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Chapter 1

Introduction”

Abstract

This chapter outlines the scope of this thesis, which aims at improving our
understanding of the device physics of organic photodiodes (OPDs) and investigating them
for novel applications in the medical field. To this end, an overview of the history of image
sensors is first introduced, followed by the explanation of their working principle. Then, the
advantages, promises and limitations of OPDs compared to inorganic photodiodes are
presented, together with an overview of the main applications of visible and near-infrared
(NIR) light sensitive OPDs. For most of these applications, minimizing the dark current
density (Jq) of the OPD is crucial to ensure sensitive detection of light. This leads to the scope
of this thesis at the end of this chapter, namely to provide insights on the J4 mechanisms and
reduction strategies, and to investigate future applications of OPDs as photovoltaic pixels in
high-accuracy pulse oximeter arrays and artificial retinal prostheses.

* Part of this chapter has been published as: G. Simone, M. J. Dyson, S. C. J. Meskers, R. A.
J. Janssen, G. H. Gelinck, Adv. Funct. Mater. 2019, 1904205.
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1.1 Birth and life of image sensors

In 1816, French inventor Joseph Nicéphore Niépce produced the first partially
successful photograph on silver chloride-coated paper using a custom-made camera. He is
widely accepted as the creator of photography as we now know it. More than 10 years later,
Louis Daguerre unintentionally captured the first person in a photograph. In a letter to his
friend Charles Chevalier, he wrote: “I have seized the light. | have arrested its flight”. It was
the birth of image sensing.

The first short-lived color photographs were first achieved in 1848 by Edmond
Becquerel,™ also known as the discoverer of the photovoltaic effect. However, color image
sensing (i.e., capturing color images) was successfully achieved only more than a decade
later, when the mathematical physicist James Clerk Maxwell invented the three-color
method and unveiled the first color photograph of a three-color bow in 1861. The first
camera based on a color reversal film was invented nearly a century later by the two
musicians and scientists Leopold Godowsky Jr. and Leopold Mannes.[®l Eastman Kodak
commercialized the reversal film in 1935, under the brand name Kodachrome. The era of
digital imaging only began in the 1970s, after the invention of the charge-coupled device
(CCD) in 1969. This led to the invention of the world’s first digital camera by Steven
Sasson in 1975F! (Figure 1.1).

1816
First photography
Joseph Nicéphore Niépce

1975
First digital camera
Steven Sasson

Y. . 1990s — present days
b a /CMOS image sensor market

1848
First color photo
James Clerk Maxwell

o 5\ \

1969 1993
CCD CMOS image sensor

Willard Boyle, George Smith  Eric Fossum
1935

.. Color reversal film
Leopold Godowsky Jr., Leopold Mannes

First photo
of a person
Louis Daguerre

Figure 1.1. Timeline of image sensing, including some of the main discoveries and achievements from
the 19t century to present days.
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The first digital cameras systematically used CCDs to acquire images by converting
analog light signals into digital pixels. Despite the excellent image quality, which made them
attractive for high-end broadcast quality video cameras, they required expensive
manufacturing processes. In many applications, CCDs were replaced by complementary
metal-oxide semiconductor (CMOS) devices. Although their invention is attributed to
Mohamed Atalla and Dawon Kahng in 1959,1 CMOS began to dominate the image sensor
market only the 1990s, when Eric Fossum developed the first CMOS active pixel sensor
(APS),I"El today known as CMOS image sensor. CMOS devices have lower power
consumption in battery powered devices compared to CCDs. Further, they are made by
traditional and cheaper manufacturing processes. Thus, they soon dominated the broad
market of consumer goods and still photography (see Figure 1.1), where increasingly cheap
and compact devices with high picture quality are demanded.

(@)
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E 15+ 13.7 i
g
CAGRs
3 10F 07202 71 7
=
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o) Q Vv N © S Q Vv
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(b) 2015 market 2020 market
($9.9B) ($15.2B forecast)
Optical mouses 2%
Digital cameras 7% PC and tablet cameras 6% Toys, video games 2%
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PC and tablet Digital Medical,

cameras 7%

Optical mouses 2%
Toys, video games 1%
Industrial 4%

Medical, scientific 2%
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Other 2%
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14%

Other 6%
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\ 70% \

Figure 1.2. (a) Steady increase of CMOS image sensor market, reaching $19 billion in 2022
(forecast).[®! The compound annual growth rates (CAGRs) are predicted to be equal to 8.8% until 2022.
(b) CMOS market segmentation in 2015 and 2020 (forecast).[*]
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The CMOS image sensor market has been steadily increasing since the early 2010s and
it is expected to grow at a record-breaking pace in the next years, reaching $19 billion in
2022 (Figure 1.2a).! While camera phones still represent a significant market, more
interesting applications of CMOS in the medical and scientific field are receiving increasing
attention (Figure 1.2b).1% As such, great effort is being made to develop image sensors with
new designs and functionalities, lower power consumption, and/or the ability to interact with
a variety of interfaces, for applications that go beyond the traditional digital photography.

1.2 Image sensor working principle
An image sensor captures an image through four steps:

1. Charge photogeneration. Light is detected by the light-sensitive unit, i.e., the
photodiode, upon absorption of incident photons with an energy equal to or larger
than the optical band gap of the photoactive material. The photoactive material
converts the incoming photons into electron-hole pairs.

2. Charge extraction and collection. The electron-hole pairs are separated. Electrons and
holes in each pixel travel under an applied electric field towards the respective
electrodes, where they are extracted and collected. The resulting photocurrent is
therefore a measure of light intensity, and their relationship is generally linear.

3. Readout. The accumulated charge in each pixel is read out via a scanning procedure
which defines the different classes of image sensors (for instance, CMOS, CCDs,
charge-injection devices (CIDs), or image pickup tubes).[!l

4, Digital image processing. The readout charge is converted into digital data, and the
application-specific integrated circuit (ASIC) processes the digital data to produce the
final image.[*d

Of these four steps, 1 and 2 are strictly related to the properties of the light-sensitive
unit, i.e., the photodiode, which are in turn determined by its photoactive material and device
architecture. In the next sections, we compare inorganic and organic photodiodes, and we
analyze advantages and limitations of both technologies.
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1.3 Inorganic photodiodes

Nowadays, commercially available photodiodes are mainly based on inorganic
materials such as silicon (Si), gallium arsenide phosphide (GaAsP), gallium phosphide
(GaP), and indium gallium arsenide (InGaAs)." Amongst these, the most commonly used
semiconductor materials are hydrogenated amorphous silicon (a-Si:H) or crystalline silicon
(c-Si). Silicon photodiodes (Si-PDs) are based on a p-n junction, i.e., a heterojunction
between a p-type and a n-type semiconductor.

Si-PDs benefit from excellent optoelectronic properties such as the high photon to free
carrier external quantum yield. This is mainly due to the relatively high dielectric constant of
Si, resulting in low exciton binding energies, and to efficient carrier transport and low
recombination.[*3! The linearity in photoresponse, reproducibility in performance, durability,
and versatility of designs due to the use of lithographic techniques make Si-PDs undisputed
leaders in the image sensor market. With the advent of CMOS image sensors, the
compatibility of Si-PDs with silicon readout electronics has made them an even more
powerful technology for image sensing applications, enabling low-noise readout,
multiplexing, and digital image processing on an individual chip.[*3!

Despite these advantages, Si-PDs come with several limitations. First, the broad
spectral response of Si over the entire visible range makes it challenging to achieve color
discrimination with this material alone. The introduction of color filters is therefore necessary
to discriminate colors. However, the process of reconstruction of the final image using
algorithms introduces the problem of color constancy, i.e., the color of the collected image
depends strongly on the lighting conditions, such as the emission spectrum and light
intensity.['Y] Further, the electronic band gap of silicon precludes light detection at
wavelengths larger than ~1100 nm, thereby failing to detect a considerable portion of the
infrared spectrum.*3! In addition, poor mechanical flexibility might be a limitation in some
Si-PDs applications. Since light absorption is relatively weak over the entire Si spectrum,
exceeding 10* cm™ only at wavelengths below 500 nm,[*4 relatively thick photoactive
junctions are generally required. As such, the application of Si-PDs in bendable
configurations is often a major challenge. Finally, while the high mobility and long lifetime
of charge carriers in crystalline silicon may be advantageous for electronics, they can cause
crosstalk between neighboring pixels and overall blurring of optical signals,*>] especially at
increasingly miniaturized pixel size.
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1.4 Organic photodiodes
1.4.1 Advantages, promises, and limitations of OPDs

Organic photodiodes (OPDs) are increasingly attractive for light sensing applications
as they combine interesting optoelectronic properties and high photogeneration yield with
low fabrication costs, light weight and flexibility.'1*®1 Ever since the first OPD was
demonstrated in 1981,1*"] the potential of organic semiconductors of controlling the spectral
response without the need for color filters was recognized:

“The photoelectric properties of organic dyes are particularly attractive because their
optical properties are widely controlled by changing the number of conjugated bonds or the
substituent with the same kind of structure.”

K. Kudo et al., Appl. Phys. Lett. 1981, 39, 609.

In addition, due to the higher absorption coefficients of organic materials (=~ 10° cm) when
compared to silicon, thin active layers of only 100 nm are sufficient to absorb up to 60% of
the incident light.[*8]

OPDs promise further advantages over Si-PDs. First, their compatibility with the
thermo-mechanical properties of plastic enables large area image sensors to be solution-
processed on a variety of flexible substrates.*¥] Second, by using industrially scalable coating
techniques, such as slot-die coating, OPD arrays can be processed from solution at a lower
temperature than amorphous silicont?! (typically less than 150 °C), thus paving the way
towards lower production costs. Furthermore, to integrate OPDs in large-area image sensors,
no diode patterning or alignment is required. Compared to imaging systems based on glass
substrates, where refraction of light and the associated dispersion results in increased optical
cross talk between single pixels,?! top absorbing OPD arrays with semi-transparent top
electrodes enable higher resolution.

To date, OPDs target a variety of markets in the image sensor industry. Although the
durability of OPDs for long-term applications is often considered a limitation in comparison
with their inorganic counterparts, lifetimes of over 14000 hours under continuous operation
have been recently demonstrated for OPDs with state-of-the-art performances.?? A more
recent study shows no signs of degradation of an OPD-based image sensor after more than
one year.[?s1 More importantly, the deposition of solution-processed active layers in OPDs
often involves the use of hazardous halogenated solvents such as chloroform, chlorobenzene,
and 1,2-dichlorobenzene.[?1241251 However, the considerable research effort on photovoltaic
devices processed from halogen-free solvents, such as water-based nanoparticle
dispersions?®l7] or hydrocarbon solvents,?81 might pave the way towards the future
commercialization of more environmentally-friendly OPDs.
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1.4.2 OPD architecture and working principle

Due to the lower relative permittivity (e = 3—4) of organic relative to inorganic
semiconductors, light absorption leads to photogenerated excitons with a comparatively high
binding energy of ~0.35 — 0.5 eV, rather than free electrons and holes. Thus, like many
organic photovoltaic (OPV) devices, the active layer of OPDs is often based on a bulk
heterojunction (BHJ) architecturel® that comprises finely intermixed percolating networks
of electron donor and acceptor phases, in which their large interface area facilitates exciton
dissociation while the bi-continuous networks enable charge transport to the relevant
electrodes. Figure 1.3a shows a typical OPD architecture comprising a BHJ layer
sandwiched between electron and hole extraction layers (EEL and HEL, respectively).

In contrast to OPV devices that usually operate under positive bias at the maximum
power point, a negative bias voltage is typically applied to OPDs. Figure 1.3b shows the OPD
energetic band diagram under reverse bias. Photogenerated excitons in the donor phase
separate into free charge carriers that then drift to the respective electrodes due to the applied
electric field. For a sufficiently large reverse bias, all the photogenerated charges are
efficiently extracted at the contacts due to the effective electric field, making the photocurrent
independent of the applied voltage.

The typical OPD current density-voltage (J-V) characteristics in a linear and
semilogarithmic plot are represented in Figure 1.3c and 1.3d, respectively. In both figures,
the short-circuit current density (Jsc) and the open-circuit voltage (Voc) are indicated.
Amongst others, two relevant parameters for OPDs are the photocurrent density (Jpn) and the
dark current density (Jg) under reverse bias. The ON/OFF ratio, i.e., the ratio between Jyn and
Ja, is an important indicator of the OPD sensitivity and, in general, must be as high as
possible. As such, for most applications (see Section 1.4.3) J4 should be minimized while
retaining a high OPD photoresponse.



Chapter 1
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Figure 1.3. (a) OPD architecture comprising a bulk heterojunction (BHJ) layer sandwiched between
electron and hole extraction layers (EEL and HEL, respectively). Charge carriers are photogenerated
upon illumination through the transparent top electrode. (b) Energy band diagram of OPD under reverse
bias. Photogenerated excitons in the donor phase separate into free charge carriers that then drift to the
respective electrodes due to the applied electric field. (¢) Typical OPD current density-voltage (J-V)
characteristics in a linear and (d) semilogarithmic plot in dark conditions (black) and under illumination
(yellow), showing short-circuit current density (Jsc), open-circuit voltage (Voc), and reverse bias
photocurrent density (Jpn) and dark current density (Jd) at a given applied voltage V.
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1.4.3 OPD applications in large area image sensors

The flexibility of OPDs makes them promising candidates for applications where
conformality is desirable. An important example is X-ray detectors, well established
technologies for digital radiography in the field of medical imaging. In conventional indirect-
conversion detectors, a scintillator layer converts X-ray photons into UV or optical photons,
which are then detected by a Si-PD array mounted on a rigid glass substrate*l (Figure 1.4a).
Replacing the Si-PDs with solution-processed OPDs simplifies the manufacturing process
considerably, thus reducing fabrication costs. Flexible X-ray image sensors remain active
under deformation (Figure 1.4d)BY and easily adapt to complex shapes, thereby potentially
enabling more accurate imaging of the human body than inorganic X-ray detectors based on
rigid glass substrates. Ng et al.®¥ first demonstrated a flexible photosensor array using
solution-processed OPDs on a flexible a-Si matrix backplane. In 2014, Zhao et al.F!
proposed OPD-based X-ray imagers with amorphous indium gallium zinc oxide (a-1GZO)
thin film transistors (TFTs) for next generation digital breast tomography systems. A proof-
of-concept X-ray detector on thin plastic foil with 120 x 160 pixel format and 126 pum pixel
size was demonstrated by Gelinck et al.**l This combined a Csl: Tl scintillator with an OPD
array and an oxide TFT backplane. The OPD layer was slot-die coated directly on the active
matrix backplane on thin-plastic substrate.

OPDs have also been used in prototypes of biometric fingerprint and palmprint
scanners,I®I38] where the OPD array detects visible light reflected by the finger or hand,
respectively, as well as for gesture recognition.B] Fingerprint imaging is achieved by
utilizing a difference in reflectance between the finger ridges and valleys. This technology
offers a low-cost alternative to bulky inorganic detectors and can be easily integrated in
mobile phones or door handles. Fingerprint scanners require higher spatial resolution
compared to medical X-ray applications. Typically, a resolution of 200 pixels per inch (ppi)
is high enough to unlock mobile phones. However, for high-quality fingerprint authentication
a higher resolution is needed, allowing for more accurate sensing and thus a greater margin
of safety. For gesture recognition, shadowing by the hand is detected using lower resolution
arrays albeit of larger size. A linear photoresponse of the OPD is important for both
applications, as reliable operation under a range of different light conditions is required. This
can be achieved by modulating the OPD photoresponse with an additional pulsed light source
and discriminating the temporal component from the time-invariant background contribution.
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Another promising application for OPDs is as the fundamental light sensing element
in pulse oximeters, i.e., non-invasive medical sensors that can monitor heartbeat and measure
blood oxygenation.*8% By using near-infrared (NIR) illumination, light slightly penetrates
the skin and is then partly absorbed or reflected. When used in reflective mode (Figure 1.4b
and 4e), organic pulse oximeters provide a versatile alternative to rigid conventional designs
that typically restrict the sensing location to finger tips or ear lobes. To estimate blood
oxygenation levels, a good photoresponse at ca. 850 nm is desirable.l*! Typically, light of at
least two wavelengths is sequentially emitted. By detecting the reflected light of each color,
the level of arterial hemoglobin oxygenation can be assessed.

Furthermore, OPDs are interesting candidates for future application as photovoltaic
pixels in artificial retinal prostheses. In this technology, OPDs convert the light entering the
eye into electrical input which triggers neural activity (Figure 1.4c), with the aim of restoring
functional sight in patients suffering from degenerative retinal diseases. The concept of
photovoltaic neural stimulation has been already demonstrated using Si-PD micro-pixel
arrays.l*# Upon illumination with NIR light, pulsed photocurrent is generated in each Si-
PD pixel and delivered to nearby nerve cells through stimulating micro-electrodes.? In more
recent years, flexible subretinal implants based on organic materials were introduced. *31[44143]
At first, neural stimulation was successfully achieved using a photoactive polymer film
without metal electrodes. However, the exact mechanism of neurostimulation remained
uncertain. The combination of organic flexible materials with stimulating micro-electrodes
exploits the benefits of both the afore-mentioned approaches, encouraging the development
of high-resolution retinal prostheses based on soft materialsi®! (Figure 1.4f).

Finally, the detection of NIR radiation is attractive for a wide variety of hon-medical
applications as well, such as optical communication,*” night vision, and three-dimensional
object recognition.[*Yl As Si-PDs fail to detect light at wavelengths larger than ~1100 nm, the
development of OPDs with spectral response beyond this value represents an interesting area
for further research.

10
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Figure 1.4. (a) Schematic representation of X-ray imaging using an X-ray generator and an image
detector. (b) Working principle of reflectance pulse oximeter array, where an OPD array detects NIR
light reflected by the fingertip. (c) Concept of photovoltaic retinal implant based on OPD pixels. (d)
Flexible large-area imager with solution-processed OPDs used for X-ray detection. Reproduced with
permission.[* (e) Organic pulse oximeter array to determine blood pulsation and oxygenation levels
on adult forearms. Reproduced with permission.*¥ (f) 3D model of a foldable and photovoltaic retinal
prosthesis based on organic materials. Reproduced with permission. !
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1.5 Scope and aim of this thesis

The aim of this thesis is to provide insights into the device physics of OPDs, and to
investigate novel applications of OPDs in the medical field. First, the OPD architecture is
optimized, and the study particularly focuses on the origin of dark current, a crucial
performance parameter that affects important OPD figures of merit. Then, OPDs are
investigated as photovoltaic pixels for applications in pulse oximeter arrays and artificial
retinal implants.

In Chapter 2, the main OPD performance metrics are discussed, with an emphasis on
the importance of minimizing the dark current density (Jq) for most applications. Then, a
comprehensive overview of the main Jq mechanisms and reduction strategies is presented,
with a quantitative analysis of the intrinsic dark current processes.

To improve our understanding of the origin of J4, OPDs based on a BHJ active layer
using five polymers with various energy levels and charge transport characteristics are
developed and characterized. Chapter 3 focuses on the experimental optimization of the OPD
architecture, to minimize Jq and improve the ON/OFF ratio. In Chapter 4, a systematic
analysis of Jq is presented for the optimized OPDs. The Jq magnitude and activation energy
are explained for each OPD in terms of an analytical model that assumes charge injection
from the metal electrodes into the energetically disordered semiconductor.

In Chapter 5, a reflectance oximeter array based on OPD pixels with ultralow dark
current is presented. This device can reliably measure blood pulsation via
photoplethysmography (PPG), a widely used optical technique to detect volume changes in
the subcutaneous tissue caused by blood pulses. State-of-the-art quality PPG signals are
obtained, which provide insights into the artery stiffness and the quality of blood circulation.
Further, the OPD array can potentially map the PPG signal over its entire area and assess
blood oxygenation levels.

In Chapter 6, OPDs are investigated for future application as photovoltaic pixels in
artificial retinal prostheses. Single-junction and tandem OPDs are compared. In the latter,
two nominally identical single-junction cells are processed on top of each other, effectively
doubling the device Vqc. It is demonstrated that tandem OPDs can more efficiently deliver
the required electrical charge to stimulate neurons under pulsed illumination. This
encourages the future development of high-resolution retinal prostheses based on flexible
organic materials.

12
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Chapter 2

Organic Photodiodes and their Application
in Large Area and Flexible Image Sensors”

Abstract

Organic photodiodes (OPDs) have gained increasing interest as they offer cost-
effective fabrication methods using low temperature processes, making them particularly
attractive for large area image detectors on light-weight flexible plastic substrates. For most
applications, the dark current density (Jq) of the OPD is a crucial performance parameter.
Minimizing Jq improves important figures of merits such as the signal-to-noise ratio (SNR),
the linear dynamic range (LDR), and the specific detectivity (D*). Here, a quantitative
analysis of the intrinsic dark current processes shows that charge injection from the
electrodes is the dominant contribution to Jq in OPDs. Jq reduction is typically addressed by
fine-tuning the active layer energetics and stratification or by using charge blocking layers.
Yet, most experimental Jq values are higher than the calculated intrinsic limit. Possible
reasons for this deviation are discussed, including extrinsic defects in the photoactive layer
and the presence of trap states. This provides the reader with guidelines to improve the OPD
performances in view of imaging applications.

* Part of this chapter has been published as: G. Simone, M. J. Dyson, S. C. J. Meskers, R. A.
J. Janssen, G. H. Gelinck, Adv. Funct. Mater. 2019, 1904205.



Chapter 2

2.1 Introduction

Having outlined the potential advantages of OPDs over inorganic photodetectors in
Chapter 1, we begin this chapter with a more detailed description of the photosensor array
readout process, followed by an overview of the main OPD performance metrics.

OPD arrays can be read out using a so-called passivel or active? matrix. For high-
resolution and large-area imaging applications, active-matrix addressing is typically used,
with switching elements in the form of thin-film transistors (TFTs). In the case of a TFT
active matrix, the hole extracting contacts of all photodiodes are connected to a common
electrode, which is connected to an external bias voltage source. The electron extracting
contacts of all photodiodes of each column are connected to a common readout line via a
switching TFT, and each readout line is connected to the input of its assigned readout
amplifier. The gates of all TFTs in each row are connected to a common gate line, which is
driven by a dedicated row driver output. The flat panel sensor is scanned one row at a time.
During one frame time all the rows are sequentially selected by applying a voltage that
changes the TFTs from the non-conducting to the conducting state. In this line selection time,
the readout TFT transfers the charge from the photodiode capacitance to the data line and
resets the voltage across the photodiode capacitance to its original value. During this time,
the charge must be transferred from the photodiode to the integrating amplifier, and the
output of the amplifier must be scanned. So, all pixels of an entire line are read out
simultaneously.

The negative bias voltage applied to OPD arrays when integrated with a TFT
matrixPIEIHIB] ensures that the diode remains sufficiently charged, and effectively implies
that the readout charge is linearly proportional to the amount of collected photocarriers. The
reverse bias also increases the response speed of the diode, and often the collection efficiency,
i.e., the extraction of photogenerated charge carriers at the contacts. On the other hand, the
dark current density (Jq) will generally increase with increasing reverse bias, therefore
reverse bias voltage of -2 to -5 V is typically used as a good compromise. Thus, the main
performance metrics such as Jq, external quantum efficiency, and response speed quantify
the suitability of OPDs for specific applications, and they are subject of further discussion in
this chapter.
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2.2 Performance metrics of OPDs

Although the key performance metrics of OPDs have been already summarized in
literature, "] here we provide a comprehensive definition of the most important figures of
merit to enable a clear understanding of reported OPD performances. Since reported metrics
are often measured using different experimental methods and conditions, direct comparison
of OPD performance can often generate confusion. For the most relevant metrics, we
highlight the variety of experimental methods, along with their challenges or limitations, and
the dependence on the main experimental parameters (e.g., bias voltage, light intensity, etc.),
to increase awareness and thus promote a more critical view when comparing reported values.

2.2.1 EQE and spectral responsivity

The spectral responsivity R in units of A W-! describes how much current is generated
by the OPD per incoming photon of a given energy. It can be calculated via

R="2 (2.1)

where Jgh is the photocurrent density and Pj, is the incident light intensity.®! The external
quantum efficiency (EQE), i.e., the ratio between the number of incoming photons and the
number of photogenerated free electrons, can be expressed as

h
EQE = R 7”, 2.2)

where h is the Planck constant, v the frequency of the incident photon, and q is the elementary
charge. In general, high EQE (and hence R) is desirable to ensure efficient photon flux
detection. While for broadband OPDs the EQE should ideally be spectrally invariant and as
high as possible across the entire operational wavelength range, narrow-band OPDs (defined
by a quasi-Gaussian spectral distribution with a full-width-at-half-maximum (FWHM) < 100
nm) that require color discrimination should display high EQE only within the desired
spectral window.[®! In addition to input filtering, the EQE spectrum can be manipulated by
accurately tuning the optical band gap, and hence absorption properties of the donor and
acceptor phase. An alternative approach employs a thick (~2 um) BHJ layer to induce charge
collection narrowing, in which only weakly absorbed photons produce electrons sufficiently
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close to the extraction layer to be collected.[®! Further increase of the EQE in specific
wavelength ranges can be obtained by exploiting micro-cavity effects.*Il!% Since
heterojunction OPDs behave as thin film optical cavities, interference phenomena derived
from multiple reflections between two metallic semi-transparent electrodes can enhance
absorption within the photoactive layer, leading to broadening or narrowing of certain
spectral features. These effects can be manipulated by carefully tuning the photoactive layer
thickness and the properties of the optical spacer layers, and have recently been employed to
enhance the EQE in the infrared region by increasing the charge-transfer (CT) state
absorption.™ EQE can also be enhanced by photomultiplication, i.e., the collection of
multiple charge carriers per incident photon. In OPDs, this is generally achieved when
trapped charge carriers cause the energy bands to bend, resulting in enhanced charge injection
under illumination.*?

Finally, EQE (and hence R) under reverse bias generally increases with greater applied
voltage (i.e., electric field strength) due to enhanced charge extraction efficiency, but should
eventually reach the saturation limit. In contrast, the dark current density will keep increasing
with increasing electric field (see Section 2.5.1), implying a trade-off between high EQE and
low Jg under reverse bias.

2.2.2 Speed of response

Once electrons and holes are generated upon photon absorption, they drift towards the
relevant electrodes due to the applied electric field. The speed of response, defined as the
time required to collect photogenerated charge carriers at their respective contacts, ultimately
determines the OPD dynamic range and cut-off frequency.[*®l The response time can be
measured by various techniques, including time-of-flight photocurrent transients® or small
perturbation methods such as impedance spectroscopy.® Although they probe similar
phenomena, these techniques may lead to different experimental results at low charge carrier
densities (<10 c¢cm™3) due to surface recombination at the electrodes or inhomogeneous
charge distribution across the active layer.[*®! For polymer:fullerene BHJ OPDs, it is widely
accepted that the transit time is limited by the mobility of the slowest carrier,i*”1 usually
attributed to holes in the polymer phase.[*® Transit times for typical OPDs with thicknesses
of 100-300 nm are of the order of ps, still less than the shortest interframe time (33 ms) for
imaging applications operating at 30 frames per seconds (fps).[*"]

2.2.3 Noise equivalent power (NEP) and specific detectivity (D*)

The minimum incident light power that can be detected by the OPD is referred to as
noise equivalent power (NEP). The NEP is also defined as the signal optical power yielding
a signal-to-noise ratio (SNR) equal to 1.[" Making use of the definition for the spectral
responsivity given by Equation (2.1), the NEP in units of W Hz Y2 can be expressed as
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thoise

T (2.3)

NEP =

where inoise is the noise current and B the detection band width.[®! The specific detectivity D*
in units of cm HzY2 W (i.e., Jones) is the reciprocal of the NEP normalized to the square
root of the device area A:

(2.4)

Although accurate determination of ineise IS €ssential to estimate D*, experimental
measurements of inoise are challenging and not always performed. For sake of simplicity, the
shot noise isnor from the dark current ig is often assumed to be the dominant contribution to
inoise, l€ading to

RVAB RVA R
iShOt ‘lqud ,/Zq]d

D* =

(2.5)

Under this assumption, Jq is taken to be a constant value that is subtracted from the
photoinduced signal. The use of Equation (2.5) implies that the dark current is dominated by
shot noise that limits D*, while 1/f noise and thermal noise!*® are ignored. It has been pointed
out that this assumption can overestimate the specific detectivity.®121 The general
applicability of Equation (2.5) can therefore be questioned. In addition, confusion may arise
when comparing reported D* calculated with Equation (2.5), for two reasons: (a) Jq depends
on the applied electric field (see Section 2.5.1) and (b) R depends on the wavelength and the
applied light intensity according to Equation (2.1). Nevertheless, Equation (2.5) is widely
used and thus enables a comparison between reported OPD performances. Because it is not
always possible to compare D* values measured under the same experimental conditions,
here we will consider the maximum D* value reported in each work.
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2.2.4 Dark current density (Jq)

Dark current is defined as any current generated under an applied reverse bias voltage
in the absence of light. The detrimental influence of a high dark current density on OPD
performance can be quantified by its negative impact on several key metrics. Firstly, high Jq
results in a lower SNR and decreases sensitivity to low light intensities. Furthermore, it
constrains the linear dynamic range (LDR), i.e., the operational light intensity range of the
image sensor,® by increasing the minimum detectable photocurrent. Finally, the specific
detectivity D* decreases for increasing dark current densities according to Equation (2.5).
Unlike R, J4 can span multiple orders of magnitude depending on material properties and
device architecture,?* meaning that reducing Jq is of utmost importance for improving SNR,
LDR and D* in OPDs. Exploration of the origins of dark current, so essential to minimize
when developing high performing OPDs, and specific strategies to reduce Jq form the bulk
of this chapter.

Over recent years, great effort has been devoted to lowering dark current density in
OPDs. State-of-the-art OPDs exhibit values in the range of 107%-107" mA ¢cm™2.[21i22[23]
However, direct comparison of the reported values is sometimes hampered by the fact that Jq
can strongly depend on the applied bias, and no specific measurement protocol is agreed. To
avoid confusion, in this chapter we report Jq values at a given effective electric field F = 6 x
108V m2, unless otherwise stated. This field corresponds to an applied voltage of V = -2 V
over an active layer with a thickness L = 300 nm (assuming F = V/L), and thus falls into a
reasonable range for OPD applications.
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2.3 Dark current in OPDs: origin and solutions
2.3.1 Dark current mechanisms

Effective suppression of dark current in OPDs requires a deep understanding of its
fundamental origin. When the OPD is operated under an applied reverse bias voltage,
intrinsic Jq (i.€., in the absence of pinholes or other extrinsic leakage phenomena) is mainly
attributed to the charge carrier injection rate from the contacts into the semiconductor, or the
rate of thermal generation of charge carriers within the bulk of the active layer, followed by
drift towards their respective electrodes under the applied electric field. In Figure 2.1a, the
energy levels of donor and acceptor are represented by the orange full lines and the black
dotted lines, respectively. The density of state (DOS) distributions of the donor highest
occupied molecular orbital (HOMO) and the acceptor lowest unoccupied molecular orbital
(LUMO) are assumed to be Gaussian.

In the first scenario, electrons are injected from the high work function electrode into
energy states in the tail of the Gaussian DOS of the acceptor LUMO, whereas holes are
injected from the low work function electrode into tail states of the donor HOMO. The charge
injection rate is expected to be strongly dependent on the injection barrier &y, defined as the
energy difference between the acceptor LUMO and Fermi level of the high work function
electrode in the case of electrons. A higher &y, results in a lower dark current for a given
applied bias. Assuming perfect Ohmic contacts and alignment between the low (high) work
function electrode Fermi level and the acceptor LUMO (donor HOMO), the injection-limited
Ja is expected to be proportional to the effective band gap Eg, defined as the energy difference
between the acceptor LUMO (LUMO,) and the donor HOMO (HOMOp), as donor and
acceptor materials are in contact with both electrodes.

In the second scenario, charge carriers are thermally generated and collected at the
contacts. It is often stated that bulk thermal generation within the polymeric semiconductor
can be neglected due to the large band gap Eo of organic materials (i.e., Eo > 1 eV),[ resulting
in negligibly small concentration of thermally generated carriers (n;), as n; < exp(—E/kgT)
with kg the Boltzmann constant and T the absolute temperature. However, thermally
generated carriers close to the donor-acceptor (D-A) interface might be easily dissociated
within the effective band gap Eg, leading to n; o exp(—Eg/kgT) . Although thermal
generation at the D-A interface via ground-state charge-transfer interaction can typically be
neglected in the case of UV-visible OPDsI124l due to the deep HOMO energy of the donor
material resulting in large Eg, its contribution may be relevant for NIR-sensitive OPDs.
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2.3.2 Dark current reduction strategies

Figure 2.1b summarizes the main experimental approaches to reduce the dark current
density in OPDs. Firstly, Jq can be reduced by astute selection of the energy levels within the
photoactive layer. Choosing a donor material with a deep HOMO energy would minimize
hole injection from the low work function electrode (see Section 2.4.1). Equally, an acceptor
material with a shallow LUMO would be expected to minimize electron injection, but this
route is less explored as most OPD are developed using fullerene derivatives with similar
LUMO values.?® Furthermore, donor and acceptor materials with smaller energetic disorder,
i.e., a narrower Gaussian DOS, are expected to increase the effective injection barrier, thereby
reducing Jg.

In addition, the photoactive layer stratification can be adjusted specifically with the
aim of reducing the dark current density (see Section 2.4.2). Planar heterojunction (PHJ)
OPDs made via sequential deposition of individual donor and acceptor layers are widely
investigated.[?8127] Alternatively, sequentially solution-processed (SSP) OPDs281i2%l can lead
to a partial donor-acceptor interpenetration, resulting in a well-mixed interdiffusion phase in
the middle of the bulk. Both approaches can lead to the formation of pure phases at the
electrodes, which can effectively block unfavorable charge carrier injection under reverse
bias. The injection barrier @y, and thus the charge injection rate, is expected to scale with the
energy difference between the donor LUMO and Fermi level of the high work function
electrode in the case of electrons.

Another common strategy to reduce Jq consists of improving charge selectivity at the
contacts (see Section 2.4.3). This is obtained by raising energetic barriers to charge injection
under reverse-bias, while maintaining an energy cascade between the active layer and the
corresponding electrodes to facilitate extraction of photogenerated carriers.% To achieve
this, electron blocking layers (EBLs) and hole-blocking layers (HBLS) are often employed.
These comprise an additional interlayer between the electrode and the photoactive layer, such
that ELumo,eeL > ELumo acceptor fOF electrons and Enomo,HeL < Eromo,donor fOr holes, resulting in
an increased energetic barrier for charge injection. ldeally, Enomo.es. = Exomo,donor and
ELumo,HBL = ELumo acceptor SO that photogenerated carrier collection is not impeded.

Table 2.1 contains a summary of recently published OPD performances. In each
work, J-V characteristics in dark conditions and/or D* spectra are presented, the main Jq
mechanisms are mentioned and/or a description of the experimental approach for Jq reduction
is provided, along with the experimental results. Jq values are chosen at F = 6 x 106V m™.
D*(Amax) is the specific detectivity at the wavelength corresponding to the maximum of the
first allowed optical absorption band of the semiconductor. Reported D* values were
calculated using Equation (2.5), unless otherwise stated. Interestingly, fullerene derivatives
are used as electron acceptors in all works, except for some recent exceptions.?831 This
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implies that the difference in optical and electrical characteristics reported here are largely
due to the different polymers used as donor materials. Furthermore, dark current densities
below ~ 107 mA cm™ are rarely achieved within a relevant electric field range for
applications. Nevertheless, very low Jq in the order of 1077 mA cm can be obtained using
various methods, which suggests that there is currently no unique strategy to reduce the dark
current density in OPDs. This indicates that Jq depends in a complex way on several material
and design parameters, and that its underlying mechanisms are still largely unknown.

(a) Dark current mechanisms
Charge injection Bulk thermal generation
\ O 3 O
© o — é NS
HEL ~[EEL HEL oF i EE-
o [?) HEON l
N | o
@) ‘ e
NN
o ;
(b) Dark current reduction strategies
Active layer Planar Vertical phase Blocking
energetics heterojunction segregation layers
@ ) ® @
D0 ‘
N -©.
[l e =N
o \o O\

Figure 2.1. (a) Dark current mechanisms: charge injection from the contacts into tail states of the
Gaussian density of states (DOS) and bulk thermal generation of charge carriers within the active layer.
HEL and EEL indicate hole and electron transport layer, respectively. (b) Main strategies to achieve
dark current reduction: (1) a deep HOMO energy of the donor increases the energetic barrier for hole
injection; (2) a planar heterojunction (PHJ) architecture and (3) vertical phase segregation both reduce
charge injection from both electrodes; (4) blocking layers increase the energetic barrier for charge
carrier injection.
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Table 2.1. Overview of the most common J¢ mechanisms and experimental approaches for Jq reduction.
Dark current density (Jd) and specific detectivity (D*) at the wavelength corresponding to the maximum
of the first allowed optical absorption band of the semiconductor (Amax).

Ja mechanism Experimental approach for Jq reduction Results
Year Ref. ... Bulk Active Active _ Blocking layers 3 D)
in'ecti%n thermal layer layer @ @ [mA c?n’z](b) [Jongzi [n“::]
! generation materials® morphology EBL® HBL
P3HT: -
2007 [32] - p BHJ PFB - 20% 107 - 500
2008 [33] - p BHJ - - 50x10°  7.0x102 468
2011 [34] v - Squaraine: BHI DT - 35x10°  34x10% 700
2012 [35] - ) BHJ - TAZ 45x10°5  3.0x102 500
2013 [36] v - Cor ﬁ;"y%'f C-TPD - 70x10°  3.6x10% 370
P3HT: -
2013 [37] - o BHJ P3HT - 3.0%10° - 600
2013 [38] - P BHJ - PEIE 20x10°  85x102 680
2015 [39] - o BHJ - - 29x10°  10x102 630
2015 [23] v - el BHJ ‘}"F!E’)' - 10x10°  10x10% 870
PCDTBT: _
2015 [40] - o BHJ - PEIE 14x107  34x10% 532
2016 [5] v P BHJ - - 70x10®  3.0x108 575
2016 [41] v - PCaBM BH)  poly-PT - 25%x10%  22x102 505
2016 [42] - porow BHI  TAPC - 35x10% 56x102 350
2016 [21] v - o BHJ - PEIE 30x107  32x10% 528
2016 [43] - Poath BH - YbRs - 17x102 520
2016 [44] - o BHJ - Ceo 13x10° 24x10%© 580
2016 [26] A PHJ - - 6.0x107 1.2x1020 450
2017 [30] - P BHJ - - 15x10° 3.3x 1020 690
2017 [45] v o BHJ - - 10x10° - -
2017 [27] v iy PH) - - 6.5x 107 - -
2017 [46] - - ) BHJ - - 30x10° 25x 1020 650
2017 [47] - - A BHJ - - 13x10%  10x10® 530
2018 [48] v A BHI  TIPS-P - 10x10°  14x10%® 610
2018 [29] PonEM ssp - - 20%x10¢  12x102 530
2019 [49] - Ca g TAPC - 35x107  64x102 360
2019 [22] v Pt BHJ - - 34x10% 22x10%0 660
2019 [31] - - o BHJ - - 20x10°  46x102 755

@ Abbreviations are defined in the text; PFB = poly[9,9’-dioctylfluorene-co-bis-N,N’-(4,butylphenyl)-bis-N,N’-phenyl-1,4-
phenylene-diamine]; MEH-PPV = poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene-vinylene]; TAZ = 3-phenyl-4(1’-
naphthyl)-5-phenyl-1,2,4-triazole; C-TPD = cross-linked 4,4’-bis[(p-trichlorosilylpropylphenyl)phenylamino]-biphenyl; PVK =
poly(9-vinylcarbazole) and F8T2 = poly(9,9-dioctylfluorene-alt-bithiophene); F8T2 = poly(9,9-dioctylfluorene-alt-bithiophene);
PIDT-TPD = poly-[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-2,7-diyl-alt-5-(2-ethylhexyl)-
4H-thieno-[3,4-c]pyrrole-4,6(5H)-dione-1,3-diyl]; TIPS-P = 6,13-bis-(triisopropylsilylethynyl)pentacene; O-IDTBR = rhodanine-
benzothiadiazole-coupled indacenodithiophene. ®Jq at reverse bias electric field F = 6 x 10° V m™. ©D* values based on
experimental measurements of the noise current i g;se-
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Figure 2.2 shows a graphical overview of OPDs reported in the recent years. The dark
current density at reverse bias electric field F = 6 x 108 V m™ is plotted as function of the
wavelength corresponding to the maximum of the first allowed optical absorption band of
the polymeric semiconductor. Here, OPDs are classified in four categories according to the
wavelength of operation, namely UV, blue, green, and NIR, with the clear majority lying in
the region between 500 and 700 nm. Although the lowest dark currents are generally reached
for wide band gap materials, there is no evident correlation between Jg and Amax. Adding
blocking layers (BLs) clearly helps reducing Jq (full symbols) while maintaining the same
OPD spectral response. In the case of NIR OPDs, BLs seem to be essential to achieve low
dark current densities in the order of 10 mA ¢cm=2. However, green-sensitive OPDs with
blocking layers still do not outperform the best BHJ OPDs without BLs at the same
operational wavelengths.

In the attempt to plot Jq in @ meaningful way for OPDs with and without BLs, Figure
2.3 shows Jq as function of the effective injection barrier @y. For OPDs with Ohmic contacts,
@y = Eg = [LUMOA-HOMOp| assuming pinning of the BHJ energy levels to the work
function of the injecting contacts under reverse bias, as explained in Section 2.3.1. For OPDs
with electron or hole BLS, @&y = |LUMOgg —W¢| or @, = |Wh—HOMOug, |, respectively, being
W, the work function of the electron or hole injecting contact under reverse bias. Finally,
for OPDs with PHJ active layers, @, = |[LUMOa-We| or @ = [Wi—HOMOp| for the case of
electron or hole injection under reverse bias, respectively. The dashed line indicates the
instrinsic limit of the injection-limited Jq4 calculated from Equation (2.7) for a reference OPD,
as explained in Section 2.5.1. Here, the absolute values of LUMOA and HOMOp, as well as
the energy levels of the BLs and the work functions of the injecting contacts under reverse
bias, were taken from each work; uncertainty regarding their absolute values that arises from
different measuring techniques must be considered, as will be discussed in Section 2.6.
Nevertheless, it becomes clear that low dark current densities can rarely be achieved when
the effective injection barrier is reduced, due to the enhanced probability of charge carrier
injection and/or bulk thermal generation.

This also sets an intrinsic limit to the maximum D* for small values of @&, as shown
in Figure 2.4. Here, the intrinsic limit of D* was assessed with Equation (2.5) using the
calculated Jq and assuming a reasonable value for the responsivity R, i.e., R = 0.2. While the
use of BLs in many works decreases Jq (increases D*), most results are scattered and still lie
far from the intrinsic limits for a given value of @&y, This suggest that BLs can effectively
lower the dark current but do not reduce Jq to the expected intrinsic limit. In addition, this
indicates that extrinsic factors may affect the experimental values of Jq and D* in many cases.
Possible explanations for this are the object of further discussion in Section 2.6. Notably, the
graphical overview in Figure 2.3 enables to identify the best reported OPDs (data points
approaching the intrinsic limits), some of which are object of a more detailed study in Section
2.4.
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Figure 2.2. Dark current density at a reverse bias electric field F = 6 x 105 V m™ as function of
wavelength corresponding to the maximum of the first allowed optical absorption band of the
semiconductor. Empty symbols refer to BHJ OPDs without BLs, full symbols refer to BHJ OPDs with
BLs or PHJ OPDs. Symbols linked by full lines belong to the same publication. Reference numbers are
indicated.

Figure 2.3. Dark current density at reverse bias electric field F = 6 x 10 V m™ as function of the
effective injection barrier @p as defined in the text. Empty symbols refer to BHJ OPDs without BLs,
full symbols refer to BHJ OPDs with BLs or PHJ OPDs. The dashed line indicates the intrinsic
injection-limited Jq as calculated with Equation (2.7). Reference numbers are indicated.
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Figure 2.4. Maximum specific detectivity D* as function of the effective injection barrier @y as defined
in the text. Empty symbols refer to BHJ OPDs without BLs, full symbols refer to BHJ OPDs with BLs
or PHJ OPDs. The dashed line indicates the intrinsic D* limit calculated with Equation (2.5) assuming
R = 0.2. Reference numbers are indicated.

2.4 Effect of OPD parameters on dark current

In this section we provide a more detailed analysis to the different experimental
approaches employed to reduce the OPD dark current. For each approach, the best examples
of OPDs in literature are cited and their Jq values are reported, with the aim to select the most
successful strategies for Jq reduction.

2.4.1 Active layer energetics

Having a large offset between the Fermi level of the electron extracting contact and
the donor polymer HOMO energy has been reported to be a prerequisite to reduce hole
injection and thus minimize Jq. Indeed, the lowest dark current densities reported in literature
for OPDs are achieved using polymers with a deep HOMO energy. It is no coincidence that
the record values of Jq are achieved for poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7'-
di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT),[?“% which has one of the deepest
HOMO energies amongst photovoltaic polymers (~5.5 eV).2 This implies that careful
selection of the photoactive layer materials is a key element to reducing Jq¢ without additional
interlayers, resulting in a faster and cheaper fabrication process. However, a trade-off
between Jq and the maximum absorption wavelength of the photoactive layer is reached,
given the need for a suitably shallow donor polymer LUMO that facilitates exciton separation
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under illumination and ensures a high open circuit voltage (Voc). If the LUMO of the donor
is too deep, this would cause inefficient exciton separation and thus low responsivity.%
Optimal energetic offset in the order of ~0.2-0.3 eV is necessary to achieve charge transfer
from donor to acceptor.®M! It must be emphasized that this rule is empirical and that
exceptions may occur where efficient free charge carriers are photogenerated even at lower
energy offsets. Nevertheless, this requirement sets an intrinsic limitation to the deepest
HOMO energy for NIR polymers, where a narrow optical band gap must be maintained to
enable the detection of near-infrared radiation. As an example, assuming light absorption
mainly in the donor phase and 0.25 eV LUMO offset relative to the acceptor, an effective
band gap Eg of ~1.1 eV is necessary to detect light up to 850 nm for applications in pulse
oximeters (see Section 2.1.2). The relatively low Eg of NIR OPDs enhances charge injection
from the metal electrodes — assuming Ohmic contacts between the electron (hole) extracting
layer and the LUMO of the acceptor (HOMO of the donor) — or thermal generation within
the photoactive layer. This makes it challenging to achieve NIR-sensitive OPDs with low Jq
and high D* by only optimizing the photoactive layer energetics.

2.4.2 Optimization of the photoactive layer: stratification and thickness

The planar heterojunction architecture provides a valid approach to reduce the
injection-limited as well as the thermally generated J4. Recently, Yoon et al.*8l achieved
Jig=6x 10" mAcm?at F =6 x 10V m for a color-selective inverted-polarity planar
heterojunction OPD using a blue-sensitive polymer donor in combination with non-absorbing
zinc oxide (ZnO) acceptor. Shekhar et al.?’l reached Jq in the order of 10 mA c¢cm™ in
combination with EQE well above 10% in the spectral range between 400 and 800 nm. This
promising result was obtained using very thin donor and acceptor layers (20 nm of boron
subphthalocyanine chloride (SubPc) and 40 nm of Cyo, respectively) to ensure fast migration
of the photogenerated exciton to the D-A interface and efficient charge separation.

Agostinelli et al.?®! investigated the effect of D-A vertical segregation on the dark
current density of a sequentially solution-processed OPD based on poly(3-hexylthiophene)
(P3HT) and phenyl-Cg-butyric acid methyl ester (PCs1BM). Changes in the vertical
composition profile induced by annealing led to better contact selectivity that reduced Jq
under reverse bias. However, the OPD with the lowest Jg (~108 mA cm) also showed a
low EQE of 0.024 at 500 nm, mainly attributed to the high series resistance of the thick
PCes1BM layer and the inefficient separation of photogenerated excitons due to insufficient
interdiffusion at the P3HT-PCsBM interface. In the work of Wang et al.,*® optimal
interdiffusion of at the D-A interface led to high EQE of 0.69, but Jg did not decrease below
10*mAcm2at F =6 x 10%V m™. Thus, the trade-off between EQE and dark current density
depending on the degree of D-A vertical segregation is the main limitation of sequentially
solution-processed OPDs.
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Finally, Jq is found to decrease with increasing photoactive layer thickness L for two
main reasons, namely (1) the decrease of extrinsic defects? (e.g., film imperfections,
pinholes, and other leakage paths) resulting in higher manufacturing yields and lower
probability of soft breakdown above a certain electric field, and (2) the reduction of image
charge effect,® resulting in a higher effective barrier for charge injection. Biele et al.l?d
optimized the spray coating process anticipated by Tedde et al.>¥ by using high boiling point
1,8-diiodooctane (DIO) as processing additive, which enabled the single droplets to coalesce,
resulting in a thick active layer (800 nm) with reduced root-mean-square roughness. This led
to an impressively low dark current density of J; = 3.4 x 10°® mA cm2 and EQE = 0.82 at
650 nm under -5 V (Figure 2.5). Pierre et al.”*! reported high manufacturing yields for OPDs
with the maximum thickness limited by the solubility of donor and acceptor phases in
solution (~570 nm). On the other hand, too thick active layers (~1000 nm) cause a decrease
in responsivity as charge carriers are not efficiently extracted and thus recombine within the
photoactive layer.?? This implies a trade-off between Jq and photocurrent as L is varied.[%
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Figure 2.5. Effect of active layer thickness on Ja in BHJ OPDs. (a) Lisicon PV-D4650:PCs1:BM OPD
architecture. A thick active layer with L = 800 nm is employed. (b) J-V characteristics in dark conditions
and under illumination for the spray coated OPD with DIO co-solvent and 800 nm active layer
thickness. Reproduced with permission.[?2
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2.4.3 Improving charge selectivity at the contacts
Electron blocking layers (EBLS)

In the recent years, many groups have employed EBLs to effectively reduce the dark
current in OPDs. Zhou et al.[?® demonstrated a 25 nm thick poly[N,N’-bis(4-butylphenyl)-
N,N’-bisphenylbenzidine] (poly-TPD) EBL to suppress the reverse-bias dark currentin a NIR
OPD bhased on poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-
c]pyrrole-1,4-diyl]-alt-[2,2":5',2"-terthiophene]-5,5"-diyl] (PDPP3T) mixed with phenyl-C7:-
butyric acid methyl ester (PC7:BM). Compared to the standard OPD with a PEDOT:PSS
interlayer, introducing the poly-TPD EBL reduced the dark current density by more than two
orders of magnitude due to the superior electron-blocking ability, leading to Jg= 10° mA
cm2 under a reverse electric field of 6 x 105V m and thus a specific detectivity D* greater
than 1.0 x 10% Jones at wavelengths from 350 to 870 nm. Although almost no loss in the
EQE was reported under applied reverse bias, the small energy barrier of ~0.2 eV at the
interface between poly-TPD and the photoactive layer (Figure 2.6a) lowered the extraction
efficiency near the Vo, resulting in s-shaped J-V characteristics under illumination (Figure
2.6b). Nevertheless, poly-TPD was demonstrated to be a promising EBL material being a
wide-band gap hole transporting polymer with shallow LUMO level (-2.3 eV) and HOMO
energy close to that of the donor polymer (PDPP3T).
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Figure 2.6. Effect of EBLs on the dark current density in BHJ OPDs. (a) Energy band diagram of
PDPP3T-based OPD, showing the superior electron-blocking properties of poly-TPD when compared
to PEDOT:PSS due to the shallow LUMO energy. (b) J-V characteristics of OPDs with PEDOT:PSS
or poly-TPD EBL in dark conditions and under 850 nm monochromatic illumination (2.7 puW).
Reproduced with permission.[23
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Hole blocking layers (HBLS)

In addition to EBLSs, the use of polyethylenimine-ethoxylated (PEIE) as an effective
HBL has been widely demonstrated. When a PEIE layer is solution-processed on the ITO
bottom electrode, simple aliphatic amine groups in this polymer are physisorbed onto the
ITO and the charge-transfer nature of their interaction with the surface is found to reduce the
ITO work function.?! Therefore, the minimization of Jq in OPDs with PEIE interlayers is
often attributed to its hole-blocking properties under reverse bias. Saracco et al.[*® first
reported Jg~2 x 10® mA cm? at F = 6 x 10° V m™* in OPDs consisting of a blend of
poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b")dithiophene)-2,6-diyl-alt-(4-(2-
ethylhexanoyl)-thieno[3,4-b]thiophene-)-2-6-diyl)] (PBDTTT-C) with PC71BM, using PEIE
interlayer. Pierre et al.“%l achieved an impressively low dark current density of 1.4 x 107
mA cm™2 and D*= 3.45 x 10 Jones using PCDTBT as donor polymer (Figure 2.7).
Similarly, Kielar et al.[?Yl reached Jg~ 3 x 107 mA cm™ and D* = 3.21 x 10'® Jones at ~
530 nm, which is amongst the highest reported specific detectivities at this wavelength.
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Figure 2.7. Effect of PEIE as HBL on the dark current density in BHJ OPDs. (a) Energy band diagram
for all-printed inverted OPD with PEIE interlayer and standard OPD with metal top contact. (b) J-V
characteristics in dark conditions and under illumination (532 nm, 1.03 uW c¢cm™2), showing the lowest
Jaat V =-5V for the all-printed OPD with PEIE interlayer. Reproduced with permission.°!
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2.5 Exploring the intrinsic limits of dark current in OPDs

In this section we provide a quantitative analysis of two main dark current
mechanisms, i.e., charge injection and bulk thermal generation. In the former case, we use an
analytical model to show the dependence of the injection-limited J4 on the main material and
device parameters, namely active layer thickness L, effective band gap Eg, energetic disorder
o, and charge carrier mobility , all within a reasonable range for OPD applications. For the
latter, we calculate the contribution from thermally generated carriers by treating the device
as a black-body, demonstrating that charge injection can be safely considered as the dominant
contribution to Jq. Finally, based on this theoretical insight, we suggest guidelines to improve
OPD performance.

2.5.1 Injection-limited dark current

A major contributor to Jq, charge carrier injection under reverse bias proceeds via a
thermally activated jump that promotes the injection of an electron (hole) from the Fermi
level of the hole (electron) extracting electrode to a tail state in the acceptor LUMO (donor
HOMO). We invoke the formalism proposed by Arkhipov et al.,[’®! which captures the
fundamental two-step process that contributes to the injection-limited dark current, namely a
first carrier jump into the semiconductor followed by a certain probability to escape to the
opposite electrode. This injection model considers (1) the image charge effect at the
electrode, (2) the energetic site disorder inherent to organic semiconductors, and (3) the
hopping charge transport mechanism. Charge injection occurs from the electrode Fermi level
into tail states of the DOS of the active layer materials, as previously described by Gartstein
and Conwell.’1 The charge carrier can escape recombination with its image charge under
the conditions that a neighboring hopping site at equal or lower energy is encountered. 8 As
the carrier moves away from the electrode interface, it drifts in the electric field towards the
opposite electrode via a diffusive random walk in the disordered energetic landscape. It
should be noted that the injection process will not be spatially homogeneous but instead
filamentary,® since the first injection event is dominated by the presence of spatially fixed
tail states in the DOS distribution close to the interfaces.

Applying the assumptions of the Arkhipov et al. formalism, we define the injection-
limited Jq as the product between the charge carrier density at the metal-semiconductor
interface nin: and the carrier mobility o in the bulk of the semiconductor:

Ja X qnineitoF. (2.6)
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Assuming a Gaussian DOS, the injection barrier Pinj is equal to &p minus a term
proportional to the thermal equilibrium energy, ( ) with o; the energetic disorder at the

metal-semiconductor interface. The effective @iy is further reduced by the image potential

barrier lowering A®, = ar being & = g4¢, the permittivity. Under these conditions,
4me

) Ady, (Figure 2.8a) and with N; the

- Pinj\ i -
Nipt = Nt exp (— kB_T) with d)inj = d)b (Zk T

volume density of molecular sites between which the hopping takes place. The mobility in

the zero-field limit and at carrier density in the independent-particle (Boltzmann) regime o
is equal to the product of the mobility in the infinite temperature limit, 0", and a temperature

dependent factor exp[ C ] with o, the energetic disorder in the bulk of the

semiconductor and C; ~ 0.4 wrthm the extended Gaussian density model (EGDM).[® Thus,
the current density is given by:

0..2
Py — (—1) — Ay, 2
2kgT 0 %4
] = AqNeexp |- B - 1§ exp [—Ci (—b> ] T (2.7)

In this expression, the dimensionless prefactor A is considered equal to unity, as expected for
OPDs with large injection barriers and uniform carrier density across the device thickness. ¢!

The influence of the main OPD parameters on the injection-limited dark current under
reverse bias voltage of V = -3V, as estimated from Equation (2.7), is shown in Figure 2.8b.
Data are normalized to a reference case with L = 100 nm, o =107 m®> V1 s?, @, =1 eV
and i = 0.1 eV. Each parameter is varied within a reasonable range for OPD applications
while keeping the other parameters constant, thereby assuming their mutual independence.
The V-dependence of Jq upon variations in L, Ho, @y and o is shown in Figure 2.8c, 2.8d and
2.8e, respectively.
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Figure 2.8. Injection-limited dark current calculations. (a) Schematic of charge injection process from
the electrode Fermi level into tail states of the semiconductor DOS. (b) Influence of individual material
parameters on the injection-limited Jq as calculated from Equation (2.7). The results are normalized to
a reference case with L =100 nm, o =107 m? Vs, &, =1eV and gi = 0.1 eV. (c) Effect of active
layer thickness L, (d) charge carrier mobility u,, (e) effective injection barrier @, and interface
energetic disorder oi on the injection-limited J-V characteristics under reverse bias.

The dark current density decreases with increasing active layer thickness, as observed
in Section 2.4.2. However, the thickness dependence is weaker for increasing L, since Jq
depends linearly on the electric field but exponentially on A®, . Overall, the intrinsic
thickness dependence of Jq is much less significant when compared to the other material
parameters. However, very thick active layers (~800 nm) are beneficial in reducing Jq due to
extrinsic effects, such as the reduction of pinholes and film imperfections,?? as will be
discussed in Section 2.6. For a single carrier, the dark current density depends linearly on the
charge carrier mobility according to Equation (2.7). However, effective o below
107° m? V1 571 for a charge carrier in a BHJ active layer is unrealistic, implying that o has
limited importance in defining Jo. The major role in defining the injection-limited dark
current density is played by the effective injection barrier, leading to a decrease by 5 orders
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of magnitude in Jg upon variations in @, from 1.0 to only 1.3 eV. Remarkably, Jq increases
by a factor 10 when the interface disorder o; is increased from 0.1 eV to only 0.12 eV, which
underlines the importance of choosing active layer materials with low energetic disorder
(such as PCBM).

2.5.2 Thermally generated dark current

To determine whether bulk thermal generation makes a significant contribution to the
dark current, we adapt an approach commonly applied to solar cells under illumination, 62
specifically that Js is proportional to the overlap integral between the incident photon flux
density @(E) (determined from the spectral irradiance @(E) via ®(E) = I(E)/E) and the
external quantum efficiency spectrum:

Jee = 4 fE “Neos (EYP(E)E. (2.8)

The thermally generated dark current can then be calculated by replacing the typical
AML1.5G solar spectrum with the spectral photon flux from thermal black-body spectrum at
the device temperature. We begin this analysis with the well-known photon energy density
p(E) (units of m=3) inside a black-body in the interval from E to E + dE, given by

8 E3
h3c3 E dE, (2.9)

(E)dE =
g exp (kB—T) -1

as taken from Ref. [63], where c is the speed of light in a vacuum and kg is the Boltzmann’s
constant. Dividing by the energy of each photon E and multiplying by a factor of ¢ gives the
spectral photon flux ¢(E) (in units of J°* m2 st) emitted into a hemisphere from a planar unit
surface, again in the interval from E to E + dE, specifically

21 E?
PEVE = (L) — dE. (2.10)
exp (g
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Multiplying by a factor of two to account for the photon flux from both sides of the planar
device, and converting to units of eV cm= s72, gives the spectral photon flux over a range
of temperatures (Figure 2.9a). Since for a black-body emission and absorption are
equivalent, the thermally generated dark current density can thus be determined from
Equation (2.8). This approach assumes that EQE is temperature invariant; while this may not
be perfectly true, its magnitude will decrease as temperature falls since the exciton binding
energy provides an energetic barrier to charge separation. In consequence, overlap integrals
of EQE measured at room temperature with black-body spectra calculated at lower
temperatures will be an over-estimate, thus placing an approximate upper limit on bulk
thermal generation.
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Figure 2.9. Thermally generated dark current calculations. (a) Black-body thermal photon flux ¢(E)
incident on a planar device, and hypothetical EQE spectra with various magnitudes, band gaps Eo and
energetic disorders o. (b) The temperature dependent dark current is determined from the overlap
integral between EQE(E) and ¢(E). The injection-limited dark current at V =—3 V for the reference case
in Figure 2.8 is shown for comparison.
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Three distinct variations to EQE spectra are made, specifically the maximum
magnitude EQEmax, the optical band gap Eo and the energetic disorder o. As for the injection-
limited Jq4, we define a reference case (black solid line) with EQEmax = 0.1, Eo = 0.12 eV and
o = 0.1 eV. In particular, choosing Eo = 0.12 eV enables a direct comparison with the
reference OPD in Figure 2.8 (&, = 0.1 eV, therefore Eq = 0.1 eV in case of OPD with Ohmic
contacts and without blocking layers), assuming energetic offset of 0.2 eV to achieve efficient
charge transfer from donor to acceptor.® As for the injection-limited Jg, two parameters are
held constant while the influence of the other parameter on Jq is varied. Unsurprisingly, a
larger EQE contribution at low energies increases the thermal dark current (Figure 2.9b),
demonstrating the impact of sub band gap absorption. However, perhaps the most important
point is that for a similar material parameter set, the injection-limited Jq (dotted line) is about
5 orders of magnitude above the thermally generated Jq (black solid line), meaning that
charge injection can be regarded as the dominant contribution to the dark current density.

2.6 Why does the experimental Jq deviate from its intrinsic limit?

Having explored the intrinsic limits of dark current density in Section 2.5, we now
consider factors that may cause deviation of the experimental value from this calculated
intrinsic lower limit. This deviation is illustrated by considering that a reference OPD with
typical parameters of L = 100 nm, Eq = 1 eV, Wo = 107 m? V1 st and i = 0.1 eV was
calculated (at an effective electric field F = 6 x 10 V m™) to have an intrinsic J¢ = 10 mA
cm2, close to the empirical limit in Figure 2.3 assuming Eq = 1 eV. While a few data points
in Figure 2.3 lie near the empirical limit, a clear majority of literature Jy values are
significantly higher.

One explanation for this discrepancy lies in the experimental uncertainty in
determining LUMOA and HOMOp, as their absolute value can depend on the measurement
technique.[® As an example, the HOMO energy of PCDTBT was reported to be -5.5
eV or 5 4 eVEl Furthermore, reported LUMO energies of fullerene acceptors range
between —4.3 eVI* and —3.8 eVEI®4, While these uncertainties might affect the results in
Figure 2.3, they would not explain deviations from the Jq empirical limits by several orders
of magnitude. Instead, in many cases Jq values are raised above the intrinsic limit by extrinsic
factors, associated either with the OPD fabrication process or the J¢ measurement protocol.
Pinholes in the photoactive blend can lead locally to high current densities, especially for
thinner layers. In some cases, lateral leakage current paths outside the active area effectively
increase Jq. This effect can be studied by measuring OPDs with different active area and
checking if Jq is independent of the active area. Similarly, local current density variation
between the edge and the center of the device lead to area-dependent Jq4 values. Furthermore,
displacement currents become non-negligible for state-of-the-art OPDs with low intrinsic
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dark currents, particularly around V = 0 V; such contributions can be ruled out ensuring that
Ju is independent of the J-V scan rate and scan direction.

In addition, the dark current density in OPDs can be affected by energy states within
the band gap of the active layer, often referred to as traps. Close to the band edges (within
~0.2 eV) lie tail states due to intrinsic energetic site disorder of organic materials(®
(quantified above with o) that originate from variation in local microstructure. At similar
energies lie extrinsic shallow traps, broadly attributed to chemical impurities such as oxygen,
moisture and chemical impurities introduced during synthesis. Deep traps reside further into
the band gap,® attributed primarily to conjugation breaks, which are either due to synthetic
defects or induced by impurities.[* The precise origin of trap states is a topic of extensive
ongoing discussion, with a universal trap level at around —3.6 eV identified in 2012 for a
variety of conjugated polymers and attributed to the formation of hydrated oxygen
complexes.] More recent workst®l® sypport this attribution to moisture, suggesting that
water molecules are present in voids within the active layer, even when the device is
processed under notionally inert conditions, with Zuo et al.l’™ recently demonstrating that
they lie ~0.3-0.4 eV above and below the HOMO and LUMO level, respectively.

Regardless of their origin, both shallow traps/tail states and deep traps can enhance Jq
by both reducing the energetic jump required for charge injection and increasing the density
of thermally generated carriers, since random thermal excitations cause electrons to jump to
an unoccupied trap level and subsequently to the acceptor LUMO. Indeed, Fallahpour et
al.*l demonstrated that deep trap states within the photoactive layer can influence the
transport mechanism of the OPD due to trap-mediated capture and emission of electrons
from/into the HOMO and LUMO level (Figure 2.10a, b). Using a drift-diffusion model to
simulate the dark current density of a P3HT:PCs:BM OPD, excellent agreement with the
experimental J-V characteristics was obtained assuming the presence of deep and shallow
traps (Figure 2.10c). This underlines the importance of designing photoactive materials with
as low trap densities as possible to achieve high sensitivity OPDs.
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Figure 2.10. Effect of trap states on Js in BHJ OPDs. (a) Schematic representation of shallow and deep
trap densities of states. (b) Trap-mediated recombination and generation processes within the
photoactive layer. (c) Good agreement between experimental and simulated J-V characteristics in dark
and under illumination is obtained only considering the effect of traps on the OPD charge injection and
transport properties. Reproduced with permission.[*]

Shekhar et al.?Istudied the effect of deep sub-gap states on the dark current density
of planar heterojunction OPDs. Measuring EQE spectra extended up to 1600 nm, the
presence of sub-gap states and/or defect-induced states in the proximity of the D-A interface
was investigated. The reduction in J4 on exchanging copper phthalocyanine (CuPc) for TAPC
and then for boron subphthalocyanine chloride (SubPc) was attributed to the smaller tail state
density, and thus lower charge generation/recombination rate at the D-A interface (Figure
2.11). This suggests that the dark current density can be effectively reduce by minimizing the
density of deep sub-gap states at the D-A junction.

(b)
—
Tarc [ "
|/ subPc | /
4 C70 c70
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Wavelength (nm)

Figure 2.11. Effect deep sub-gap states on Ja in planar heterojunction OPDs. (a) Correlation between
reverse-bias dark current density and strength of the signature of sub-gap states in the EQE spectra. (c)
Schematic representation of the physical mechanisms occurring at the D-A interface using different
donor materials in combination with Czo acceptor. Reproduced with permission.[?7]
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In addition to Jg, extrinsic trap states were found to affect other OPD metrics such as
the absolute EQE and the speed of response (see Section 2.2.1 and 2.2.2). Cowan et al.[’!
quantified the role of traps in a PCDTBT:PCsBM BHJ solar cell by adding PCgsBM as a
well-defined trap state impurity. The addition of PCg4sBM decreased the efficiency of photon
to electron conversion, thereby decreasing the EQE. Furthermore, trap states at the electrode-
semiconductor interface were found to be the main cause of the persistent photoconductivity
behavior,[? decreasing the speed of response. In OPDs, these interface traps can originate if
the HEL or EEL leads to oxidation of adjacent species, as it was identified for PEDOT -
PSS.[71 Water and oxygen must thus be excluded from the OPD to ensure stability and
durability.'4l Therefore, commercial OPDs often demand thin-film encapsulation™® to
achieve viable lifetimes.

2.7 Conclusions

In summary, OPDs offer significant advantages over conventional inorganic
photodetectors, most notably flexibility and band gap tunability, which potentially facilitate
new applications. Achieving sufficiently high performance metrics requires lowering Jq as
much as possible. An overview of dark current densities reported in recent years shows a
large spread in Jq values that merits further analysis. We identified charge injection from the
contacts into the semiconductor as the dominant intrinsic contribution to J; and we found that
state-of-the-art OPDs are close to the expected intrinsic limit. Thus, once extrinsic
contributions such as leakage are eliminated, for a given effective band gap the dark current
density can be reduced by minimizing the active layer energetic disorder and trap state
density.
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Chapter 3

Optimization of OPD Architecture

Abstract

Reducing the dark current density (Jq) of organic photodiodes (OPDs) is crucial for
most applications. Nevertheless, reported Jq values are often much higher than the intrinsic
limits due to extrinsic factors. For instance, local pinholes, defects, and film imperfections in
the photoactive layer can locally increase the dark current under reverse bias via the
formation of undesired current leakage paths. Here, we optimize the OPD architecture by
processing an insulating edge cover layer (ECL) on the perimeter of the patterned bottom
electrode, in the attempt to minimize such extrinsic leakage paths. The optimized OPDs show
state-of-the-art Jq values and improved ON/OFF ratio for five different polymer:fullerene
bulk heterojunctions.



Chapter 3

3.1 Introduction

In Chapter 2 we showed that OPDs with a wide range of dark current densities (Jq)
and specific detectivities (D*) have been reported in recent years. Most published results lie
far from the intrinsic limits of Jq and D* for a given value of the effective injection barrier
@y. This suggests that extrinsic factors associated with materials purity but also the OPD
fabrication process may affect the experimental values of Jq4 and D* in many cases. Local
pinholes and other film imperfections in the photoactive blend can lead to a local increase in
dark current, especially for thinner active layers. Indeed, Jq is often found to decrease with
increasing photoactive layer thickness L due to the reduction of such extrinsic defects. 2]
However, a trade-off between Jq and photocurrent exists as L is varied,™ which implies that
very thick photoactive layers (~1000 nm) result in poor device photoresponse.l? Ideally,
reduction of extrinsic leakage paths while maintaining the optimal active layer thickness is
desirable.

In this chapter, we investigate the effect of the OPD fabrication process on the device
performance by comparing two different architectures. In the first configuration, patterning
of the bottom electrode is immediately followed by deposition of the solution-processed
active layer. Such fabrication method has been typically employed for organic solar cells
(OSCs).BIEIT We find that Jg in these devices is dependent on the active area. Further, Jq
strongly varies over nominally identical devices, which suggests that extrinsic leakage paths
might dominate the dark current in these OPDs.! In the second architecture, a thin film of
insulating photoresist is processed on the bottom electrode perimeter prior to active layer
deposition. This aims at minimizing extrinsic leakage paths related to thinning of the
solution-processed active layer near the bottom electrode edges and/or corners.[It0
Importantly, the active layer thickness is kept the same in all OPDs. We show that the
optimized OPD architecture positively impacts Jq and the ON/OFF ratio of five different
polymer:fullerene bulk heterojunctions. The origin and magnitude of the dark current density
of the optimized OPDs will be subject of further study in Chapter 4.

50



Optimization of OPD Architecture

3.2 Results and Discussion
3.2.1 OPD materials and architecture

We fabricated solution-processed OPDs based on five polymer:fullerene BHJs,
specifically poly[[4-(2-ethylhexyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole-2,6-diyl]-2,5-
selenophenediyl[2,5-bis(2-ethylhexyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-
1,4-diyl]-2,5-selenophenediyl] (PDPPSDTPS), poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-
tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl](3",4'-dihexyl[2,2"5',2":5",2":5" 2""-
quinquethiophene]-5,5""-diyl)] (PDPP5T), poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-
3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[2,2".5',2"-terthiophene]-5,5"-diyl] (PDPP3T),
poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene]  (OC1C10-PPV) and
poly[N-9"-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)]
(PCDTBT), each blended with phenyl-Cs:-butyric acid methyl ester (PCs1:BM). The chemical
structures are displayed in Figure 3.1a. We developed regular polarity OPDs using a MoOy
bottom contact and a LiF/Al top contact to extract the photogenerated holes and electrons
under reverse bias, respectively. Two different OPD architectures with same polarity were
investigated. In the first configuration (Figure 3.1b), MoOy (10 nm) was evaporated on pre-
patterned ITO-coated glass substrates, followed by the active layer deposition via spin
coating. The devices were finished with evaporated LiF (1 nm)/Al (100 nm). In the second
configuration (Figure 3.1c), a molybdenum film (100 nm) was sputtered on glass and
subsequently patterned to form the bottom electrode. Next, a thin film of insulating
photoresist was processed to cover the perimeter of the Mo bottom electrode. This layer will
be referred to as edge cover layer (ECL). The substrates were treated with an O, plasma,
leading to the formation of a thin MoOx layer. The active layer deposition was followed by
evaporation of LiF (1 nm), Al (1.5 nm), Ag (10 nm), and ZnS (30 nm), forming a semi-
transparent top electrode. Here, the Ag layer ensures good lateral conductivity, and the ZnS
layer is used as a dielectric to improve light in-coupling.

The OPD in Figure 3.1b and 1c will be referred to as without ECL and with ECL,
respectively. While OPDs without ECL require bottom illumination through the ITO
electrode, OPDs with ECL are illuminated through the semi-transparent top electrode.
Importantly, the photoactive layer thickness is kept the same (~280 nm) in all OPDs, which
ensures the same effective electric field under the same applied voltage. Further information
on the two fabrication processes can be found in the Experimental Section. Below we show
that the main OPD performance parameters such as Jy, EQE, and the ON/OFF ratio are
strongly affected by the device architecture.
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Figure 3.1. (a) Chemical structures of the donor polymers and the fullerene derivative acceptor
(PCe1BM). (b) Regular polarity OPD without edge cover layer (ECL). The OPD requires bottom
illumination through the ITO electrode. (c) Regular polarity OPD with ECL. The OPD is illuminated
through the semi-transparent top electrode.

3.2.2 Characterization of OPDs without ECL

Figure 3.2a shows the current density-voltage (J-V) characteristics of OPDs without
ECL based on different polymer:PCBM active layers. Jq under a reverse bias voltage of —2
V is always above 104 mA cm~2. This value is much higher than state-of-the-art Jq for green-
sensitive OPDs based on wide band gap polymers such as PCDTBT (Eo ~ 2.0 eV), which
ranges around 105107 mA cm2.BIllUR2 This discrepancy is subject of further discussion
in this chapter.
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In Figure 3.2b the EQE spectra are shown. The EQE values near the maximum of the
first allowed optical absorption band of the polymeric semiconductor (Table 3.1) for
PDPPSDTPS, PDPP5T, and PDPP3T are comparable to previously reported values for OSCs
based on the same donor polymers.'31 The EQE of OPDs based on OC;Cio-PPV and
PCDTBT are only slightly lower compared to reported OSCs, ™1 which can be attributed
to polymer batch-to-batch variations.
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Figure 3.2. (a) J-V characteristics in dark conditions for OPDs without ECL based on different
polymer:PCe1BM active layers. J¢ under at V = -2 V is equal to or larger than 104 mA cm2, despite
the difference in active layer materials. (b) EQE spectraatV =-2 V.

3.2.3 Ja reproducibility and active area-dependence

Further insight on the origin of the high dark current density of OPDs without ECL
can be established by studying devices with different active area. Figure 3.3a shows that Jg
of 3x3 mm OPDs (full colored bars) is systematically higher than Jq of 4x4 mm OPDs
(patterned colored bars). In addition, substantial variations in Jq are found for nominally
identical devices, with standard deviations exceeding the average absolute values of Jq for
PDPP3T and OC1C1o-PPV. The size dependence of Jg, its irreproducibility amongst identical
devices, and the overall high absolute values (Jq > 10~ mA cm?) suggest that the dark current
density in these OPDs might be affected by extrinsic shunt paths. Such current paths have
been attributed to substrate defects, dust particles, or localized material property fluctuations
that locally increase the leakage currents and result in random variations in Jqg amongst
nominally identical devices.!®! Here, local increase in Jg might occur in proximity of the edges
and/or the corners of the ITO bottom electrode; in addition, it might be caused by protruding
features from the 1TO surface.
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Figure 3.3. Current density at V = -2 V for OPDs (a) without ECL and (b) with ECL based on different
polymer:PCs1BM active layers. Full and patterned colored bars refer to 3x3 and 4x4 mm OPDs in (a),
and to 1x1 and 2x2 mm OPDs in (b). Each column indicates the average value and the standard
deviation amongst 4 nominally identical devices.

We developed OPDs with ECL (Figure 3.1c) based on the same BHJ active layers. In
these devices, the ECL was processed on the bottom electrode edges in the attempt to
minimize the aforementioned extrinsic leakage paths. In addition, ITO was replaced by a Mo
opaque bottom electrode. We found that Jq at V = -2 V in these OPDs is nearly size-
independent when comparing devices with 1x1 and 2x2 mm active area (Figure 3.3b).
Further, maximum variations in Jq by a factor of only less than 2 are found amongst nominally
identical devices.

3.2.4 Characterization of OPDs with ECL

From the J-V characteristics (Figure 3.4a), Jq at V = -2 V differs by nearly 5 orders
of magnitude depending on the polymer at the same active layer thickness. Here, the voltage
was swept from —2 V to +2 V and back, using a slow scan speed of 0.05 V s*. Notably, Jq of
PCDTBT:PCsBM OPDs (~107 mA cm2) well matches to state-of-the-art values reported
in literature. B2 Although the presence of extrinsic shunt paths cannot be completely
ruled out in these devices, this would not explain the substantial difference in Jq across the
five different donor:acceptor blends. In Chapter 4, we attempt to explain such difference in
Ja based on intrinsic properties of the bulk heterojunction such as its energy levels and charge
transport characteristics.
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Figure 3.4. (a) J-V characteristics in dark conditions for OPDs with ECL based on different
polymer:PCs1BM active layers. Jda under a reverse bias voltage of —2 V reaches state-of-the-art values
for PCDTBT:PCe1BM. (b) EQE spectra. The EQE values near the maximum of the first allowed optical
absorption band of the polymeric semiconductor (Table 3.1) are lower compared to OPDs without ECL
due to light absorption into the semi-transparent top electrode.

We note that the J-V characteristics measured in the forward and backward voltage
sweeps do not overlap in the low reverse bias voltage range (-1 <V <0 V) and at low current
density absolute values (J < 10 mA cm2), i.e., for OC1C10-PPV and PCDTBT OPDs. This
effect is more pronounced when increasing the scan speed, as shown in Figure 3.5 for the
PCDTBT OPD measured at a two times faster scan speed of 0.1 V s*. To eliminate this
effect, J¢ was measured at each bias by recording the current density as function of time until
a constant value was reached, as shown in the inset of Figure 3.5. We refer to this
measurement protocol as time sweep. The resulting current density values lie approximately
in-between the forward and backward voltage sweep at -1 <V <0 V. Under forward bias, J
> 105 mA cm and the afore-mentioned displacement effect is no longer visible, thus Jq
from the time sweeps overlaps with the voltage sweep.

The displacement current (Jaisp) can be estimated assuming that the OPD behaves as

a capacitor with /45, = Cq (%), where Cq is the geometrical capacitance and % is the scan

rate. The geometrical capacitance C, = s% is in the order of 100 pF for OPDs with 1 mm?
active area A and 300 nm thickness L, being € = g€, the dielectric permittivity. Assuming
Z—: of 0.1 V s, a displacement current in the order of 10 pA is obtained, which results in Jgisp

of 10°° mA cm. Hence, the effect of the displacement current in the J-V characteristic can
only be observed when the dark current density is in that order of magnitude.
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Further, even when time sweeps are recorded, we note that the minimum current
density value in a semilogarithmic space is reached at somewhat positive voltage. This might
be attributed to residual charging of the OPD active layer after the first J-V scan resulting in
a non-zero electric field even at applied bias equal to 0 V; alternatively, it might be caused
by undesired light leakage into the dark environment used for OPD measurement. It must be
underlined that such effect occurs at extremely low current level values (in the order of 10
fA for the OPD in Figure 3.5), approaching the experimental limits of the measurement setup,
which makes it challenging to direct further analysis. Nevertheless, time sweeps will be
adopted as the most reliable measurement protocol to estimate Jq under reverse bias.
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Figure 3.5. J-V characteristic in dark conditions for PCDTBT OPD with ECL. The black arrows
indicate forward and backward voltage sweep directions. The inset shows the time sweep measurement
atV=-2V, as described in the text.

The EQE spectra of OPDs with ECL are shown in Figure 3.4b. The EQE values are
somewhat limited due to light absorption by the semi-transparent Ag (1.5 nm) and Al (10
nm) layers in the top electrode compared to ITO that typically can only be used in the bottom
electrode. Despite the relatively low EQE, OPDs with ECL show improved ON/OFF ratio,
defined as Jpn/Jg with Jpn the photocurrent at V = -2 V. Here, the value of Jyn was calculated
from the overlap integral between the air mass 1.5 (AM1.5G) solar spectrum at a total
intensity of 100 mW cm2and the EQE using Equation 2.8 (Chapter 2). While the maximum
EQE values vary at most by a factor of ~2 when introducing the ECL, Jq can decrease by

56



Optimization of OPD Architecture

several orders of magnitude. Thus, while comparable ON/OFF ratios are obtained for
PDPPSDTPS and PDPP5T, the values drastically increase for PDPP3T, OC;C1-PPV and
PCDTBT OPDs (Figure 3.6). This shows that minimizing the reverse bias dark current
density is an important requisite to improve the OPD sensitivity.
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Figure 3.6. ON/OFF ratio at V = -2 V for OPDs without (a) or with (b) ECL. ON current density was
determined from the overlap of the AM1.5G (100 mW cm™2) spectrum and the EQE of the OPDs.

Table 3.1. Dark current density (Ja), AM1.5G photocurrent density (Jpn), EQE, and spectral
responsivity (R) at photon energy (E) near the maximum of the first allowed optical absorption band of
the polymeric semiconductor measured at V = -2 V for different polymer:PCs1:BM OPDs without (wo)
and with (w) ECL.

Ja[MA cm?] Jon [MA cm™?] EQE RIAWTY]
Polymer E [eV]
woECL wECL woECL wECL woECL wECL woECL wECL

PDPPSDTPS 2.0x 102 1.1x 1072 17.7 7.3 0.49 0.16 0.36 0.12 1.38

PDPP5T 22x10% 1.3x10* 17.7 8.3 0.71 0.32 0.43 0.20 1.65

PDPP3T 25x10* 35x10° 11.8 7.3 0.32 0.15 0.23 0.11 142
OC,Cy-PPV 3.1x10* 1.1x10° 6.2 3.6 0.56 0.30 0.24 0.13 2.34

PCDTBT 1.8x10* 1.3x107 7.9 4.7 0.48 0.35 0.21 0.16 2.25
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3.2.5 Dark current density vs. open-circuit voltage

Finally, we establish that the reverse bias dark current density of OPDs with ECL and
the open-circuit voltage (Vo) under simulated solar illumination are correlated by an
exponential relation (Figure 3.7). This correlation is not observed for devices without ECL,
where the current density values reach a plateau around Jg = 104 mA cm2. The intriguing
relation between dark current density and Vo is subject of further discussion in Chapter 4.
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Figure 3.7. Dark current density at V = -2 V applied bias as function of open-circuit voltage under
simulated solar light (AM1.5G, 100 mW cm-2). Full and empty symbols refer to OPDs without and
with ECL, respectively.

3.3 Conclusions

We developed regular polarity OPDs based on five different polymer:PCs:BM active
layers. The OPD architecture was optimized by processing an ECL on the perimeter of the
bottom electrode in the attempt to minimize undesirable current leakage paths. While the
dark current density of PCDTBT:PCeBM OPDs without ECL is always above 104 mA cm ™2,
Jg can reach 10" mA cm and the ON/OFF ratio can improve by more than 2 orders of
magnitude when the ECL is introduced. Notably, J4 of OPDs with ECL can differ by up to 5
orders of magnitude depending on the polymer at the same active layer thickness.
Furthermore, Jq is correlated exponentially to the device Vo under simulated solar
illumination. These observations are subject of further analysis in Chapter 4.
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3.4 Experimental Section

OPD fabrication. To fabricate OPDs without ECL, MoOx (10 nm) was evaporated on
pre-patterned 1TO-coated glass substrates, followed by active layer deposition via spin
coating. To prepare the polymer:PC¢BM blend, PDPPSDTPS was blended with PC¢:1BM 1:2
(w/w) in a chloroform solution with 5 vol.% o-dichlorobenzene at 6 mg mL™ polymer
concentration. PDPP5T was blended with PCg;:BM 1:2 (w/w) in a chloroform solution with
10 vol.% o-dichlorobenzene at 9 mg mL* polymer concentration. PDPP3T was blended with
PCs:BM 1:2 (w/w) in a chloroform solution with 7.5 vol.% o-dichlorobenzene at 7 mg mL™*
polymer concentration. OC1Ci10-PPV and PCDTBT were blended with PCe:BM 1:4 (w/w) in
a chlorobenzene solution at 10 and 9 mg mL™* polymer concentration, respectively. All the
polymer:PC¢s:BM blends were cast by spin coating at 750 rpm in a Ny—filled glovebox
resulting in a ~280 nm layer. The active layers were dried overnight in a vacuum chamber at
~6 x 107" mbar. The devices were finished with evaporated LiF (1 nm)/Al (100 nm). The
OPD active area (3 x 3 or 4 x 4 mm) was defined by the overlap between bottom electrode
and evaporated top electrode.

To fabricate OPDs with ECL, a 100 nm molybdenum film was sputtered on glass and
subsequently patterned using photolithography to form the bottom electrode. Next, an ECL
of insulating photoresist was processed to cover the perimeter of the Mo bottom electrode.
Prior to spin coating of the polymer:PC¢BM blend the substrates were cleaned and treated
with O, plasma for 3 min, leading to the formation of a thin MoOy layer. The active layers
were deposited as described above. The OPDs were finished with evaporated LiF (1 nm), Al
(1.5 nm), Ag (10 nm), and ZnS (30 nm). The OPD active area (1 x 1 or 2 x 2 mm) was
defined by the aperture in the ECL.

OPD characterization. To measure J-V characteristics in dark conditions, the current
was recorded with a probe station in a No—filled glovebox. Positive bias voltage was defined
as the top LiF/Al electrode being charged negative. The voltage was swept from -2V to +2 V
and back, using a slow scan speed of 0.05 V s (unless otherwise stated) to minimize
displacement currents. Time sweeps were measured by applying a bias voltage of -2 V and
recording the current with integration time of 1 s, until a constant current value was reached.
The EQE was measured using a custom-made setup based on a tungsten-halogen lamp, a
chopper, a monochromator (Oriel, Cornerstone 130), a pre-amplifier (Stanford Research
Systems SR570) and a lock-in amplifier (Stanford Research Systems SR830 DSP). The
active area for EQE measurements was defined by a circular aperture of 1 mm in diameter.
The open-circuit voltage under simulated solar light (AM1.5G, 100 mW c¢m~2) was measured
in a No—filled glovebox using a tungsten-halogen lamp coupled to a UV filter and daylight
filter (Hoya LB120).
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Chapter 4

On the Origin of Dark Current
in Organic Photodiodes”

Abstract

Minimizing the reverse bias dark current while retaining external quantum efficiency
is crucial if the light detection sensitivity of organic photodiodes (OPDs) is to compete with
inorganic photodetectors. However, a quantitative relationship between the magnitude of the
dark current density under reverse bias (Jq) and the properties of the bulk heterojunction
(BHJ) active layer has so far not been established. Here, we present a systematic analysis of
Ja in state-of-the-art BHJ OPDs using five polymers with a range of energy levels and charge
transport characteristics. The magnitude and activation energy of Jq are explained using a
model that assumes charge injection from the metal contacts into an energetically disordered
semiconductor. By relating Jq4 to material parameters we aim to provide insights into the
origin of Jg, thus rationalizing OPD material selection.

* This chapter has been published as: G. Simone, M. J. Dyson, C. H. L. Weijtens, R.
Coehoorn, S. C. J. Meskers, R. A. J. Janssen, G. H. Gelinck, Adv. Optical Mater. 2019,
1901568.



Chapter 4

4.1 Introduction

Solution processed organic photodiodes (OPDs) are attracting attention for
applications as photodetectors since they possess several advantages over their inorganic
counterparts. These include a higher absorption coefficient, greater color selectivity, and
compatibility with low temperature solution processing that enables cost-effective, large-area
image detectors.lB81 The bulk heterojunction (BHJ) architecture, comprising a phase-
separated blend of a donor polymer and a fullerene acceptor sandwiched between charge
extraction layers, is widely employed Il to enhance photocarrier generation at the donor-
acceptor interface and charge extraction via bi-continuous percolating networks. Whereas
OPDs operate under forward bias in photovoltaic mode for power conversion, they typically
operate under reverse bias for light detection. The all-important light sensitivity is widely
parameterized by the specific detectivity, defined as

) (4.2)

where R is the spectral responsivity in A W1, A the device active area in m?, B the detection
band width in Hz, and inoise the noise current in A1 An important contribution to inoise iS
the dark current density (J4), which can span multiple orders of magnitude depending on the
material properties and device architecture.? Since minimizing Js while maintaining a high
responsivity is one of the requisites for high detectivity OPDs, an enhanced understanding of
the mechanism that determines Jq can thus direct further detectivity improvement strategies.

The intrinsic dark current of OPDs is typically attributed to either charge carrier
injection from the metal contacts into the organic semiconductorI®IEl or to bulk thermal
generation within the active layer.[®Il% Whereas thermal generation typically makes a limited
contribution to Jg as organic materials have a relatively large band gap (> 1 eV),? charge
injection may not be negligible under an applied reverse bias voltage. As such, modifying
the metal-semiconductor interfaces by introducing electron and hole blocking layers (EBLs
and HBLs) to suppress charge injection is a common strategy to reduce Jq, P41 along with
increasing the active layer thickness.[®1 Photomultiplication is another strategy to enhance
OPD performance.[*4I81261  However, despite the importance of Jg, a quantitative relation
between the its magnitude and BHJ properties, such as the energetic landscape and charge
transport characteristics, remains unestablished. This chapter aims to clarify the relationship
between Jqand the properties of the organic semiconductor blend, with a view to providing
material selection guidelines to improve BHJ OPD sensitivity.
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Herein, we investigate Jqin BHJ OPDs based on five different polymer donors with
widely varying optical band gaps, each combined with a common fullerene acceptor. The
active layer thickness (~280 nm) and the contact layers are kept the same in all OPDs. We
show that at —2 V reverse bias, Jq depends substantially on the polymer donor, differing by 5
orders of magnitude. Furthermore, for the OPDs analyzed in this work, the current density
measured in the dark at —2 V correlates exponentially with the open-circuit voltage (Vo)
measured under a simulated solar spectrum. This suggests that J4 depends on the effective
band gap, defined as the energy difference between the lowest unoccupied molecular orbital
(LUMO) of the acceptor and the highest occupied molecular orbital (HOMO) of the donor.
However, we counterintuitively find that the thermal activation energy of Jq (Ea~0.25 eV) is
much lower than expected from the acceptor LUMO-donor HOMO energy difference and
nearly independent of the donor polymer. To rationalize these findings, we propose a simple
model based on charge injection from the contacts into an energetically disordered
semiconductor that explains the Jq magnitude and thermal activation energy for all donor
polymers.

4.2 Results and Discussion
4.2.1 OPD materials and architecture

We fabricated solution-processed OPDs based on five polymer:fullerene BHJs,
specifically poly[[4-(2-ethylhexyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole-2,6-diyl]-2,5-
selenophenediyl[2,5-bis(2-ethylhexyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-
1,4-diyl]-2,5-selenophenediyl] (PDPPSDTPS), poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-
tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl](3™,4'-dihexyl[2,2".5',2":5",2"":5™ 2""-
quinquethiophene]-5,5""-diyl)] (PDPP5T), poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-
3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[2,2":5',2"-terthiophene]-5,5"-diyl]] (PDPP3T),
poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene]  (OC1C10-PPV) and
poly[N-9"-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)]
(PCDTBT), each blended with phenyl-Cg-butyric acid methyl ester (PC¢1BM). The chemical
structures are displayed in Figure 4.1a. To determine the energy levels in the BHJ that define
the effective band gap, we measured the HOMO energies of PDPP5T, PDPP3T, OC1C10-PPV
and PCDTBT (Figure 4.1b) by ultraviolet photoelectron spectroscopy (UPS). The HOMO
energy of each polymer was determined using the expression Enomo,ups = 4E — Ene-r, being
AE the kinetic energy difference between the low-energy secondary-electron emission onset
of the UPS spectrum and of the high-energy edge and Ewe-1 = 21.22 eV the photon energy of
the He-l radiation. The positions of the energy onsets were determined by linear
extrapolation of the tangents to the UPS spectra in the low-energy and high-energy region.
(Figure 4.1c-d-e-f). The HOMO of PDPPSDTPS was taken from Ref. [17]. The LUMO of
PCs1BM was taken from Ref. [18] and was measured with low-energy inverse photoelectron
spectroscopy (LEIPS).
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Figure 4.1. (a) Chemical structures of the donor polymers and the fullerene derivative acceptor
(PCs:BM). (b) HOMO levels of all polymers, LUMO level of PCs:BM, and the corresponding optical
band gaps. (c) UPS measurement on PDPP5T, (d) PDPP3T, (e) OC1C10-PPV and (f) PCDTBT film.
The HOMO energy of each polymer is determined from the kinetic energy difference, AE, between the
low-energy secondary-electron emission onset of the UPS spectrum and of the high-energy edge using
the expression Exomo,ups = AE — EHe-1, With Ene- = 21.22 V.
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The OPD architecture is shown in Figure 3.1c (Chapter 3). All OPDs investigated
comprise a Mo/MoOy bottom contact and a semi-transparent LiF (1 nm)/Al (1.5 nm)/Ag (10
nm)/ZnS (30 nm) top contact to extract under reverse bias the photo-generated holes and
electrons, respectively. Considering the top electrode, LiF/Al creates a low work function
contact, the Ag layer ensures good lateral conductivity, and the ZnS layer is used as a
dielectric to improve light in-coupling. The conditions for depositing the BHJ layers (see
Experimental Section) have been previously optimized to achieve optimal BHJ morphologies
with maximal photocurrent response.[19201211[2211231 ppDPPSDTPS, PDPP5T and PDPP3T
blends have an optimal polymer to fullerene weight ratio of 1:2, while for OC;C10-PPV and
PCDTBT this ratio is 1:4. In the optimized blends both components are well-mixed in all
directions and the dimensions of phase separated domains are typically less than 20 nm. Both
components contact both electrodes and percolating pathways for holes and electrons exist
throughout the film. Importantly, the photoactive layer thickness was kept the same (~280
nm) in all OPDs, thereby ensuring the same effective electric field under a given applied
voltage.

4.2.2 J-V characteristics and spectral responsivity

The dark current density-voltage (J-V) characteristics are shown in Figure 4.2a for all
OPDs. Jg at —2 V varies by nearly 5 orders of magnitude depending on the polymer. It has
previously been shown that extrinsic shunt paths caused by substrate defects, dust particles,
or localized fluctuations in material properties can result in local increases in leakage currents
and thus random variations in Js amongst nominally identical devices.?4I?l By using
relatively thick semiconductor layers (~280 nm) such effects are reduced, leading to Jg
variation (at —2 V) of less than a factor of 2 within device batches. Although extrinsic shunt
paths cannot be completely ruled out in these OPDs, their existence cannot explain the 5
orders of magnitude difference in Jq across 5 different donor:acceptor blends given the
comparatively minor intra-batch variation. Thus, we attribute the differences in Jq listed in
Table 4.1 to the intrinsic properties of the BHJ layers, specifically the energetic landscape
and contingent charge transport characteristics. The responsivity (R) spectra (Figure 4.2b) of
the OPDs recorded at —2 V are consistent with the optical absorption spectra of the BHJ
blends for the different polymers, although their values (Table 4.1) are somewhat limited by
the semi-transparent Ag/ZnS top contact.
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Figure 4.2. (a) Current density-voltage characteristics in dark conditions for BHJ OPDs with different
polymers. Jo at V = -2 V varies by nearly 5 orders of magnitude depending on the polymer, despite the

same active layer thickness. (b) Responsivity spectraat V =-2 V.

Table 4.1. Jo, EQE and R of BHJ OPDs measured at V = -2 V at photon energy (E) for the different

polymers.
Polymer Jg [MA cm?] E [eV] EQE RIAWT]
PDPPSDTPS 1.1 x 102 1.38 0.16 0.12
PDPP5T 1.3x10* 1.65 0.32 0.20
PDPP3T 3.5x10° 1.42 0.15 0.11
0OC,Cyo-PPV 1.1x10°% 2.34 0.30 0.13
PCDTBT 1.3 x 107 2.25 0.35 0.16
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4.2.3 Dark current density vs. open-circuit voltage

We begin our discussion on the relationship between the BHJ characteristics and dark
current by noting that Jq at —2 V shows an exponential correlation with the V. of the same
devices operating in photovoltaic mode under simulated solar illumination (Figure 4.3a).
Since Jq¢ and Vo are measured under entirely different illumination and voltage bias
conditions, this correlation is intriguing. The Vo of BHJ photovoltaic devices is known to
vary linearly with the energy difference between the acceptor LUMO and donor
HOMO, 17261 here referred to as the effective band gap (Eg). Indeed, we find that the Vo
depends linearly on Eg, with slope of the linear fit equal to 1 (Figure 4.3b). Hence, the
exponential correlation between Jq and V. suggests that the former depends on the effective
band gap E,.
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Figure 4.3. (a) Jo measured at V =-2 V versus the open-circuit voltage (Voc) measured under simulated
solar light (AM1.5G, 100 mW cm-2). The dashed line represents an exponential fit to the experimental
data. (b) Voc as function of effective band gap Eg determined from the energy difference between the
polymer HOMO and the PCs1BM LUMO. The dashed line is a linear fit to the experimental data with
slope equal to 1.
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4.2.4 Jg temperature dependence

Further insight into the origin of Jq can be inferred from the dark current thermal
activation energy E,, determined from an Arrhenius plot of J4 against reciprocal temperature
(Figure 4.4). In this experiment, J¢ was measured at each temperature by recording the
current density versus time under an applied bias voltage of V = -2 V until a constant value
was reached. This procedure eliminates contributions from displacement currents arising
from the voltage sweep that become more significant at lower temperatures. E, values were
obtained from a fit of J4(T) to Jq < exp(—E,/kgT ), with kg the Boltzmann constant and T
the absolute temperature (dashed lines in Figure 4.4). The correspondence between the linear
fits and the data is not perfect, but does provide a first approximation. Notably, the E, values
are much lower than any energy difference that can be expected from the HOMO and LUMO
levels presented in Figure 4.1b. Furthermore, the temperature activation of Jq is very similar
for the five OPDs (E. = 0.25 + 0.03 eV), despite the more than 5 orders of magnitude
difference in the absolute values of Jyg near room temperature. Below, we show that this
unintuitive behavior of the activation energy can be quantitatively explained by considering
the influence of energetic disorder on charge injection and transport.
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Figure 4.4. Temperature dependence of Js at V = -2 V. Empty circles are experimental data. Dashed
lines are fits of Ju(T) to J; o exp(—E,/kgT ), with Ea = 0.22, 0.26, 0.25, 0.26, and 0.28 eV for
PDPPSDTPS, PDPP3T, PDPP5T, OC1C10-PPV, and PCDTBT, respectively. Solid lines are calculated
with Equation (4.3), as explained in the text.
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4.2.5 Thermally generated Jq

The intrinsic dark current in OPDs is generally attributed to either charge carrier
injection from the metal contacts into the organic semiconductor or bulk thermal generation,
i.e., electron excitation from the donor HOMO to the acceptor LUMO followed by charge
separation. Here, we define bulk thermal generation as any process that does not require
charge injection from the contact layers. This encompasses excitations from the ground state
to an excited state on the donor or acceptor, but also excitations to the donor-acceptor charge
transfer (CT) state or to sub band gap states from which free charges can be generated and
collected.?™ In fact, bulk thermal generation will be dominated by the latter two possibilities
due to their lower transition energies. We note the internal quantum efficiency (IQE) has
been shown to be independent of whether donor, acceptor, or CT states are excited,!? and
thus that additional excitation is generally not required to generate free charge carriers.

Crucially, the comparative invariance in E, (Section 4.2.4) strongly suggests that bulk
thermal generation from the HOMO of the polymer to the LUMO of the fullerene cannot be
the dominant origin of Jg, since that would result in E, being approximately proportional to
Ey. To determine whether bulk thermal generation makes a significant contribution to the
dark current, we adapt an approach commonly applied to calculate the short-circuit current
density (Js) in solar cells, 2930031 gpecifically that J is proportional to the overlap integral
between the incident photon flux density @(E), determined from the spectral irradiance ®(E)
via @(E) = I(E)/E, and the external quantum efficiency spectrum. We calculate the
photocurrent density at various voltages using Equation 2.8 (Chapter 2). Figure 4.5
demonstrates that this approach is entirely valid for a typical PDPP3T:PCsBM device,
producing values within 1% of the measured current density acquired under various applied
bias voltages upon illumination with a simulated solar spectrum (AM1.5G, 100 mW cm3).
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Figure 4.5. (a) The current density under AM1.5G illumination is determined from the overlap integral
of the EQE (here for a PDPP3T:PCs:BM OPD under various biases) and the solar irradiance. (b)
Calculated current density values overlap well with the measured J-V characteristic.
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We calculate the thermally generated dark current by replacing the typical AM1.5G
solar spectrum with the spectral photon flux from thermal black-body spectrum at the device
temperature. The spectral photon flux ¢(E) (in units of J* m~2 s™) emitted into a hemisphere
from a planar unit surface, again in the interval from E to E + dE, is given by Equation 2.10
(Chapter 2). Multiplying by a factor of two to account for the photon flux from both sides of
the planar device, and converting to units of eV~ cm2s%, gives the spectral photon flux over
a range of temperatures (Figure 4.6a). For a black-body, emission and absorption are
equivalent, thus the thermally generated dark current density can be determined from
Equation 2.8 (Chapter 2). This approach assumes that EQE is temperature invariant; while
this may not be entirely correct, the EQE magnitude will decrease as temperature falls since
the exciton binding energy provides an energetic barrier to charge separation. Therefore,
overlap integrals of EQE spectrum at room temperature with black-body spectra at lower
temperatures will result in an overestimation of the thermally generated dark current density,
thus placing an approximate upper limit on bulk thermal generation.

Given that the photon flux of a black-body spectrum at room temperature is primarily
at low energies (e.g., maximum flux is at ~0.2 eV at 300 K), determining EQE in this region
is crucial as it dominates the overlap integral, but is very challenging.2 Experimentally, we
can determine the EQE down to ~0.7 eV (~1800 nm), leaving the spectral shape below this
energy, or when the limits of experimental resolution are reached, undetermined. To explore
the influence of different spectral shapes in this region, the experimental EQE spectrum was
extrapolated in three distinct ways: an exponential, a stretched exponential, and a Gaussian
trap state distribution. Determining the overlap integral between the black-body photon flux
and the more plausible exponential or Gaussian trap state EQE extrapolations results in dark
current density well below the experimental Jq. Only the stretched exponential extrapolation,
which implies a rather unrealistic approximately constant EQE below 0.3 eV, produces the
requisite order of magnitude. Furthermore, we draw attention to the difference in curvature
of the temperature dependence between experimental Jq values and those calculated from the
most plausible sub band gap extrapolations (Figure 4.6b). Such differences in curvature
would persist if the EQE temperature dependence followed a Boltzmann dependence.3 This
suggests that neither the exponential tail nor the sub band gap Gaussian peak can be
responsible for the observed Jq temperature dependence, again supporting our assertion that
bulk thermal generation is not a dominant contributor. Below we show that the unintuitive
behavior of the activation energy can be quantitatively explained by considering the influence
of energetic disorder on charge injection and transport.
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Figure 4.6. Calculating Ja from overlap integrals of extrapolated EQE spectra with the thermal black-
body photon flux. (a) Black-body radiation spectra at various temperatures and an experimental EQE
spectrum of a PDPP3T:PCe1BM OPD (red). Three possible EQE extrapolations are exponential (green),
stretched exponential (blue) and a Gaussian trap state distribution (pink). (b) Temperature dependent
dark current density calculated from the overlap integral (Equation 2.8) for each extrapolation. Each
calculation fails to reproduce the temperature dependence of the measured Ja.
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4.2.6 Charge injection model

We propose a simple model that relates the temperature dependent magnitude of Jq to
the energy difference between the acceptor LUMO and the donor HOMO. The model
assumes that Mo/MoOy and LiF/Al form Ohmic contacts with the polymer HOMO and the
PCes1BM LUMO, respectively. It further assumes that continuous donor and acceptor paths
exist between the two electrodes. Since bulk thermal generation is demonstrated to be a
negligible contributor to Jq, we assume that the dark current density is primarily due to charge
carrier injection from the contacts into the BHJ active layer. In our model, electrons are
injected from the high work function MoOy electrode into the tail states of the PCs:1BM
LUMO under reverse bias, while holes are injected from the low work function LiF/Al
electrode into the polymer HOMO tail states (Figure 4.7a). Since both BHJ components are
in contact with both electrodes, electron injection and transport will mainly occur via the
lowest-energy LUMO (i.e., of the acceptor) and hole injection and transport via the highest-
energy HOMO (i.e., of the donor). The work functions of MoOy and LiF/Al can be assumed
to align with the top of the Gaussian density of states (DOS) of the donor HOMO and acceptor
LUMO, respectively. Under this assumption, the injection barrier is related to the energy
difference between the acceptor LUMO and the donor HOMO. We express the reverse bias
injection-limited current density as the product of the charge carrier density at the metal-
semiconductor interface n;,, and the carrier mobility u, in the bulk of the active layer:[34[]

Ja; = AiqNingilo,i F (4.2)

where i = e for electrons and i = h for holes, Ai is a dimensionless factor discussed below, and
F is the effective electric field given by F = V/L, with V the applied voltage and L the active
layer thickness.

We assume that n;,, at the contacts is established by thermal equilibrium between
electrons and holes via an effective injection barrier. When the HOMO and LUMO DOS
have a Gaussian shape, the effective injection barrier @i,; is equal to the effective band gap

2
Ey minus a term proportional to the thermal equilibrium energy, <;‘(“tT‘> with oy, ; the
B

Gaussian DOS width (standard deviation) at the electrode interface.*®! @iy is further reduced
by the image potential barrier lowering &7 (Figure 4.7b), defined as Ad,, = /f—; with & =

£, the dielectric permittivity. At sufficiently high electric fields, charge carrier tunneling
from the contacts might be possible. Because the BHJ OPDs are operated at relatively
moderate reverse-bias electric fields (F ~ 7 x 10¢ V m™), we assume that the hole injection

74



On the Origin of Dark Current in Organic Photodiodes

process only occurs into the nearest sites in the polymer, i.e., the sites immediately adjacent
to the interface, and likewise that electron injection only occurs into the PCs:BM sites nearest
to the opposite electrode. Under these conditions, the concentration of carriers at the top of

2
the barrier equals ny,,; = Ny;exp(—®iy;/kgT) With @ = E, — (%) — Ad,, and with
B

Ny; the volume density of molecular sites between which the hopping takes place. The
mobility u,; in the zero-field limit and at carrier densities in the independent-particle
(Boltzmann) regime is equal to the product of the mobility in the infinite temperature limit,

A 2
s, and a temperature-dependence exponential factor exp [—Ct (%) ] where ay,; is the
’ B

bulk DOS width and C;i ~ 0.4 within the extended Gaussian disorder model (EGDM).[
Thus, the current density is given by:

[ E — i —A(P]
& \2kgT b

Jai = A; QN exp|— lgT Jl * o, €XP [_Ci (kB—T) ] .

The dimensionless prefactor A; would be equal to unity for a symmetric device with
large injection barriers, in which the carrier density is uniform across the active layer
thickness.[® Using kinetic Monte-Carlo (KMC) simulations we verified that Equation (4.3)
accurately describes the voltage and temperature dependence of Jq4 for symmetric unipolar
OPDs when ginti = ov,i, With A; values of the order of unity. We show below that Equation
(4.3) can indeed describe the observed reverse bias dark current densities, albeit using a value
of aint for holes that is somewhat larger than o.
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Figure 4.7. (a) Schematic of charge injection model. Under reverse bias, electrons are injected from
the high work function MoOx electrode into the tail states of the PCe1BM LUMO and/or holes are
injected from the low work function LiF/Al electrode into the tail states of the polymer HOMO. (b)
Injection barrier lowering Ady due to the image potential under an applied reverse bias for the case of
electron injection. The long-dashed curve gives the position of the maximum of the Gaussian
distribution of LUMO states. The energetic disorder gives rise to a further injection barrier lowering,
leading to an effective value @in.

4.2.7 Extended Gaussian disorder model (EGDM)

To determine the bulk disorder parameter a1, and the temperature-dependent mobility
Mo,i in the zero-field and zero-carrier density limit for electrons and holes, we analyzed the J-
V characteristics of unipolar BHJ OPDs assuming transport in a Gaussian DOS and applied
the EGDM.F! The J-V characteristics were calculated using the drift-diffusion model given
in Ref. [40]. Figure 4.8 and Figure 4.9 show optimal fits to the experimental J-V
characteristics (colored symbols) using the EGDM (black curves) for different active layer
thicknesses and temperatures. The optimal value of o, is found for each temperature. In the
EGDM, W, is predicted to depend on temperature as:

Ho,i(T) = i exp [—cl- ( ,be) ] (4.4)

where i = e for electrons and i = h for holes. The inset in each figure shows the temperature
dependence of o, in a log(o,i) versus T2 space. The values of av;, g, and C; for electrons
and holes are summarized in Table 4.2 for each BHJ system.
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Figure 4.8. EGDM analysis on PDPP3T:PCs1BM unipolar OPDs.
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Table 4.2. Hole and electron disorder parameter ob,i in the bulk of the active layer, volume density of
molecular sites Nii, Ci parameter and zero-field, zero-carrier density mobility pg; in the infinite
temperature limit, all as determined from EGDM analysis on single carrier BHJ OPDs. Egq is the
effective band gap as determined from UPS measurements. Egit, ointh and Aigit are the effective band
gap, disorder parameter for holes at the interface, and prefactor used to fit experimental data in Figure
4.4, respectively.

Parameters from EGDM analysis Fitting parameters
Polymer Obh Obe Nin Nie Ma,h #B,e C C Eg Eg‘fit Ointh  Aifit
[eV] [eV] [107 m?] [107 m?] [m2V1isy[m2Visy] " ¢ [evl [ev] [eVv] [107]
PDPPSDTPS 0.10 0.07 1.0 1.0 27x10%°15x10° 038 038 0.80 080 0.14 05
PDPP5T  0.09 0.07 1.0 1.0 12x10°1.1x10% 037 0.35 0.86 0.83 0.13 05
PDPP3T  0.10 0.07 1.0 1.0 7.9x10°80x10% 035 035 1.03 097 014 05
OC;Cy-PPV 0.12 0.07 0.2 1.0 29x10°59x10° 035 035 108 116 0.17 25

PCDTBT 0.125 0.08 0.25 10 7.1x10°6.2x10° 035 0.35 1.28 126 0176 2.0

4.2.8 DOS broadening at the electrode interface

We use Equation (4.3) to describe the absolute value and temperature dependence of
Ja for all BHJ OPDs. av,i, Ntj, 1o, and C; are experimentally determined from the analysis of
J-V characteristics of symmetric unipolar BHJ OPDs using the EGDM (Figure 4.8-4.9). Eq
(Table 4.2) is taken as equal to the energy difference between the PCs:BM LUMO and the
polymer HOMO energies measured with UPS.

Figure 4.4 shows the calculated Jq using Equation (4.3), with oy, Nij, po; and Ci
values as determined from EGDM analysis. We fit the experimental dark current densities
using Egjit, ainth , and A it as fitting parameters (Table 4.2). The Egic values match very well
to the expected Eg, within the experimental error of the UPS data (~0.1 eV).['"1 We found
that when oinr Was set equal to o, the experimental activation barriers would not be
reproduced correctly. However, a slight increase of oin for holes compared to oy, resulted in
good experimental correspondence. In Figure 4.10 we show that for all BHJ systems a much
larger increase of oine for electrons would be required to obtain good agreement with the
experimental data. This indicates that broadening the DOS width of the HOMO at the
interface is more likely to determine the experimental Jg.
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Figure 4.10. Current density as function of the ratio aint/ov for electrons and holes as calculated using
Equation (4.3) at 295 K under V = -2 V for (a) PDPPSDTPS, (b) PDPP5T, (c) PDPP3T, (d) OC1Cio-
PPV, and (e) PCDTBT OPD. Dashed lines represent the experimental Jq at 295 K. In the calculations,
ov is kept constant while gint is varied. The ratio aini/ob that gives agreement with the experimental data
is lower for holes compared to electrons, for all BHJ systems. This indicates that broadening of the hole
DOS width at the interface is more likely to determine the experimental Ja.
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Optimal fitting of the experimental data was obtained using the ointh values in Table 4.2
for holes, while keeping ginte = one. We note that the optimal oinh Values are proportional to
and systematically higher than o,n (by a common factor of ~1.4), possibly indicating a
broadening of the DOS at the interface between the active layer and the LiF/Al top contact.
This effect was modeled using KMC simulations. The KMC simulations predict a larger
effective DOS width for holes near the low work function electrode due to the high density
of electrons at the metal contact, enhancing hole injection into the polymer HOMO, and vice
versa for the electrons near the high work function electrode. Notably, A; values were found
in each polymer to be of the order of 1073, i.e., much lower than the theoretical value of unity,
for both electrons and holes. Although at present we are unable to offer a definitive
explanation, we propose three possible reasons for the current reduction: charges captured by
trap states not contributing to Jq, the applied model not fully accounting for the image
potential, and spatially inhomogeneous charge injection due to the filamentary BHJ energetic
landscape.
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4.2.9 EGDM analysis on pure polymer OPDs

To ascertain the wider applicability of our model, we characterized the energetic
disorder and the charge carrier mobility of pure polymer films (Figure 4.11), as opposed to
the BHJ films discussed above (Figure 4.8-4.9). We found that both o,h and pon at room
temperature change drastically when compared to the blend due to the absence of PC¢:BM
(Table 4.3).11 In addition, the changes in o»n and pon at room temperature are strongly
dependent on the specific polymer. Therefore, studying the energetic disorder and the carrier
concentration dependent mobility function in the pure polymer is less relevant to understand
the dark current of BHJ OPDs.
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10A F N
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r 1
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10°F E 4 1
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\\% Vv]

Figure 4.11. EGDM analysis on pure OC1C10-PPV hole-only OPDs. Measured (colored symbols) and
calculated (black line) J-V characteristics for (a) hole-only OPDs with different active layer thicknesses
and (b) 175 nm hole-only OPD at various temperatures. The inset in (b) shows the temperature
dependence of o, in a log(le,i) versus T-2 space and the calculated Cn parameter.

Table 4.3. Hole parameter onn in the bulk of the active layer and zero-field, zero-carrier density
mobility at room temperature (po,n) and in the limit of infinite temperature (ug ) for pure polymer and
BHJ OPDs.

Materials obn [eV] Hon [M2V1sT ton [M?V1st]
PDPP5T pure polymer 0.11 2.3x 108 2.0x10°
PDPP5T:PCs1BM 0.09 1.1 x 107 1.2 x10°
OC1C10-PPV pure polymer 0.14 4.0x 10! 3.4 x 10"
0OC;1C10-PPV:PCs1BM 0.12 1.3 x10% 2.9x10°
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4.2.10 Voltage dependence of Jq

We calculated the voltage dependence of Jq at room temperature for all BHJ OPDs
using our model, as shown in Figure 4.12. The model can relatively well explain the voltage
dependence at moderately high bias (2.5 V <V <-1.5 V) but is less accurate at lower bias
(-0.5V <V <0 V). This might be due to an inadequate description of the injection process
at very low electric fields.
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Figure 4.12. VVoltage dependence of the current density (J) under reverse bias for all BHJ OPDs. Empty
symbols are experimental J values measured at room temperature at each bias voltage. Jq at each voltage
was measured by recording the current density in time until a constant value was reached, to eliminate
displacement currents arising from the voltage sweep, thereby resulting in a more accurate
determination of Ju. Full lines are calculated using Equation (4.3) at room temperature.
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4.2.11 Reverse and forward bias Jd

We note that the experimental temperature dependence of Jqat V =—2 V is comparable
to that of the hole-only current density (Figure 4.13). In our model, the reverse bias dark
current density is dominated by hole injection into the tail states of the polymer HOMO for
all BHJ systems, due the higher value of oinn compared to ginie = one. It is likely that this
corresponds to the actual situation, as Figure 4.10 shows that relatively large changes in inte
would be required to reach agreement with experiment.

Finally, from the measured unipolar J-V curves of devices with Ohmic contacts
(Figure 4.8-4.9) it may be expected that for the materials studied the dark current density
under forward bias (V = +2 V) is determined almost completely by the electron contribution.
Quantitatively, such a conclusion would also follow from the ratio of the EGDM maobility

A\ 2
Ho,; €XP [—Ci (%) ] for electrons and holes in the Boltzmann regime, which provides the

relevant comparison for these rather thick (~280 nm) devices for the relatively low voltage
used. For PCDTBT, e.g., the electron:hole mobility ratio (from Table 4.2) in this regime at
298 K is approximately equal to 1200. Consistent with this view, Figure 4.13 shows that
under forward bias the temperature dependence of Jq is identical to that of the electron
mobility in the Boltzmann regime. Thus, the current density in forward bias is mainly
dominated by electron transport via PCs:BM, in line with previously reported observations
for polymer:fullerene BHJ solar cells.[*243]
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Figure 4.13. Temperature dependence of the dark current density for all BHJ OPDs. Data are
normalized to the first measured Jq data point. (a-c-e-g-i) The experimental T-dependence of Js under
reverse bias (V = -2 V) is comparable to that of the calculated hole-only current density (Jan). (b-d-f-
h-j) The experimental T-dependence of Ja under forward bias (V = +2 V) is comparable to that of the
electron mobility in the Boltzmann regime (Uo.e).
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4.2.12 Temperature dependence of the activation energy

Equation (4.3) provides insight into the temperature dependence of the activation
energy via

_din(y)

1
E, T~ Egt kB_T(ZChU"Z'“ — 0Ztn) — APy, (4.5)
d (kB_T)

The second term in the right-hand-part of this expression is negative, as 2Ch = 0.75
and cintn? ~ 20p02. Equation (4.5) explains how the lower than anticipated activation energies
of Jq are based on the reduction of the effective injection barrier due to the Gaussian energetic
disorder. Furthermore, it successfully describes how E, decreases at lower temperatures, as
shown in Figure 4.14. Notably, E, depends on the image potential barrier lowering A&y and
thus it is expected to decrease with increasing reverse bias voltage. The agreement between
Equation (4.5) and E, measured at different bias voltages might be an interesting subject of
further research.

0.3 PDPPSDTPS

Thermal activation energy [eV]

290 280 270 260 250 240
Temperature [K]

Figure 4.14. Thermal activation energy (Ea) as function of temperature for all BHJ OPDs. Dashed lines
indicate temperature-independent Ea values calculated from the fit of Jua(T) to Jq « exp(—E,./kgT ).
Full curves are calculated with Equation (4.5), which describes the decrease in Ea with decreasing
temperatures.
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4.3 Conclusions

For five different polymer:PC¢BM photodiodes we find that the dark current density
under reverse bias correlates exponentially with the V. of the same devices under simulated
solar light. This confirms the expected scaling of Jq with the effective band gap of the
semiconducting active layer. However, the temperature dependence of Jq reveals activation
energies much smaller than the effective band gap. The magnitude of Jq and its activation
energy can be described quantitatively by including the effect of Gaussian energetic disorder
of the organic semiconductor on the injection and transport of electrons and holes. In
addition, the low and approximately invariant E; values (~0.25 eV) for each polymer indicate
that the dark current is predominantly due to injection and transport of carriers via low energy
sites in the disordered semiconductor, rather than thermal excitation of carriers across the
electronic gap. In the five polymer-fullerene OPDs, the reverse bias Jq is dominated by hole
current because of the higher energetic disorder of the polymer compared to the fullerene
acceptor, which results in a lower barrier for hole injection compared to electron injection.
Under forward bias, no appreciable barriers for charge injection exist and then Jq is dominated
by the electron current, because the electron mobility is higher than the hole mobility. Further
reduction of the dark current, and thus improvement of OPD detectivity at a given photon
energy, may thus be achieved by reducing the energetic disorder of the organic
semiconductors,*% or by otherwise reducing injection of carriers under reverse bias. P12

4.4 Experimental Section

Ultraviolet photoelectron spectroscopy. The UPS measurements were performed
according to recently published methods.[*"] To prepare the samples for UPS measurements,
ITO-coated substrates were cleaned by rinsing with acetone followed by mechanical rubbing
and sonication in isopropanol. The cleaning process was completed with a 30 min UV-ozone
treatment. All polymers were dissolved in anhydrous chloroform at 2 mg mL™ concentration
and cast by spin coating at 2000 rpm in a nitrogen-filled glove box. The samples were
transferred to the UPS setup in a nitrogen-filled transfer tube to prevent oxidation of the thin
films. The UPS measurements were performed in a multichamber EscalLab Il system with a
base pressure of the analyzer chamber in the lower 107 Pa range using He—l radiation
generated in a differentially-pumped, windowless discharge lamp. The UPS spectra were
recorded under an applied bias of =6 V.

OPD fabrication. A 100 nm molybdenum film was sputtered on glass and
subsequently patterned using photolithography to form the bottom electrode. Next, a thin
film of insulating photoresist was processed to cover the perimeter of the Mo bottom
electrode, thereby minimizing undesirable current leakage paths. Prior to spin coating of the

87



Chapter 4

polymer:PC¢BM blend the substrates were cleaned and treated with O, plasma for 3 min,
leading to the formation of a thin MoOx layer. PDPPSDTPS (M, = 50 kg mol ™) was blended
with PCg:BM 1:2 (w/w) in a chloroform solution with 5 vol.% o-dichlorobenzene at 6 mg
mL* polymer concentration. PDPP5T (M, = 40 kg mol ™) was blended with PCs;BM 1:2
(w/w) in a chloroform solution with 10 vol.% o-dichlorobenzene at 9 mg mL™* polymer
concentration. PDPP3T (M, = 60 kg mol™) was blended with PCe:BM 1:2 (w/w) in a
chloroform solution with 7.5 vol.% o-dichlorobenzene at 7 mg mL™ polymer concentration.
OC;C10-PPV (Mn = 350 kg mol™) and PCDTBT (Mn = 60 kg mol™) were blended with
PCs:BM 1:4 (w/w) in a chlorobenzene solution at 10 and 9 mg mL ™ polymer concentration,
respectively. The polymer:PCs:BM blends were cast by spin coating at 750 rpm in a No—
filled glovebox resulting in a ~280 nm layer. The active layers were dried overnight in a
vacuum chamber at ~6 x 10~" mbar and the OPDs were finished with evaporated LiF (1 nm),
Al (1.5 nm), Ag (10 nm) and ZnS (30 nm). The OPD active area was 2 x 2 mm.

OPD characterization. J-V characteristics in dark conditions were measured with a
probe station in a No—filled glovebox, sweeping the voltage from -2 V to +2 V and back,
using a slow scan speed of 0.05 V s~ to minimize displacement currents. To determine the
dark current density at different temperatures, J¢ was measured in a cryostat under vacuum
versus time at a constant applied bias of —2 V until a constant value was reached. The open-
circuit voltage of each OPD analyzed in this work was recorded in a No—filled glovebox under
simulated solar light using a tungsten-halogen lamp coupled to a UV filter and daylight filter
(Hoya LB120). The EQE setup was based on a tungsten-halogen lamp, a chopper, a
monochromator (Oriel, Cornerstone 130), a pre-amplifier (Stanford Research Systems
SR570) and a lock-in amplifier (Stanford Research Systems SR830 DSP). The active area
for EQE measurements was defined by a circular aperture of 1 mm in diameter. Sub band
gap EQE spectra were acquired by irradiating each OPD with monochromatic light (Oriel
Cornerstone 260) (10 nm band width, modulated at 330 Hz). The sensitivity was enhanced
using a pre-amplifier (Stanford Research Systems SRS500, also used to apply a —2 V bias)
and a lock-in amplifier (Stanford Research Systems SRS830). The sub-gap EQE spectra were
corrected for the illumination intensity (determined from calibrated Si and InGaAs
photodiodes), and then scaled to EQE values determined in the main absorption band.

Unipolar OPDs. To prepare unipolar OPDs, glass substrates were cleaned by
mechanical rubbing and sonication in isopropanol, followed by a 30 min UV-0zone treatment.
Electron-only OPDs were fabricated using Al (100 nm) as bottom contact and LiF (1 nm)/Al
(100 nm) as top contact. Hole-only OPDs were fabricated using Ag (100 nm)/MoOx (10 nm)
as bottom contact and MoOx (10 nm)/Ag (100 nm) as top contact. All BHJ active layers were
deposited using the same experimental conditions as for the bipolar OPDs. For each unipolar
OPD, devices with different active layer thicknesses were fabricated by changing the
rotational speed during spin coating deposition.
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Chapter 5

High-Accuracy Photoplethysmography Array
using Near-Infrared Organic Photodiodes
with Ultralow Dark Current”

Abstract

Reflectance oximeters based on organic photodiode (OPD) arrays offer the potential
to map blood pulsation and oxygenation via photoplethysmography (PPG) over a large area
and beyond the traditional sensing locations. However, previously reported organic
oximeters arrays are based on a small number of pixels, which limits the resolution. Here,
we develop an organic reflectance oximeter based on a 16 x 16 OPD pixel array. The
individual pixels exhibit near-infrared sensitivity up to ~950 nm and low dark current density
in the order of 10 mA cm2. The OPD array potentially enables a more detailed mapping of
the PPG signal compared to previously reported reflectance oximeters. Alternatively, the
quality of the PPG signal can be increased by averaging the signal of adjacent OPD pixels
with similar photocurrent output. This results in state-of-the-art quality of the PPG signal,
which provides insight on the artery stiffness and the quality of blood circulation besides
assessing the pulse rate. Further, oxygen saturation is assessed by assuming differential
pathway factors (DPF) in the order of unity, in agreement previously reported values. The
functionality of 2D oxygenation mapping capability combined with the high-quality of PPG
signals potentially provides substantial advantages in assessing tissue damaging or
monitoring wounds, skin grafts, and organs.

* This chapter has been submitted for publication as: G. Simone, D. Tordera, E. Delvitto, B.
Peeters, A. J. J. M. van Breemen, S. C. J. Meskers, R. A. J. Janssen, G. H. Gelinck, High-
Accuracy Photoplethysmography Array using Near-Infrared Organic Photodiodes with
Ultralow Dark Current.



Chapter 5

5.1 Introduction

Pulse oximeters are non-invasive medical sensors that monitor heartbeat via
photoplethysmography (PPG), a widely used optical technique to detect volume changes in
the subcutaneous tissue caused by blood pulses. PPG has been used for a wide range of
clinical applications, including measuring blood pressure and cardiac output, monitoring
respiratory ratel?® and depth of anesthesia,[ assessing arterial blood oxygenation,® and
detecting peripheral vascular disease.[®! PPG signals are typically acquired by illuminating
the skin with light-emitting diodes (LEDs) and detecting light transmitted or reflected by the
tissue with a photodiode. Peripheral blood oxygenation (SpO2) can be assessed by using
LEDs that sequentially emit light with different wavelengths, typically in the red and near-
infrared (NIR) spectral region, to estimate the ratio of oxyhemoglobin and deoxyhemoglobin
in arterial blood. Transmission pulse oximeters restrict the sensing location to tissues that can
be transilluminated, generally fingertips or ear lobes. To overcome this limitation, pulse
oximeters should be used in reflective mode, i.e., sensing light that slightly penetrates in
the tissue and is then reflected. This opens the possibility to monitor pulse rate and blood
oxygenation beyond the traditional sensing locations (e.g., fingertip and earlob).

Recent developments in the field of organic electronics have led to reflectance
oximeters based on organic photodiodes (OPDs).[BIFIMI The potential for large-area
manufacturing using industrially scalable coating techniques,? combined with the wide
absorption spectrum and high color selectivity,*®! makes OPDs attractive for this class of
optoelectronic sensors. Organic reflectance oximeters on light-weight flexible substrates!*4!
can easily adapt to complex shapes of the body, thereby potentially providing a versatile
alternative to rigid conventional designs. Furthermore, the signal-to-noise ratio (SNR) of
flexible oximeters is enhanced by the formation of a conformal sensor—skin interface with
lower effective impedance, 18] which reduces the electronic noise during PPG acquisition.
Lochner et al.l®! first combined organic light emitting diodes (OLEDs) with two OPD pixels
in an all-organic pulse oximeter. This sensor successfully measured pulse rate and blood
oxygenation level within an experimental error of 1 and 2%, respectively. In 2018, Khan et
al.’l presented a reflectance oximeter array composed of four red and four NIR OLEDs, and
eight OPDs. Such configuration introduces the functionality of 2D oxygenation mapping
capability. The sensor was used to measure oxygen saturation on the forehead with 1.1%
error and to create 2D oxygenation maps of adult forearms under under normal and ischemic
conditions. The demonstration of 2D oxygen mapping capability encourages new system
designs with higher pixel density to achieve greater resolution.
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Here, we develop an NIR-sensitive OPD array of 16 x 16 pixels and demonstrate its
potential in reflectance PPG. Each OPD pixel exhibits NIR sensitivity up to ~950 nm
together with a low dark current density in the order of 10° mA cm. As the OPD array is
operated in reflective mode, a thin (10 nm) semi-transparent Ag top electrode in each pixel
is needed not to hinder light that reaches the fingertip and is then reflected. Notably, we use
opaque bottom electrodes in combination with the semi-transparent non-patterned top
electrode, so that only reflected light is detected by the OPD array. Our array enables PPG
imaging over an area of 1.8 x 2.2 cm with a resolution of 28 pixels per inch (ppi). We
establish that the array photoresponse is linear with light intensity within the range used for
PPG imaging in this work. Furthermore, we show the uniformity of the photoresponse over
the whole pixel array, with negligible pixel-to-pixel variations in photocurrent under the same
lighting conditions. This opens the possibility to map the PPG signal over larger area
compared to previously reported reflectance oximeter arrays.®! The quality of the PPG signal
can be increased when post-processing the recorded data, by averaging the signal of adjacent
OPD pixels with similar photocurrent output (at the expense of spatial resolution),
eliminating signals that suffer from artefacts such as motion. The resulting high-quality PPG
signal provides insight on the artery stiffness and the quality of blood circulation through a
detailed analysis of the PPG second derivative, which has not been previously reported for
organic oximeter arrays. The possibility of 2D oxygenation mapping capability combined
with the high-quality PPG signals potentially provides substantial advantages in assessing
tissue damaging or monitoring wounds, skin grafts, and organs.

5.2 Results and Discussion

5.2.1 Discrete OPD fabrication and characterization

We fabricated solution-processed NIR-sensitive OPDs based on poly[[2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[2,2":5',2"-
terthiophene]-5,5"-diyl] (PDPP3T), blended with phenyl-Cesi-butyric acid methyl ester
(PCe1BM). The chemical structures are displayed in Figure 5.1a. We used an inverted
polarity OPD configuration where molybdenum oxide (MoOyx) and amorphous indium
gallium zinc oxide (a-1GZO) were used as hole and electron extracting contacts under reverse
bias, respectively. The OPDs were finished with a semi-transparent Ag (10 nm) top electrode.
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The current density-voltage (J-V) characteristic recorded in dark conditions is shown
in Figure 5.1b. The reverse bias dark current density (J¢) at V =-3 V is 8.5 x 10 mA cm2.
While state-of-the-art Jq for green-sensitive OPDs based on wide band gap polymers (Eo ~
2.0 eV) ranges around 107 mA cm 2171818 N|R-sensitive OPDs typically exhibit higher
dark current densities.?2%1 This is mainly due to their smaller effective band gap (Ey), i.e.,
the energy difference between the lowest unoccupied molecular orbital (LUMO) of the
acceptor and the highest occupied molecular orbital (HOMO) of the donor, which enhances
the probability of charge injection and/or bulk thermal generation in the active layer.[??
Indeed, the PCs1BM LUMO and PDPP3T HOMO energies are —3.84 eV and —4.87 eV,
respectively, resulting in a rather low E4 of 1.03 eV. Nevertheless, the low Jq in the order of
10-® mA cm2 of our OPD is attributed to the charge blocking properties of a-1GZO, reducing
the injection of holes under reverse bias.[?412! This J4 value is comparable to previously
reported dark current densities for organic pulse oximeters.l

Figure 5.1c shows the EQE spectrum. The EQE reaches ~0.1 at the maximum of the
first allowed optical absorption band of the polymeric semiconductor (~900 nm). For OPD
pixels in reflectance oximeter arrays, EQE > 0.35 was previously reported.[™ The lower EQE
of our OPDs is mainly due to the absorption of NIR radiation by the 10 nm Ag top electrode,
resulting in a lower light intensity in the active layer. Substantial increase of the EQE in the
NIR region can be achieved by replacing Ag with a transparent ITO top electrode, leading to
EQE above 0.3 at 900 nm. Despite the relatively low values, the EQE spectrum covers a wide
wavelength range, from 400 to 950 nm. This broad spectral response is beneficial for PPG
and SpO, applications.?®l27]1 Green wavelengths probe dermal arterioles, i.e., the smaller-
diameter blood vessels in the microcirculation that extends and branches out from an artery
and leads to capillaries. With higher wavelengths it becomes possible to probe deeper
subcutaneous blood volume variations. Notably, green light has been shown to have the least
influence from motion artifacts compared to red and NIR light PPG.[28 Pulse oximetry
requires two distinct wavelengths and can be performed using green and red or red and NIR
light, where the deeper penetration depth of NIR light was suggested to improve the
invariance of SpO, measurements to skin non-homogeneities.?”]

We investigated the OPD time response by measuring photocurrent transients upon
pulsed 730 nm illumination. We applied 50 ms pulses and recorded the decay in photocurrent
upon the application of a light pulse, as shown in Figure 5.1d. The response of a Si photodiode
is given for comparison. For these measurements, a circular aperture of 0.75 mm in radius
defined the active area of both photodiodes. The OPD fall time ty, i.e., the time for response
decrease from 90% to 10%, is 9.5 ps under a 16.1 mW cm2 pulsed illumination. For PPG
measurements in this work, sampling frequency of 1.3 kHz is used, resulting in pulsed
illumination with light and dark periods of approximately 700 us. The response time ts is
nearly two orders of magnitude lower than this value, indicating that the OPD is sufficiently
fast for this application.
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Figure 5.1. OPD materials and performance. (a) Chemical structure of the donor polymer (PDPP3T)
and the fullerene derivative acceptor (PCe1BM), and schematic of the OPD architecture. (b) J-V
characteristic in dark conditions. (c) EQE spectra at V = -3 V for OPDs with Ag and ITO top electrode.
(d) Normalized photocurrent decay upon 730 nm light pulses of 50 ms duration. Fall time tz, i.e. time
for response decrease from 90% to 10%, is 9.5 ps. The response of a Si-PD (dotted line) with the same
active area is given for comparison.

5.2.2 Operation of 16 x 16 OPD array

The 16 x 16 OPD array layout and operation are presented in Figure 5.2. The 256
pixels are arranged in a squared array with Y and X coordinates, as shown in Figure 5.2a.
Each pixel is a square with a 0.9 mm side. The bottom electrodes of each pixel define the
active areas, while the top electrode is common to all pixels. The pixel rows are spaced by
0.24 mm, while the columns are spaced by 0.5 mm to enable patterning of the conductive
tracks. All metal interconnections are realized in the bottom layer. The yellow strip above

the array is the area where the readout integrated circuit (ROIC) is placed to electrically
connect each pixel individually.
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Figure 5.2. Operation of 16 x 16 OPD array. (a) Photograph of OPD array. (b) Linearity of photocurrent
as function of light intensity for the 256 pixels upon white OLED illumination. The red line indicates
the mean photocurrent values, the shaded area represents the standard deviation. (c) Uniformity of the
pixel array under 90 cd cm2 illumination. X and Y coordinates are defined as in (a). (d) Current density
distribution for the 265 pixels under 90 cd cm~2 illumination.
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To achieve accurate PPG imaging using the 16 x 16 OPD array, two main
prerequisites must be considered, namely the linearity of the photoresponse in each pixel, to
ensure sensitive detection of small changes in light intensity, and the uniformity of the
photoresponse over the whole pixel array, with negligible pixel-to-pixel photocurrent
variations under the same lighting conditions. Both prerequisites are fulfilled by the 16 x 16
OPD array, as shown in Figure 5.2b. The red line indicates the mean photocurrent values
over the 256 pixels at V = -3 V upon white OLED illumination. The photocurrent scales
linearly with light intensity over the entire relevant range for application. The standard
deviation (shaded area) is limited to ~10% of the average values, which indicates a uniform
photoresponse of the OPD array. In addition, the current density uniformity at V =-3 V under
90 cd cm? white OLED illumination is illustrated in Figure 5.2¢c. The distribution of
photocurrent under illumination can be fitted with a Gaussian curve having a narrow full
width at half maximum (FWHM) of 1.6 x 103 mA cm~2 (Figure 5.2d).

5.2.3 PPG signal acquisition

We integrated the 16 x 16 OPD array into the experimental setup for PPG signal
acquisition (Figure 5.3a). An LED array including green (515 nm), red (630 nm), and two
different near-infrared (850 and 940 nm) wavelengths is used to illuminate the OPD array
uniformly. The LED light travels through the spacing between the OPD pixels in the PPG
array, reaches the finger and is then reflected. As an opaque bottom electrode is used, only
reflected light is detected by the OPD pixels. Figure 5.3b illustrates the current density
distribution over the array in contact with the finger. Higher photocurrent values are reached
within the area where light is reflected by the fingertip, as approximately indicated by the
white dashed line.
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PPG imaging can potentially be achieved by recording the signal of each pixel in the
16 x 16 OPD array, thereby creating a 2D mapping of the PPG. Alternatively, the signal of
adjacent pixels with similar photocurrent output can be averaged to increase the SNR of the
PPG, thereby increasing the quality of the measurement (Figure 5.3c). We average the PPG
signals of pixels that exhibit variations in photoresponse of less than 10%. As an example,
four pixels with such photoresponse variation are labelled with numbers 1-4 in Figure 5.3b.
Firstly, the PPG waveforms of each pixel are filtered by using a band-pass digital finite
impulse response (FIR) filter from 0.5 to 10 Hz. The filtered signals of pixels 1-4 show
negligible variations, as shown in Figure 5.4. Secondly, the individual waveforms at various
wavelengths are averaged, resulting in the PPG signals in Figure 5.3c. Pixel averaging visibly
leads to improved quality of the PPG signal compared to individual acquisitions, which
enables further analysis of the PPG waveforms.
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Figure 5.4. Individual PPG acquisitions upon band-pass digital filtering for (a) 515 nm, (b) 630 nm,
(c) 850 nm, and (d) 940 nm LED illumination. Full lines indicate the PPG signals of pixels 14, as

illustrated in Figure 5.3b.
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5.2.4 PPG signal analysis

Valuable information can be derived from the obtained PPG waveforms. State-of-the-
art PPG signals are typically characterized by a rising edge (anacrotic phase) and a falling
edge (catacrotic phase) of the pulse, related to the systole and diastole, respectively. A
dicrotic notch generally appears in the catacrotic phase of individuals with healthy compliant
arteries.[?81 The location of systolic and diastolic peaks can be accurately determined from
the zeroes of the PPG first derivative, as shown in Figure 5.4 for the case of 515 nm LED
illumination. Here, the PPG signal is recorded from a 34 years old male volunteer. From the
average systolic peak-to-peak interval a pulse rate of 86.7 beats per minute (bpm) is
measured, which is within the normal resting rate range for individuals over the age of 10
years (60—100 bpm). The time delay AT between the systolic and diastolic peaks is related to
the transit time of pressure waves from the root of the subclavian artery to the sensing
location.[?] Assuming the path length to be proportional to subject height (h), a large artery
stiffness index SI = AT/h of 6.6 is obtained, which lies within the typical range for adults (29—
45 years of age). The value of AT (hence SI) decreases with age due to the enhanced artery
stiffness and the higher pulse wave velocity in the aorta and large arteries.[?®! We note that
the finger PPG might be used to estimate the pulse arrival time (PAT) from the time delay
between the electrocardiogram (ECG) R-peak and the maximum of the PPG waveform. 291301
Typically, PATs in the order of hundreds of milliseconds are measured with this method, 2%
indicating that the pulse arrival time is much shorter that the average peak-to-peak interval
in the PPG signal.

Further insight on the blood circulation can be established from the second derivative
of the PPG, also referred to as acceleration plethysmogram (APG).BY The APG waveform
typically includes four systolic waves (a-d) and one diastolic wave (e). These features are
well visible in our APG. The location and height of each wave in the calculated APG
waveform indicates proper blood circulation, as typically observed for healthy young
people.?8] Notably, the b/a index (i.e., the height ratio of a and b waves) is considered to be
the most promising index in the assessment of arterial health. We measured an average b/a
index of —0.9. This falls into the experimental range for 34 years old healthy volunteers, in
contrast to diabetes patients for which b/a > —0.4 is found.[*?
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Figure 5.5. Analysis of PPG signal upon 515 nm LED illumination. The systolic and diastolic peaks
can be accurately recognized from the analysis of the first derivative of the PPG signal. The location
and height of each wave in the calculated acceleration plethysmogram (APG) waveform indicates
proper blood circulation.

5.2.5 Peripheral oxygen saturation

Pulse oximeters can estimate blood oxygen saturation by optically quantifying the
concentration of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb). Interestingly, the molar
extinction coefficients of HbO; (enpo2) and Hb (emp) vary considerably with wavelength,
being the ratio enp/ernoz < 2, enplenboz > 6 and enp/ernoz < 3 in the green, red and NIR region,
respectively.[® Therefore, the concentration of HbO, and Hb is typically measured combining
red and green or red and NIR light to exploit the difference in molar extinction coefficient.

The SpO: is given by the ratio between the concentration C of oxyhemoglobin and the total

CHbOZ

concentration of hemoglobin: Sp0, = . In presence of a pulsatile PPG signal,

CHbo,+CHDb
oxygen saturation in reflection-mode oximetry (SpO,") is assessed by modeling light
propagation in the tissue via a modified Beer—Lambert’s law in addition to an empirical
correction, resulting in the following equation: !
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eup(A)DPF;_; — egp(42)R

Sp0} = .
2 [enn (A1) — evo, M) ]DPF;_, + [enn (A2) — o, (A2)]R

(5.1)

The complete derivation of Equation (5.1) is provided in Ref. [9]. Here, eun(4) and
eHpo2(4) are the molar extinction coefficients of oxyhemoglobin and deoxyhemoglobin at
wavelength A, while the subscripts 1 and 2 indicate the red (630 nm) and infrared (850 or 940
nm) wavelengths, respectively. DPFi., is the differential pathlength factor accounting for

multiple light scattering within the tissue, and R is the ratio of pulsatile (AC) to stationary
AC1/DCy
AC,/DCy

R using a combination of 630-850 nm or 630-940 nm LED lights. SpO;" decreases with
increasing R as predicted by the Beer—Lambert’s model® (Figure 5.6). For instance, at SpO>
level of 99 %, R is equal to 0.51 and 0.59 for 630-850 nm and 630-940 nm illumination,
respectively. To obtain agreement with transmission-mode oximetry (SpO_!) data measured
with a commercial finger probe at SpO- level of 99 % using the aforementioned R values, we
found DPFg30-850 nm = 0.82 and DPFg30-040nm = 1.1. Indeed, DPF1-; values in the order of unity
have been previously reported at these wavelengths.[%1i38 Therefore, the correct SpO, level
can be estimated using experimentally determined R values and assuming state-of-the-art
DPF values in the order of unity.

(DC) signals at the two wavelengths, given by R =

. To estimate SpO,', we measured
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Figure 5.6. Peripheral oxygen saturation in reflection mode (SpO:") as function of the ratio R measured
combining (a) 630-850 nm and (b) 630-940 nm LED light. Full lines are guides to the eyes.
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5.3 Conclusions

In summary, we developed a 16 x 16 OPD pixel array and we demonstrated its
potential for PPG measurements and pulse oximetry. The discrete OPD pixels show spectral
sensitivity over the visible and NIR spectrum up to 900 nm. The photogenerated current in
each pixel scales linearly with light intensity across the range used in this work, and the
photoresponse is uniform over the entire pixel array. Our OPD array can potentially map the
PPG signal over a large area with higher resolution compared to previously reported works.
In addition, the pixelated nature of the array allows further improvement of the PPG signal
quality improved further in a post-processing stap by averaging the signal of adjacent OPD
pixels with similar photocurrent output. The resulting high-quality PPG signals enabled to
gain insights on the artery stiffness and the quality of blood circulation. Finally, oxygen
saturation can be assessed correctly by using experimentally determined R values and by
assuming differential pathway factors in the order of unity, in agreement with previously
reported DPF values. Our OPD array potentially enables a smart bandage that has high-
resolution oxygenation mapping capability, which may find clinical value in skin health
assessments monitoring wounds, skin grafts, and organs.

5.4 Experimental Section

OPD fabrication. The discrete OPDs and the 16 x 16 OPD array were made using
with the same fabrication method. A 130 nm chromium molybdenum alloy (MoCr) film was
sputtered on glass and subsequently patterned with photolithography to form the bottom
electrode. Next, a thin film (32 nm) of a-IGZO was sputtered on the bottom electrode.
PDPP3T (Cal-0S) was blended with PCs:BM (Nano-C) 1:2 (w/w) in a chloroform solution
with 7.5 vol.% o-dichlorobenzene at 7 mg mL™* polymer concentration. The
PDPP3T:PCsBM blend was cast by spin coating at 750 rpm in a No—filled glovebox resulting
in a ~280 nm layer. The active layer was dried overnight in a vacuum chamber at
~6 x 107" mbar. The top electrode consisted of evaporated MoOx (60 nm) and Ag (10 nm)
(both purchased at Alfa Aesar). The active area of the discrete OPDs was 2 x 2 mm. In the
16 x 16 OPD array, a flexible thin film was used to provide the electrical connection between
each pixel and the ROIC.

Discrete OPD characterization. J-V characteristics in dark conditions were measured
with a probe station in a N>—filled glovebox. The voltage was swept from -3 V to +2 V and
back. Displacement currents were minimized using a slow scan speed of 0.05 V s, The EQE
setup consisted of a tungsten-halogen lamp, a chopper, a monochromator (Oriel, Cornerstone
130), a pre-amplifier (Stanford Research Systems SR570) and a lock-in amplifier (Stanford
Research Systems SR830 DSP). The photocurrent transients were acquired by pulsing the
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NIR LED light with a waveform generator (Agilent 33250A) and recording the current as
function of time with an oscilloscope (Tektronix TDS5052B). A circular aperture of 0.75 mm
in radius defined the active area for the EQE and photocurrent transient measurements.

16 x 16 OPD array characterization. Photocurrent measurements as function of light
intensity were performed illuminating the 16 x 16 OPD array with a white OLED tile. The
OLED tile was driven using a voltage source (TTi EL302R Power Supply). PPG signals were
acquired using an array of LEDs of four different wavelengths: 515, 630, 850 and 940 nm
(Warth  Elektronik,  150141GS73100, 150141RS73100, 15414185BA210 and
15414185BA210, respectively). Four LEDs were used per wavelength. In both cases, the
OPD response was measured using a custom-made electronic system and software
(LabVIEW based).
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Chapter 6

Near-Infrared Tandem Organic Photodiodes
for Future Application
in Artificial Retinal Implants”

Abstract

Photovoltaic retinal prostheses show great potential to restore sight in patients
suffering from degenerative eye diseases by electrical stimulation of the surviving neurons in
the retinal network. Herein, organic photodiodes (OPDs) sensitive to near-infrared (NIR)
light are evaluated as photovoltaic pixels for future application in retinal prostheses. Single-
junction and tandem OPDs are compared. In the latter, two nominally identical single-
junction cells are processed on top of each other, effectively doubling the open circuit voltage
(Voc). Both single-junction and tandem OPD micro-pixels can deliver the required charge to
stimulate neurons under pulsed NIR light at physiologically safe intensities when connected
to stimulating micro-electrodes in a physiological saline solution. However, only tandem
OPD pixels can cover the entire charge per pulse neural stimulation window due to their
higher Vo (~1.4 V). This demonstrates the viability of high-resolution retinal prostheses
based on flexible OPD arrays.

* This chapter has been published as: G. Simone, D. Di Carlo Rasi, X. de Vries, G. H. L.
Heintges, S. C. J. Meskers, R. A. J. Janssen, G. H. Gelinck, Adv. Mater. 2018, 30, 1804678.



Chapter 6

6.1 Introduction

Retinal degenerative diseases lead to blindness due to progressive loss of
photoreceptor cells, which are responsible for the conversion of light entering the eye into
electrical signals delivered to the brain. Retinitis pigmentosa and age-related macular
degeneration are two leading causes of severe visual losses in adult individuals, affecting
over one million people worldwide.l? |n patients suffering from these diseases, rod and
cone photoreceptor cells are progressively lost while neural cells in the retinal network
remain functional. Electronic retinal prostheses have great potential to restore sight by
electrical stimulation of the surviving neurons. Over the past few years, different types of
retinal implants have been investigated, mainly epiretinal and subretinal. Epiretinal
implantst electrically stimulate the ganglion cells in the inner limiting membrane. Although
they were proven to partially restore functional vision, they require complex intraocular
implantation procedures. Subretinal prostheses* aim at the stimulation of bipolar cells in the
inner nuclear layer. This approach involves simpler implantation methods and preserves the
natural image-processing mechanism of the retinal network. However, additional implanted
electronics is necessary to transfer power and data to the implant. To overcome this
limitation, the concept of photovoltaic neural stimulation has been proposed.Fl€ In this
approach, a photovoltaic implant converts the incoming light into electrical input which
triggers neural activity. Photovoltaic retinal prostheses are self-powered devices which do
not require any additional implanted electronics. Furthermore, they enable the preservation
of the natural coupling between eye movement and image perception.

Ghezzi et al. recently developed a fully organic subretinal prosthesis based on a
photoactive polymer as interface for neural stimulation.ll] The implant was proven to
restore light sensitivity and spatial acuity in Royal College of Surgeons rats, a widely studied
animal model of retinitis pigmentosa.® The absence of stimulating metal electrodes in this
work is intriguing. The activation of the neural circuitry was ascribed to the interaction of
photoexcited states in the polymeric film with the retinal environment, but the exact
mechanism of neurostimulation remains uncertain.

Mathieson et al. successfully demonstrated a photovoltaic subretinal prosthesis based
on silicon photodiode (Si-PD) micro-pixels.B! In this system, the image captured by a head-
mounted camera is processed by a portable computer and projected onto the subretinal
implant from video goggles using pulsed near-infrared (NIR) (880-915 nm) light, which
selectively targets the artificial prosthesis being invisible to remaining photoreceptors. Upon
illumination with NIR light, pulsed photocurrent is generated in each Si-PD pixel and
delivered to nearby nerve cells through stimulating micro-electrodes.* Charge injection into
the biological tissue is maximized using photovoltaic pixels with three diodes in series that
can increase the open-circuit voltage (Voc) up to 1.5 V. Due to the brittleness of individual
silicon pixels, the implant is provided with trenches in the attempt to improve flexibility.[*!
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Recent advances in the field of organic electronics have led to the development of
organic photodiodes (OPDs) on thin flexible substrate? with responsivity in the NIR
range.® Herein, we evaluate NIR-sensitive OPDs as a possible alternative to the fully
inorganic photodiodes described in the seminal work of Mathieson et al. The OPD pixel array
may be processed on ultrathin plastic foil, resulting in a mechanically flexible, softer implant
that responds to pulsed NIR illumination (Figure 6.1). As in the Si-PD case, photogenerated
charge is delivered to the biological tissue through stimulating micro-electrodes. This
stimulation mechanism is well studied and makes it possible to reliably calculate the
photogenerated charge once the properties of the photodiode and stimulating electrode are
established. Further, the organic diodes can be stacked in the vertical direction resulting in
tandem OPDs with higher Vo.. Vertical monolithic stacking of OPD pixels represents a
potential advantage over laterally series connected Si pixels because it enables the
enhancement of the Voc without increasing the pixel size, thereby maintaining high spatial
resolution. The concept of tandem OPDs has been widely explored, resulting in solar cells
with power conversion efficiency exceeding 17%.1*4 Tandem OPDs can be made either with
two-different band gap materials in the subcells or by stacking two identical subcells. The
latter are generally referred to as homo-tandem cells. Here, we show that the higher Vo of
homo-tandem OPD pixels over single-junction pixels leads to higher stimulating charge per
unit area, thus not sacrificing areal density. Therefore, our approach aims at combining the
benefits of organic flexible implants and stimulating micro-electrodes, paving the way
towards future development of high-resolution retinal prostheses based on soft materials.

First, we characterize the photoresponse of NIR-sensitive single-junction and tandem
OPDs based on a polymer-fullerene bulk heterojunction. Second, we investigate the time and
voltage dependence of charge storage on stimulating electrodes into a physiological saline
solution under pulsed electrical bias. We combine our experimental results to simulate charge
accumulation on a stimulating electrode connected to single-junction or tandem OPDs upon
pulsed NIR illumination. Assuming scalability of the current-voltage characteristics with the
photoactive area, we finally discuss pixel size and light intensity required to achieve efficient
neural stimulation.
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Video Image
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Figure 6.1. Concept of photovoltaic retinal implant based on NIR-sensitive OPDs. The system diagram
is inspired by the seminal work of Mathieson et al.[’! The image captured by a head-mounted camera is
processed by a portable computer and projected onto the subretinal implant via a near-to-eye projection
system using pulsed NIR light. The OPD array converts incoming light into pulsed photocurrent that is
delivered to nearby nerve cells by stimulating micro-electrodes.

6.2 Results and Discussion
6.2.1 Single-junction and tandem OPDs

We developed solution-processed NIR-sensitive OPDs using poly[[2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[2,2":5',2"-
terthiophene]-5,5"-diyl] (PDPP3T) as electron donor in combination with phenyl-Cs:-butyric
acid methyl ester (PCs1BM) as electron acceptor in the photoactive layer. The deep HOMO
of PDPP3T (~-5.0 eV)™ results in relatively high Vo, which is largely determined by the
energy difference between HOMO of the donor and LUMO of the acceptor. As a
consequence, PDPP3T shows relatively low photon energy loss relative to the optical band
gap (E,), defined as Ejss = Eo — qV,..18 To increase the Vo under monochromatic lighting
conditions even further, we made tandem OPDs with PDPP3T:PCs:BM in both subcells
(Figure 6.2a).
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The photoactive layers were connected in series by a PEDOT:PSS/PEIE
interconnecting layer (ICL). ZnO was used as electron extraction layer (EEL) and MoOy as
hole extraction layer (HEL). The optimal photoactive layer thickness was determined by a
combination of optical simulations of the layer stack and experimental current density-
voltage (J-V) and external quantum efficiency (EQE) measurements of representative single-
junction cells.['"]
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Figure 6.2. (a) Device layout of single-junction (left) and tandem (right) OPD. (b) J-V characteristics
under simulated sun light (AM1.5G, 100 mW c¢m-?). (c) EQE spectra. For the tandem OPD, 730 and
940 nm light sources were used to optically bias the front and back subcell, respectively. (d) Short-
circuit current density (Jsc) and open-circuit voltage (Voc) as function of photon flux for single-junction
(red) and tandem (blue) OPD. Empty and filled markers correspond to data measured under
monochromatic 730 nm and 830 nm illumination, respectively. The solid lines in the upper half of panel
(d) represent a power law fit of Jsc to photon flux @ (Jsc o< @%). The best fit exponents « are 0.98 (single-
junction) and 0.94 (tandem).
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Figure 6.2b shows the J-V characteristics of single-junction and tandem OPD under
simulated solar light (AM1.5G, 100 mW cm). As indicated in Table 6.1, tandem OPDs
exhibit approximately double the Vo of single-junction OPDs. The 30 mV loss is mainly a
result of the lower light intensity in each of the subcells compared to single-junction
diodes.l*®! Tandem OPDs show approximately half the short-circuit current density (Js) of
single-junction OPDs under same illumination conditions because two, instead of one,
absorbed photons are needed to sustain the photocurrent.

Table 6.1. Photovoltaic parameters of single-junction and tandem PDPP3T:PCs:BM OPDs under
simulated sun light (AM1.5G, 100 mW cm).

OPD? Voe [V] Jee [MA cm?] FF PCE [%]
Single-junction  0.68 (0.67) 11.8 (10.8) 0.68 (0.70) 5.4 (5.09)
Tandem 1.32 (1.31) 6.0 (5.91) 0.77 (0.73) 6.1 (5.68)

3 First values refer to the best tested device. Values in parenthesis are average values over 15 tested
devices.

The EQE spectrum of single-junction and tandem OPDs shows NIR sensitivity with
an absorption edge at ~930 nm (Figure 6.2c). To reproduce the typical lighting conditions for
a retinal implant,[’¥ we measured the photovoltaic parameters under high-intensity
monochromatic NIR illumination. Figure 6.2d shows the V. and Jsc dependence on photon
flux for single-junction and tandem OPDs under 730 and 830 nm light. The Js increases
linearly with increasing photon flux over more than 4 orders of magnitude. V.. approaches
1.4 V for tandem OPDs under 830 nm illumination at ~1000 mW cm2 (~5 x 10* photons
cm2). For 830 nm pulsed illumination with 4 ms pulse duration, this light intensity is more
than one order of magnitude below the ocular safety limit for peak irradiance. !

6.2.2 Stimulating and return electrodes

We investigated the process of charge accumulation on stimulating electrodes into the
electrolyte when they are connected to single-junction and tandem OPDs (Figure 6.3a). The
OPD converts pulsed NIR light into pulsed photocurrent delivered to the electrode-electrolyte
interface. Stimulation current flows from the stimulating electrode to a larger return electrode.
We described this system using a previously reported macroscopic equivalent circuit
model™® where the interface between each electrode and the electrolyte is described by an
access resistance R, in series with a Faradaic impedance, i.e., a double-layer capacitance C
with a parallel Faradaic resistance Ry. Quantities with labels 1 and 2 refer to stimulating and
return electrode, respectively. R, is the electrolyte bulk resistance.
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Figure 6.3. (a) Equivalent circuit model of an OPD connected to stimulating and return electrode into
an electrolyte solution. R, is the electrode access resistance, Ry is the Faradaic resistance, C is the
double-layer capacitance and R, is the electrolyte bulk resistance. Quantities with labels 1 and 2
correspond to stimulating and return electrode, respectively. (b) Experimental setup for electrode
characterization. Voltage pulses V;(t) are applied to TiN stimulating electrode and current waveforms
I,,(t) through a known probe resistance R,, are monitored. (c) Voltage and current waveforms at the
electrode-electrolyte interface for 1 and 200 ms pulse duration. (d) Maximum current peak I,,,x and
double-layer capacitance per unit area C/A as function of applied voltage V,. The straight lines are
linear fits to the experimental data.
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We fabricated stimulating and return electrodes using sputtered titanium nitride (TiN),
a widely used material for neural stimulation due to good biocompatibility and high charge
injection capacity.[?! Because the TiN electrodes properties rely on how they are exactly
made, we characterized them to find numerical values of the circuit components in Figure
6.3a. We applied voltage pulses V,(t) to 0.275 mm? stimulating electrodes in phosphate
buffered saline (PBS) and we analyzed the current waveforms I, (t) flowing across a known
probe resistance R,, (Figure 6.3b). We used return electrodes with surface area more than 10
times larger than the stimulating electrodes. Therefore, we neglected the contribution of the
very large capacitance C, and Faradaic resistance Rr, on the circuit dynamics. In this
simplified electrical circuit, the electrolyte and access resistance are combined to a single
variable R = R, + R 1.

The voltage and current waveforms at the electrode-electrolyte interface are shown in
Figure 6.3c for 1 and 200 ms pulse duration. The resistance R is calculated as the ratio
between the applied voltage V, and the maximum current peak I .y, R = Vy/Inax- The
Faradaic resistance is estimated as Rp, = V,/AI — R = V,/AI, being Al the steady state
current flowing at long pulse duration. However, due to negligible Al values we disregarded
the contribution of Ry ; on the circuit dynamics. The capacitance at a given pulse duration ¢
is assessed as the ratio between charge and voltage across the double-layer capacitor, C; (t) =
Q- (t)/V.(t). The charge Q(t) is obtained by integrating the current over time, Q.(t) =
[ I,(t)dt. The voltage V¢(t) is given by the Kirchhoff’s equation V¢ (t) = Vo (t) — I,(t)R.

From the linear fit of I,,,,, as function of the applied voltage V;, R = 1 kQ is found
(Figure 6.3d). For a disk electrode in a conductive medium, we assume the resistance R to
scale with the electrode diameter d (=600 pum) according to R = p/2d, resulting in
electrolyte resistivity p = 120 Qcm. The TiN capacitance per unit area C/A upon 1 ms
voltage pulses reaches about 0.2 mF cm, thereby exceeding typical capacitance values for
metal electrodes with low surface roughness (~0.01 mF cm?).[?2l The slight increase in
capacitance with voltage pulse duration has been explained as the result of ion diffusion into
porous electrode materials, thus resulting in a larger effective surface area.*l
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6.2.3 Charge per pulse calculations

The time response of organic photovoltaic cells to pulsed illumination shows that they
behave as almost ideal power sources that switch from an active power generating state to a
passive power consuming state on the timescale of a microsecond.”®! Furthermore, the
capacitance of the photovoltaic cells is small in comparison with the capacitances of the
stimulating electrodes used in this work. These conditions allow for reliable calculation of
the electrical charge generated by OPD micro-pixels coupled to TiN stimulating micro-
electrodes under pulsed illumination. We assumed appropriate area scaling of the OPD
current density and the TiN electrode double-layer capacitance per unit area C/A. As an
example, Figure 6.4a shows the 1-V characteristics for a 2500 pm? OPD pixel in dark and
under 1500 mW cm™2 830 nm illumination (black and red) and the electrolyte load lines for
a 40 um diameter TiN disk electrode into an electrolyte with resistivity corresponding to the
retinal tissue (p ~ 1000 Qcm)* in case of discharged (dotted blue) and charged (dotted
orange) electrode.

The OPD characteristics and the load line are used to calculate the time response of
the current in saline solution upon pulsed illumination (Figure 6.4b). When illumination is
off, no current is generated by the OPD (point 1). As the light pulse is applied, the OPD
current is given by the intersection between the I-V characteristic and the load line (point 2).
During the light pulse the TiN electrode is charged, shifting the load line by an amount equal
to the voltage across the double-layer capacitor. In this step, the system evolves towards point
3 and the current transient is calculated by solving the following system of equations:

I =+l —1 [ (qV) 1]
=Tl — 1o |€XP |\ 7= —
nkT (6.1)
V_Vcap(t)
a R

where the first equation is used to fit the 1-V characteristics under illumination and the second
equation describes the load line in case of charged electrode, being V., (t) = %f I1(t)dt the

time-dependent voltage across the electrode capacitor. To solve this system, we find the
voltage V at each time step by numerically integrating the current over time. When the light
pulse is turned off, the system switches to point 4 resulting in current of opposite polarity
flowing through the resistance R. Finally, the OPD discharges with time to reach the initial
state (point 1). In this step, we compute the current solving system (1) with I;. = 0. We
calculate the charge per pulse Q by integrating the positive current waveform over the pulse
duration t;:
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Q =J; I1(t)dt (6.2)

Figure 6.4c shows the charge per pulse as function of light intensity for a 2500 um?
single-junction and tandem OPD pixel coupled to a 40 um diameter TiN disk electrode upon
4 ms pulsed illumination. The neural stimulation window for micro-electrodes lies in a
narrow range of Q values between 1 nC and 4 nC, as determined by the tissue functional
threshold and the tissue damage threshold, respectively.? At low light intensities, the charge
per pulse increases linearly with light intensity. Here, the micro-electrode charging is current-
limited, as the load line intersects the I-V characteristic close to the short-circuit current (lsc)
throughout the pulse duration. Under these conditions, higher charge values are reached with
single-junction OPD due to the higher Isc. However, at higher light intensities the current
pulses are voltage-limited as the OPD reaches the Vo during the light pulse. Here, the charge
quickly saturates with light intensity and the tandem OPD outperforms the single-junction
due to the higher Vec.

Both single-junction and tandem OPD pixels can deliver the required charge to
stimulate neurons under pulsed NIR illumination at intensities <100 mW cm, thus more
than two orders of magnitude below the ocular safety limit for 4 ms pulsed illumination.
However, for the optimal operation of a retinal implant, a linear response between charge and
light intensity in the aforementioned narrow neural stimulation window is a prerequisite. This
linear response allows for precise tuning of the brightness of the restored image. As it can be
seen in Figure 6.4c, only tandem OPD pixels can linearly tune the charge throughout the
neural stimulation window.
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Figure 6.4. (a) I-V characteristics for a 2500 um? tandem OPD pixel in dark (black) and under 1500
mW cm~2 830 nm illumination (red); electrolyte load line for 40 um diameter TiN disk electrode in a
1000 Qcm resistivity medium in case of discharged (dotted blue) and charged (dotted orange)
electrode. (b) Reconstruction of current waveform upon 4 ms pulsed illumination. Charge per pulse Q
is calculated by integrating the current transient over time. (c) Charge per pulse as function of light
intensity for single-junction and tandem OPD micro-pixels. Solid lines are guides to the eyes. The
charge damage threshold (4 nC) limits the maximum applicable light intensity to ~600 mW cm-2 for
tandem OPD pixels. The curves up to 2500 mW cm2 show the linear-to-logarithmic transition of the
charge per pulse discussed in the text. (d) Current transient during discharge for standard (black) and
high leakage (grey) tandem OPD pixel.
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To efficiently convert pulsed illumination into stimulating photogenerated charge at
video rate (20 Hz), complete electrode discharge between the light pulses is desirable.
Residual charge accumulated on the electrodes would result in a decrease of current upon
consecutive light pulses.l' The calculated residual current is still ~1% of the maximum
current after 50 ms (Figure 6.4d), thus resulting in lower photogenerated charge upon the
following light pulse (Figure 6.5). We investigated the electrode discharge rate for tandem
OPDs with smaller shunt resistance, causing a higher leakage current density (Figure 6.4d),
but with comparable photovoltaic performance. However, the discharge is not faster for high
leakage tandem OPDs during the first 50 ms after the light pulse due to the lower conductance
close to the load line intersection. Only beyond 600 ms the residual charge is lower for high
leakage tandem OPDs due to the higher conductance at low voltages. Residual charge
accumulation might be reduced by adding a shunt resistor to accelerate the electrode
discharge rate.[?®! In this respect, we note that for the envisioned OPD application in retinal
implants operated without external bias the dark current is much less relevant than for
imaging applications. For the latter, low dark currents in reverse bias are required to improve
the device sensitivity. For the present tandem OPDs, the dark leakage current is on the order
of 10*mAcm2at-2V.
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Figure 6.5. Reconstruction of current waveforms upon two consecutive 4 ms light pulses at 20 Hz. (a)
I-V characteristics for a 2500 um? OPD pixel and electrolyte load lines for 40 um diameter TiN disk
electrode in a 1000 Q cm resistivity medium. (b) Calculated current waveforms upon first (1-2-3-4)
and second (5-6-7-8) light pulse. Charge per phase Q decreases in the second pulse due to incomplete
electrode discharge between the light pulses.
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Figure 6.6 shows the superior performance of tandem OPD pixels over single-
junction pixels for several combinations of photoactive area and stimulating electrode size.
Tandem OPD pixels with photoactive area from 2500 to 6250 pm? and electrode diameter
down to ~35 um can efficiently tune Q throughout the neural stimulation window upon 4 ms
light pulse at physiologically safe intensity (from 150 to 600 mW cm~2). Instead, single-
junction OPD pixels with the same geometry would require intensities beyond the range used
in this study (> 4000 mW cm~2). Stimulation with single-junction OPD pixels at lower light
intensity is only possible with 60 um diameter electrodes. However, this would result in a
larger overall pixel dimension, thereby reducing the implant resolution.
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Figure 6.6. Design rules to cover the entire charge per pulse stimulation window (up to 4 nC) upon 4
ms light pulse using single-junction (a) and tandem (b) OPD pixels.

6.3 Conclusions

We investigated NIR-sensitive OPDs as photovoltaic pixels in an artificial retinal
implant. We fabricated and characterized solution-processed single-junction and tandem
OPDs as well as sputtered TiN stimulating electrodes. Combining our experimental results,
we simulated the performance of OPD micro-pixels coupled to TiN micro-electrode in a
physiological environment upon pulsed NIR illumination. The higher Vo, of tandem OPD
pixels over single-junction pixels maximizes charge accumulation on the stimulating micro-
electrode. Tandem OPD pixels with small electrode size (~35 pm in diameter) can cover the
entire charge per pulse neural stimulation window at physiologically safe light intensities.
This opens a way towards future development of high-resolution retinal prostheses based on
flexible OPD arrays.
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6.4 Experimental Section

OPD fabrication. Device fabrication and characterization was performed according
to recently published methods.[?! Pre-patterned 1TO-coated glass substrates were cleaned by
sonication in water and sodium dodecyl sulfate, followed by rinsing in water and sonication
in isopropanol. The cleaning process was completed with a 30 min UV-ozone treatment. Sol-
gel ZnO consisted of a solution 0.5 M Zn(CH3COO),-2H,0 (98%, Acros Organics) and 0.5
M ethanolamine in 2-methoxyethanol. The ZnO precursor solution was cast on clean ITO
substrates by spin-coating in ambient conditions and annealed at 150 °C for 5 min. PDPP3T
was blended with PCe:BM 1:2 (w/w) in a chloroform solution with 7.5 vol.% o-
dichlorobenzene at 5 mg mL* polymer concentration. The PDPP3T:PCsBM blend was cast
by spin-coating at 1500 rpm resulting in a 130 nm layer. For the tandem OPDs, PEDOT:PSS
was prepared by diluting the commercial formulation Clevios P VPAI 4083 (Heraeus) with
n-propanol 1:2 (v/v) and processed by dynamic spin-coating in a nitrogen filled glovebox.
The layer was dried in vacuum for 1 hour. PEIE solution from Sigma Aldrich (batch
04814BGV) with 37 wt.% pristine concentration in water was diluted with isopropanol to
obtain 0.2 wt.% PEIE concentration and spin cast in air at 5000 rpm resulting in a ~10 nm
layer. The second PDPP3T:PCs:BM layer was then deposited as the first one. All devices
were finished with evaporated MoOy (10 nm) followed by Ag (100 nm) in a vacuum chamber
at ca. 6 x 107" mbar. UV exposition was carried out for 5 min to photodope the ZnO and
MoOy layers.

OPD characterization. OPD characterization was always carried out under N
atmosphere. J-V characteristics under simulated solar light were measured using a tungsten-
halogen lamp filtered with a UV filter and daylight filter (Hoya LB120). For tandem OPDs,
the photoactive area was defined by a shadow mask with apertures slightly smaller than the
device size: 6.76 and 12.96 mm? for 9 and 16 mm? devices, respectively. The EQE setup
consisted in a tungsten-halogen lamp, a chopper, a monochromator (Oriel, Cornerstone 130),
a pre-amplifier (Stanford Research Systems SR570) and a lock-in amplifier (Stanford
Research Systems SR830 DSP). 730 and 940 nm monochromatic LEDs from Thorlabs were
used to optically bias the subcells in the tandem OPD. The same 730 nm LED was used to
record the J-V characteristics at this wavelength. For EQE measurements and J-V
characteristics at 730 nm, a circular aperture of 2 mm in diameter was used to define the
photoactive area. J-V characteristics under 830 nm illumination were measured using a high
intensity laser. Here, the photoactive area was determined by the light spot of 0.65 mm in
radius, as it was estimated from optical images of the beam profile. Optical modeling of
tandem cells was performed using the transfer matrix (TM) method with Setfos 3.2 software
(Fluxim AG). n and k values as a function of wavelength were determined by measuring
transmission and reflection of the PDPP3T:PCs:BM photoactive layer.
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Stimulating and return electrodes. Titanium nitride (TiN) electrodes were deposited
on glass substrates by sputtering. The stimulating and return electrode geometrical surface
areas were defined upon application of insulating Kapton tape by 0.275 and 10 mm?2
apertures, respectively. The electrodes were then placed in phosphate buffered saline (PBS)
(0.01 M phosphate buffer, 2.7 mM KCI and 137 mM NacCl, pH 7.4) from Sigma-Aldrich. 1
and 200 ms voltage pulses from 0.1 to 1.3 V in 0.1 steps were applied by a pulse generator.
A 100 Q probe resistance R,, was used to analyze the current waveforms at the electrode-
electrolyte interface.
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Summary

Device Physics and Applications
of Organic Photodiodes

This thesis provides insights into the device physics of organic bulk heterojunction
photodiodes (OPDs), and investigates novel applications of OPDs in the medical field. In
Chapter 1, an overview of the history of image sensors is first presented, followed by an
analysis of the CMOS image sensor market in the last decade. The constant growth of this
market reflects the increasing need for image sensors with new designs and functionalities.
While silicon photodiodes (Si-PDs) are widely employed due to their excellent optoelectronic
properties, reproducibility in performance, and durability, OPDs are increasingly attractive
for light sensing applications as they combine interesting optoelectronic properties and high
photogeneration yield with low fabrication costs, light weight and flexibility. Visible-light
OPDs are proposed for use in indirect-conversion X-ray detectors, fingerprint scanners and
intelligent surfaces for gesture recognition, while near-infrared (NIR) OPDs find applications
in biomedical imaging, night vision, and optical communications.

For most applications, the OPD dark current density (Jq) is a crucial performance
parameter. Minimizing Jq improves important figures of merits such as the signal-to-noise
ratio (SNR), the linear dynamic range (LDR), and the specific detectivity (D*). Chapter 2
provides a comprehensive description of the main Jg mechanisms and reduction strategies. Jq
reduction is typically addressed by fine-tuning the active layer energetics, stratification, and
thickness, or by improving the charge selectivity

at the contacts using charge blocking layers. A 0 x5 ' '
quantitative analysis of the intrinsic dark current ‘E 10k © o ]
processes shows that charge injection from the p 4 e * .
electrodes is the dominant contribution to J¢  z 10°F 2 o 3
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and deep trap states, generally attributed to chemical impurities such as oxygen and moisture
or to conjugation breaks due to synthetic defects, can enhance Jq by reducing the energetic
jump required for charge injection and/or increasing the density of thermally generated
carriers.

To further investigate the origin of Jg, charge injection and transport in OPDs was
analyzed for five different bulk heterojunction (BHJ) active layers using a set of polymers
with different energy levels. In Chapter 3, the OPD architecture is optimized by processing
an edge cover layer (ECL) on the perimeter of the bottom electrode, in the attempt to
minimize extrinsic current leakage paths rising from the electrode edges. The resulting Jq is
independent of the device active area, reproducible amongst identical devices, and much
lower when compared to OPDs without ECL, reaching state-of-the-art values for OPDs based
on green-sensitive polymers (~10" mA cm2) and drastically increasing the device ON/OFF
ratio. In addition, Jq can differ by up to 5 orders of magnitude depending on the polymer at
the same active layer thickness. These observations suggest that the dark current density of
the optimized OPDs is not dominated by extrinsic leakage paths.

In Chapter 4, the differences in Jq of the five BHJ OPDs are attributed to the intrinsic
properties of the active layers, specifically the energetic landscape and contingent charge
transport characteristics. First, the dark current density under reverse bias is found to correlate
exponentially with the V. of the same devices under simulated solar light. This confirms the
expected scaling of Jq with the effective band gap of the semiconducting active layer, i.e., the
energetic difference between the acceptor LUMO and the donor HOMO. However, the
temperature dependence of Jq reveals activation energies much smaller than the effective
band gap (Ea ~ 0.25 eV). The magnitude of Jq and its activation energy are described
quantitatively by an analytical model that
assumes charge injection from the metal 10% O Measured

T T — Calculated
electrodes into the energetically disordered —
semiconductor. Under reverse bias, Jq is g 10°t W
dominated by hole current due to the higher E
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injection. Further reduction of the dark % oc,C,-PPV
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semiconductors, or by otherwise reducing
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In the remainder of the thesis,
two applications of OPDs sensitive to
NIR light are explored. In Chapter 5,
an organic reflectance oximeter based
on a 16 x 16 OPD pixel array is
presented. This device can reliably
measure  blood  pulsation  via
photoplethysmography (PPG), an
optical technique that detects volume
changes in the subcutaneous tissue
caused by blood pulses. With 256
pixels in a checkboard pattern, the 1.0 15 2.0 25 3.
OPD array potentially enables a more Time [s]
detailed mapping of the PPG signal compared to previously reported reflectance oximeters.
The individual pixels are inverted-polarity OPDs with low dark current density in the order
of 10 mA c¢cm2, near-infrared sensitivity up to ~950 nm, and fall time of 9.5 ps, which
ensures a sufficiently fast speed of response for this application. State-of-the-art quality PPG
signals are recoded under green 515 nm illumination on the fingertip of a 34 years old male
volunteer. The PPG waveforms provide insight on the artery stiffness and the quality of blood
circulation, besides assessing the pulse rate. In addition, oxygen saturation in reflection-mode
(SpO-") is assessed by measuring the ratio of pulsatile (AC) to stationary (DC) signals at two
wavelengths (red and near-infrared) and assuming differential pathway factors (DPF) in the
order of unity, in line with previously reported works. The high-quality of PPG signals
combined with the 2D oxygenation mapping capability shows the potential of this OPD array
in assessing tissue damaging or monitoring wounds, skin grafts, and organs.

PPG signal

In Chapter 6, NIR-sensitive OPDs are investigated for future application as
photovoltaic pixels in artificial retinal prostheses. This technology aims at restoring
functional sight in patients suffering from degenerative retinal diseases. Here, OPDs convert
the light entering the eye into electrical input which triggers neural activity. Upon pulsed
illumination with NIR light, pulsed photocurrent is generated in each pixel and delivered to
nearby nerve cells through TiN stimulating micro-electrodes. Single-junction OPDs are
compared to tandem OPDs, where two nominally identical single-junction cells are processed
on top of each other, effectively doubling the device V.. Both single-junction and tandem
OPD micro-pixels can deliver the required charge to stimulate neurons under pulsed NIR
light at physiologically safe intensities when connected to stimulating micro-electrodes (~35
pum in diameter) in a physiological saline solution. However, only tandem OPD pixels can
cover the entire charge per pulse neural stimulation window (from 1 to 4 nC per pulse). This
is due to the higher Vi of tandem OPD pixels (~1.4 V), which maximizes charge
accumulation on the stimulating micro-electrode. To efficiently convert pulsed illumination
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into stimulating charge at video rate (20 Hz), complete electrode discharge between the light
pulses is a requisite. However, residual current in the order of ~1% of the maximum value
was calculated after 50 ms, resulting in a lower photogenerated charge upon consecutive light
pulses. Nevertheless, this effect might be reduced by adding a shunt resistor to accelerate the
electrode discharge rate. This encourages the future development of high-resolution retinal
prostheses based on flexible organic materials.

Video Image
camera processing

Electrodes
NIR beam

OPD

Projection Retina
system

130



Biography

Giulio Simone was born in Monza (lItaly). In his
high school education at the Liceo Classico B. Zucchi, he
prevalently studied humanities, Latin, and Ancient
Greek. He enrolled in the under-graduate program in
Materials Engineering at the Polytechnic University of
Milan. His graduation dissertation focused on the process
of non-electrolytic metallization of plastic surfaces.
During his Master’s Degree in Materials Engineering and
Nanotechnology, he participated in a six-months
Erasmus Exchange Programme at the Universidad
Politécnica de Madrid. Soon after, he carried out his
Master’s thesis project during a nine-months internship

at Holst Centre (High Tech Campus Eindhoven), where he investigated electroactive
polymer-based actuators for applications in smart venous catheters. In October 2015 he
started his PhD in the Molecular Materials and Nanosystems (M2N) group at the Eindhoven
University of Technology, were he studied device physics and applications of organic
photodiodes (OPDs) under the guidance of Prof. Dr. Gerwin H. Gelinck. His reasearch
mainly investigates the physical origin of dark current in OPDs and explores novel OPD
applications in the medical field, such as flexible pulse oximeters and artificial retinal

implants.



List of Publications and Contributions

Publications in scientific journals

Near-Infrared Tandem Organic Photodiodes for Future Application in Artificial Retinal
Implants

Giulio Simone, Dario Di Carlo Rasi, Xander de Vries, Gaél H. L. Heintges, Stefan C. J.
Meskers, René A. J. Janssen, Gerwin H. Gelinck, Adv. Mater. 2018, 30, 1804678.

A Universal Route to Fabricate n-i-p Multi-Junction Polymer Solar Cells via Solution
Processing

Dario Di Carlo Rasi, Koen H. Hendriks, Gaél H. L. Heintges, Giulio Simone, Gerwin H.
Gelinck, Veronique S. Gevaerts, Ronn Andriessen, Geert Pirotte, Wouter Maes, Weiwei Li,
Martijn M. Wienk, René A. J. Janssen, Solar RRL 2018, 2, 1800018.

Organic Photodetectors and their Application in Large Area and Flexible Image Sensors:
The Role of Dark Current

Giulio Simone, Matthew J. Dyson, Stefan C. J. Meskers, René A. J. Janssen, Gerwin H.
Gelinck, Adv. Funct. Mater. 2019, 1904205.

On the Origin of Dark Current in Organic Photodiodes
Giulio Simone, Matthew J. Dyson, Christ H. L. Weijtens, Stefan C. J. Meskers, Reinder
Coehoorn, René A. J. Janssen, Gerwin H. Gelinck, Adv. Optical Mater. 2019, 1901568.

High Accuracy Photoplethysmography Array using Near-Infrared Organic Photodiodes with
Ultralow Dark Current

Giulio Simone, Daniel Tordera, Ezequiel Delvitto, René A. J. Janssen, Gerwin H. Gelinck,
submitted for publication.

Colour Determination from a Single Broadband Organic Photodiode
Matthew J. Dyson, Michael Verhage, Xiao Ma, Giulio Simone, Daniel Tordera, René A. J.
Janssen, Gerwin H. Gelinck, submitted for publication.



List of Publications and Contributions

Conference contributions

Organic Photodiodes and their Use in Artificial Retinal Implants

Giulio Simone, Stefan Meskers, René Janssen, Gerwin Gelinck, 12" International
Conference on Optical Probes of Organic and Hybrid Semiconductors, 2017, Québec City,
Canada, poster presentation.

Organic Photodiodes and their Use in Artificial Retinal Implants
Giulio Simone, Stefan Meskers, René Janssen, Gerwin Gelinck, Physics@Veldhoven, 2017,
Veldhoven, The Netherlands, poster presentation.

Organic Photodiodes and their Use in Artificial Retinal Implants

Giulio Simone, Stefan Meskers, René Janssen, Gerwin Gelinck, Research Centre for
Functional Molecular Systems (FMS) Annual Meeting @ NEMO, 2017, Amsterdam, The
Netherlands, contributed talk.

Tandem Near-Infrared Organic Photodiodes for Future Application in Artificial Retinal
Implants

Giulio Simone, Stefan Meskers, René Janssen, Gerwin Gelinck, SPIE Photonics Europe,
2018, Strasbourg, France, contributed talk.

Tandem Near-Infrared Organic Photodiodes for Future Application in Artificial Retinal
Implants

Giulio Simone, Stefan Meskers, René Janssen, Gerwin Gelinck, Physics@Veldhoven, 2019,
Veldhoven, The Netherlands, contributed talk.

133



Acknowledgements

I would like to thank every single person who contributed to make my PhD an
unforgettable journey.

Gerwin, | am immensely grateful to you for believing in me and for offering me the
opportunity to work in multiple wonderful research projects. During these four years, | have
constantly been inspired and stimulated by your brilliant ideas, your enthusiasm for science
and life, your energetic and sparkling personality. Thank you for bringing out the best in me.

René, | will never forget when you said that you consider your team members as
diamonds that you want to look after, to make them shine. This perfectly captures the love,
passion, and incredible effort that you put in your work every single day. Your guidance over
the last four years has been a blessing.

Stefan, meeting you was something extraordinary. Your invaluable support was
crucial for the success of one of my favorite chapters in this thesis. I will never thank you
enough for the precious help you gave me, for the long afternoons spent together in the lab,
and for all the deeply inspiring conversations | had with you.

Prof. Meredith, Prof. Blom, and Prof. Gdmez Rivas, | would like to thank you for
taking the time to read my thesis and participating in the committee of my PhD defense.

Reinder, | would like to express my heartfelt gratitude for the time and effort you
spent helping me with my research project. Your expertise and your precious inputs have
been fundamental for the success of this thesis.

Margot, what a fantastic person and unreplaceable member of our group you are.
Your endless energy and joy are contagious. Your professionality and your support in so
many different ways truly made my life easier in these last four years.

Aart, I don’t know where to start thanking you. You are the friend who always made
me feel welcome and looked after me during these years. Your generosity and your unique
sense of humor make you one of the most inimitable persons in the world. Thank you for
your enormous moral support since the very beginning. My last proposition is clearly
dedicated to you.

Xander, you are one of the best friends and colleagues | could possibly dream of. I
could fill pages just by mentioning all the qualities that make you such a wonderful person.
I am honored that you agreed to be involved in one of my projects, which would not have
been so successful without your precious help.



Acknowledgements

Matt, you are one of the most efficient and productive persons | have ever worked
with. Your prompt and precious support in experiments, calculations, and English language
were essential for the success of my thesis. Christ, | am very grateful to you for your help in
the lab and for your precious contributions to my work. Peter, thank you for your interest in
my research and for your useful inputs during the group meetings. Wijnand, thank you for
your support both inside and outside the lab, and for being so positive, energetic, and nice to
everyone around you. Marco, your talent in designing and developing experimental setups
has been a key element for the success of my research. Also, | had a great time working out
with you and Aart at the gym, we formed an amazing trio. Niels, it was great to share the
office with you. Thank you for your constant good mood, and for the fun we had during and
after working time. Robbert, the passion in your eyes when you talk about science is
something | have rarely seen before. Thank you for being so inspiring and for giving me a
hug when | needed one. Kees, I truly enjoyed every single conversation we had in these four
years. Thank you for your genuine interest in my research and in my life. Michael, since |
first met you, I realized how incredibly smart and kind you are. Every conversation with you
teaches me something and inspires me. | wish you all the best for your PhD and | am sure it
will be successful. Xiao, thank you for the fun we had together in the lab, and for being such
a nice person every single day. Riccardo, thank you for our Italian conversations that people
passing by always make fun of, and for the useful brainstorms on the topics of our research.
Christoph, Siebe, Harm, Stefano, Marc, and all the other members of Simbeyond, thank
you for being great colleagues and creating a wonderful working atmosphere. Gaél, Koen,
Alice, Robin, Bart, and every other member of the M2N group, | would like to thank each
of you, either for synthetizing polymers or providing very important inputs on my research.
Pieter, Benji, thank you for the unforgettable time spent together before Dario’s defense,
and in many other occasions.

Albert, since my internship at Holst Centre five years ago, your guidance has been
crucial for the success of my research. Your professionality, your experience, and your
unigue sense of irony make you a great supervisor and a wonderful person. Daniel, meeting
you has been one of the highlights of my PhD. You are one of the most efficient and helpful
persons | have ever worked with. | always enjoyed your positive spirit and Spanish vibe.
Santhosh, thank you for every single time you helped me in the last four years. Your positive
and friendly attitude made working with you extremely pleasant and, therefore, extremely
productive. I learned so much from your researcher skills, and I truly enjoyed the fun we had
while wearing cleanroom clothes. llias, it is hard to express how much | appreciate and
admire you. Your willingness to listen and help everyone around you is simply amazing. |
was always so happy to walk in the office and find you there. Jan-Laurens, together with
Ilias, you could easily win the award for best officemate in the world. | want to thank you
and Alessia for the times you invited me and Francesca to your beautiful house. Hylke, Peter,
Roy, Gerard, Leslye, Ezequiel, and everyone at Holst Centre, thank you for your kindness
and your interest in my research, as well as for your practical help in the cleanroom.

135



Acknowledgements

Sneha, Dimitra, Tjaz, Saketh, Vittal, you form the most beautiful group of friends
I could dream of. There are no words to express how much | appreciate each of you and how
much I enjoyed the time we spent together. Andrea, meeting you was something special. |
never had so much fun working in a cleanroom as during the time you spent in Eindhoven. |
enjoyed supervising your research project and, most of all, becoming your friend. Emanuel,
| probably never told you, but you are one of the friends who inspired me the most during
my PhD. Your passion for sustainability and your love for the environment were handed
down to me and make me the person | am today. | hope that our paths will cross each other
again one day. Lorenzo, your talent in explaining physics in easy words always fascinated
me and provoked in me the love for science, which brought me where | am today. Louisa,
thank you for making me look sharp every time | needed, you are definitely the best
hairdresser in the world and, more importantly, a wonderful friend. Geoff, our beautiful
friendship began when we were housemates and soon became something unique. | am so
thankful our paths have crossed. | also feel honored to know that you read every single word
of my papers. llse, thank you for your unlimited energy and your enthusiasm for life, you
inspire me every single time | see you. Rebecca, thank you for supporting me through some
of the hardest moments of these last years. | will never forget the help you gave me in building
the person | am today. Petri, since the first day | met you I felt the great energy you convey.
Thank you for helping me taking care of my mind and body throughout this journey. Tito,
you are one of the friends who visited me the most times in the Netherlands, and I hope this
will not stop. Thank you for supporting my work by wearing the t-shirt with my paper on it.
Mattia, you are one of the most unselfish, generous, and thoughtful human being | have ever
encountered. | am very attached to you and | will always be. Puddu, Umbi, Simo, I don’t
know what | would do without you. Thank you for your friendship, and for all the times you
made me laugh to tears. Fra, you are my oldest friend, and our friendship still surprises me
every day. Despite our distance, | feel that you have constantly been with me during this
journey. Dario, meeting you was one of the best things ever. Since we first worked together,
I could not believe how helpful, generous, and supportive you were. Our friendship became
something rare. | want to thank you from the bottom of my heart, for the countless
unforgettable moments we shared, which made us truly inseparable.

Dazio, Stuni, Mamma e Papa, your love and unconditional support gave me strength
in these years. | love you so much. You always occupy a central place in my heart.

Francesca, our love grew with us in the years, travelled in many different countries,
went beyond any geographical distance. Since we finally reunited in the Netherlands and
found a house together, | have never felt so happy. Living with you and our Freddie is the
dream of my life, every single day.
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