical, capacitive, and ultrasonic fingerprint

authentication technology.

Method Advantages Disadvantages

Insecure.

Optical Can be embedded

underneath the display.

Recognizing issues on dry
- Small footprint area. fingerprint surface.

- Less consistency.

Capacitive - Difficult to fool. - Week penetration.

- Lower cost. - Signal interference between
touch panel and fingerprint
identification signal.

Ultrasonic - Highly accurate (3D - Very expensive.
mapping). - Complex processes.

- Hard to fool.

- Work better even if the
finger  surface is

wet/oily.

14 PROBLEM STATEMENT

From the perspective of a full-front display for fingerprint authentication,
implementing a thin-film fingerprint sensor within the display area would be an elegant

option. Under this consideration, an optical fingerprint sensor based on solution-
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processed organic photodetectors (OPDs) would be an alternative. OPD-based sensors
are ideal for this application because of their low process temperature feasibility for the
solution process. These factors enable large-area photodetector arrays on thin, plastic
substrates at a reasonable cost compared with other technologies for the full-display

fingerprint sensor, as shown in Figure 1.5.

Figure 1.5 Simple classification of the advantages and disadvantages

of the optical, capacitive, and ultrasonic fingerprint authentication.

As we proposed the use of optical sensing across the entire display area, new

possibilities emerged:
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a) The phone can be unlocked at any point on the smartphone display.

b) Specific apps can be secured by biometric access when pressing the icon.

c) The optical sensor array can be used for optical touch at a lower resolution
and faster readout mode. In this case, it increases the potential to eliminate

the need for an additional capacitive touch module.

d) The optical sensors can be used as ambient light sensors.

e) The display can act as the proximity sensor itself.

However, processing a large area of uniform thin-film OPD is quite challenging.

The main issue with the optical system is the dry finger, which cannot create uniform

and inconsistent contact with the surface of the sensor cover layer.

15

OBJECTIVE OF WORK

The objectives of the study here are:

a. To analyze the position of the photodetector from the light source for the

PPG signal.

b. To observe the light propagation behavior in turbid media to enhance the

PPG signal acquisition.
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c. To analyze the pinhole imaging technique for implementing full-display

fingerprint authentication.

d. To study the exciton diffusion length between the electrodes using the

interdigitated electrodes (IDEs).

e. To estimate the crosstalk current between the pixels for the organic image

sensor based on the exciton diffusion from the IDEs structure.

1.6 THESIS ORGANIZATION

This thesis includes six chapters that discuss the various theoretical and

experimental findings. It is structured as follows:

CHAPTER 1| introduces the biometric authentication system technology currently
available in the market. It also covers the issues related to biometric authentication

applications for display technology and the aim of the work.

CHAPTER 11 briefly explains the fundamentals of OPD. It covers the working
principle and architecture of the OPDs. The figures of merit for this device are also
briefly described to understand the essential parameters. Additionally, the application
of OPDs toward the large-area image sensor based on previous publications and

contributions is provided in this chapter.

CHAPTER Il introduces PPG signals based on principles and signal acquisition. The

method used to observe the behavior of light propagation in the human skin and
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fingertip structure is described through the ray tracing technique. This simulation
analyses the changes in the light propagation’s behavior and the signals obtained from

imitating the pulsating condition.

CHAPTER 1V covers the pinhole imaging technique based on its principle and
mechanism. It also introduces the implementation of this technique to the large area
display sensing for the biometric authentication system. The analysis in this chapter
covers a simple pinhole design for the display and observing the light distribution onto

the sensors underneath the display passes through the pinhole structure.

CHAPTER V focuses on the organic image sensor device’s crosstalk photocurrent
analysis between neighboring pixels. The investigation will cover the exciton diffusion
length in commonly used organic semiconductor materials for OPD devices. This
analysis uses the IDE structure, especially for a simple spin-coating process of the

device’s fabrication.

CHAPTER VI summarizes the findings of all analyses throughout this thesis. Future
works and recommendations are introduced in this chapter for development and

enhancement.
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CHAPTER 11

ORGANIC PHOTODETECTOR

2.1 INTRODUCTION

Today’s science and technology depend heavily on photodetection technology.
Photodetectors are widely used in this technology. It converts the input photons into an
electrical signal for the photodetection application. These devices are commercially
available where it uses inorganic semiconductor-based materials such as silicon or
compound from group 111-V materials in the periodic table. They are commonly used
due to their high charge-carrier mobility, low exciton binding energy, and excellent
stability. However, the practical applications of commercial inorganic photodetectors
are severely constrained due to several drawbacks, particularly regarding the
requirement for large-area, flexible, and affordable devices. These drawbacks include

complicated and expensive manufacturing processes and mechanical inflexibility.

Organic photodiodes (OPDs) are becoming more desirable for light-sensing
applications. They have a fascinating combination of optoelectronics characteristics.
Apart from that, the high photogeneration yield also is one of the factors which
increased its feasibility. Those characteristics of affordable manufacturing costs,
lightweight, and flexibility have attracted other researchers to focus on this device for
various photo-sensing applications.*® Plus, Kudo et al. were the first to exhibit the OPD

in 1981, showing the potential of organic semiconductors (OSCs) to control the spectral
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response in the form of OPD without color filters.*> Additionally, thin active layers of
only 100 nm are adequate to absorb up to 60% of the incident light due to the more
significant absorption coefficients of organic materials (=10°cm™) compared to

silicon.16-21)

Over silicon photodiodes (Si-PDs), OPDs offer additional benefits. First, they
allow for the solution processing of large-area image sensors on a range of flexible
substrates due to their compliance with the thermo-mechanical properties of plastic.??
Secondly, OPD arrays are feasible to fabricate from the solution process at a lower
temperature than amorphous silicon (usually less than 150°C).?® Thus, utilizing
industrially scalable coating processes, such as slot-die coating, opens the door to
cheaper manufacturing costs. Furthermore, no diode patterning or alignment is
necessary to integrate OPDs in large-area image sensors. The top-side absorbing OPD
arrays with semi-transparent top electrodes provide more excellent resolution compared
to imaging systems built on glass substrates, where light refraction and the resulting

dispersion results in enhanced optical crosstalk between single pixels.?¥
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Figure 2.1 Benefits of OSCs with prospect applications.

OPDs now target a range of markets in the image sensor sector. Although
compared to their inorganic equivalents, the longevity of OPDs for long-term
applications is doubtful and has been a drawback. However, lifetimes of over
14000 hours under continuous operation have recently been shown for OPDs with
cutting-edge characteristics.?® A recent investigation demonstrates that an OPD-based
image sensor is still functional after more than a year.'® Furthermore, dangerous
halogenated solvents like chloroform, chlorobenzene, and 1,2-dichlorobenzene are
frequently used to deposit solution-processed active layers in OPDs.?9:26:27) Moreover,
significant research has been put into developing photovoltaic devices processed using
halogen-free solvents. Examples of halogen-free solvents are hydrocarbon solvents or
water-based nanoparticle dispersions.?®-39 Thus, using these solvents may pave the

way for the eventual commercialization of more environmentally friendly OPDs.
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2.2 OPD WORKING PRINCIPLE AND ARCHITECTURE

OSCs have a lower relative permittivity (er = 3 — 4) than inorganic
semiconductors. Instead of free carrier generation, the light absorption leads to
photogeneration excitons with a relatively high binding energy between 0.35 and
0.5 eV.3Y In most cases, in the device fabrication of OPDs or even organic photovoltaic
(OPVs), the bulk heterojunction (BHJ) structure is used to analyze its performance and
functionality. This structure consists of finely intermixed percolating networks from the
electron donor and acceptor phase.®? Due to the large interface area between the
electron donor and acceptor, these networks facilitate higher exciton dissociation. In
contrast, the bi-continuous networks enable charge transport to the appropriate
electrodes. A BHJ layer is sandwiched between two electrodes or at least one interlayer
between the active layer and anode, such as a hole transport layer (HTL). Figure 2.2

depicts a typical OPD architecture.

Cathode (Al)
Active layer (PCBM:P3HT)

HTL (PEDOT:PSS)

Transparent anode (ITO)

Figure 2.2 OPDs device architecture.
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OPDs typically receive a negative bias voltage in contrast to OPV devices,
which usually function under positive bias at the maximum power point. The OPD
energetic band diagram with reverse-biased is shown in Figure 2.3. At the donor phase,
photogenerated excitons split into free charge carriers, which drift to the appropriate
electrodes due to the applied electric field. An effective electric field due to sufficient
reverse-biased will extract all the photogenerated charges. Thus, generating the

photocurrent, which is independent of the applied voltage.

Donor

~~~.__LUMO
S S
=

pemmmmm A |

HOMO 5 ccepror

Figure 2.3 OPD mechanism upon illumination.

In terms of their internal workings and design, OPDs resemble OPVs. However,

the objective of OPDs is to convert light signals into electrical signals, whereas that of
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OPVs is to produce electrical energy from light energy. The demands for each device’s
performance differ since each type serves a unique purpose. The photoelectric
conversion efficiency of OPVs is a crucial performance factor. The devices must
balance the open-circuit voltage and fill factor while converting as much light energy
as possible from the entire solar spectrum. It is then turned into an electric current to

increase OPV’s conversion efficiency.

Contrary to OPVs, which are made to absorb the entire sunlight spectrum, the
spectral response range of OPDs needs to be adjusted for the application. Other OPD
performance factors, such as their specific detectivity and response speed, are crucial in
addition to their spectrum response. In addition, photodetector’s performance can be

improved by applying a reverse bias.

dark

[Mlumination
intensity increase

Current density (mA/cm?)
— |

Photodiode mode Photovoltaic mode

Voltage (V)

Figure 2.4 1-V curve of an OPD at different light intensities.
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2.3 FIGURES OF MERIT

In this sub-chapter, we thoroughly characterize the crucial figures of merit to
comprehend the reported OPD performances. Direct comparison of OPD performance
can frequently lead to confusion because reported metrics are commonly measured
using different experimental techniques and settings. From a critical viewpoint, we
highlighted the range of testing procedures and the difficulties or limitations when
comparing the reported data. We will also include the dependence on vital experimental

variables, such as bias voltage, light intensity, and others.

2.3.1 EQE and Spectral Responsivity

The spectral responsivity, R (A/W), determined the produced current by the

OPD per incoming photon at a specific energy. It can be determined using:

R=-152, (2.1)

where Jpn (A/cm?) is the photocurrent density, and Pin (W/cm?) is the intensity of the
incident light.®® The external quantum efficiency (EQE) is the ratio between the number
of incoming photons and the number of photogenerated free electrons. It can be written

as follows:
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h
EQE = REV, 2.2)

where h is the Planck constant, v is the incident photon’s frequency, and q is the
elementary charge. High EQE (and thus R) is preferred to ensure effective photon flux
detection. The EQE should ideally be spectrally invariant and as high as possible across
the entire operational wavelength range for broadband OPDs. In the case of narrow-
band OPDs, high EQE is crucial for the desired spectral window due to the requirement
of color discrimination.®® In addition, the EQE’s spectrum absorption can be controlled
by tuning the absorption characteristics of the donor and acceptor phase and the optical
band gap. In a different method, charge collection narrowing is induced using a thick
(about 2 um) BHJ layer. In this case, only poorly absorbed photons will produce
electrons close enough to the extraction layer to be collected.® The micro-cavity effects
can further boost the EQE in particular wavelength bands.®:*) Since the heterojunction
OPD has the behavior of optical cavities, the multiple reflections between two semi-
transparent metallic electrodes cause interference phenomena internally. Thus,
increasing the absorption within the photoactive layer. It is then causing the spectral
features of some wavelengths to be widened or narrowed. Recently, this phenomenon
has been used by researchers to improve the EQE in the infrared region by enhancing
the charge-transfer (CT) state absorption. These effects can be controlled by carefully
adjusting the photoactive layer thickness and the characteristics of the optical spacer
layers.®” Gathering numerous charge carriers per incoming photon or
photomultiplication can also improve EQE. It is often accomplished in OPDs by trapped
charge carriers bending energy bands, which enhances the charge injection under

illumination conditions.3®
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Finally, due to improved charge extraction efficiency, EQE (and consequently
R) under reverse bias typically improves with higher applied voltage (i.e., electric field
strength) but should eventually reach the saturation limit. Under reverse-biased, a trade-
off between high EQE and low dark current density, Jq is implied that Jq¢ will continue

to rise as the electric field increases.

2.3.2 Speed of Response

After being created due to photon absorption, electrons and holes move toward
the appropriate electrodes due to the applied electric field. The speed of response
determines the OPD dynamic range and cut-off frequency. It measures the time needed
to gather the photogenerated charge carriers at each contact.’® The impedance
spectroscopy or time-of-flight photocurrent transients are commonly used to measure
this response time.*?*Y) However, various methods may produce different experimental
results at low charge carrier densities (<10 cm™) even though they probe through the
same processes. It is because of surface recombination at the electrodes or an uneven
charge distribution throughout the active layer.*? It is generally acknowledged that for
polymer: fullerene BHJ OPDs, the transit time is constrained by the mobility of the
slowest carrier, typically attributed to holes in the polymer phase.*®% Transit durations
for ordinary OPDs are in the order of ps for 100 — 300 nm thickness. Despite that, it is
still shorter than the shortest interframe delay (33 ms) for imaging applications running

at 30 frames per second (fps).*®
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2.3.3  Noise Equivalent Power (NEP) and Specific Detectivity (D")

Noise equivalent power (NEP) is the lowest incident light power that the OPD
can detect. The optical signal power resulting in a signal-to-noise ratio (SNR) of 1 is
another definition of the NEP.' The NEP (W/Hz?) can be written as follows using the

description for the spectral responsivity provided by Equation (2.1):

[
NEP — noise (23)

RVB'

where inoise is the noise current, and B is the detection bandwidth.3® The reciprocal of
the NEP normalized to the square root of the device area, A is the specific detectivity

D*, measured in units of cm HzY? W (i.e., Jones):

~ R<AB

D = . (2.4)

noise

Although a precise noise calculation is necessary to calculate D*, experimental
noise measurements are complicated and not frequently carried out. It is common to
assume, for simplicity, that the shot noise, isnot from the dark current, is makes up most
of the noise, which results in:
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- RVAB RJA R (2.5)

D = = :
Inoise \/qud \/2q‘]d

Ja is assumed to be a constant value removed from the photoinduced signal in this notion.
Equation (2.5) suggests that shot noise restricts D* and dominates the dark current while
ignoring 1/f noise and thermal noise.*® This assumption may exaggerate the specific
detectivity, as noted.®¥4®) Therefore, it is possible to doubt Equation (2.5)’s general
applicability. Additionally, there may be confusion when comparing reported D*
determined with Equation (2.5) due to two factors. The first factor is that J¢ depends on
the applied electric field. The second factor is R depends on the wavelength and applied

light intensity according to Equation (2.1).

2.3.4 Dark Current Density (Jq)

Any current produced by a reverse-biased voltage in the absence of light is
referred to as a dark current. The detrimental influence on several crucial metrics may
measure the impact of high dark current density on OPD performance. First, increased
Ju reduces sensitivity to low light intensities and causes a lower SNR. Additionally,
lowering the minimum detectable photocurrent limits the image sensor’s linear dynamic
range (LDR) or the operational light intensity range.3® Lastly, Equation (2.5) shows that
the specific detectivity, D* diminishes with increasing dark current densities. Reducing
Ja is crucial for enhancing SNR, LDR, and D* in OPDs. In contrast to R, Jq¢ can range
over multiple orders of magnitude depending on material qualities and device

architecture.?
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Lowering the dark current density in OPDs has received much attention lately.
Modern OPDs show 10 6 — 107 mA cm range values.??-25) As Jq significantly depends
on the applied bias, there is still no established standard procedure for measuring this
parameter. Therefore, it can occasionally impede the direct comparisons of the reported

results for the researchers.

24 OPD APPLICATION IN LARGE-AREA IMAGE SENSORS

OPDs are good choices for applications where the researchers desire conformity
because of their flexibility. X-ray detectors, which are a well-established technology for
digital radiography in the field of medical imaging, serve as an actual example. In
conventional indirect conversion detectors, X-ray photons are typically converted into
ultraviolet (UV) or optical photons by a scintillator layer. Then, the Si-PD array,
installed on a rigid glass substrate, is used to detect it.*¥ The manufacturing procedure
is greatly streamlined when Si-PDs are replaced with OPDs that have undergone
solution processing, which lowers the fabrication cost. Compared to inorganic X-ray
detectors based on rigid glass substrates, flexible X-ray image sensors are active under
deformation and can adapt to complicated geometries, potentially enabling more
accurate imaging of the human body.*” The first flexible photosensor array was
demonstrated by Ng et al., utilizing solution-processed OPDs on a flexible a-Si matrix
backplane.*® Next-generation digital breast tomography systems were proposed by
Zhao et al. in 2014. Their study used OPD-based X-ray imagers with amorphous indium

gallium zinc oxide (a-1GZ0) thin-film transistors (TFTs).*? Gelinck et al. demonstrated
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the X-ray imager fabricated using a solution-processed organic transistor array on a thin,

flexible plastic substrate.*”)

The OPD array also has been used to detect visible light reflected from the finger
or hand, respectively, and for gesture recognition in biometric fingerprint and palmprint
scanners prototypes.>?5% The difference in reflectance between the finger valleys and
ridges is used to create fingerprint images. This technique is a low-cost replacement for
bulky inorganic detectors. It is simple to incorporate into door handles or mobile phones.
Compared to medical X-ray applications, fingerprint scanners need a better spatial
resolution. A resolution of 200 pixels per inch (ppi) is typically necessary to unlock
mobile phones. However, a higher resolution is required for high-quality fingerprint
authentication, enabling more accurate sensing and, thus, a more considerable margin
of safety. The detection of hand shadowing for gesture identification uses larger but
poorer resolution arrays. Both applications demand reliable functioning under various
lighting situations. Therefore, a linear photoresponse to the OPD is crucial. This can be
done by using a second pulsed light source to modulate the OPD photoresponse and

separating the temporal component from the time-invariant background contribution.

One of the prospects for OPD applications is the pulse oximeter sensor. It is a
non-invasive device used to measure the oxygen saturation in the blood and monitor the
heartbeat.>?5® Near-infrared (NIR) light is used, which minimally penetrates the skin
before being partially absorbed or reflected. The organic pulse oximeters offer
flexibility compared to conventional devices that often limit the sensing position to
fingertips or ear lobes when used in reflective mode. Ideally, 850 nm light wavelength

photoresponse can measure blood oxygenation levels.>® Usually, at least two different
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wavelengths of light are released one after the other. Thus, the light detection of each

reflected hue can determine the degree of arterial hemoglobin oxygenation.

2.5 SUMMARY

OPDs have yet to be used in practical applications, despite OSCs showing
significant benefits over inorganic semiconductors. One possible explanation is that the
overall performance of OPDs is still inferior to that of inorganic photodetectors. The
advantages of OSCs, such as flexibility, large area, and low cost, can bring many good
things in the future, especially in light-sensing applications. Still, it has yet to be fully
utilized. Most OPD research is currently being carried out by universities and research
institutions, with only a limited amount of involvement from the companies. As a result,
studies of OPDs tend to concentrate on fundamental and creative research. The device
lifetime is another crucial constraint that restricts the practical use of OPDs. Most OSC
materials are prone to degradation when exposed to water vapor, oxygen, and other
contaminants. However, flexibility, transparency, and wearability will be crucial for
producing more alluring electronic devices and maintaining product competitiveness to
suit the expanding market requirements.>%® OPDs may be an excellent choice to

realize all of the required features compared with traditional semiconductor materials.*”
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CHAPTER I11

PHOTOPLETHYSMOGRAPHY SENSOR SIMULATION

3.1 INTRODUCTION

The pulse oximeter is a non-invasive device that measures oxygen saturation in
the blood as an initial procedure before further diagnosing a patient.5”) The data from
the device is then utilized to assess various medical issues related to heart and lung
function.®® Pulse oximetry generally works on two principles, as shown in Figure 3.1.

The principles are reflection and transmission and are readily available on the market.

(a) (b)

Figure 3.1 Principle of (a) reflectance-based and (b) transmission-

Bl Licht source

Photodetector

based pulse oximeters.

Pulse oximeters are made up of two primary components. The light source and
the photodetector are those components. The emitted light from the light source is

absorbed, transmitted, scattered, and partially reflected in the skin, blood, bone, and
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other tissues under various situations. The photodetector is then utilized to generate an
electrical signal by sensing the reflected light (reflection-based) or the varying
intensities (transmission-based).” This electrical signal’s AC pulsatile and quasi-static
DC components contain two pieces of information.’? As seen in Figure 3.2, these
components combine to form the photoplethysmography (PPG) signal. The
considerable DC component corresponds to light dispersion through tissues, venous
blood, static arterial blood, and skin, as seen in Figure 3.2. On the other hand, the low
AC signal is caused by variations in light absorption in arterial blood vessels during
systole and diastole pulsation.®V) Since pulsation (blood flow) is governed by the brain,
cardiac, and respiratory interactions, the signal can help provide some preliminary

information about the user’s health state.

A
PPG Signal (a.u.)

-
4E Pulsatile arterial blood
component !
A
Non-pulsatile arterial blood
I
DC Venous blood

component M

Subcutaneous tissue, bones, fats, etc.

Time (sec)

Figure 3.2 PPG signal components.
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Several studies have been conducted in recent years to improve the pulse
oximeter’s performance, reliability, and feasibility, primarily as wearable daily health
monitoring devices. Huang et al. demonstrated a multi-detector system ring-type pulse
oximeter in 2014.52 They analyzed the effect of placing the light source and detector at
different angles in the system and compared it with the multi-detectors approach for
measuring arterial oxygen saturation (SpO2). They also mentioned that employing a
multi-detector system can improve PPG signal capture even further. They obtained
more significant signals than the commercially available fingertip-type pulse oximeter.
Elsamnah et al., in 2019, built a reflectance-based pulse meter sensor with a circular
organic light-emitting diode (OLED) surrounded by the OPD at two distinct
distances.5® Shorter lengths have a more substantial SNR, according to their findings.
As a result, the location of the light source and photodetector can significantly impact
the PPG signals. However, information on the optical behavior of the finger structure
or turbid media still needs to be included. Since the light scatters in the turbid media are

very complex due to their systems and optical properties.

Optical human tissue simulation has been extensively investigated to understand
turbid media’s light characteristics and behaviors. This research is critical to improving
the reliability of systems or applications that rely on a light source and photodetector as
significant components. Hiraoka et al. used the Monte Carlo (MC) method to
investigate the optical path length of the homogeneous tissue in the near-infrared (NIR)
in 1993.%4 In 2004, Reuss et al. employed this MC approach to examine arterial
pulsation on a tissue model using reflectance pulse oximetry.®® Peris et al. built a
custom MC technique platform in 2007, constructing the pulse oximetry mechanism

using an opto-physiological model.®® In 2019, Chatterjee et al. used the MC approach
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to investigate the optical interactions in reflectance and transmittance finger PPG.6" As
a result, research into the interaction of light with human skin is required to provide

helpful information for improving PPG devices.

We used the LightTools software and the MC ray tracing method to conduct this
simulation. Based on the reflectance-based technique, a skin model was used to observe
the internal ray tracing. A fingertip model was also used to monitor the ray tracing based
on the reflectance and transmission principles. By varying the thickness of the highly
oxygenated blood layer for the skin structure and the artery diameter for the fingertip
structure, we attempted to mimic the pulsation state. Then, we estimated the optimum

distance between the light source and detector for the pulse oximetry device.

3.2 MONTE CARLO (MC) SIMULATION

The optical simulation in this work was performed using the LightTools
software with the MC method for the optical ray tracing. The model’s geometry and
structure are described in this section. Other details, such as the optical properties of the

materials employed in the simulation, are also discussed.

3.2.1 Skin and Finger Structure

Figure 3.3 depicts the three primary layers of the skin tissue model employed in
this simulation.®®¢8-72 The epidermis is made from dead cells and acts as a protective
layer outside of the skin. The plexus superficial and plexus profundus layers make up

the dermis, which is a cushion for the inner layer. This layer contains many blood
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capillaries, particularly in the plexus profundus, where the pulsatile state develops. The
subcutaneous or hypodermis layer is mainly made up of fat and other tissues and is the
bottom layer. Table 3.1 summarizes the creation of the skin model utilized in this

simulation.5%-68)-72)

+ Epidermis

Dermis . Dermis with Plexus Superficials
(PS)

Hb

~ Dermis with Plexus Profundus
HbO2 / (FEd

<+ Subcutaneous Tissue

Figure 3.3 Skin tissue model.
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Table 3.1 Human skin model thickness.

Layer Sublayer Thickness (mm)
Epidermis - 0.2
Dermis Dermis 1% layer 0.2
Plexus Superficials 0.2
Dermis 2" layer 0.9
Plexus Profundus 0.6
Hb 0.06

HbO: 0.012 (initial)

Subcutaneous Tissue -

0.060 (pulsatile)

4.0

The basic fingertip structure was considered for simplicity, as shown in

Figure 3.4, with the dimensions employed.52 778 Muscles, bones, and tendons make

up the structure of the fingertip, and the size of each varies from person to person. As a

result, this model has no conventional size.



34

15mm x 20mm

h|( )h = 3.4mm

T |# 0.2mm —
‘ —

[ P w = 4.8mm
\\ . / “‘\ . .
\ . / // ™ Epidermis
7mm S .
\ ‘ . / r=0.3mm
5 \ Dermis and Pulp

10mm x 20mm r=0.5mm /0. 7mm

Figure 3.4 Fingertip structure model.

3.2.2 Optical Simulation by MC Method

Light is considered a bundle of photons conveyed across turbid media in the MC
simulation. The paths of photons in the media are defined by statistically generated
random numbers and described by several optical characteristics. The Henyey-
Greenstein distribution is widely used in biomedical optics, and it is implemented in the

LightTools software with the function:”"

p(&):%. 1-9 —, 3.1)
4 {1+ g’ —2g.cos(¢9)2}

where 4 is the scattering angle, and g is the scattering anisotropy parameter. The value

of g is represented by the cosine of the scattering angle as given by:""
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g =(cos)

J': p(6)cosd.2zsinode. (3.2)

A few critical elements for the optical human tissue simulation will determine the
behavior of light scattering and distribution in human tissue. The refractive index (),
anisotropy parameter (g), absorption coefficient (U1a), scattering coefficient (ps), and

Mean Free Path (MFP) are the optical properties that are summarized in Tables 3.2

and 3.3.62)65).78).79)



36

Table 3.2 Optical properties of the human skin structure.

Ha s MFP
Material n g
(mm?) (mm) (mm)
Epidermis 1.433 0.79 0.27 10.7 0.093458
Dermis with
Plexus 1.396 0.82 0.27 19.2 0.052083
Superficials
Dermis with
Plexus 1.400 0.78 0.27 225 0.044444
Profundus
HbO, 1.363 0.98 0.20 775 0.012900
Hb 1.362 0.98 0.72 775 0.012800
Subcutaneous
1.370 0.75 0.003 5.0 0.20000

Tissue
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Table 3.3 Optical properties of the human fingertip structure.

Ha Hs MFP
Material n g
(mm?) (mm) (mm)
Epidermis 1.433 0.79 0.27 10.7 0.093458
Dermis and
1.380 0.91 0.05 8.6 0.115600
pulp
Bone 1.400 0.92 0.05 33.1 0.030100
HbO, 1.363 0.98 0.20 77.5 0.012900
Hb 1.362 0.98 0.72 77.5 0.012800

3.2.3 Simulation Process

The simulation was performed on the fingertip structure for both principles.
However, the skin structure was not simulated for the reflection-based mechanism as it
is not feasible in thicker areas of the human body, such as the arm and forehead. The
arrangement of the light source and detector placement used in these simulations is

shown in Figures 3.5 and 3.6.
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Figure 3.5 Reflectance-based for the skin structure.

Source

2mm x 2mm x 0.2mm

I
Tmm
Smm X Smm X 0.2mm Source d Detector
Detector

Figure 3.6 Transmission (left) and reflection (right) type of the

simulation setup for the fingertip structure.

The light source in these simulations was a 633 nm (red light) wavelength at
1 mW radiometric power. It exhibits surface illuminance as well as Lambertian angular
distribution features. At the same time, the detector employs surface detection to

monitor and count the number of photons arriving at the detector’s surface. The pulsatile
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condition was achieved by varying the thickness of the structure. The initial state is
believed to be the diastolic mode, which reflects the DC component of the PPG signal.
Based on Table 3.1 and Figure 3.4, the thickness or radius of HbO> in both structures
was increased in systolic mode. The difference represents the AC component of the

signal obtained from the simulation.

3.3 OPTICAL RAY TRACING
3.3.1 Ray Tracing

The ray tracing distribution under the scattering event in the skin model for the
reflection-based concept is shown in Figure 3.7. The distance between the light source
and the detector was 0 mm, and the light was only dispersed to the detector surface
through the HbO; layer. In this simulation, we employed 10° rays for visualization only
(as shown in Figure 3.7) and 108 for data collecting. Because the dermis layer has a
more significant scattering coefficient than other components, most photons were

scattered.
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Figure 3.7 Filtered ray tracing distribution of the HbO- layer in the

skin structure.

For the fingertip model, we set the distance between the source and detector to
7 mm for transmission and 0 mm for reflection-based principles. In the same way, the
number of rays used was like the previous analysis. The 7 mm distance was chosen
based on the assumption that a modest pressure was given to the fingertip. It occurs
during the PPG measurement procedure, especially for the clip-type PPG device.
According to Figure 3.8, the transmission-based theory reveals that the light source
sends fewer rays to the detector surface. One of the explanations is the propagating
light’s comprehensive course of travel within the model. Another factor is the

significant scattering effect of the bone structure, which hampered light propagation.
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Figure 3.8 Ray tracing in the fingertip structure for the transmission-

based with sectional view (left) and side view (right).

Figure 3.9 Ray tracing in the fingertip structure for the reflection-

based with sectional view (left) and side view (right).

3.3.2 Pulsating Condition

Figure 3.10 depicts the skin model’s signal intensity (including DC and AC
components) dependent on the number of photons detected on the detector’s surface at
various distances from the light source. In both diastole and systole, the number of

photons decreased as the distance between them increased.
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Figure 3.10 Number of photons detected at the sensor surface for the

diastole and systole conditions for the skin structure.

We next converted the signals gained from the simulation into electrical signals
and studied them further. The photocurrent was estimated based on the fabricated
device, which was discussed in detail elsewhere.®63 The current density was estimated
by assuming the sensor has 40% of EQE. Figure 3.11 depicts the AC signals generated
by the produced photocurrent at various distances from the source and detector. The
predicted photocurrent density was reduced as we increased the distance. The estimated
photocurrent was reduced for 0 mm to 2 mm between the source and detector. Still, it
remained within a similar magnitude, around 10*® A/mm2. However, as we extended
the spacing from 3 mm to 5 mm, we saw a considerable photocurrent reduction from

10 A/mm? to 102 A/mm?2. As we increased the distance between the detector and the
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illuminated area, we assumed it was due to the expanded traveling route of the rays from
the interest area. Scattering events in turbid media also impact the reflected light that

reaches the sensor.
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Figure 3.11Estimated photocurrent density for AC component from the

skin model at different source-detector separations.

On the fingertip structure, we also reproduced both principles. The goal was to
see how the position of the source and detector affected the results. Figure 3.12 depicts
the photocurrent density depending on reflection and transmission. As expected, even
in the fingertip structure for the reflection-based, the closer distance between the source
and detector has higher photocurrent density, similar to the simulated skin model

results. However, the gap between 1 mm and 3 mm for both versions is slightly
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different. In the skin model, as shown in Figure 3.11, there was a linear decrease in
photocurrent density. We suspected that the linearity is due to the homogeneous
structure of our model. Despite that, the fingertip model showed a significantly higher
photocurrent density at a 2 mm distance. These photocurrent densities from 1 mm,
2 mm, and 3 mm distances remained within a comparable order of magnitude around
1012 A/mm?, even though the rationale is still unknown. We noticed a considerable fall

in photocurrent density at 10"** A/mm? as we extended the distance to 4 mm and 5 mm.

At 4 mm and 5 mm distances, the photocurrent density of the transmission-
based system was two orders higher than that of the reflection-based system, which
shows around 1012 A/mm?2. However, it is smaller than the values for 0 mm to 3 mm
distances. The distance between the source and the detector significantly influences the
sensing process. One of the critical explanations for the reduced photocurrent density
measured is the bone structure between them. The opacity of the bone is higher than
other components in the model. As a result, less light will be able to pass through the

fingertip model and reach the sensor surface.
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Figure 3.12Estimated photocurrent density for AC component from the
fingertip model at different source-detector separations for reflection

and transmission-based.

3.4 SUMMARY

In summary, we simulated the PPG sensor device principle based on the optical
interactions in the turbid media. We used the ray tracing MC simulation and investigated
the impact of the distance between the light source and detector, especially for the
reflectance-based approach. Based on the simulation results, the ideal separation should
be less than 3 mm. Thus, we can improve the PPG signal acquisition. We also observed
that positioning the light source and detector has a significant impact. It is due to the
opacity of the bone structure, which reduces the transmission of light in the case of
transmission-based PPG devices. In the prospect of the biometric authentication

application, the sensor resolution is higher for better security. Thus, most of the pixel’s
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pitch for the image sensor is less than 1 mm. Therefore, integrating a biometric
authentication system with PPG signals is feasible where PPG signal acquisition is

expected to be good enough.
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CHAPTER IV

PINHOLE IMAGING ANALYSIS

4.1 INTRODUCTION

Researchers have recently demonstrated and incorporated optical and ultrasonic
sensors into fingerprint-on-display (FOD) technology.*®8%%2) In the case of an
ultrasonic sensor, the detection region is minimal. It is due to the size and positioning
of the module underneath the display. On the other hand, optical sensing technology
can fully exploit new possibilities, such as full-display sensing. It is feasible since most
researchers have focused on the OPD for image-sensing applications. Thus, moving
toward the biometric authentication system. Therefore, OPD can be one of the most
promising candidates for the full-display biometric authentication system.?):59:51).83).84)
Compared to inorganic PD, OPDs have various advantages, such as solution
processability at the low-temperature process. It allows for large-area photodetector

arrays on a thin plastic substrate and is very cost-effective.

The majority of FOD optical techniques on the market involve lenses and
collimators. However, these lenses and collimators will increase the thickness of the
display panel and integrating them with the display panel is a complex operation. In
light of this, some panel manufacturers attempt to offer an alternate solution based on
the pinhole matrix imaging approach.29® Pinhole imaging is well-known for its

immense pictures and straightforward structure. Despite this, there is still a need for
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more knowledge about this technique for applying FOD. The pinhole’s diameter and
the distance between the pinhole and the object are critical parameters for the imaging
system. As a result, we examined the light distribution from the pinholes to the sensor
layer in this work using a two-dimensional aligned pinhole analysis. The image quality
produced by this system was then evaluated using an image processing technique based

on light distribution estimation.

4.1.1 Pinhole Camera Principle

In conventional optics, the pinhole imaging principle is used to realize lensless
imaging. The idea of rectilinear light motion, which states that light moves in straight
lines, is the foundation of pinhole cameras. Thus, it creates an inverted image due to the
light’s straight-line travel, as shown in Figure 4.1. A picture is imprinted on
photographic paper or film at the camera’s rear when the shutter is opened, allowing
light to pass through. Then, we can create a good quality image under the proper
exposure time with appropriate alignment between pinhole size and film size for the
exposure. This picture quality can compete with the digital single-lens reflex (DSLR)

camera.
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Figure 4.1 Principle of a pinhole camera with image at different

distances of the object from the pinhole.

A tiny pinhole generally produces sharper images than a larger one. However,
if the pinhole is too small, light waves may be scattered slightly at the edges of the
pinhole and cause distortion or loss of focus. Smaller holes also increase exposure times
since they let less light into the camera. Figure 4.2 shows the viewing angle for the

pinhole camera. The viewing angle changes as we change the distance between the
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pinhole and the film or image sensor. Thus, this distance also is essential to determine

the viewing angle of the pinhole imaging system.

Y

Figure 4.2 Viewing angle of the pinhole camera with different

distances between pinhole and image plane.

4.1.2 FOD System, Principle, and Mechanism

Figure 4.3 depicts the system architecture of the FOD pinhole imaging

technology. Based on Figure 4.3, the pinhole arrays were created at the OLED panel

utilizing opaque materials like metals or black matrix materials. Separately created and

connected beneath the OLED display were the OPD arrays for the imaging sensors. The

OLED panel is used to illuminate the fingerprint surface to begin the fingerprint reading

process. Then, the light will pass through the pinholes after being reflected from the

fingerprint surface. The OPDs located beneath the OLED panel will then read the
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passing-through lights. As illustrated in Figure 4.4, the sectional view shows how the
ridges and valleys reflect the light from the OLED panel to the pinhole. Due to different
patterns of ridges and valleys in the fingerprint surface, the reflected light intensity will
also differ. Thus, the OPDs underneath the OLED panel sense the reflected light and

identify the fingerprint pattern through the image processing technique.

Reflected light from fingerprint
Pinhole

OLED device layer

hotodetector layer

Figure 4.3 System architecture of FOD application.
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Figure 4.4 Principle of FOD from the pinhole sectional view.

4.2 ANALYSIS MODELING

Figure 2 depicts the constructed system employed in this analysis, which
comprises only the most essential parameters to keep things simple. This model assumes
a pinhole and Lambertian reflection from the fingerprint surface and employs a simple

pinhole camera system.
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Lambertian reflection
I = Iycos @

d2 Light distribution

Figure 4.5 Pinhole imaging model based on the Lambertian reflection

and pinhole system.

Here, d1 corresponds to the thickness of the cover glass. At the same time, d2
represents the distance between the pinhole and the OPD surface. It considers the
thickness of the OLED substrate and the OPD’s lamination layer. The light distribution
on the sensor surface is calculated using Equation (4.1), derived from the Lambertian

reflection equation.

| =1,cos@d
d, (4.1)

I, ,
Jx=x) 4 (y-n)
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where (X, y) is the edge of the object, (x1, y1) represents the location of the pinhole.

Based on this equation, the projected image is shrunk by the ratio of d./d;.

4.3 RESULTS AND DISCUSSIONS

In this analysis, we tried to analyze the light distribution from the pinhole to the
image sensor. It is crucial as it can help reduce the optical crosstalk between neighboring
pixels for the image sensor and further increase the resolution of the image sensor. Thus,
we can achieve a robust and reliable fingerprint sensor. Here, we used three pinholes
with a 1 mm pitch size. The d1 and d2 values were fixed at 500 um and 100 pm,

respectively.

4.3.1 Light Distribution from Pinholes

The distribution of light intensity from three pinholes onto the sensor’s surface
is shown in Figure 4.6. The area beneath the pinhole had the highest light intensity on
the sensor surface. The light intensity decreased as the sensor point moved away from
the center. Other pinholes showed a similar pattern. The overlapped light intensity
distribution from various pinholes is also shown in Figure 4.6. One optical crosstalk
source that needs to be properly addressed is the high light intensity at the overlapped
area. This optical crosstalk will give incorrect information throughout the biometric

recognition process, lowering the system’s dependability.
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Decreasing the sensor pixel size is one method for reducing this optical
crosstalk. As seen in Figure 4.6, it can be carried out based on the distribution of light
intensity at the effective region. According to the Federal Bureau of Investigation (FBI),
the standard for a biometric authentication system’s minimum resolution must be
500 pixels per inch (ppi).8” Based on this specification, a minimum resolution of 50 pm
is required for a reliable system. It means that for every 1000 um, at least 20 pixels are
necessary for such a system. Our analysis used a 200 um sensor size with 10 um per

pixel.

As depicted in Figure 4.6, the diffraction might be anticipated in this system, as
we can observe since we are only considering the simplicity of the analysis by taking
care only of the d1, d2, and pinhole’s pitch. This system can be improved by considering
additional factors like pinhole diameter and thickness. Where diffraction occurs
naturally, it is crucial for a lensless imaging approach. We can enhance the image’s
sharpness and resolution by reducing the pinhole size to as small as possible. However,
the propagated light via the pinhole will induce spreading owing to diffraction as it gets
smaller, on the other hand. Nevertheless, we can enhance this system by considering
pinhole geometry, such as the diameter size and thickness. In addition, the diffraction
and internal interference within the structure due to the small pinhole’s size need to be

addressed to avoid system vulnerability.
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Figure 4.6 Light intensity distribution between neighboring pinholes.

4.3.2 Fingerprint Image Analysis

Most of the current commercial Automated Fingerprint Identification Systems
(AFIS) rely primarily on Level 1 and Level 2 features and 500 ppi photos as their
starting point. However, Level 3 features are required due to the increasing requirement
for a reliable latent fingerprint or palm inspection. It has the support of the forensic
community and adheres to FBI standards.®”) Despite the Level 2 features having enough
details, such as ridge bifurcations and endpoints, Level 3 features add more ridge

characteristics, including pores, wrinkles, warts, and scars.

We also tried to observe the impact of several pinholes on the imaging system.

The fingerprint image was processed based on the pinhole imaging analysis, as shown
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in Figure 4.7. We started with the initial fingerprint image in Figure 4.7(a), which
displays the complete picture. We used nine pinholes for the image analysis on the entire
fingerprint image. The processed images from nine separate pinholes are displayed in
Figure 4.7(b). Since this is one of the features of the pinhole camera system, each
pinhole that produces fingerprint pictures was rotated and reversed. We can note the
apparent differences between ridges and valleys in the final image processing, shown
in Figure 4.7(c), following the stitching process from each pinhole. As this image only
has Level 1 features, it is still insufficient. Therefore, further pinhole configuration is

necessary to increase the resolution to be a reliable system for the FOD system.
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Figure 4.7 Pinhole’s imaging analysis onto fingerprint image.
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44 SUMMARY

In conclusion, we looked at the FOD structure using the pinhole imaging
approach. The investigation was carried out to demonstrate the impact of pinholes on
the dispersion of light across the sensor surface. Optimization is required to increase the
system’s future reliability and capability. The trade-off between the pinhole’s geometry
and diffraction is a crucial variable that needs to be considered for future improvement.
In this analysis, we can reduce the optical crosstalk between the sensor’s pixels by

choosing the sensor size based on the light distribution.
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CHAPTER V

INTERDIGITATED ELECTRODES STRUCTURE OF OPD

5.1 INTRODUCTION

Our daily lives have been significantly impacted by the emergence of the digital
and information ages, particularly using smartphones and fast internet. This technology
is mainly utilized for social and personal communication, entertainment, financial data
access, and online shopping. After that, the complete front-side display, which has
recently dominated the market, also evolved in smartphone design. Thus, most
smartphones have eliminated the traditional capacitive fingerprint sensor, often found

in the bezel or home button, to increase the display-to-phone size ratio.

As discussed in Chapter IV, the biometric authentication system should at least
have a minimum resolution of 500 ppi.*®8)8%) Under this specification, the pixel size
for the image sensor will be around 50 pum at maximum, and it should decrease further
as the resolution increase beyond 500 ppi. Realizing biometric recognition throughout
the display area has been attempted numerous times. For the fingerprint recognition
system, one used a hybrid organic-inorganic thin-film photodetector.2® Other
researchers have shown how to move from the construction of fingerprint sensors
utilizing the OPD to vein detection and later integration with a display for biometric
recognition.*®5Y84) The pinhole imaging technique’s use for FODs has only been the

subject of several investigations. The fingerprint picture was obtained by incorporating
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a flexible active-matrix organic light-emitting diode (AMOLED) panel.®>) The Moiré
pattern effect has also been the subject of additional research using this imaging
technique for this application.®® There is still a lack of knowledge regarding the optical
crosstalk between pixels for the organic image sensor, even though numerous
researchers have successfully recognized fingerprints utilizing OPDs. This issue is
crucial because system crosstalk could result in inaccurate fingerprint authentication
information. Additionally, pinhole imaging seems to have a lot of potential for
streamlining the FOD system. However, interference and diffraction are two
fundamental issues with the pinhole system that could lead to false readout results. Thus,

a thorough analysis is needed to improve the authentication process.

5.2 DESIGN AND LAYOUT

We examined the diffusion photocurrent between nearby OPDs in this work.
Using the interdigitated electrodes (IDES) structure, this technique estimates the optical
crosstalk between adjacent pixels in the organic image sensor. Here, we used the spin-
coating method to deposit the solution-processable photoactive layer for OPD devices,
further simplifying the procedure. However, it will create a continuous photoactive
layer throughout the entire region. Therefore, there is a possibility that photocurrent

diffusion between adjacent electrodes will occur.

Nevertheless, one drawback of the OSC is the short diffusion length of excitons.
The small diffusion length, in the 5 — 10 nm range of the organic compounds employed
in OPDs, is well recognized.®®%) Very few investigations have demonstrated the

extraordinarily long diffusion length in the 2 — 8 um range.**%) Despite that, we can
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fully utilize this drawback as an advantage. We can increase the number of pixels and,
at the same time, decrease the pixel pitch length. It is possible to raise the resolution of
the organic image sensor without going through a complicated patterning process for

the active layer of the organic image sensor device.

5.2.1 IDE Layout Design

We tried to investigate the photocurrent crosstalk between neighboring pixels
through the IDE structure. Figures 5.1(a) and 5.1(b) show the photomask for the covered
layer, which is the Molybdenum (Mo), exposed area, and the transparent Indium-Tin-
Oxide (ITO) layer. We used this structure to analyze the photocurrent diffusion from
the exposed area to the covered electrodes. We changed the covered length (a um) and

distance between electrodes (b um) based on Table 5.1.
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Figure 5.1 The IDE OPDs. (a) Overview of the photomask, and (b)

closed-up view at the finger electrodes.
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Table 5.1 Combinations of covered length and distance between

electrodes.
Covered length Distance between electrodes
a (pum) b (um)
10 20
5 10
2 4
1 2

This structure is challenging, especially in controlling the alignment between
the electrodes and the opening windows. Therefore, we made several layouts with
various alignment positions. We designed only one sample for each set that perfectly
aligned the opening window and the exposed electrodes. We also created the other
samples in each group to be intentionally shifted. The maximum shift for each set was
equal to the distance between electrodes. We controlled the accuracy by changing the
shift length with 1.0 pm, 0.5 pm, 0.2 pum, and 0.1 pum for 10 pm, 5 um, 2 um, and 1 pm,

respectively. The layout of the designs is shown in Appendix A.
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5.2.2 IDE OPD Fabrication Process and Characterization

The empty glass substrates were cleaned with acetone, isopropyl alcohol (IPA),
and water in 5 min ultrasonic treatments. The substrates were dried, and DC magnetron
sputtering was used to deposit Mo for a thickness of 100 nm. Photolithography and wet
etching processes were used to create the patterns. For the IDE OPDs, the Mo layer
serves as a built-in shadow mask. Afterward, a 200 nm thick SiO> isolation layer was
formed using plasma-enhanced chemical vapor deposition (PECVD). This layer
separates the shadow mask layer from the OPD device electrically. The transparent
anode was created by creating a 100 nm ITO layer through DC magnetron sputtering
and then patterning it with photolithography and wet etching. The negative photoresist
(negative PR) was employed as an isolation layer between other IDE OPDs on the same

substrate by spin-coating and patterning.

The poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl Cs1-butyric acid
methyl ester (PCBM) were dissolved in chlorobenzene (CB) without additional
purification to create the bulk-heterojunction (BHJ) of photoactive material. The
concentration of the combination was 10 mg/mL, with a fixed mass ratio of 1:1, and it
was ultrasonicated for 30 minutes. Afterward, the pre-patterned ITO substrates were
exposed to UV-ozone for 15 minutes. As the hole transport layer (HTL), the poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT: PSS) solution was spin-
coated on the substrates and annealed at 160°C for 10 min. The spin-coating procedure
was used to deposit the P3HT: PCBM blends onto the PEDOT: PSS layer. Then, the
samples were annealed for 10 min in an N2 atmosphere at 100°C. Finally, a cathode

layer of Aluminum (Al) was created using a thermal evaporation technique with a
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thickness of 70 nm. Figures 5.2(a) and 5.2(b) show a sectional view of the entire created

IDE OPDs structure.

After ITO patterning, the optical microscope was used to locate the correctly
aligned device within each set. After the fabrication process was completed, only the
suitably aligned devices were characterized. The device’s current density-voltage (J-V)
properties were measured at room temperature using a parameter analyzer (Agilent
4156C Precision Semiconductor Parameter Analyzer). We tested the devices in dark
and illuminated conditions. For both circumstances, the exposed and covered electrodes
were simultaneously biased with the same voltage. By adjusting the provided current to
the LED, a commercially available red-green-blue (RGB) LED with a wavelength of
525 nm was utilized to illuminate the IDE OPDs from the bottom side with varying
irradiation strengths. A commercially available Si photodiode was used to assess the

light intensity of the light source.
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Figure 5.2 The sectional view of the bottom-side illumination IDE
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OPD:s. (a) Overview of the IDE OPDs, and (b) closed-up view of the

IDE OPDs at the covered and exposed electrodes.

5.3 J-V CHARACTERISTICS OF THE IDE OPD DEVICES

The fabricated IDE OPDs were used to test photocurrent diffusion between
electrodes. As indicated in Table 5.1, previously, we sought to examine the diffusion
length by varying the distances between electrodes. The spin-coating method was
presented in which the PEDOT: PSS and P3HT: PCBM layers are shared between each

electrode. Despite the simplicity of the spin-coating technique, this study is required to
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estimate the optical crosstalk between neighboring pixels for the organic image sensor,
notably for the biometric authentication system in display technology.®) Measuring
the diffusion photocurrent or crosstalk between pixels, especially from a single-pixel
sensor, is extremely difficult. As a result, based on the accumulated current from each
covered electrode, we employed the IDE structure to measure photocurrent diffusion

from the exposed area to the covered electrodes.

The fabricated device for each procedure with the smallest feature size from
Table 5.1 is shown in Figure 5.3. The photos on the left offer an overview of the IDE
OPDs. In contrast, the ones on the right show a close-up look at the electrodes. As
discussed in the experimental setup, the electrodes and shadow mask alignment were
used to control the accuracy. Figures 5.3(a) and 5.3(b) show the pre-patterned ITO layer.
Then, the deposited PEDOT: PSS layer on the sample is shown in Figures 5.3(c) and
5.3(d) through the spin-coating technique. Later, as illustrated in Figures 5.3(e) and
5.3(f), the P3HT: PCBM blend was deposited using the same method. Finally, as
described in Figures 5.3(g) and 5.3(h), the Al cathode layer is deposited using the
thermal evaporation method. The optical inspection of the constructed device reveals

no anomalies and comparable findings on additional devices on the same substrate.
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(a) (b)

Figure 5.3 Optical microscope inspection of the IDE OPDs with 1 um distance.
Overview (left) and closed-up (right) view at the electrodes for each process. (a)-
(b) Pre-patterned 1TO. (c)-(d) PEDOT: PSS deposition. (e)-(f) P3HT: PCBM
deposition. (g)-(h) Al cathode deposition.
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In the dark and illumination conditions, Figure 5.4 depicts the current density-
voltage (J-V) characteristics of the IDE OPDs between the exposed and covered
electrodes for all configurations based on Table 5.1. For all structures at -1V, the
average dark current density, Jg, was 5.38x10° A/cm? to 6.75x107° A/cm? for exposed
electrodes and 5.38x10° A/cm? to 2.36x10° A/cm? for covered electrodes. It
demonstrates that all devices have the same Jq range. Figure 5.4 shows these IDE OPDs
were also evaluated at various optical powers. The exposed electrodes demonstrate an
acceptable ON/OFF ratio for a low incident optical power at -1V at all device
configurations. The current density under illumination increased by two orders of

magnitude as the optical power increased to 60 W/cm?.
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Figure 5.4 J-V characteristics of IDE OPDs for exposed (left) and

covered (right) electrodes at different distances between covered ITO

electrodes and exposed area. (a)-(b) 10 um, (c)-(d) 5 pum, (e)-(f) 2 um,

and (g)-(h) 1 pm.
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Surprisingly, even for the 10 um length, the photocurrent change under

illumination was seen for the covered electrodes. We hypothesized that during

irradiation, the excitons (bounded electron-hole pairs) from the exposed area were

diffused to the covered electrodes via the P3HT: PCBM layer. Even if photocurrent
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from reflected light is possible, we may presume it will be insignificant in this scenario.
One of the reasons is the efficiency of absorbance for the P3HT: PCBM at 500 nm
wavelength region. Most studies show that the absorbance of this blend layer for 100 nm
thickness is roughly 80% within the 500 nm to 550 nm wavelength range.'®2Y In
addition, it has a very low transmittance of less than 30%.% As a result, in this analysis,
the internal reflection from the Al top contact cathode is considered insignificant. We
used a thin-film structure to fabricate the device, with an OPD total thickness of less
than 1 um and a gap between the OPDs and the shadow mask of roughly 200 nm based
on SiO2 thickness. Most of the light will reach the top cathode layer through the opening
windows. The reflected light from the cathode layer has a reduced angle due to the thin-
film structure, limiting the odds of illuminating the covered electrodes. As a result, the

traveling light of the horizontal layer in our investigation may be minimal.

We next used Equation (5.1) to obtain the photocurrent density, which we used

to examine the J-V characteristics further:

Ion = iII_‘Jd, 6.1)

ph

where Jpn, Jin, and Jq denote the photocurrent density, illuminated current density, and
dark current density, respectively. Figure 5.5 depicts the Jpn of the IDE OPDs between
the exposed and covered electrodes from 0 V to -1 V. We also included the Jq as the

reference for each graph. For all designs, the Jpn Of the exposed electrodes at -1 V is
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greater than that of the covered electrodes. Similar observation at the lowest light
intensity used in this measurement which is 10 W/cm?2. For 10 W/cm?, the hidden
electrodes had a lower Jpn than the exposed electrodes, down to one order of magnitude.
As the light intensity increased, the Jpn for the covered electrodes grew by two orders
of magnitude. For the exposed electrodes, it was, however, practically at the same Jpn
level at 10 W/cm?. The Poole-Frenkel effect caused a modest increase in the Jpn as the

reverse-biased voltage was increased.%)")
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Figure 5.5 Photocurrent density of exposed (left) and covered (right)

electrodes for (a)-(b) 10 um, and (c)-(d) 1 pm.
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Table 5.2 summarizes the Jpn retrieved from the measurement under various
light intensity settings for all devices with multiple configurations, as described in
Table 5.1. The Jph of hidden electrodes is lower than the exposed electrodes at all light
intensities employed. As a result, we can choose a cut-off biasing voltage for exact
fingerprint detection. For both 10 um and 1 um distances at -1 V and a light intensity
of 10 W/cm?, the Jpn of the exposed device is substantially more significant than the

covered device at -1 V.

Table 5.2 Summarized photocurrent density for the IDE OPDs.

Photocurrent Density @ -1 V (A/lcm?)

Optical Covered Length
Power
(LW/cm?) 1um 2 um Sum 10 um
Exposed Covered Exposed Covered Exposed Covered Exposed Covered
10 2.6x10° 1.3x10° 2.6x10° 2.4x10°® 25x10° 6.0x10% 1.0x10* 2.6x10°
30 6.9x10% 2.2x10° 6.3x10* 3.8x10° 6.2x10* 2.5x10* 8.2x10* 4.5x10°
60 1.3x10° 3.7x10° 1.2x10°% 5.8x10° 1.1x10° 3.8x10° 1.5x10° 6.9x10°

5.4 DIFFUSION PHOTOCURRENT ANALYSIS

The crosstalk photocurrent at the concealed ITO electrodes is plotted against the
distances between the hidden electrodes and the exposed area to assess our findings
further. As we go further away from the exposed area, Figure 5.6 demonstrates a nearly
constant crosstalk photocurrent. This discovery can confirm our earlier hypothesis on
the negligibility of light reflection from the top cathode and light propagation through

the BHJ’s thin coating to the concealed ITO electrodes. As it exhibits practically
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constant crosstalk photocurrent, such effects were less noticeable even when we
decreased the distance between the covered ITO electrodes and the exposed portion. As
the leading cause of our findings, we shall concentrate on the exciton lifetime in our

talk. It then prompts us to discuss how excitons diffuse to the covered electrodes.

107 ¢
T ] .
ERRULE: ! t '
g i l ]
E J. |
O 1
24
3
S 1007 t t
= _ »
~ - } * 10 uW/cm?
30 uW/em?
60 uW/em?
1010 ' ' ' '
1 2 5 10

Distance (pm)
Figure 5.6 Crosstalk photocurrent for covered electrodes at different

distances from the exposed area at different light intensities.
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5.4.1 Long Exciton Lifetime

It is well known that OSC materials have an exciton diffusion length of between
5 and 10 nm.%»-%) Surprisingly, the Jpn was still discernible at a 10 um between the
hidden electrode and the exposed region. It might result from the shared HTL and BHJ
layers on the entire surface. Excitons are initially produced by light absorption in the
donor or acceptor materials. Within its lifetime (z), it moves toward the donor-acceptor
(D-A) interface, where effective charge separation occurs. The extent to which this
migration happens also varies with the exciton diffusion length, Lp, in semiconductor
materials. Following is a description of these Lp, where D represents the diffusion

coefficient:%)

L, =/Dr. (5.2)

Additionally, Figure 5.6 demonstrates that the distance had little to no effect on the
crosstalk photocurrent. Equation (5.2) suggests that it could instead be connected to the
lifespan of the exciton. In light of this, we propose that the extended exciton lifespan

mainly caused the unexpectedly greater diffusion length.

The extended exciton lifetime that contributes to the unforeseen lengthening of
the Lp can be explained by several processes, as we suggest. Before delving deeper into
the long-lived excitons, we must first comprehend the BHJ layer utilized in our

fabricated devices. The percolating networks of the D-A interfaces within the layer are
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formed by the molecular mixing of two distinct organic molecules that make up the BHJ
structure. Due to variations in HOMO and LUMO levels between the D-A, an
electrostatic force is produced at the D-A interface. If the energy is sufficient, these
pairs can be separated to make free carriers once the created excitons are diffused to
this interface. Otherwise, under a weak Coulombic limit, these excitons are relaxed to
the charge transfer (CT) state. The ground and excited states are susceptible to this
interaction between D-A and excitons. Because percolating networks also exist between
the exposed and covered ITO electrodes, the D-A interaction between the excitons

created in the exposed area and diffused to the covered area can still happen.

Within the course of their lives, these free-charge carriers will continue to
diffuse. According to Onsager’s theory, the free-charge carrier could escape the
recombination due to their mutual Coulomb attraction and external electric field.%®
Later, Braun strengthen Onsager’s approach even more. He claimed that the recombined
electron-hole (e-h) pairs could decay to the ground state or split into the free carrier with
field dependence. Additionally, the charge carriers can reunite as a bound pair once
separated. As a result, free carriers caught in bound pairs may dissociate over the bound
pair’s lifetime. Therefore, these long-lasting charge transfer states serve as a precursor
for free charge carriers. It has been shown that after creation, bound e-h pairs in PPV:
PCBM blends can still be identified after microseconds or even milliseconds.09-101)
However, it still depends on the temperature. In our case, the area between the
electrodes cannot be subjected to an external electric field. Then, we constantly
illuminated the devices while measuring, but still under room temperature. Therefore,
the long-lived excitons in the CT state can diffuse deeper to the nearby electrodes if this

repeating process occurs during the lifetime. As a result, it increased the lifespan of the
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exciton, and unexpectedly prolonged Lp, as we observed in our devices based on
Equation (5.2). Thus, we can assume that the diffuse e-h pairs in the CT state are one of

the main factors that lead to photocurrent detection at the covered electrodes.

5.4.2 Exciton Diffusion

As can be seen in Figure 5.6, the crosstalk current at the covered ITO electrodes
was observed despite the commonly known short Lp of the exciton. Therefore, we
sought to examine the exciton diffusion by using Figure 5.7, and it can be expressed as

follows: %)

a P 1O 3

where the diffusion coefficient, exciton density, lifespan, and exciton generation rate
are D, n, and G, respectively. Based on Equation (5.3), diffusion’s first term represents
the exciton motion. The second and third terms are exciton generation via light
absorption and exciton recombination. Then, for our construction at the exposed area,

we applied the analytical photocurrent solution of Goodman and Rose as follows:*%?)
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Jph(ex) = qucarrier_ex’ (5.4)

where Jpneex), 0, d, and Gearrier ex are, respectively, the elementary charge, the thickness
of the BHJ layer, the photocurrent density at the exposed ITO electrode, and the

generation rate of the carriers at the exposed ITO electrode.

We can assume that the exposed electrodes follow the metal-insulator-metal
(MIM) model. In this model, the exciton dissociation is controlled by the electric field,

F, as follows:1%®

F= (EHOMoiD - ELUMOfA _AE)/qd : (5.5)

Here, Enomo b, ELumo_a, and AE stand for the donor’s HOMO, the acceptor’s LUMO,
and the difference between the sums of the acceptor’s LUMO and cathode Fermi level
and the donor’s HOMO. This electric field is necessary for the tightly coupled excitons
to dissociate effectively. Variations in the donor and acceptor materials, electron
affinities, and ionization potentials cause a quick charge transfer across the interface.
Each electrode will collect the dissolved e-h pairs to their respective electrodes, which
leads to the photocurrent. Therefore, we assumed that there is no restriction on, or at
least minimal restriction on, recombination in the exposed ITO anode region. As a

result, in this scenario, the carrier lifetime always outweighs the travel time. Not all
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excitons will split into free charge carriers and contribute to the photocurrent. As a
result, Gearrier_ex Will be lower than Gexc_ex, the actual rate of exciton formation at the
exposed area. We can further reduce Equation (5.3) by assuming steady-state

illumination at the edge of the exposed area to:

I 1 (5.6)

where nex o, as depicted in Figure 5.7, represents the exciton density at the boundary.

On the other hand, the exposed region cannot collect dissociated charges without
the ITO of the anode. According to the decay rate and lifetime of the e-h pairs, we can
expect that most of the charge carriers produced here undergo recombination and
generation. Due to the absence of exciton formation in the covered area in the CT state,
the accumulated excitons there will create a gradient of exciton density between the
exposed and covered areas. These excitons will begin to distribute to the covered area
as aresult. It is possible to approximate these diffused excitons to the covered area using

Equation (5.3), where under steady-state conditions, no exciton creation takes place:

D— = <o (5.7)
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Equation (5.7) can be stated as follows, considering Equation (5.2):

cov — cov . (5 8)

The differential equation from Equation (5.8) can then be solved to determine the

exciton density profile, which can be stated as follows:

ncov = nexio exp[_%jf (59)

D

where x is the distance from the boundary to the edge of the hidden ITO electrode and
Neov IS the diffused exciton in the covered area. The scattered excitons will face the
internal electric field and contribute to the photocurrent once they reach the edge of the
buried ITO electrode. As previously mentioned, not all diffused excitons will be
separated into free charge carriers and extracted to the appropriate electrodes. The

sensitivity of the instrument itself will be the critical determining factor.
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Figure 5.7 Exciton diffusion at the boundaries.

5.5 SUMMARY

In conclusion, using the constructed IDE OPDs structure, we showed how
photocurrent diffused from the exposed part to the covered electrodes. Because it is
straightforward and practical for the large-area sensor display, we constructed the
device using the spin-coating method. Even though the Lp of OSCs is shorter than that
of an inorganic semiconductor, we can detect the photocurrent at hidden electrodes for
distances of up to 10 um. In most instances, it conflicts with the widely accepted short
Lo in the nanometer region. As we previously described, long-lived excitons are one of
the factors that lead to the surprisingly long Lp. We also demonstrated that our devices
were unaffected by the light’s propagation or reflection inside the thin-film structure.
Based on the finding, the photocurrent at the hidden electrodes at various distances had
a similar order of magnitude. Except for the measured crosstalk photocurrent, our study

has no direct information about the diffusion mechanism of the exciton motion in the
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horizontal direction based on our fabricated devices. According to our findings, we also
propose that -1 V is the ideal device for biasing at low light levels to reduce the crosstalk
effect between neighboring pixels. In addition, it can improve the device’s accuracy for
image-sensing applications. Even though the crosstalk photocurrent is already relatively
low, it can be further decreased by appropriately isolating the device. It is achievable

via lithography or inkjet printing, particularly for high-resolution image sensors.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 INTRODUCTION

In summary, we successfully attained the objectives of this study. Biometric

authentication using OPD devices as the image sensor for the FOD system is proposed

as the alternative to fulfill the demand for the full-display sensing application. The

findings in this research are obtained and appropriately described according to the

objective of the work. The conclusion to the main results is as follows:

a)

b)

The ray tracing analysis shows the behavior of the light propagation in the
turbid media and how the structure gave the impact, especially for obtaining

the PPG signal.

The light source and photodetector distance should be as close as possible
for high PPG signal acquisition. In our simulation, the distance between the
light source and detector must be less than 3 mm for the reflectance-based

device.

The fingerprint images produced from the pinhole imaging technique show
the feasibility of the FOD system, especially for the flat-panel display and
thin-film device technology. The analysis performed in this study showed
that the crosstalk that occurred from the adjacent pinholes was significantly

high. In the case of the multi-pinhole system, we can further reduce the
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crosstalk by focusing on the sensor located underneath the pinholes based

on the effective region.

d) The diffusion length analysis for the IDE OPDs structure shows unexpected
results, which are longer than expected, where the photocurrent crosstalk

was observed at 10 um from the exposed to the covered electrodes.

e) The photocurrent crosstalk was observed at a 10 um from the exposed area
to the covered electrodes. Interestingly, an almost constant crosstalk
photocurrent was observed at four different distances between the covered
electrodes to the exposed area. One of the reasons we can deduce is the
sharing of PEDOT: PSS and P3HT: PCBM layers throughout the whole

surface of the fabricated devices.

6.2 OPTICAL PPG SENSOR ANALYSIS

Identity spoofing is a type of cyber assault that has occurred frequently, even
though many authentication techniques are available. As technology advances,
smartphones have become a significant part of our daily life, especially involving
money transactions and identity access. One of the significant drawbacks of the optical
biometric authentication approach is the use of fake fingerprints. Thus, PPG signal
acquisition can help improve the system’s security and reliability, especially for
smartphone usage. Our simulation shows the behavior of the light propagated in the
fingertip structure. For the reflectance-based principle, which will be mostly applied to
the FOD system, the signal acquisition is feasible as most of the light from the display

is usually very bright. Thus, there will be no issue regarding the light intensity to
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illuminate the fingertip structure. As we proposed the OPD as the image sensor used for
fingerprint authentication, it can be used simultaneously to acquire the PPG signal for

identity verification while using the system.

6.3 PINHOLE IMAGING ANALYSIS

The pinhole imaging for fingerprint authentication shows that it has the potential
to be applied in future display technology. It can help to reduce the thickness by
removing the lenses and collimators. It also helps to simplify the process for future
display making. Even though pinhole technology has been around us for quite a long

time, the application is still limited to only the camera itself.

6.4 CROSSTALK PHOTOCURRENT BETWEEN PIXELS

We used the IDE OPDs structure to analyze the crosstalk photocurrent between
pixels for the biometric authentication system. The solution processed of OPDs can be
used for the FOD system due to their simplicity. Even though the crosstalk photocurrent
is already relatively low, it can be further decreased by appropriately isolating the device.
It is achievable via lithography or inkjet printing, particularly for high-resolution image

Sensors.
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6.5 FUTURE WORK AND RECOMMENDATION

Several improvements for the future and recommendations can be made to

improve the system as follows:

R/
L X4

R/
L X4

The ray tracing optical simulation can be further improved by analyzing the
light propagation between the display, fingerprint surface, pinholes, and
sensor. We can use this simulation to understand further how the structure
can affect the PPG signal acquisition. We may further understand the
behavior of the lights traveling within those structures. Thus, we can

improve the system for its reliability.

In the case of a pinhole system, we can further analyze the pinhole
structures, such as the diameter and thickness. We can also explore how the
distance between the pinholes might affect the system’s image processing.
Thus, we can improve the fingerprint image quality as our target is to follow

the FBI standard for a robust design.

As we were trying to propose the OPDs for the image sensor underneath
the display for biometric authentication, a lot of work still needs to be done.
We can proceed with several techniques, such as the proper isolation or
blockage system between pixels so that the diffused exciton can be

grounded elsewhere outside the sensing circuitry elements.
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APPENDIX A

OPTICAL RAY TRACING SIMULATION

Al: Unfiltered ray tracing for the skin model.
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A2: (Front-view) Unfiltered ray tracing for the finger model based on
transmission-based system.

A3: (Side-view) Unfiltered ray tracing for the finger model based on
transmission-based system.
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A4: (Front-view) Unfiltered ray tracing for the finger model based on
reflection-based system.

N
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Ab5: (Side-view) Unfiltered ray tracing for the finger model based on
reflection-based system.
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APPENDIX B

LAYOUT DESIGN

IDE-TEG R §. 0 202 I-08-03

B1: Overview of the photomask for the IDE OPD devices.



IV

B2: Closed-up view at area | from Al. Area Il shows the single OPD
device for the verification purpose. Area 1l shows the IDE OPDs with
the most left is the perfectly aligned between the exposed area and
opening window. The most right in area 111 shows the IDE OPDs with
100% shifted to the right side exposing the boundaries of the covered
electrodes. Conversely, in area IV the most right is the perfectly
aligned device structure and the most left is 100% shifted to the left.
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B3: Overview of the single OPD device.

B4: Overview of the IDE OPDs with perfectly aligned between
opening window and exposed electrodes for the smallest feature size
based on Table 5.1.
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B5: Closed-up view at the exposed electrodes (EE) and covered
electrodes (CE).

TorB

SOx 100- 10,20 IDE + 100%

B6: Overview of the IDE OPDs for largest feature size based on
Table 5.1 with the opening windows were 100% shifted to the right.
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B7: Closed-up view at the electrodes which 100% shifted to the right
for the largest feature size used for the device structure.



