ABSTRACT
SEN, PRATIK. Advanced Techniques of Organic Semiconductor Device Fabrication for
Polarized Light Detection. (Under the direction of Dr. Brendan T. O’Connor).
Organic semiconductor materials have shown promise in the area of photo detection due
to their ease in processing, large photocurrent yield and tunable absorption spectrum. Many of
these materials have their optical transition dipole moment aligned along their backbone.
Orienting the backbone can hence allow for the fabrication of polarization sensitive detectors. In
this dissertation we will demonstrate different mechanical loading alignment techniques
including mechanical strain and high temperature mechanical rubbing to align this backbone.
This involved the introduction of a novel heat and pressure free transfer printing method called
shear assisted organic printing (SHARP) capable of countering a 10-fold adhesion fracture
energy differential.
The polarization sensitive detectors were made semi-transparent and integrated into a
cascaded seriesto fabricate a polarimeter capable of measuring the 2-D Stokes parameter of light,
this technique improves on the current state of the art techniques by measuring the complete state
of polarization at a single spatial location within a single integration time. We will discuss the
unique advantages of this approach for optical detection and implementation into imaging
techniques.
Furthermore, different material systems such as all polymer bulk heterojunction systems
are introduced for their improved mechanical and thermal properties. These materials are
compared to polymer-small molecule systems for their optical and electrical detector
performance. Illustrations of the fabrication procedure of such detectors will be discussed
including material selection for panchromatic and near infra-red sensitivity.
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CHAPTER 1
Introduction
1.1) POLARIZED LIGHT:
Light is an electromagnetic wave with magnetic and electric fields oscillating
perpendicular to each other. Polarization is a property that is used to describe the geometric
oscillation of these electromagnetic waves. Generally, most artificial and natural illumination
produce light waves whose electric field vectors oscillate in all planes that are perpendicular to
transverse propagation. Such light with electric field vectors displaying completely random
oscillation is called unpolarized light. If the electric field of these vectors is restricted through
filtering to only allow vibration along a single plane, the wave is said to be linearly polarized or
plane polarized. Another special case exists when the electric field of the wave has a fixed
magnitude while rotating at a constant rate orthogonal to the transverse wave, such light is said
to be circularly polarized. Figure 1 depicts the change of unpolarized light to linearly
polarization on interacting with a linear polarizer, this is followed by the linearly polarized light
interacting with a quarter wave plate (QWP) to induce circular polarization.

Figure 1: Electric field vector of light ray depicted in unpolarized, linearly polarized and
circularly polarized states.1
1

1.2) POLARIMETRY:
The human eye is incapable of distinguishing unpolarized and polarized light, linearly
polarized light can only be viewed when using filters to provide a color effect or reduced
intensity. Such an effect occurs while using polarization sensitive glasses. Measuring and
interpreting the polarization state of light (polarimetry) however is extremely beneficial with a
vast array of applications, some of these applications are described below:
Chirality measurements in pharmaceutical development:2,3
Chiral based drug detection is of great interest to the public following the disaster
involving a chiral drug Thalidomide that was used in the 1950’s to treat morning sickness for
pregnancy. Chiral molecules consist of enantiomers, these are molecules that are nonsuperimposable mirror images of each other. The chemical structure of the enantiomers of
Thalidomide is presented in Figure 2. It was discovered that only the R-enantiomer of
Thalidomide was successful in providing the intended medical benefit, with the S-enantiomer
leading to serious issues including birth defects and miscarriages.4

Figure 2: Chemical structure for enantiomers of thalidomide(a) R-Thalidomide, (b) SThalidomide.5

2

These chiral enantiomers are optically active materials that rotate linearly polarized light
differently. R-enantiomers rotate the linearly polarized light in the clockwise direction and Senantiomers rotates linearly polarized light in the anti-clockwise direction. Polarimeters are used
to track the interaction of the light with the molecule to help identify its orientation. An
illustration of a generalized pharmaceutical polarimeter setup is displayed below in Figure 3. In
2011 polarimeter based molecular chirality measurements in pharmaceutical development
comprised an $839.4 million industry.6

Figure 3: Illustration of interaction of optically active chiral material with plane polarized light
to help determine chirality of molecule.7
Ellipsometry:8
Ellipsometry is an optical technique that allows for obtaining dielectric properties of thin
film materials. This technique studies the change in polarization state of light on interaction with
a thin film to help obtain its material properties like film thickness and optical constants. A
schematic of a generalized ellipsometer is provided in Figure 4. A linear polarizer generally acts
as the Polarization State Generator (PSG) which generates a known polarization state. On
interacting with the thin film there is a change in polarization state that is detected by the

3

reflected light by the Polarization State Detector (PSD). In 2011 spectral ellipsometry
represented a $40 million industry.9

Figure 4: Schematic of generalized ellipsometer setup.
In addition to the applications described above polarimetry also has use in quality control
in industrial processes10, studying climate change11, remote sensing12, telecommunications13 and
biomedical imaging.14
Polarimetry usually involves obtaining the 2-dimensional (2D) Stokes vector. It is the
most complete mathematical representation of polarized light and is defined in Figure 5.

Figure 5: 2D Stokes vector of light.
Where x,y are the spatial coordinates of the scene. S0 is the total light intensity of the
light source, S1 represents the preference for linear 0° (I0) over 90º (I90), S2 denotes the
preference for linear 45º (I45) over 135º (I135) and S3 shows the preference for right circular
polarized light (IR) over left circular polarized light (IL). Measuring the Stokes vector provides
4

information on the light’s polarization, spatial and spectral distribution. There are various
polarimeter architectures that measure the Stokes vector, some of them are described below;
Division of Time (DoT) Polarimeter: The most commonly available polarimeter setup is the DoT
polarimeter. In this architecture polarization elements are rotated in front of a detector. For this
setup the same scene is imaged through different polarization filters.15 The input light signal
interacts with the rotating polarization elements to generate different polarization states.16–18 The
detector then collects these images, each with information on a certain polarization state. This
information is then analyzed to obtain the Stokes vector. The relatively simple system design
makes this an attractive polarimeter. However, the need for the scene to be stationary throughout
the measurement cycle is a major source of error that can lead to temporal misregistration
induced data artifacts.16 An illustration of a generalized DoT polarimeter is presented below in
Figure 6.19

Figure 6: Generalized schematic of a Division of Time (DoT) Polarimeter.19
Division of Amplitude (DoAM) Polarimeter: The DoAM setup is a snap shot polarimeter that
counters the temporal misregistration errors that occur in DoT polarimeters by simultaneously
capturing the four images required to obtain the Stokes vector.16,20 To allow for such
measurements a complicated setup is utilized that consists of four separate focal-plane arrays.
5

Four cameras are mounted such that a single objective lens is used in combination with various
optical elements such as retarders, relay lenses and beam splitters to obtain the required images.
A schematic of the setup is displayed in Figure 7.16 Despite meeting the tradeoff between spatial
and temporal resolution, DoAM polarimeters are large in size with many moving parts as well as
expensive optical elements.12,16

Figure 7: DoAM Polarimeter schematic, a fourth camera is out of plane positioned above the
PBS block with a quarter plate retarder in front of it.16
Division of Aperture (DoA) Polarimeter: Like DoAM polarimeters, DoA setups are also
snapshot polarimeters that obtain the information to compute the Stokes vector simultaneously.
These polarimeters utilize a series of optical elements to project multiple images onto a single
accurately coaligned focal plane array.16 A conceptual schematic for a DoA polarimeter is
presented below in Figure 8.21

6

Figure 8: Schematic of Division of Aperture (DoA) Polarimeter.21
The major drawback of such a setup is the loss in spatial resolution in each linear dimension. In
addition, the various optical components are expensive and heavy to work with.16
Division of Focal Plane (DoF) Polarimeter: One of the most beneficial architectures in terms of
size and robustness is the DoF Polarimeter. A schematic of a model system is presented below in
Figure 9.15

Figure 9: Schematic of Division of Focal Plane (DoF) Polarimeter, the red box represents a
super-pixel that contains four separate detectors with individual wire grid polarizers in front of
them.15
These polarimeters have a super-pixel that consists of a 2x2 pixel unit cell consisting of
four- pixel sized polarization analyzers. These analyzers typically consist of detectors with linear
wire grid polarizers oriented at 0˚, 45˚, 90˚, and 135˚ to help measure the linear stokes vector
states (S0, S1, S2), there are more advanced systems that allow for complete Stokes vector
7

measurements.22 While this approach provides a compact and rugged polarimetric sensor, it
suffers from a four- fold reduction in spatial resolution. It is also highly sensitive to spatial
sampling error as the Stokes parameters are obtained by subtracting information from
neighboring spatial locations. This can lead to large error at edges of a scene with high contrast
features. Strategies have been implemented to try and reduce error, however come at the cost of
either spatial or temporal resolution. 23–26
Despite the variety in polarimetric detectors currently available, there is clearly a tradeoff between spatial and temporal resolution. Figure 10 below summarizes the restrictions in the
current state of the art architectures.

Figure 10: Comparison of state of the art polarimeters with advantages and disadvantages,
Acronyms: Division of Time (DoT)18,27, Division of Amplitude (DoAM)28,29, Division of
Aperture (DoA)21, Coboresighted (CB)30, Channeled (CH)31,32, Division of Focal Plane (DoF).33
In order to eliminate this tradeoff between temporal and spatial resolution Azzam
proposed a novel design that employed a cascaded array of detectors, where each preceding
detector was positioned to reflect unabsorbed light towards a proceeding detector.34 The design
utilized is provided in Figure 11.
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Figure 11: Cascaded four detector photopolarimeter design proposed by Azzam.34 The first three
detectors D0, D1 and D2 are partially specularly reflecting. The obtained currents from the
detectors allow for determining the Stokes parameter of light.
While this approach eliminated lateral multiplexing by cascading the measurements
longitudinally along the optical axis, light was required to enter the polarimeter across a narrow
range of angles. Due to this, and other geometric constraints, Azzam’s embodiment is
impractical for forming dense imaging arrays.
1.3) PROPOSED DESIGN:
In this thesis, we introduce an optoelectronic approach to implement what we refer to as
an intrinsic coincident polarimeter (ICP). The polarimeter is based on semitransparent, aligned
polymer semiconductor-based organic photovoltaics (OPVs). Unlike previous intrinsically
polarization sensitive detectors35,36 our approach implements semi-transparent devices by
exploiting oriented polymer semiconductor films37,38. Through this semi-transparency, the issue
of instantaneous and spatially-coincident spatial sampling is resolved and is eventually made
9

monolithic. A schematic of our proposed design is presented in Figure 12. For this system to
succeed experimentally, a series of semi-transparent OPV’s are required to be cascaded and
aligned, such that each OPV can measure a Stokes parameter. This requires the fabrication of
polarization sensitive and semitransparent organic photovoltaic detectors.

Figure 12: Proposed design for full Stokes polarimeter with vertical stack of polarization
sensitive detectors.
Before we delve into the fabrication techniques used to make these detectors, background
is provided on the general field of organic semiconductors.
1.4) ORGANIC SEMICONDUCTORS:
Semiconductors have become an indispensable part of our lives due to their vast
application in fields such as telecommunications, displays and computers. These materials have
electrical conductivities that are in between that of insulators and conductors, usually in the
range of 10-8-103 Scm-1. In addition to traditional semiconductors such as silicon and gallium
10

arsenide, other material systems display semiconducting properties. One of these systems is
organic semiconductors. These materials are generally π bonded polymers or small molecule
systems that are made of carbon and hydrogen atoms, often with heteroatoms containing other
elements like oxygen, sulfur and nitrogen.39 The first recorded observation of organic
semiconducting behavior was by Henry Letheby in 1862 when he observed partially conducting
behavior after oxidizing aniline in sulfuric acid.40 It was over a century later that Alan J. Heeger,
Alan MacDiarmid and Hideki Shirakawa reported a 10 million fold increase in conductivity of
polyacetylene when doped with iodine.41 This discovery initiated great interest in the scientific
fraternity towards the field of organic semiconductors for which the scientists were rewarded the
Nobel Prize in Chemistry in 2000. A picture of the scientists is displayed in Figure 13.
Conductive polymers are a unique group of polymers that fall under the umbrella of organic
semiconductors. They possess alternating single and double bonds (conjugated bonds) or
aromatic ring along their backbones. These conjugated orbitals combine with each other to form
an electronic band which induces conductivity in these materials. Chemical structures of
common conductive polymers are provided in Figure 14.42
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Figure 13: Alan J Heeger, Alan G MacDiarmid and Hideki Shirakawa, Nobel prize winners in
Chemistry (2000).
Despite the advances in improvement of conductivity in organic semiconductors, the
mobilities of these materials is still orders of magnitude below that of crystalline silicon. It is
currently impractical to replace most traditional inorganic semiconductor application with
organic alternatives, however organic systems possess various secondary intrinsic properties that
allow for applications that cannot be easily met with their inorganic counterparts.

Figure 14: Chemical structure of commonly used conductive polymers.42
Some of these properties are potential low cost43, ductility44–49, semitransparency50–53 and
ease in processing.54 This has allowed for application in a wide variety of novel device
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applications such as organic light emitting diodes (OLED’s), organic photovoltaic devices
(OPV’s), organic photodetectors (OPD’s), bio-integrated devices and actuators.
Organic semiconductor film characterization:
Various characterization techniques have been developed to help understand
organic semiconductor mechanical properties, electrical properties, optical properties,
morphology, etc. Here, we briefly introduce some common characterization methods that have
been frequently used in this thesis,
Crack onset strain (COS): Many organic semiconductors (primarily conductive polymers)
possess ductile properties. This makes them a potential material for stretchable electronics.46,55 In
order to quantify the ductile properties of these materials COS measurements are taken. In this
measurement solid films are laminated onto an elastomer and the composite stretched uniaxially.
The film is observed under a microscope while stretching. The percentage of strain at which
fracture is observed in the film is called the crack onset strain (COS). An illustration of the film
on elastomer crack onset strain is observed in Figure 15.

Figure 15: Illustration of film on elastomer Crack Onset Strain (COS) measurement.
Transmittance and Absorbance: Semitransparency and light detection are two important
potential applications of organic semiconductors. Material systems like conductive PEDOT:PSS
13

can act as semitransparent electrodes that allow for possible applications in areas like
semitransparent displays. Transmittance is an important metric that represents the amount of
light energy that is absorbed, scattered and reflected by the sample film. It is measured by the
following equation,

T=

I
I0

1-1

Where T denotes the transmission intensity, I denotes the intensity of light that reaches a
photodetector after passing through the film and I0 represents the reference light intensity
without the sample film. A schematic of the measuring setup is displayed below in Figure 16.56
The UV-visible spectroscopy setup comprises a light source that transmits light with the aid of
an optical fiber. The emitted light then passes through a neutral density filter to reduce overall
intensity to prevent saturation of the detector. Depending on what our reference light state is a
polarizer or glass substrate maybe place in front of the detector. At this point the light intensity
measured by the detector is our Io (reference intensity). The sample of study is then placed on the
sample holder displayed in Figure 16 and the light intensity is obtained from the detector to give
us I.
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Figure 16: UV-vis spectroscopy setup for Transmittance and Absorbance measurements in
O'Connor research group, NC State University.56
The wavelength spectrum of organic semiconductors can be tuned to formulate materials
that are narrow or broadband sensing from ultra-violet to infra-red wavelength ranges. The
differences in absorbance among these materials is attributed to the number and arrangement of
sigma, π bonding and nonbonding electrons within the material. This causes differences in the
electron transition energy which is attributed to unique wavelength absorbance. Obtaining the
absorbance of these films is therefore important. Absorbance provides information on the
attenuation of light through our sample film. It is defined as the logarithmic ratio of incident to
transmitted spectral radiant power through a material. The mathematical representation of
Absorbance (A) is given by the following equation,

I 
A = log10  0  = − log10 (T )
I 

1-2
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Atomic Force Microscopy (AFM): Studying the structure and surface morphology of organic
semiconductor films can be performed through AFM. In this technique a probe tip is scanned
over the sample film, the atomic level interaction between the cantilever probe tip and film help
obtain the desired information. As the tip approaches the film, the interactive force from the film
deflects the cantilever. This deflection is optically computed with the help of a laser and a
position sensitive detector. By maintaining a stable interactive force the probe moves up and
down while scanning over the sample surface collecting information to form an image of the
sample surface.
Organic Semiconductor Devices:
1. Organic Photovoltaics
Organic photovoltaics (OPVs) are electronic devices that convert solar energy into
electrical energy with the aid of semiconducting organic materials. They possess various
attractive properties such as potential low-cost, flexibility and light weight. The device
architecture of these systems comprise of an active layer that contains an electron donor (p-type
material) that is generally a polymer material and an electron acceptor (n-type material) that is
usually a small molecule or polymer.57 This active layer is sandwiched in-between two
electrodes, the anode and the cathode. An illustration of a generalized organic photovoltaic
device is displayed Figure 17 (a).
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Figure 17: (a) Illustration of bulk heterojunction organic photovoltaic architecture, (b)
Schematic describing OPV principle of operation (Illustration courtesy of Brendan T.
O’Connor).
OPV Principle of Operation:
The principle of operation of an OPV comprises of 4 main steps that are illustrated in
Figure 17 (b).
i) Absorption of photons by photoactive layer and generation of excitons:
The architecture of an OPV Figure 17(a) comprises at least one transparent electrode to
allow for the active organic material to absorb photons. The most commonly used transparent
electrode is indium tin oxide (ITO) coated on glass. If the absorbed incident photon has energy
greater than that of the optical band gap of the system it leads to the creation of a coulombically
bound electron hole pair called an exciton.58 This occurs because organic semiconductors are low
dielectric materials. In these organic material systems the optical bandgap is defined by the
difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) as is displayed in Figure 17(b).
ii) Exciton diffusion to donor/acceptor interface:
In order to separate the bond between the electron and hole in an exciton it needs to
interact with the interface between the donor and acceptor. The distance that the exciton can
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travel is based on its exciton diffusion length. Morphologies of donor/acceptor blends are tuned
to allow for shorted diffusion lengths therefore decreasing the probability of recombination of
the electron and hole.59,60
iii) Charge separation and generation of mobile carriers:
The orbital energy offset between the donor and acceptor systems creates an interfacial
potential field that overcomes the coulombic attraction within the exciton to allow for separation
into free charges. The required offset value has experimentally been displayed to be
approximately 0.3 eV.61,62
iv) Collection of carriers at electrodes:
On the generation of the carriers (electrons and holes), the holes diffuse to the electrode
with higher work function electrode and the electrons diffuse to the lower work function
electrode.
OPV Performance Characterization:
Power Conversion Efficiency (PCE):
A commonly used metric to describe the performance of a photovoltaic device is the
power conversion efficiency (PCE). This describes the ratio of power obtained from the solar
cell (POUT) versus the power intensity of the light the device is exposed to (PIN). For this
measurement the device is tested while under the exposure to a standardized AM1.5G irradiance
power of 100 mW/cm2. The value can be calculated as follows:

PCE =

POUT J MPVMP J SCVOC FF
=
=
PIN
PIN
PIN

1-3

Where JMP and VMP are the maximum operating current density and voltage respectively,
JSC is the current density measured at zero voltage also called short circuit current density and
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VOC is the voltage at which the current density if zero also called the open circuit voltage. An
important term used to calculate the PCE is the FF or fill factor, this term correlates the
maximum power of the device versus the product of JSC and VOC as is displayed in the inset of
Figure 18 which also displays an image of a conventional current density versus voltage curve.

Figure 18: Current density vs Voltage plot for a typical solar cell device, image obtained from
https://www.ossila.com/pages/solar-cells-theory.
2. Organic Photodetectors:
Photodetectors are devices that provide an electrical response when exposed to an optical
signal in the form of current or voltage.63 There are various types of photodetectors such as
charge coupled devices (CCD’s), photoconductors, photodiodes and phototransistors. In this
document we will focus on photodiodes and phototransistors with organic semiconductor active
layers. We will briefly describe the differences between organic photodiodes (OPD) and organic
phototransistors (OPT) and then elaborate on the characteristics determined to study these
devices.

19

Organic Photodiodes
Organic photodiodes are two terminal devices that comprise of the semiconductor
photoactive region sandwiched in between two metal contacts.64 This architecture is similar to
that of an OPV, however these devices are developed for detection in reverse bias. The reverse
bias field provides lower dark currents allowing for faster collection of charges and higher
specific detectivity. The drawback with the diode based architecture arises with the limited
quantum efficiency of the two terminal architecture when compared to OPT’s. The lack of a third
terminal does not allow for additional charge injection under reverse bias, this allows for a
photon to generate no more than one electron-hole pair thereby restricting performance. The
functioning of OPT systems will be described in the next section An illustration of a typical OPD
can be seen in Figure 19 (a).

Figure 19: Device configuration for (a) organic photodiode (b) organic phototransistor, reprinted
from64
Organic Phototransistors:
Organic phototransistors are three terminal devices with device configurations like that of
an organic field effect transistor (OFET). These devices act like OFET’s in the dark and show
photoconductive behavior when exposed to light. These devices comprise of three electrodes the
source, drain and gate. A resistive dielectric layer and photoactive organic semiconductor are
sandwiched in between the gate electrode and the source and drain electrodes. An illustration of
a regular OPT device configuration can be found in Figure 19 (b). In a regular OFET operation
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the current flowing between the source and drain electrodes can be controlled with application of
a voltage bias on the gate electrode. For OPD based devices light acts as an additional terminal to
control conductance across the source/drain channel. In these devices the gate voltage creates a
transverse field that promotes spatial segregation of electron hole pairs. Depending on whether
these devices are electron or hole selecting, a positive or negative voltage is applied at the drain
to attract the spatially segregated carrier (either electron or hole) to the drain. This leaves
electron and holes in the channel for p-type and n-type demonstrations respectively. In order to
neutralize these devices electrons or holes are injected from the source electrode to help initiate a
recombination event. Often recombination events do not occur leading to carriers transiting
across the channel from source to drain. This phenomenon increases the quantum efficiency of
these devices.
Some of the commonly used metrics to study photodetectors are described below.
Organic photodetector characterization
External Quantum Efficiency (EQE): EQE is a commonly used input/output metric for detectors.
It is a representation of the number of incident photons that contribute to a photocurrent response
and is defined as the ratio of the number of electrons collected by the detector (Nel,OUT) to the
number of photons incident on the active area of the device (Nph,IN). These measurements take
place at a specific wavelength. EQE is a unitless parameter.

EQE =

Nel ,OUT
N ph, IN

1-4

Responsivity (R): Responsivity is defined as the ratio of photocurrent density (Jph) over the
incident power light intensity (PIN). Like EQE it provides information on how well the detector
converts an optical input into an electrical output. The two parameters are correlated as is shown
below.
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R=

J ph
PIN

= EQE

q
h

1-5

Where h is the Planck constant (6.626x10-34J s), q is electron charge (1.602x10-19C) and υ
is the light frequency. The units of Responsivity (R) are (A/W). For photodetectors both the EQE
and Responsivity are generally measured under reverse bias where an increased electric field
promotes charge collection efficiency.65–67
Noise Equivalent Power (NEP) and Specific Detectivity (D*): The commonly used metrics to
determine the sensitivity of detectors are the NEP and Specific Detectivity (D*). The minimal
detectable signal of the device is represented by the NEP which is given in W. Hz-1/2. It is
defined as the incident power that would be required to yield a near unity signal to noise ratio
(SNR) over a bandwidth (B) of 1 Hz and is given by the following equation,66,68

NEP =

in B
R

1-6

Where in (in Amps) is the noise current of the device. The NEP normalized to the square
root of device area (A) is the specific detectivity (D*) and is given by,

D* =

A
NEP

1-7

D* is more commonly reported in the literature to describe sensitivity in photodetectors.
In order to obtain these metrics, it is necessary to obtain the noise current (in). The noise current
(in) generally comprises of three different sources of noise,
(i) Shot noise (Poisson noise) refers to the fundamental noise that occurs due to fluctuations of
both the photocurrent and dark current under photoconductive mode. The magnitude of the shot
noise is given by,69
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ish = 2q ( i p + id ) B

1-8

Where ip is the photogenerated current and id is the dark current.
(ii) Johnson Noise (Thermal noise or Nyquist noise) is the noise generated by thermal agitation
of carriers in a detector, it is given by the following equation,69,70
i jn =

4k BTB
RSH

1-9

Where kB is the Boltzmann constant, T is the temperature in Kelvin and RSH is the shunt
resistance of the device.
(iii) Flicker noise (ifl) is a frequency dependent noise, the noise power is inversely proportional to
the frequency
The total noise is obtained from all three values and is given by,

in = ish2 + i 2jn + i 2fl

1-10

A common assumption made in OPD operation, is that the shot noise from dark current is
dominates the total noise under photoconductive operation.71 This allows for a simplification in
the D* formula,
D* =

R

( 2qJ d )

1-11

Where Jd is the dark current density in A/cm2.While this allows for a straightforward
calculation, it has been observed that this assumption can lead to a significant overestimation of
the D*.
Linear Dynamic Range (LDR): For device applications, a constant responsivity for different light
intensities from high to low is essential for sensing. The LDR is a metric that represents the
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range over which these detectors display constant responsivity. It is given by the following
equation,
 J ph 
LDR = 20 log 

 Jd 

1-12

3 dB Bandwidth (Hz): Bandwidth provides information on the speed of the detector. It is the
frequency at which the output current of the detector falls to 50% of its value at direct current.
1.5) POLARIZATION SENSITIVE ORGANIC SEMICONDUCTORS:
Conjugated polymer materials commonly have an optical transition dipole moment that is
nearly parallel to the polymer backbone (Figure 20).37,72–74 Therefore, in plane alignment
produces intrinsic polarization sensitivity.

Figure 20: Standard orientation of transition dipole moment for conjugated polymer. Image
provided by Dean Delongchamp.
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Different fabrication approaches are implemented to induce alignment in these polymers,
some of the commonly used techniques are,
Friction transfer:
The ability to form highly oriented films using friction transfer have been well
documented since its first demonstration by Markinson et al in 1964.75 In this technique, the
material is squeezed and drawn against a clean surface, usually glass or metal. This technique
has been used for different systems such as liquid crystalline materials and polymers.75–78
Schematic illustrating the friction transfer process as well as corresponding absorbance
measurements of PTB to polarized light parallel and perpendicular to drawing direction are
provided from Hosokawa et al (Figure 21).78
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Figure 21: Image taken from Hosokawa et al. (a) Chemical structure of PTB and schematic
illustration of the friction- transfer technique for a standard polymer film. (b) UV-vis absorption
spectrum and image of the transferred PTB film (c-d). Polarized UV-vis absorption spectrum of
film when transferred at 100ºC (c) and 240ºC (d).
Zone Casting:
Zone Casting is the process where unidirectional flow-coating is used to form oriented
films. This is done by controlling the fluid flow direction of the material. This involves
dispensing the solution of the polymer in a controlled manner at a controlled speed. The substrate
temperature is also controlled, this aids with inducing uniaxial alignment of the polymer near the
drying front. This technique has formed highly oriented films in liquid crystalline and
semicrystalline polymer systems like pBTTT and P3HT.79,80 An illustration of the zone casting
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technique is presented below from Jung Lee et al (Figure 22).80 The corresponding polarized
absorbance is also provided below in Figure 22.

Figure 22: Image from Jung Lee et al a) Generalized schematic of zone casting technique. b)
AFM image of aligned ribbon-phase PBTTT deposited by zone-casting, image size 5 μ m × 5 μ
m. c) Optical micrograph of PBTTT aligned through zone casting technique, the PBTTT film is
on top of LCD monitor, with zone-casting direction rotated perpendicular (left) and parallel
(right) to polarization direction of light emitted from the LCD monitor (indicated by the yellow
arrow). d) Polarized UV-vis absorbance of PBTTT of zone casted film.

Directional Epitaxial Crystallization:
The epitaxial crystallization of polymers on organic and polymer substrates were first
studied by Wittmann and Lotz in 1990.81 In this method crystallizable solvents are used to play
the successive role of polymer solvent until crystallization followed by the role of substrate for
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epitaxy. In the organic semiconductor field, they have been used largely on semi-crystalline
polymers like P3HT to promote orientation.82,83 The example of TCB and P3HT from
Brinkmann et al is used to help describe the technique (Figure 23).83 The process begins by
preparing a thin film of the semi-crystalline polymer, in this case P3HT through spin casting or
drop casting. Step 2 involves adding the agent that promotes crystallization and epitaxy. TCB is
deposited onto the film and sandwiched with a cover slip. The substrate is then heated marginally
above the melting temperature of TCB. This leads to the solvent TCB dissolving the solid P3HT
film. The yellow tinge in the solution would indicate P3HT dissolved in TCB. The substrate
stack is then slowly moved to a colder bench in a controlled manner to promote crystallization
directionally as is shown in Step 3 of the figure below. As the film cools, the color changes from
yellow to dark violet. The solvent is usually then evaporated in vacuum to complete the process.

Figure 23: Schematic of directional epitaxial crystallization of P3HT with TCB from Brinkmann
et al.83
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Alignment Layers:
Another common technique used to align liquid crystalline polymer semiconductors is
with the aid of alignment layers. In this technique an alignment layer is deposited on a substrate
to act as a template. The template is usually a rubbed polymer like polycarbonate, polyimide or
poly(tetrafluoroethylene). Liquid crystalline polymers exhibit thermotropic liquid crystallinity,
which means that when these materials are annealed at high temperature, they display
homogeneous alignment in the nematic phase in the direction of rubbing.84–86 This leads to
highly oriented polarization sensitive films. Polarized absorbance of a liquid crystalline F8BT on
rubbed polyimide is displayed below.87

Figure 24: Polarized UV-vis absorbance of F8BT on rubbed polyimide from Whitehead et al.86
Although all the techniques described above successfully orient organic semiconductor
films, they suffer from challenges such as slow oriented characteristic growth and ultra-high
processing temperatures. In order to counter these challenges, we made use of a post processing
uniaxial strain technique to induce alignment.
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Uniaxially Strained Polarization Sensitive Devices:
Mechanical load can be applied on ductile organic semiconductor films to help produce
oriented films. One such method of doing this is through the application of uniaxial
strain.37,46,55,73,88–90 A schematic of the technique implemented is displayed below in Figure 25.88

Figure 25: Uniaxial strain of bulk heterojunction film to induce polymer alignment.88
In this technique a solid polymer film is printed onto a polydimethylsiloxane (PDMS)
elastomer slab attached onto a custom-made mechanical stage. The films are then strained to
align the polymers in the BHJ as is displayed in Figure 25. The polarization anisotropy can be
quantified by obtaining the dichroic ratio of the films. The dichroic ratio is defined as the ratio of
polarized light absorbed parallel to the direction of strain over the ratio of polarized light
absorbed perpendicular to the direction of strain, for this demonstration a peak dichroic ratio of
9.68 was observed at 605 nm when the film was exposed to 100% strain. Awartani et al
performed absorbance measurements on the films as is displayed below in Figure 26.37
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Figure 26: Polarized absorbance as a function of strain for films aligned parallel and perpendicular
to the direction of strain.37
As is displayed in Figure 26, the polarized absorbance increases with strain and starts to
plateau after 50% strain. Meanwhile, the absorbance in the perpendicular direction continuously
decreases with increasing strain. The plateau in the parallel direction occurred due to the
competition between the increase in chain alignment and the decrease in film thickness resulting
from the plastic deformation process.37 These films were then printed as the organic
semiconductor layer in a partially fabricated OPV stack to fabricate polarization sensitive
photovoltaic devices. The electrical characteristics showed that the ratio of polarized short circuit
current measured parallel to the direction of strain over the short circuit current measured
perpendicular to the direction of strain is linear up to 100% strain.37 A more detailed discussion
on the printing and fabrication process of the devices will be presented in Chapter 2 and Chapter
3.

31

Figure 27: Dichroic ratio and Jsc ratio as a function of strain, the dichroic ratio was considered
for 550nm light.37
This uniaxial strain technique is implemented to induce polarization anisotropy in the
active layers of the organic photovoltaic devices used in the intrinsic coincident polarimeter
(ICP) stack. Chapter 2 summarizes the work performed with fabricating and characterizing the
novel polarimeter.
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CHAPTER 2
Intrinsic coincident polarimetry using stacked organic photodetectors38,91–94
This chapter is based on collaboration work from the following publications,
(1) Gupta Roy, S.; Awartani, O. M.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Complete
Intrinsic Coincident Polarimetry Using Stacked Organic Photovoltaics. In Proc SPIE; 2015; p
9613.
(2) Gupta Roy, S.; Awartani, O. M.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Complete
Intrinsic Coincident Polarimetry Using Stacked Organic Photovoltaics. Opt. Express 2016, 24
(13), 14737–14747.
(3) Yang, R.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Intrinsic Coincident Full-Stokes
Polarimeter Using Stacked Organic Photovoltaics and Architectural Comparison of Polarimeter
Techniques. In Proc SPIE; 2017; Vol. 10407, pp 1–12.
(4) Yang, R.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Intrinsic Coincident Full-Stokes
Polarimeter Using Stacked Organic Photovoltaics. Appl. Opt. 2017, 56 (6), 1768.
(5) Yang, R.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Monolithic Intrinsic Coincident
Polarimeter Using Organic Photovoltaics. In Proc SPIE; 2018; pp 1–7.
(6) Yang, R.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Optical crosstalk and off-axis modeling
of an intrinsic coincident polarimeter. Under Review.
(7) Yang, R.; Sen, P.; O’Connor, B. T.; Kudenov, M. W. Optimization of an intrinsic coincident
polarimeter and quantitative architectural comparison of different polarimeter techniques. Under
Review.
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2.1) INTRODUCTION:
The quantification of the state of polarization of light or polarimetry has widespread
applications in various fields of study such as ellipsometry95, remote sensing28, atmospheric
sensing96, telecommunications97 and biomedical imaging.98 As was mentioned earlier in Chapter
1, the most accurate mathematical quantification for polarized light is by obtaining the Stokes
vector that contains the four Stokes parameters of light. These measurements are obtained with
the help of polarimeters. As is described earlier in Chapter 1 , the existing imaging polarimeters
such as the channeled polarimeter (CH)31 and division of focal plane (DoF)99 polarimeters are
limited by spatial resolution while other systems such as the division of aperture (DoA) and
division of amplitude (DoAM) polarimeters contain a large number of parts with increased
complexity resulting in a loss of temporal resolution.12,100 In this chapter we seek to counter the
spatial and temporal resolution trade off existing in current state of the art detectors by using
strain aligned organic photovoltaics to fabricate an intrinsic coincident polarimeter.
Demonstrations and validations were performed for both linear and complete Stokes
measurements.
2.2) DETECTOR FABRICATION:
*
In polymer semiconductors, the primary optical transition dipole moment ( −  ) is

typically aligned along the polymer backbone101,102. This unique property results in anisotropic
absorption when the polymer backbone is preferentially oriented along one axis in the plane of
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the film, as is later illustrated in Figure 30 (a) and Figure 31. This property has been exploited to
fabricate polarization sensitive organic photovoltaic (OPV) devices,37,72 which consist of
polymer-fullerene bulk-heterojunction (BHJ) active layers. In the demonstration by Awartani et
al. 37, the polarization sensitivity was achieved by employing a strain-alignment approach that
allows for fine control of the level of polymer alignment and thus the magnitude of the
polarization response. Applying uniaxial strain to the P3HT:PCBM [poly(3hexylthiophene):Phenyl-C61-butryc acid methyl ester] active layer, plastically deforms the film
and the polymer backbones align to the direction of strain, resulting in a long-range oriented
polymer film. When the polymer is aligned in plane, the devices exhibit larger opto-electronic
response (higher photocurrent) when incident light is linearly polarized parallel to the strain’s
direction. The ability to have well-defined polarization sensitivity is important to optimize the
polarimeter’s condition number103 thus, we employed this strain alignment approach to fabricate
our polarization sensitive OPV devices. In addition to polarization sensitivity, the devices are
made semitransparent, which allows for a vertically stacked OPV design enabling coincident
detection.
The OPV cells were fabricated using a bottom-up approach on a patterned indium tin
oxide (ITO) coated glass substrate. The patterning process involved a simple photolithography
technique.104 The process begins by cleaning the ITO substrates sequentially in soap/DI water,
DI water and acetone for 10 minutes each. A commercial negative photoresist comprising a
diazo-acrylic photopolymer printing emulsion (Ulano RLX) mixed with a sensitizer is then cast
at 2750 rpm for 30s on the ITO substrate. The films were allowed to dry after which they were
exposed to a light anneal at 57°C for 7 minutes in dark room conditions. After the light anneal
the substrates are placed under opaque aluminum coated masks and exposed to light from a 20 W
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halogen lamp for 1 hour. After the photocuring step the unexposed photoresist is removed using
deionized water as the developer. In order to harden the exposed photoresist the substrates are
then hard baked at 225°C for 1 hour in ambient air conditions. This is followed by the etching
process where the ITO is removed from the exposed region by dunking in 6 M hydrochloric acid
(HCl) for approximately 45 minutes. On the completion of the etching step the photoresist is
removed with the help of a blade to provide our patterned ITO substrates. These substrates are
subsequently cleaned using a standardized procedure of sonication in DI water, acetone and
isopropyl alcohol for 10 minutes each followed by ultraviolet/ozone exposure for 10 minutes.
The process began by spin casting an ethoxylated polyethylinimine (PEIE) solution onto ITO.
The PEIE decreases the work function of ITO105, allowing for an inverted OPV configuration
where the ITO serves as the cathode. After spin casting PEIE, the substrates were thermally
annealed at 100 C for 10 minutes. The strain aligned P3HT:PCBM photoactive layer is then
transfer printed onto the PEIE layer using a shear assisted printing technique (SHARP).106 The
SHARP fabrication technique will be discussed in greater detail in the next chapter. The film is
then thermally annealed at 135 C for 10 minutes. Finally a 15-nm hole transporting layer of
MoOx and semitransparent 10-nm Au film were deposited onto the P3HT:PCBM layer resulting
in an active detector area of 0.25 cm2. An illustration of the fabrication process is depicted in
Figure 28.
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Figure 28:Semitransparent polarization sensitive OPV fabrication (a) Photoresist casting
(b)Opaque mask placed on negative photoresist prior to photocuring, baking and etching (c)
SHARP technique used to transfer print strained P3HT:PCBM film (d) Transferred film on
patterned ITO substrate, (e) Complete inverted OPV device with MoOx and gold deposition
Beyond this, the semitransparent OPV devices were also encapsulated, to increase lifetime, by
drop casting a UV curable epoxy on the cell (Epo-Tek OG142-87) followed by attaching a glass
cover slip and curing with UV light as is shown in Figure 29.

Figure 29: Encapsulation process for semitransparent OPV devices
The magnitude of the responsivity anisotropy has previously been shown to increase with
the magnitude of the applied strain due to the increasing alignment of the polymer
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backbones.37,73 A detailed analysis of the polarized OPV cell performance has shown that the
internal quantum efficiency of the device remains similar to an unstrained device and is
independent of the incident polarization state73 . Thus the strained devices have a similar
efficiency of collecting photogenerated carriers as an archetypal processed counterpart and the
anisotropic performance is attributed primarily to the difference in light absorption in the cell. In
the devices demonstrated here, the P3HT:PCBM films are strained by 30%. The diattenuation is
observed by comparing the OPV’s transmittance under orthogonal linear polarizations, depicted
in Figure 30(b). The greatest transmittance is found for incident light perpendicular to the strainalignment direction, indicative of weaker absorption of the P3HT:PCBM layer. Meanwhile,
anisotropy is also observed in the photogenerated current. The current-voltage characteristics of
a 30% strain-aligned and unstrained device, under illumination by polarized light parallel and
perpendicular to the strain-alignment axis, is given in Figure 30(c). It should be noted that
unstrained devices are independent of the linear polarization orientation.

Figure 30: (a) A cross-sectional view of the OPV device structure with strain alignment
direction indicated. (b) Plot of transmission versus wavelength, for the device under linear
polarization states that is polarized either parallel (Para, ) or perpendicular (Perp, ⊥ ) to the
strain direction. The transmittance of the gold electrode with MoOx layer (Elect.) is also
provided. (c) The I-V curve of the device in under polarized illumination with broad spectrum
light at approximately 50 mW/cm2. This is compared to an unstrained OPV cell (O)
2.3) POLARIMETRIC MODEL CALIBRATION AND VALIDATION:
i) Intrinsic coincident polarimeter for linear polarized light detection
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The ICP was first modelled and validated purely for linearly polarized light. The ICP is
modeled as three semitransparent detectors cascaded along the same optical axis. As illustrated
in Figure 31, two devices (OPV1 and OPV2) are made polarization sensitive while the third
(OPV3) is unstrained (polarization insensitive).

Figure 31: A schematic representation of the polarimeter model configured to measure a
laser’s polarization state. The stack consists of strain orient OPV cells oriented at 0º (OPV1), and
45º (OPV2), follows by an unstrained active layer device (OPV3). Inset (a) shows the strainaligned structure of the polymer chains, which result in preferential absorption of light at
different states of polarization, while (b) depicts the isotropic distribution in an unstrained
photoconductive film.
OPV1 and OPV2 were aligned with their strain axes at 0o and 45o to the x-axis, respectively. It
should be mentioned that this configuration was chosen by minimizing the polarimeter’s
condition number, based on the model presented below. The modelling was performed by Gupta
Roy.38,91
The polarimeter was modeled using Mueller calculus. Due to their behavior as a weak
polarizer, and the inherent retardance within the strained polymer layer, the OPVs were modeled
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as a diattenuator in series with a parallel retarder. The polarization state of light, transmitted
through a single OPV cell, can be described by
ST = R( )  MD  MR  R( − )  SI ,

2-1

where ST and SI are the Stokes vectors of the transmitted and incident light, respectively
MD and MR are Mueller matrices for a diattenuator and retarder, respectively, and R is the
rotation matrix.
A diattenuator’s Mueller matrix can be expressed as
1
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where the diattenuation DT and variable ET are defined as,
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such that Tx and Ty are the transmittances of the x and y eigenvectors, respectively.
Meanwhile, the rotation matrix is defined as
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where θ is the orientation angle measured relative to the x-axis. Meanwhile, the Mueller
matrix of a general retarder is defined as
1
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where ϕ is the retardance.
While Eq. (2-1) can be used to calculate the OPV’s transmitted polarization state, it must be
modified to relate it to the polarization-induced photogenerated current. The Mueller matrix for
absorption in the OPV was calculated per conservation of energy such that
T + A + R = 1,

2-7

where T, A, and R is the OPV’s transmittance, absorptance, and reflectance, respectively.
For the purposes of our model, we assumed that the cell’s reflectance R = 0. Ultimately, the
reflectance was measured to be close to the expected 4 percent for a standard air-glass interface.
However, reflected light did not show polarization dependencies at near normal incidence;
therefore, while this lost energy influences the overall magnitude of the transmitted or absorbed
power, it does not influence the polarization properties. Thus, R is inherently included in our
radiometric calibration and there is no need to model it polarimetrically. With this assumption,
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the absorption Mueller matrices of each OPV were modeled per Eq.(2-2), where Eqns. (2-3) and
(2-4) were modified such that
DA =

(A
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x

x
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where Ax and Ay are the absorptance of the x and y eigenvectors, respectively, and are
given as
Ax = 1 − Tx , and

2-10

Ay = 1 − Ty .

2-11

The Mueller matrix of an OPV can be expressed as
MT ( DT , ET , ,  ) = MD ( DT , ET , )  MR (, ) , and

2-12

MA ( DA , E A , ) = MD ( DA , E A , ) ,

2-13

where MT and MA are the OPV’s transmission and absorption Mueller matrices,
respectively. For the ICP based on three OPVs, the Mueller matrix for each detector can be
calculated by considering its absorption properties in combination with the preceding cells’
transmission matrices as
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MOPV1 = MA ( DA1 , EA1 ,1 ) ,

2-14

MOPV 2 = MA ( DA2 , EA2 ,2 ) MT ( DT 1 , ET 1 ,1 , 1 ) , and

2-15

MOPV 3 = MA ( DA3 , EA3 ,3 ) MT ( DT 2 , ET 2 ,2 , 2 ) MT ( DT 1 , ET 1 ,1 , 1 ) ,
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where i is an integer (1-3) that denotes the ith OPV. Based on the aforementioned Mueller
matrices, the polarimeter’s measurement matrix (W) can be computed from the OPVs’ analyzer
vectors (i.e. the first rows of MOPV1, MOPV2, and MOPV3).73 It should be noted that the OPVs’
absorption Mueller matrices are independent of retardance, since the diattenuation and retardance
eigenvectors are parallel. However, subsequent ‘down-stream’ cells are not parallel and thus the
cells’ retardance must be included in transmission.
Radiometric and polarometric calibration:
In order to accurately measure the Stokes vector, radiometric calibration is required to
ensure that all the ICP’s detectors produced the same electrical response to a given optical input.
This implied linearizing the detector’s responsivity. Traditional inorganic semiconductor without
filtering are only sensitive to the S0 component of the Stokes vector. Under normal incidence,
these detectors display electrical response that is directly proportional to the total intensity. This
allows for separate radiometric and polarimetric calibration for the individual detectors. Since
our fabricated OPV detectors are intrinsically polarization sensitive, it is not possible to
physically separate their responsivity and polarimetric response functions. Hence, in such a case
the radiometric and polarimetric calibration is conducted simultaneously. Based on
measurements of our OPVs, we modeled a linear responsivity. A depiction of the electrical
current versus incident optical power, in response to one incident polarization state, is illustrated
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in Figure 32(a)-(c) for OPV1, OPV2, and OPV3. Provided also is the coefficient of
determination, which in the worst case (OPV2) is 0.995.

Figure 32: Responsivity for one incident polarization state for (a) OPV1, (b) OPV2, and (c)
OPV3 when in devices are in the cascaded configuration. The coefficient of determination, R2,
for the linear fit is provided for each OPV.
The OPV’s photogenerated electrical current was modeled accounting for the radiometric
offset using the following formula,

P =  +  ,

2-17

Where P is the photogenerated electrical current, Φ is the incident flux (watts), η is the
responsivity (amps/watt), and β is the electrical (or radiometric) offset. Since we are using visible
light and dark subtraction, the contribution from the offset β is zero. Thus, to calibrate the
system, we used a linear operator model73 that included an additional term for the responsivity
as is shown below,

P = η  W  Sin ,

2-18
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where P is a 1 3 vector of electrical current measurements (one from each OPV), η is a
3  3 matrix of responsivities, W is the measurement matrix, and Sin is the incident Stokes vector.

The input Stokes vectors can be calculated from any power matrix P by,

Sin =  η  W  P.
−1

2-19

Thus, calibration focuses on quantifying the measurement matrix  η  W , where for our
3-cell linear polarimeter

1 0 0   w11
 η  W =  0 2 0   w21
 0 0 3   w31

w12
w22
w32

w13 
w23  ,

w33 
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where η1, η2, and η3 are the responsivities for OPV1, OPV2, and OPV3 while the
coefficients of W denote the linear analyzer vectors, modeled from Eqns. (2-14)-(2-16). To
experimentally measure  η  W , the ICP was illuminated with Q known Stokes vectors. The
measured current, produced by each OPV, was used to determine one row of  η  W . Thus, the
calibration procedure can be described by,
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where S0,q, S1,q, S2,q, and S3,q are Stokes parameters of calibration light incident into the
system and the subscript j is the row number of W from which the coefficients wj1, wj2, and wj3
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were extracted. It is to be noted that the different polarization states of light, which were used to
illuminate the system, consisted of linear states and that the S3 component was always zero.
Calibration and measurement of Stokes vector
Figure 33 depicts the experimental setup. A linearly polarized laser diode from Thorlabs
(DJ532-40), with a nominal lasing wavelength of 532 nm, was used as the light source. Laser
light, polarized parallel to the x-axis, first strikes an uncoated glass window, which was
introduced into the system to reflect approximately 8% of the incident light into an integrating
sphere and radiometer. This measurement ensured that all fluctuations of the incident laser power
were recorded, and in later stages, corrected during data processing. Meanwhile, transmitted light
propagated to a Glan-Thompson clean-up polarizer (LP1) with a transmission axis parallel to the
x-axis. A rotatable half wave plate (HWP) followed the polarizer, enabling the generation of
known linear polarization states for calibration and validation. After the waveplate, light then
transmitted through the three OPV cells. Alignment of the OPV’s diattenuation axis, with respect
to the x-axis, is identical to that previously described in Figure 31. The laser spot size is within
the OPV cell area, and the detector photocurrent is constant with changes of the laser position
within the cell area.
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Figure 33: (a) Schematic of the experimental setup. Acronyms: LP1 is a linear polarizer
at 0o to the x-axis; HWP is a rotatable half wave plate; OPV1-3 are the organic photovoltaic
detectors, arranged as: OPV1 at 0o, OPV2 at 45o, and OPV3 (unstrained). (b) Image of free-space
polarimeter.
To acquire calibration and validation data, the system was illuminated with three
different laser powers: 5.24 mW (P1), 5.84 mW (P2), and 6.81 mW (P3). For each incident laser
power, the HWP was rotated from 0o to 900 in 5o increments, thereby generating a total of Q = 57
unique Stokes vectors. Under each illumination state, the OPV cells generated a photocurrent
and the I-V characteristics of each OPV was acquired using a Semiconductor Parameter
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Analyzer (SPA). Photocurrents were extracted from the I-V curves at a bias voltage of -0.4 V,
which were subsequently used for calibration and validation. Figure 34 depicts the measured
electrical output power of the three OPVs at different laser powers and incident polarization
states.
To fit the data, a Nelder-Mead minimization function was used to determine the elements
of W and the responsivities η, such that the least square difference, provided by the best
coefficients, was minimized. Figure 34 depicts the fitted results (P1F, P2F, and P3F) as
compared to the values measured by the SPA (P1, P2, and P3). The elements of  η  W were
determined as

0
0  1 0.126 −0.002 
0.0194
0.0168
0  1 −0.321 −0.159  .
 η  W =  0


 0
0
0.0124  1 −0.312 0.283 
These results were calculated by directly fitting the coefficients in W and η directly to the data.
Consequently, this matrix was not derived by fitting the various parameters, known or otherwise,
to the polarimeter model established previously in Eqns. (2-14)-(2-16) .As is displayed below in
Figure 34 the theoretical values very closely match the fit.
In this demonstration, it was concluded with experimental validation, that this new
polarimeter design can measure incident Stokes vectors with an average error of 1.2% in the
normalized Stokes parameters, and to within 2.2% for absolute radiometric power in S0.
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Figure 34: Current versus HWP orientation from (a) OPV1, (b) OPV2, and (c) OPV3, as
measured by the SPA at the three optical powers P1 (5.24 mW), P2 (5.84 mW), and P3 (6.81
mW) as compared to the current calculated from the fitting procedure described by Gupta Roy et
al. 91
ii) Intrinsic coincident polarimeter for complete polarized light detection
On completion of demonstrating the ability to accurately measure the linear polarization
state with the ICP, the setup was improved to allow for obtaining the S3 parameter from the
Stokes vector. The setup of the device had to be changed to account for the creation and
modulation of circular polarization states. An illustration of the testing setup is provided in
Figure 35.
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Figure 35: Full ICP setup, the HWP (Half waveplate) and QWPs (quarter waveplates)
induce and moderate the linear and circular polarization state of light, the first three OPV’s are
strain oriented to provide polarized light anisotropy
In addition to the half wave plate (HWP1) to create linear polarization states that was
implemented for the linear ICP a quarter waveplate (QWP1) is placed in front of the first OPV to
create different circular polarization states. Two other QWP (QWP2 and QWP3) were placed in
between the 2nd and 3rd OPV’s in the stack to modulate the circular polarization state for
optimized performance. Radiometric calibration similar to the linear ICP demonstration was
performed for the complete ICP architecture at three different incident powers, 3.85 mW (P1),
4.52 mW (P2) and 5.14 mW (P3). At each incident power QWP1 was rotated from 0° to 180° in
10° increments. This allowed for the generation of 57 unique Stokes vectors. These results were
compared to Nelder- Mead model fits that are displayed in Figure 36. The fitting and modelling
procedure was performed by Yang.92,93

50

Figure 36: Current outputs from four OPVs and the model fitting results under three different
illumination powers. I1–I3 are the experimental data, and I1F–I3F are the model fits. The fitting
technique is described in detail in the cited publication.93
Monolithic Stack
With both the linear and complete ICP demonstrations the OPV elements were tilted to
prevent cross talk from reflection of light. However, for practical polarimetric imaging, there is a
need for a monolithic detector stack with adjacent pixel elements. In this case, the sub-cells are
parallel with one another and it is necessary to account for back reflection. An illustration of the
stack is proposed in Figure 37.
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Figure 37: Schematic of monolithic cell with back reflections
In addition to back reflection it is essential to consider that OPVs fabricated with a higher
strain have larger internal quantum efficiency (IQE) difference between the orthogonal
polarization states. The previous demonstrations assumed a constant IQE. After considering
these new parameters and modifying our model parameters calibration was performed with the
monolithic stack.
The experimental setup used for monolithic IC polarimeter calibration and validation is
illustrated in Figure 38(a). A linearly polarized 532 nm diode laser was used as the source with a
partial reflector to monitor the laser light’s power fluctuations. A polarizer (LP) polarized the
laser light along the x-direction. Four different incident powers, 1.12 mW (P1), 1.38 mW (P2),
1.67 mW (P3) and 1.95 mW (P4), were used for radiometric calibration and under each power a
QWP was rotated from 0˚ to 180˚ in 10˚ increments to enable polarimetric calibration. OPV cells
were oriented at θ1 = 80˚ (OPV1), θ2 = 135˚ (OPV2), θ3 = 180˚ (OPV3) and θ4 = 0˚ (OPV4) and
the waveplates’ fast axes were oriented at θR1 = 0˚ (WP1) and θR2 = 130˚ (WP2). Encapsulated
OPVs and WPs were edge-bonded with glue and refractive index matching fluid (n = 1.49) were
used between the cells and waveplates. Laser light transmitted through OPV1, WP1, OPV2,
WP2, OPV3 and OPV4 successively and the photo-generated current, from each OPV, was
collected by the transimpedance circuit depicted in Figure 38(b).
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Figure 38: (a) Experimental setup of monolithic polarimeter calibration in free space. (b) The
electrical circuit for recording the electrical signal from each OPV.
Rotating the QWP under four different incident powers generated 76 input Stokes vectors
in total. Twenty random measurements under incident power P2 and P3 were selected for
calibration and the remaining 56 measurements were used for validation. The results for the
calibration and validation are presented in Figure 39. The successful demonstrations provide a
robust monolithic stack capable of accurately measuring the full Stokes vector.
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Figure 39: Current outputs from 4 OPVs and the model fitting results: (a) 20
measurements under P2 (1.38mW) and P3 (1.67mW) for calibration and (b) the remaining 57
measurements under P1 (1.12 mW), P2 (1.38 mW), P3 (1.67 mW) and P4 (1.95 mW) for
validation.
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2.4) CONCLUSIONS:
We present the design, calibration and experimental validation of a novel polarimeter
architecture called an intrinsic coincident polarimeter. Semi-transparent polarization sensitive
OPV’s were fabricated and tested under different optical powers to obtain the linear and
complete Stokes vector of light. The ICP was further optimized into a more robust monolithic
stack and modelled to consider back reflection and changes in IQE. These demonstrations
provide a possible solution to the trade-off between spatial and temporal resolution that is
currently present in state of the art polarimeters. Despite the successful proof of concept
demonstrations of the ICP displayed in this chapter, there remain major challenges associated
with such systems. Some of these challenges are, (i) Reduced signal to noise in the final two
detectors of the stack due to reduction of light intensity through passage across polarimeter (ii)
Narrow wavelength spectrum of study due to restricted polarized absorbance of P3HT:PCBM
bulk heterojunction based system. In the next two chapters we focus on trying to counter these
challenges. The following chapter introduces a novel printing technique that allows for replacing
absorbing metal electrodes with semitransparent polymer materials.
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CHAPTER 3
Shear-Enhanced Transfer Printing of Conducting Polymer Thin Films
This chapter is based on work from the following publication,106
Sen, P.; Xiong, Y.; Zhang, Q.; Park, S.; You, W.; Ade, H.; Kudenov, M. W.; O’Connor, B. T.
Shear-Enhanced Transfer Printing of Conducting Polymer Thin Films. ACS Appl. Mater.
Interfaces 2018, 10, 31560–31567.
(The author of this thesis is the primary author of this publication)
Polymer conductors that are solution-processable provide an opportunity to realize lowcost organic electronics. However, coating sequential layers can be hindered by poor surface
wetting or dissolution of underlying layers. This has led to the use of transfer printing where
solid film inks are transferred from a donor substrate to partially fabricated devices using a
stamp. This approach typically requires favorable adhesion differences between the stamp, ink,
and receiving substrate. Here, we present a shear-assisted organic printing (SHARP) technique
that employs a shear load on a postless polydimethylsiloxane (PDMS) elastomer stamp to print
large-area polymer films that can overcome large unfavorable adhesion differences between the
stamp and receiving substrate. We explore the limits of this process by transfer printing poly(3,4ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) films with varied formulation that
tune the adhesive fracture energy. Using this platform, we show that the SHARP process is able
to overcome a 10-fold unfavorable adhesion differential without the use of a patterned PDMS
stamp, enabling large-area printing. The SHARP approach is then used to print PEDOT:PSS
3.1) INTRODUCTION:
Conjugated polymers are attractive materials for large-area electronics because of their
unique optoelectronic properties and potential to reduce device costs. They are typically

56

solution-cast and part of several heterogeneous layers that make up a device. However, solutioncasting sequential layers can be challenging because of dissolution of underlying layers or
because of poor wettability of the ink on the surface of interest. This has led to transfer printing
methods where solid film “inks” are transferred from a donor substrate to a receiving substrate
using an elastomer stamp.43,107–111 The success of this approach has led to its broad applications
in processing organic electronics.110,112–115 The transfer printing technique typically relies on
increasing the adhesion of the ink from the donor substrate, to the stamp, and finally to the
receiving substrate.112,116 When this criterion is not met, modifications to the transfer printing
process are often employed including the use of sacrificial layers,117–119 the use of heat,120–122 or
modifying the surface of the film or stamp through UV/ozone or O2 plasma treatment.51,112,123,124
However, these methods can be invasive and negatively impact the final device. Alternatively,
various mechanical loading protocols can be employed to improve transfer printing
success.108,111,116,125,126 In particular, Carlson et al. described a transfer printing technique that
applies a shear load to a polydimethylsiloxane (PDMS) elastomer stamp with posts to enable
printing of Si nanomembranes.125,127 The shear load on the PDMS reduces the normal force
required for delamination and creates a moment that concentrates a tensile stress at the leading
edge of the stamp post.126,127 This approach was shown to overcome unfavorable adhesion
differences between the stamp/ink and ink/receiving substrate. However, this method was only
demonstrated for stiff silicon membranes that were ∼0.01 mm2 in area and over 300 nm thick.125
As they reduced the film thickness, the transfer printing process was unsuccessful. This poses a
challenge for applying this approach to thin-film organic electronic films that are comparatively
soft and thin and where large areas are often desired. In order to address these challenges, we
developed a modified shear-based printing technique that uses an unpatterned prestrained PDMS

57

stamp to print large-area polymer thin films. We refer to this approach as shear-assisted organic
printing (SHARP). We have previously used SHARP to produce devices difficult to realize with
solution coating37,55,88,89,101 and to probe structure−property relationships in organic
semiconductors.128–130 For example, this approach was used to transfer print polymer
semiconductor films in organic transistors showing similar device characteristics to direct
solution-cast films.88,101 It was shown that films could be repeatedly retrieved and printed from a
low surface energy substrate multiple times without impacting charge transport.88 This approach
has also been used to consecutively print multiple polymer and small-molecule films with sharp
interfaces,128,129 including the ability to print sharp planar heterojunction organic photovoltaic
(OPV) cells.89 Although the SHARP technique has been used to fabricate a number of devices
and structures, the capabilities of this approach have not been considered in detail. In this paper,
we explore the adhesion limits of the SHARP technique and use this approach to fabricate OPV
cells. We focus on printing the widely used conducting polymer poly(3,4ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and tune the adhesion of the films
by varying the PEDOT:PSS formulation. We show that the SHARP method overcomes an
unfavorable work of adhesion ratio between the stamp/ink and ink/receiver of approximately 10
without the use of heat or stamp modification. We then apply the SHARP method to print
PEDOT:PSS films as transparent electrodes to realize highperformance semitransparent OPV
cells. PEDOT:PSS is chosen as a model ink for its wide use and more practically to meet a need
for effective processing organic electronics. For example, in semitransparent OPV cells, there is
a need for a transparent electrode capping the device.131–136 Conducting polymers are particularly
attractive for this top electrode because of their low-cost, low-temperature processing, and
mechanical flexibility. The most common polymer investigated has been PEDOT:PSS because
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of its high transparency, high conductivity, and stability. However, it is a challenge to solutioncast PEDOT:PSS as a top electrode in organic electronic devices because of poor surface
wetting137,138 and incompatibility of processing methods used to improve the film
conductivity.139 Specifically, to achieve high conductivity, PEDOT:PSS can be treated with
organic solvents such as dimethyl sulfoxide (DMSO) and ethylene glycol, which increases the
conductivities of the film by 2 orders of magnitude.140–147 However, the additive may diffuse into
underlying layers during solution processing. The increasing conductivity may also be achieved
by post-treating the films with acids.143 However, acid treatments cannot be performed on
PEDOT:PSS with underlying organic semiconductor layers. Because of these challenges, there
have been several demonstrations of PEDOT:PSS films that are cast and optimized on a donor
substrate and then transfer-printed during device fabrication.139,147–149 To successfully transfer
print the PEDOT:PSS films, external plasma or UV/ozone treatment has been used to increase
the interfacial surface energy between the film and receiving substrate.51,114,150,151 Another
approach has been to apply heat during the printing process once the film is in contact with the
receiving substrate.131,152–154 The SHARP approach mitigates these additional processing steps
that potentially damage the underlying layers. While PEDOT:PSS is used as the ink in this study,
the SHARP process is widely applicable to other polymers and is a powerful tool to produce a
range of devices.
3.2) EXPERIMENTAL DETAILS:
SHARP Method: The SHARP technique is illustrated in Figure 40. The process starts by
placing the stamp in a custom strain stage and straining the stamp by at least 10%. The PDMS
stamp is then laminated onto the ink that is on a donor substrate. The donor substrate is then
removed rapidly from the stamp to promote transfer of the ink from the donor to the stamp by
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exploiting the rate dependent adhesive properties of the stamp.155 The stamp/ink composite is
then laminated onto the receiving substrate. The strain in the stamp is then reduced by
approximately 5−10%. This results in a shear load across the stamp/ink interface and a moment
at the leading edge of the adhered stamp. After reducing the strain on the stamp, a small normal
tensile force is applied at one side of the stamp that results in delamination of the ink from the
stamp at the leading edge of the ink. Once the stamp delaminates from the edge of the ink, a
delamination front propagates across the ink and it is effectively transferred to the receiving
substrate. This process significantly reduces the normal force required to reach the adhesive
fracture energy at the stamp/ink interface, enabling film transfer from the stamp to the receiving
substrate.
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Figure 40: Illustration of SHARP technique (a) strain applied to the elastomer stamp, (b)
lamination of the stamp onto the ink, (c) transfer of the ink to the stamp assisted by quick
removal of donor substrate, (d,e) stamp moved and laminated to the receiving substrate, (f)
removal of the strain applied to the stamp, (g) a normal force applied to the leading edge of the
stamp resulting in delamination of the ink, and (h) removal of the stamp leaving the ink on the
receiving substrate. Pictures of the process are also provided that correspond to illustrations e-h.
PEDOT:PSS Film Preparation and Characterization: PEDOT:PSS was chosen as the ink
to study the limits of the SHARP technique because of its tunable adhesive properties through
the use of surfactants and adhesion promoters.52,138,142,156 We focused on the high-conductivity
Clevios PH1000 PEDOT:PSS and modified the adhesive properties using two primary
approaches: (1) the addition of DuPont Capstone FS30 fluorosurfactant142,157 and (2) blending
with Clevios CPP105D PEDOT:PSS. CPP105D contains Dynol 604, an acetylenic glycol-based
nonionic surfactant, and Silquest A187, an epoxy-functionalized silane, which has preferential
adhesion properties with silicone materials such as PDMS.158 Chemical structures of
PEDOT:PSS and the various additives are presented in Figure 41. Capstone FS30 was added to
the PH1000 PEDOT:PSS solution at 1, 5, or 10 wt %. CPP 105D PEDOT:PSS was mixed with
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PH1000 PEDOT:PSS at volume ratios of 3:1, 1:1, and 1:3. DMSO was also added at 5 wt % to
these solutions to increase the conductivity.159 The solutions were spun-cast onto
octyltrichlorosilane (OTS)-treated Si at 1000 rpm for 30 s. The cast films were then annealed at
150 °C for 30 min, followed by vacuum drying the films for 10 h at 1 × 10−6 mbars. The OTStreated Si was used to provide a low adhesion donor substrate. Finally, PH1000 PEDOT:PSS
films treated with methane sulfonic acid (MSA) were also considered. The MSA process is
known to significantly increase the electrical conductivity of the film and results in the ability to
retrieve the film from a glass donor substrate onto a PDMS stamp.40,50 In this case, PH1000
PEDOT:PSS with 5 wt % DMSO was spun-cast on glass substrates at 1500 rpm for 30 s. The
films were then dried at 120 °C for 20 min. This was followed by covering the substrate with 100
μL of MSA and thermally annealing at 160 °C for 4 min. The acid was removed by immersing
the substrate in deionized water and in isopropyl alcohol, before being dried at 160 °C for 1 min.
There are a total of nine different PEDOT:PSS-based films considered, with processing
conditions and film thickness summarized in Table 1. Also included in Table 1 are shorthand
names for the formulations that will be used throughout the rest of the paper. The film
thicknesses were determined by spectroscopic ellipsometry. The film transmittance was
measured using an Ocean Optics Jazz spectrometer.
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Figure 41: (a) Chemical structure of PEDOT and PSS (b) Chemical structures of different
additives to PEDOT:PSS.
Table 1:PEDOT:PSS formulations considered with film properties.
Formulationa

Thickness
(nm)

Conductivity
Spuncast
(S/cm)

PH1000
FS30-1%
FS30-5%
FS30-10%
CPP-1:0
CPP-3:1
CPP-1:1

PH1000
PH1000 + 1 % FS30
PH1000 + 5 % FS30
PH1000 + 10 % FS30
CPP105D
CPP105D:PH1000 (3:1)
CPP105D:PH1000 (1:1)

104
131
160
195
187
191
206

795±71
604±3
436±2
358±28
43±3
202±3
341±13

CPP-1:3

CPP105D:PH1000 (1:3)

205

436±24

574±19
443±14
369±5
NA
NA
NA
415±2

MSA

PH1000 + MSA

74

843±32

849±70

Name

a
b

Conductivity
Printedb
(S/cm)

Contact Angle
(º)
110.4±2
45.1±5
23.1±4
20.0±5
33.3±5
33.2±8
33.5±3
33.7±2
NA

The added FS30 is by weight percent, the ratio of CPP105D:PH1000 is by volume.
Printed conductivity was measured for films printed from OTS-Si to glass substrates.

Adhesive Fracture Energy: Generally, the ability to transfer print a polymer film is
dependent on the relative adhesive fracture energy between the donor and ink (Gc donor/ink), the
stamp and ink (Gc stamp/ink), and the ink and receiver (Gc ink/receiver), the condition is
illustrated below116,160
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Gcdonor /ink  Gcstamp /ink

, for printing from donor onto stamp

Gcink / receiver  Gcstamp /ink , for printing from stamp onto receiver

3-1
3-2

Figure 42: Illustration of general transfer printing condition (a) Illustration of ink on donor and
stamp (b) first printing condition transferring ink onto stamp (c) Ink on stamp to be printed onto
receiver (d) transfer print film onto receiving substrate (second printing condition). Image taken
from Meitl et al.160
In this study, the donor substrate is either OTS-Si or untreated glass, and the receiving
substrate is OTS-Si. OTS-Si was chosen for the receiving substrate because of its low surface
energy, making it a challenging surface to print the PEDOT:PSS ink. The adhesion fracture
energy between the stamp/ink and ink/receiver was measured using peel tests. For fracture
energy from the PDMS stamp, the stamp is adhered to a glass substrate and delamination was
conducted slowly to minimize viscoelastic effects. The PDMS (Sylgard 184) stamp was prepared
in a 15:1 ratio of base to crosslinker and cured for 12 h under vacuum at 60 °C. For all peel tests,
a backing tape (3M double-sided tape) was laminated on the PEDOT:PSS surface and attached to
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the grips of an Instron 5943 tensile tester. The average applied load during delamination was
then used to obtain the adhesive fracture energy by161

P )
(
G= b
2 Eh

2

+

P
(1 − cos  )
b

3-3

where P is the peel force, b is the width of the peeling arm, E and h are the composite
elastic modulus and height of the backing layer and film, and θ is the peel angle. Assuming high
tensile stiffness and low bending stiffness of the bending arm, the first term in Eq (3-3) is
neglected. The peel angle θ was approximately 90°. The contact angle of the inks on OTS-treated
Si substrates was also measured to consider surface wetting and its relationship to adhesion of
the solid films to the stamp. Contact angles were measured using a rame-hart standard
goniometer (model 200-U1).
Device Fabrication: Two OPV active layers are considered with the printed PEDOT:PSS
electrode to achieve semitransparent devices. Control devices with a reflective top metal
electrode are also considered
P3HT:PC61BM Device Preparation: A thin layer of polyethylenimine (PEIE), 80%
ethoxylated solution, was spun-cast onto patterned indium tin oxide (ITO)-coated glass
substrates at 5000 rpm for 60 s in air, followed by drying the film at 100 °C for 10 min. This
layer reduces the work function of ITO, allowing for an inverted OPV architecture.105
Regioregular poly(3-hexylthiophene) (P3HT, Rieke Metals) and phenyl-C61-butyric acid methyl
ester (PCBM, Nano-C) with a 60:40 mass ratio were dissolved in dichlorobenzene at a total
concentration of 34 mg/mL. The films were spun-cast at 700 rpm for 60 s in a nitrogen-filled
glovebox. Control device films were then annealed at 130 °C for 10 min.

65

2.4.2 FTAZ:IT-M Device Preparation: A ZnO film was cast onto an ITO substrate at
5000 rpm for 60 s using a previously described method to form an inverted architecture.162
Poly(4,8-bis(3- butylnonyl)benzo[1,2-b:4,5-b]dithiophen-2-yl)thiophen-2-yl-2-(2-butyloctyl)5,6-difluoro-7-(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (FTAZ) was synthesized using
previously reported methods,163 and (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-sindaceno[1,2b:5,6-b′]dithiophene) (IT-M) was purchased from 1- Material. FTAZ and IT-M were dissolved in
toluene with a mass ratio of 1:1 with a total concentration of 10 mg/mL. The solution was cast on
the ZnO-coated substrate at 1000 rpm for 60 s. The control film devices were annealed at 150 °C
for 10 min.
2.4.3. Post-Film Deposition: For opaque devices, a top electrode of 12 nm MoO3,
followed by an opaque metal layer of silver or aluminum, was deposited by vacuum thermal
evaporation at 10−6 mbar. For the semitransparent devices, a 10 nm MoO3 layer was deposited,
followed by transfer printing the PEDOT:PSS electrode. A comparison is also made to a
solution-cast top PEDOT:PSS electrode. In these cases, the entire stack was annealed at 140 °C
for 30 min. The electrical characteristics of the OPV devices were tested using a Newport 150 W
solar simulator with an AM1.5G filter under 1 sun (100 mW/cm2 ) illumination. The active area
for the semitransparent devices was approximately 0.025 cm2.
3.3) RESULTS AND DISCUSSION:
Adhesion Limits of Printed Films: Static contact angle measurements of the various
PEDOT:PSS inks on the low surface energy OTS-treated silicon are given in Figure 43. The
PH1000 with 5% DMSO solution was measured as a reference, and its contact angle was found
to be 110°. Adding the FS30 surfactant to the PH1000 formulation resulted in a large decrease in
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contact angle, with a lower angle with increasing FS30 concentration. Adding the CPP105D
formulation also resulted in a significant drop in contact angle, which was stable at ∼33°
independent of the CPP105D:PH1000 ratios considered. These results are consistent with
reducing the surface tension of the ink with the addition of the surfactant. The reduced surface
tension improves wetting but should also be reflected in greater adhesion of the film to the
substrate. Given the hydrophobic nature of OTS-treated silicon, the donor substrate remains a
low adhesion surface. However, the surfactant acts as a plasticizer and will also increase the
cohesion of the PEDOT:PSS and adhesion to the PDMS stamp.142,164

Figure 43: Contact angle measurements for the various PEDOT:PSS formulations listed in Table
1. Inset images are photographs of the PH1000 and FS30-10% solutions on OTS silicon
substrates.

The nominal adhesive fracture energy between the ink and stamp and the ink and receiver
is given in Figure 3. The stamp/ink fracture energies were found to range from 0.75 to 9.0 J/m2 ,
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whereas the average ink/receiver fracture energies were all below 0.80 J/m2 . We found that
while the addition of the FS30 surfactant or CPP105D to the PH1000 decreased the ink contact
angle relative to neat PH1000, the impact on the adhesive fracture energy was significantly
different. The CPP105D-based formulations increased the adhesion to the PDMS stamp
significantly more than the FS30-based formulations, which is attributed to the Silquest A187
adhesion promoter in the CPP105D.60 In addition, a drop-cast PH1000 film onto the PDMS
stamp and OTS-Si substrate had the lowest adhesive fracture energy. MSA-treated PH1000 was
found to only have a small effect on the adhesion behavior of PEDOT:PSS. In all cases, the
adhesive fracture energy between the stamp and ink was greater than the adhesive fracture
energy between the ink and receiver, as shown in Figure 45(a). Thus, the nominal cascading
fracture energy requirement for simple transfer printing, per Eq( 3-2), is not met for any film.
This is indeed found to be the case, where transferring the ink from the stamp to the receiver was
unsuccessful under normal loading during stamp retrieval for all films considered. The SHARP
technique makes a drastic difference in the ability to print the ink to the receiving substrate. With
this approach, the MSA-treated PEDOT:PSS, FS30-5%, and FS30- 10% all transferred to the
receiving surface with near 100% success rates. Lowering the concentration of FS30 to 1%
decreased the success rate of transfer printing to approximately 70% based on transferring a
minimum of 10 films. When considering the CPP105D formulations, the success rate of the
CPP-1:3 blend was approximate 60%. In the failed attempts, the film would often partially
transfer, but a portion would not delaminate from the stamp, which would then peel the
transferred portion of the film back off the receiving substrate. Further refined control of the
printing process should improve the success rate when nearing the printing limits of the process.
Increasing the concentration of the CPP105D made transferring films more difficult and the
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CPP-1:1 and CPP-3:1 blend films did not transfer print successfully with over 10 attempts each.
Comparison on the transfer print success to the fracture energy differential Gc stamp/ink/Gc
ink/receiver, given in Figure 45(b), shows that the SHARP technique can overcome a 10-fold
negative adhesion ratio. This demonstrates that the SHARP technique is able to overcome large
unfavorable fracture energy differences and can be used to print onto very low surface energy
substrates. In addition to the ability to print the films, the film morphology and electrical
properties should not be negatively impacted. We found that the electrical conductivity of the
films, measured using the Van der Pauw technique, are similar prior to and after printing, with
the results given in Table 1. The topography of the films after transfer printing is also
unchanged, with atomic force microscopy (AFM) images of the FS30-1% prior to and after
transfer printing shown in Figure 44.

Figure 44: (a) AFM image of a spuncast FS30-1% film on OTS treated silicon. (b) AFM image
of a transfer printed FS30-1% film on OTS treated silicon using the SHARP technique. The scan
areas are 5 m by 5 m.
These results are consistent with previous demonstrations of the films that are transferprinted onto low adhesion energy surfaces.88,89
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Figure 45: (a) Adhesive fracture energy of various formulations of PEDOT:PSS on PDMS and
OTS treated silicon substrates. The inset is an illustration of the 90º peel test used to determine
the fracture energy. (b) The ratio of the adhesive fracture energy between the stamp/ink and
ink/receiver.
Thickness Dependence: The previous transfer printing process using shear demonstrated
by Carlson et al. had shown a negative relationship between printing success and decrease in the
silicon membrane ink thickness.125,126 Finite element modeling showed that increasing the
thickness of the silicon membrane increases the strain energy release rate at the stamp/ink
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interface relative to the ink/receiver interface and therefore increases the printing yield. Here,
similar experiments were performed to observe whether a similar trend exists for the SHARP
technique for printing compliant polymer films. From the results shown in Figure 45, CPP-1:1
and CPP-1:3 films were found to be closest to the transfer printing limit for printing success
using the SHARP technique. The CPP-1:1 film was unsuccessful at the film thickness of 206 nm,
whereas the CPP-1:3 film was successful at the thickness of 191 nm. These PEDOT:PSS
formulations were thus used to consider the transfer print success as a function of film thickness,
with the results given in Figure 46. An increase in thickness for CPP1:1 did not show any
improvement with printing success with all films failing to print over the thickness range from
50 to 330 nm. The CPP-1:3 films showed a decrease in success rate with increasing thickness.
Films with thickness below 250 nm printed with complete success, films between 250 and 410
nm printed with partial success including incomplete film transfer in some cases, and films that
were 450 nm thick were not successfully printed. This trend is the opposite of what was found by
Carlson et al. for printing Si membranes. The difference in thickness dependence is currently not
fully understood but may be due to a number of competing mechanisms that include differences
in the crack initiation between the stamp and ink during the printing processes, differences in
film roughness, and possible difference in nominal adhesion between the ink and stamp. In
printing the silicon membranes, the stamp posts employed create a similar interface independent
of ink thickness. In the SHARP process, the stamp extends beyond the ink and also laminates
directly onto the receiving surface. During the shear delamination process, as the stamp
delamination front moves across the surface and reaches the edge of the ink, the forces and
dynamics will depend on the film thickness. A thicker film may result in stamp dynamics, which
promote crack initiation at the ink−receiver interface. Kim-Lee et al. showed that printing
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success is sensitive to the initial crack length at the ink interfaces.126 Small increases in the initial
crack length at the ink−receiver interface may result in reduced printing success. Furthermore,
the PEDOT:PSS film roughness increases slightly with thickness. This roughness may promote
adhesion to the PDMS stamp, lowering the printing success rate. Finally, vertical segregation of
the adhesion promoter in the CPP formulation may occur that could result in greater adhesion
with increasing film thickness that cannot be ruled out at this time.

Figure 46: Transfer printing success as a function of film thickness for CPP-1:3 and CPP-1:1
PEDOT:PSS formulation.
Device Characterization: The utility of the SHARP technique is demonstrated by using it
to fabricate semitransparent OPV cells by transfer printing the PEDOT:PSS as a top electrode.
As shown in Table 1, the electrical conductivity of the PEDOT:PSS films decreases with added
FS30. Thus, we consider devices with the FS30-1% formulation, which allows for simple spincasting onto the donor OTS-Si substrate and has a minimal negative impact on electrical
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conductivity. Two different organic solar cell active layers are considered P3HT:PCBM and
FTAZ:IT-M. The FTAZ and IT-M molecular structures are shown in Figure 47(a) along with
the OPV device architecture. The current−voltage characteristics of the semitransparent OPV
cells under 1 sun illumination are given in Figure 47(b). The semitransparent OPV cells are
compared to devices with reflective metal electrodes. The best power conversion efficiencies
(PCEs) for the semitransparent P3HT:PCBM and FTAZ:IT-M OPV cells were 2.37 and 6.02%,
respectively. The best PCEs for the control opaque devices were 3.38 and 11.34%, with
additional device metrics provided in Table 2. The semitransparent devices had lower short
circuit current (JSC) and fill factor (FF) compared to the control devices attributed to the
transparency and lower conductivity of the PEDOT:PSS electrode relative to the metal
electrodes. The FF of the OPV cells with a PEDOT:PSS top electrode is similar to previous
demonstrations of similar P3HT:PCBM OPV cells.52,138 This includes the PEDOT:PSS layer that
is solution-cast and transfer-printed onto the OPV cell. The transfer-printed OPV cell is also
compared to a FTAZ:IT-M-based semitransparent OPV cell with spun-cast FS30-1% top
electrodes. The PCE of the spuncast PEDOT:PSS electrode was limited to 1.4% because of poor
FF and JSC (see Figure 48). The poor performance of the solution-cast PEDOT:PSS electrode
onto the device may be associated with interactions of the surfactant or DMSO with underlying
layers. This highlights the benefit of being able to optimize the film on a donor substrate,
followed by device fabrication by transfer printing. The transmittance of the active layers and
semitransparent electrodes is given in Figure 47(c). The transmittance of the FS30- 1%
PEDOT:PSS film was found to be over 85% across the visible spectrum. This is comparable to
the ITO film used as the counter electrode. The transmittance of the complete device stack is also
provided in Figure 47(c). As mentioned above, the use of an unpatterned PDMS stamp in the
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SHARP approach enables the printing of large-area films. As an example, the inset of Figure 47
(c) shows a large area (3 cm × 2.5 cm) PEDOT:PSS FS30-1% film that was printed onto glass,
where the film area is only limited by the size of the mechanical stage used in the printing
process.

Figure 47: (a) Chemical structure of the polymers FTAZ and IT-M, and an illustration of the
device stack including the BHJ active layer (P3HT:PCBM or FTAZ:IT-M) and the electron
transport layer (ETL) that was either ZnO or PEIE. (b) The current-voltage relationship for
P3HT:PCBM and FTAZ:IT-M OPV devices with a PEDOT:PSS or opaque metal electrode. (c)
Transmittance of semitransparent electrodes ITO and PEDOT:PSS (FS30-1%), and the overall
transmittance of the semitransparent OPV devices with P3HT:PCBM and FTAZ:IT-M active
layers. Inset, photograph of large-area transfer printed FS30-1% film on glass.
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Table 2: OPV device characteristics comparing opaque metal electrodes to semitransparent
PEDOT:PSS (FS30-1%) electrodes for a minimum of four devices.

a

Active layer

Top Electrode

Voc
(V)

JSC
(mA/cm2)

FF
(%)

Ave PCE
(%)a

Best PCE
(%)

P3HT:PCBM

MoO3/Ag

0.62±0.01

8.74±0.4

0.59±0.1

3.18±0.2

3.38

P3HT:PCBM

FS30-1%

0.62±0.01

6.68±0.8

0.50±0.1

2.10±0.3

2.38

FTAZ:IT-M

MoO3/Al

0.96±0.002

17.94±0.21

0.66±0.1

11.34±0.13

11.60

FTAZ:IT-M

FS30-1%

0.91±0.03

12.00±0.7

0.51±0.003

5.54±0.54

6.02

Average taken from a minimum of four devices

Figure 48: Current-voltage characteristics of an ITO/ZnO/FTAZ:ITM/MoO3/cast FS30-1%
OPV cell.
Table 3: Device properties of FTAZ:ITM based device with spuncast PEDOT FS 30-1% top
electrode
Polymer
System

Top
Electrode

Voc [V]

JSC[mA/cm2]

FF(%)

PCE(%)

FTAZ:ITM

FS30-1%

0.87

6.047

0.265

1.39
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3.4) CONCLUSIONS:
In this report, we demonstrate a transfer printing technique to print PEDOT:PSS top
electrodes using an unpatterned elastomer stamp, named SHARP. The SHARP process consists
of using a prestrained elastomer stamp. During the printing process, when the ink supported by
the stamp is in contact with the receiving substrate, the prestrain in the stamp is reduced,
resulting in a shear force at the stamp−ink interface. This shear force reduces the nominal work
of adhesion between the stamp and ink, enabling the printing of polymer thin films. Various
PEDOT:PSS formulations were used to explore the adhesion fracture energy limits of the
transfer printing process. Using this material system, it was shown that SHARP is able to
overcome a 10 times unfavorable adhesive fracture energy difference between the stamp/ink and
ink/ receiver. The SHARP process was then used in the fabrication of high-performance
semitransparent OPV cells. It was found that the transfer-printed PEDOT:PSS electrode
significantly outperforms a film directly cast onto the device stack. This method is a generalized
technique that can be used to print a wide range of polymer thin films. It is particularly useful in
organic electronics where film morphology and interface structure are critical to device
performance.
The SHARP technique provides a method by which semitransparent polymer electrodes
can be used to replace more reflective metal electrodes. This is potentially beneficial in the ICP
design where the gold anodes can be replaced with PEDOT to increase signal in the 3rd and 4th
detectors of the stack.
Another challenge associated with the current ICP design is with the limited absorbance
of the active layer of the system. P3HT:PCBM devices display restricted polarized absorbance
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between 400-625 nm. In the next chapter we introduce a new photodetector capable of polarized
absorbance across the visible spectrum.
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CHAPTER 4
Panchromatic all-polymer photodetector with tunable polarization sensitivity
This chapter is based of work from the following publication,165
Sen, P.; Yang, R.; Rech, J. J.; Feng, Y.; Hoi, C.; Ho, Y.; Huang, J.; So, F.; Kline, R. J.; You, W.;
Kudenov, M. W.; Connor, B. T. O. Panchromatic All-Polymer Photodetector with Tunable
Polarization Sensitivity. Adv. Opt. Mater. 2019, 1801346, 1–9.
(The author of this thesis is the primary author of this publication)

In this chapter we demonstrate a high performance all-polymer organic photodetector that
is sensitive to linearly polarized light throughout the visible spectrum. The active layer is a bulk
heterojunction composed of an electron donor polymer PBnDT-FTAZ and acceptor polymer
P(NDI2OD-T2) that have complementary spectral absorption resulting in efficient detection
from 350 nm to 800 nm. The blend film exhibits good ductility with the ability to accommodate
large strains of over 60 % without fracture. This allows the film to undergo large uniaxial strain
resulting in in-plane alignment of both polymers making the film optically anisotropic and
intrinsically polarization sensitive. The films are characterized by UV-visible spectroscopy and
grazing incidence wide-angle X-ray scattering showing that both polymers have similar in-plane
backbone alignment and maintain packing order after being strained. The films are integrated
into devices and characterized under linear polarized light. The strain-oriented detectors have
maximum photocurrent anisotropies of 1.4 under transverse polarized light while maintaining
peak responsivities of 0.21 A/W and a 3 dB cutoff frequency of approximately 1 kHz. The
demonstrated performance is comparable to the current state of the art all-polymer
photodetectors with the added capability of polarization sensitivity enabling new application
opportunities.
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4.1) INTRODUCTION:
The primary objective of photodetectors is to sense electromagnetic radiation and convert
the signal into an electrical output. In most cases, photodetectors focus on capturing light
intensity over a specific wavelength range. However, in addition to intensity and wavelength, the
polarization state is a primary characteristic of electromagnetic radiation. Determining the
polarization state adds significant information about the light being detected that is beneficial to
necessary for a range of applications including remote sensing, environmental monitoring,
telecommunication, astronomy, and chemical/biomedical sensing.166,167 Currently, the most
common photodetectors are based on silicon,63 and polarization sensitivity is achieved by
employing a wire-grid polarizer on the input side of the photodiode. This approach is effective
but can reject a significant portion of the incident light. It also increases the detector’s
complexity. An attractive alternative is to employ intrinsic polarization sensitive active layers in
the device. One promising material system with this capability is polymer semiconductors.
Polymer based photodetectors have been of growing research interest due to their compatibility
with low-temperature processing onto a variety of substrates, flexibility, low-weight and their
ability to tune spectral 37,72,91,93,168 One common approach is to apply an external mechanical load
to a cast film by physically rubbing or uniaxial stretching.37,72,91,93,168 An advantage of these two
techniques is the ability to tune the magnitude of polymer alignment that in turn dictates
polarization sensitivity, which is important in optimizing the performance of polarimeters.91,93
Although rubbing has been demonstrated to produce films with significant diattenuation, the
method can lead to uneven surfaces that may result in devices prone to
shorting.72,169,170Alternatively, uniaxially straining the films is a well-controlled method for
polymer alignment, where the induced anisotropy is controlled by the extent of applied strain.
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Strain aligning the active semiconductor layer has been successfully used to fabricate
polarization sensitive detectors.91,93 However, to date, polarization sensitive organic
photodetectors have only been fabricated with the polymer poly(3-hexylthiophene) (P3HT) and
small molecule phenyl-C61butyric acid methyl ester (PCBM).37,91,93 Due to the poor absorption of
PCBM in the visible spectrum, the spectral sensitivity of the detector was largely defined by
P3HT and limited to light below ~625 nm.
To achieve polarized detectors with panchromatic sensitivity, replacing the fullerene
electron acceptor is desired. Recently, there have been a number of small molecule acceptors
developed to replace fullerenes in organic photovoltaics enabling broad spectral sensitivity.171–173
However, achieving oriented small molecules within the bulk heterojunction (BHJ) to induce
polarization sensitivity of both semiconductor components is extremely difficult to realize.
Furthermore, most small molecules act as anti-plasticizers, resulting in polymer:small molecule
blend films being relatively brittle. This prevents the ability to strain orient the film to achieve
significant polarization sensitivity.102,174 Figure 49 provides a clear illustration of the antiplasticizing nature of small molecule acceptors (SMA’s) on neat polymers. The crack onset
strain (COS) of neat PBnDT-FTAZ, PTB7-TH and PBDB-T films are all shown to drop
drastically on the addition of SMA’s.
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Figure 49: Impact of small molecule acceptor addition to different neat polymer crack onset
strain (COS).
An alternative is to employ polymer semiconductors for both the electron donor and
acceptor in the BHJ, where strain alignment would result in both polymers becoming sensitive to
polarized light. Recent reports have highlighted that all-polymer photovoltaic blends can be more
ductile than similar polymer:small molecule systems.44,45,175 The performance of all-polymer
photovoltaics have also been improving recently with the development of new donor-acceptor
co-polymers.176,177 However, the focus of all-polymer photovoltaics has largely been on solar
power, and there have been limited reports of all-polymer photodiodes, due primarily to the
relatively nascent state of the field.178–183
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Figure 50: (a) Chemical structure of PBnDT-FTAZ and P(NDI2OD-T2). (b) HOMO and
LUMO energy levels for PBnDT-FTAZ and P(NDI2OD-T2). (c) Top view schematic of
polymer chain organization in the case of spun cast isotropic film and a strain oriented
polarization sensitive film. Schematic includes relative orientation of the polarized light
field (⊥ and ∥). Right, the organic photodetector device stack.
In this report, we present an all polymer photodetector system capable of polarization
sensitivity from the near-UV to the near-IR. The polarization sensitive active layer is a BHJ
comprising of the electron donor PBnDT-FTAZ [poly(benzo[1,2-b:4,5-b0]dithiophene,
fluorinated 2-alkyl-benzo[d][1,2,3]triazole)] and the electron acceptor P(NDI2OD-T2)
[poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59(2,29-bithiophene)}], also known as N2200.163,184 The chemical structure of these two materials
is depicted in Figure 50 (a). We show that the blend film can be strain-oriented, as illustrated in
Figure 50 (c), resulting in broad tuning of the device polarization sensitivity. The morphology of
the films was characterized by UV-visible spectroscopy, grazing incidence wide-angle X-ray
scattering (GIWAXS), and atomic force microscopy (AFM). These measurements show that the
82

microstructural order (aggregation or crystallinity) remains largely intact after the applied strain.
The polarization sensitive devices displayed comparable performance characteristics to the
control spun cast devices, showing only a small reduction in responsivity and increase in dark
current. The polarized devices also showed improved detection speed and noise equivalent
power (NEP) compared to the spun cast device. The obtained photodetector performance metrics
are comparable to current state of the art all-polymer organic detectors with the added
polarization sensing capability. These results underscore the advantages that all-polymer
photovoltaics have in achieving high performance intrinsically polarization sensitivity
photodetectors with broad spectral tunability.
4.2) RESULTS AND DISCUSSION:
The panchromatic absorption characteristics of the photodetectors are due to the
complimentary absorption of PBnDT-FTAZ and P(NDI2OD-T2), as shown in Figure 2(a).
PBnDT-FTAZ primarily absorbs from 450 nm to 600 nm, while P(NDI2OD-T2) absorbs light
below 450 nm and from 600 nm to 800 nm. Combined, the photodetector was sensitive from 350
nm to 800 nm. In addition to the complimentary absorption, the two polymers also have HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energy
offsets that suggests efficient exciton dissociation, with values provided in Figure 50(b).176,185
Despite the polymer blend using a 1:1 ratio by mass, it was found that the PBnDT-FTAZ
absorption was much greater than the P(NDI2OD-T2), as depicted in Figure 51(a). This is
consistent with previous measurements that show a higher absorption coefficient of PBnDTFTAZ compared with P(NDI2OD-T2).185,186
Both polymers are ductile at room temperature, and when mixed the resulting blend film
largely maintains the ductility of the individual polymers.47 This enabled the blend films to be
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heavily strained while maintaining film continuity needed for functional devices. The large
applied strain reoriented the polymer chains in the plane of the film inducing dichroism across
the absorption spectrum. This was quantified by considering the ratio of absorbance of light
polarized parallel to the strain direction to the absorbance of light polarized perpendicular to the
strain direction, referred to as the dichroic ratio. The dichroic ratio was found to increase with
applied strain, as depicted in Figure 51(b,c). It was found that the dichroic ratio is similar across
the absorbance spectrum, suggesting both PBnDT-FTAZ and P(NDI2OD-T2) orient similarly
with applied strain. The absorbance spectra of the films with various applied strain is provided in
Figure 52. The dichroic ratio for the films that underwent the largest applied strain of 60 % was
found to be above 1.7 from 500 nm – 900 nm. Tearing in the films was observed when strained
beyond 65 % and thus 60 % strain was the limiting case considered in this study. While the
applied strain was limited to 60 %, the induced optical anisotropy covers a range targeted for
polarimetry.91

Figure 51: (a) Absorbance spectra of PBnDT-FTAZ:P(NDI2OD-T2) blend films under
linear polarized light parallel (∥) and perpendicular (⊥) to the direction of applied strain.
Measurements are given for a spuncast (0%) and 60% strained film. The absorbance of
neat polymer films are also provided to show the contribution of each material to the total
absorbance. (b) The dichroic ratio spectra of the blend films with applied strain. (c) The
dichroic ratio of the blend films at 575 nm with applied strain, and the photocurrent
anisotropy of the detectors measured under linear polarized white light (AM1.5G solar
spectrum). The photocurrent was measure at a bias of -0.5 V.
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Figure 52: Absorbance vs. wavelength as a function of strain for PBnDT-FTAZ:P(NDI2ODT2)
bulk heterojunction films.
Along with the absorbance anisotropy, grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements of the films show clear orientation of the polymer crystals/aggregates.
The images, given in Figure 53, show diffraction features from PBnDT-FTAZ and P(NDI2ODT2). PBnDT-FTAZ is largely amorphous resulting in broad features at 1.65 Å-1 and 0.32 Å-1
associated with (010) and (100) planes. The P(NDI2OD-T2) is semicrystalline and multiple
peaks are found in the GIWAXS images. In the unstrained films, there are in-plane (200) peaks
associated P(NDI2OD-T2) that suggest that crystallites of this polymer pack primarily faceon.[44,45] When strain oriented, GIWAXS measurements were made with the X-ray beam parallel
and perpendicular to the strain direction. A clear anisotropy in diffraction was found in both
polymers. The diffraction of the (100) and (010) peaks in PBnDT-FTAZ show crystallite
realignment in the direction of applied strain. The P(NDI2OD-T2) is also found to align with the
(00l) diffraction peaks being much stronger for the scattering vector nominally parallel to the
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strain direction. This is consistent with backbone alignment in the direction of strain. In-plane
line scans from the 2d GIWAXS images are given in Figure 54, clearly showing the packing
anisotropy in the oriented films.

Figure 53: 2D GIWAXS images of PBnDT-FTAZ:P(NDI2OD-T2) films that were (a) spun cast
and (b,c) uniaxially strained by 60 %. In the strain oriented film, the X-ray beam was incident
nominally (b) parallel and (c) perpendicular to the applied strain direction. The scattering peaks
are given for PBnDT-FTAZ in red, and P(NDI2OD-T2) in white. AFM height images of a
spuncast blend film on an ZnO/ITO substrate (d), and 60% strain aligned blend film that was
initially cast on a PEDOT:PSS surface, strained and printed onto the ZnO/ITO surface. The
arrow provided in (e) indicates the applied strain direction. Both images are 1 µm x 1µm.
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Figure 54: In-plane line scans from the 2D GIWAXS images. The scattering from the spun cast
sample is offset for clarity. For the strained film, scattering is given with the X-ray beam parallel
and perpendicular (perp.) to the strain direction.
In addition to the orientation of the polymers in the blend, both the UV-visible and
GIWAXS provide insight into the local order of the polymers. While PBnDT-FTAZ is largely
amorphous, a vibronic progression in the absorbance was observed with peaks at 490 nm, 535
nm, and 576 nm. As depicted in Figure 51(a) and Figure 52, the three vibronic features found in
the spun cast film remain similar when strained. This is more clearly seen in the absorbance with
polarized light parallel to the strain direction due to the alignment of the polymer aggregates.
This suggests that PBnDT-FTAZ in the strain-oriented film retains similar local order to than in
the spun cast film. In contrast to PBnDT-FTAZ, P(NDI2OD-T2) does not have strong vibronic
features in the absorbance spectra, however there are clear GIWAXS diffraction peaks associated
with its semicrystalline nature. In this case, the (00l) peaks observed in the spun cast film remain
in the strained films. The alignment of the backbone makes these features much stronger when
the diffraction is from the X-ray beam perpendicular to the strain direction. While determining a
change in crystallinity is not possible without further mapping of the reciprocal space, the
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increased clarity of diffraction of the (00l) peaks suggest that the local order of P(NDI2OD-T2)
was maintained after the application of strain. These results are consistent with previous
measurements of strain oriented neat polymer semiconductor and polymer blend films.90,101
Finally, the film morphology of an unstrained films and 60 % strained film was probed by
AFM), with images given in Figure 53(d,e). The films are observed to have a fibrillary
microstructure that is maintained with applied strain. The films are also observed to be
continuous with no signs of film fracture. While not definitive, there is an appearance that the
fibrils are orienting in the direction of applied strain.
The blend films were applied in photodetectors using an inverted device architecture,
with details provided in the experimental section. The devices were optimized with emphasis on
polarization sensitivity and responsivity. The all-polymer BHJ layer was made relatively thin (90
nm – 110 nm) to ensure polarization sensitivity across the absorption spectrum. If the active
layer were designed to maximize responsivity and minimize dark current, they would have been
made thicker. However, thicker films would have significant absorption of polarized light
perpendicular to the polymer chain alignment direction, effectively reducing the polarization
sensitivity. On the other hand, making the active layer thinner would maximize polarization
sensitivity but would come at a cost of reduced responsivity and a likely increase in noise
current, and thus negatively impact the sensor’s detectivity. Holding the active layer to
approximately 100 nm lead to a good balance between responsivity and polarization sensitive.
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Figure 55: The responsivity of the detectors under a -0.5 V bias as a function of
wavelength for spuncast and 45% and 60% strain with contour lines depicting the
corresponding biased external quantum efficiency (EQE). The detectors are tested under
linear polarized light parallel (∥) and perpendicular (⊥) to the strain direction.

The spectral response and polarization sensitivity was quantified by determining the
responsivity (R) and external quantum efficiency (EQE) under linear polarized light. These two
metrics and their relationship are provided in Chapter 1, Equation (1-5)
R and EQE of both the control spun cast devices and strain-oriented devices under
linearly polarized light parallel and perpendicular to the alignment direction is given in Figure
55 and Figure 56. These tests were done under a -0.5 V bias, and thus the reported EQE is a
biased EQE.93 The maximum R for a spun cast device was 0.247 A/W at 560 nm. This is a
significant increase over the current state of the art all-polymer photodiodes that exhibited R of
less than 0.15 A/W under -1 V bias.180,182 As expected, the spun cast based devices had no
polarization sensitivity. In the strain-oriented devices, R is given for films strained by 45 % and
60 %. Both films show clear photocurrent anisotropy with higher R when incident light is
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polarized parallel to the polymer alignment direction compared with the transverse polarized
light. In addition to the induced anisotropy, there is also a decrease in the responsivity compared
with the unpolarized devices. This is primarily attributed to a reduction in light absorption in the
active layer due to a reduction in film thickness when being strain-oriented. This reduced
absorption is magnified when considering polarized light perpendicular to the chain alignment
direction further reducing responsivity. There may be other losses associated with increased
charge recombination in the strain oriented device that may contribute to the lower responsivity
that would require further analysis. However, previous analysis on strain oriented P3HT:PCBM
devices showed internal quantum efficiency only slightly reduced compared to control spun cast
films, suggesting the primary difference in EQE was due to absorption differences.73 Despite the
reduced R (and EQE) in strain oriented films, the performance metrics still compare favorably to
other high performing all-polymer photodetector demonstrations.

Figure 56: The external quantum efficiency (EQE) of spun cast and 45% and 60% strainoriented photodetectors under a -0.5 V bias. The detectors are tested under linear polarized light
parallel (∥) and perpendicular (⊥) to the applied strain direction.
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The current-voltage characteristics in the dark and under linear polarized white light
illumination are provided in Figure 57. The strain-oriented devices show clear polarization
sensitivity under illumination. This is highlighted by plotting the ratio of photocurrent for
incident light parallel and light perpendicular to the polymer alignment direction, given in
Figure 51(c). The photocurrent ratio is found to increase with the amount of strain applied to the
films and tracks closely with the measured dichroic ratio. The photocurrent anisotropy of 1.38
for the 60 % strained film is comparable to previously demonstrated strain oriented P3HT:PCBM
devices despite having a lower peak dichroic ratio.37 This is attributed to the broad band
polarization sensitivity of the PBnDT-FTAZ:P(NDI2OD-T2) device compared with the
P3HT:PCBM based device where only the P3HT is polarization sensitive. The dark currents of
the strain oriented films are observed to be higher than the spun cast control device. The dark
current is also observed to increase with increasing amount of strain applied to the films.
We speculate that the strain process may result in an increase in trap states that allow for
result in charge hopping pathways that include dark current. The larger leakage currents (lower
shunt resistance) may also be associated with a decrease in film thickness with applied strain,
and a possible increase in film roughness.67,187 This may be improved by using thicker active
layers. However, it is important to note the devices have been optimized for polarization
sensitivity as opposed to detectivity. As mentioned above, increasing the film thickness will
reduce polarization sensitivity. While larger dark current was found in the strain oriented films,
optimization of device interfaces will likely improve these results.188–190
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Figure 57: Current-voltage curves of spun cast and strain-oriented detectors in the dark and
under linear polarized illumination parallel (∥) and perpendicular (⊥) to the direction of
applied strain, with a white light intensity of 41 mW cm-2.
Having established that the devices show strong polarization sensitivity across a broad
spectral range, it is important that the key photodetector performance metrics including detection
sensitivity, linear dynamic range, and speed are determined.67,68 The detector sensitivity is
characterized by the minimal detectable signal, which is represented by the noise equivalent
power (NEP). The NEP represents the incident power that would be required to yield near-unity
signal to noise ratio (SNR) over a bandwidth (B) of 1 Hz and is given by Equation (1-6),68,191
The inverse of NEP normalized to the square root of device area (A) is the Specific Detectivity
(D*) given by Equation (1-7) in Chapter 1,
The specific detectivity is typically the metric reported in the literature to describe the
sensitivity of a photodetector.67,192 The detectivity is often determined by measuring or
estimating the noise current and using the noise current along with responsivity. An alternative
approach is to directly obtain the NEP by measuring the current spectral density under modulated
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light at various light intensities when the spectrum analyzer resolution bandwidth is set to 1 Hz.
The point where the peak signal from the device under illumination cannot be distinguished from
the noise current is then the noise equivalent irradiance (NEI), which can be converted to
NEP.[53] This approach was used to determine the NEP of the spuncast and 45 % strain devices,
with measurements provided in Figure 58.

Figure 58: Signal current spectral densities of devices under390 nm light being modulated at 35
Hz at different light intensity values, for (a) a spuncast detector, and (b) a 45% strain-oriented
detector. The detectors were measured under a -0.5 V bias.
Despite having a thinner photoactive layer, the polarization sensitive detector exhibited a
lower NEI of 150 pW cm-2 compared to 476 pW cm-2 for a spuncast detector. Considering an
active device working area of 6.9 mm2 the NEPs for the corresponding strain oriented and
spuncast detectors are 1.04 x 10-11 W Hz-1/2 and 3.28 x 10-11 W Hz-1/2, respectively. These NEPs
result in specific detectivities of 2.55 x 1010 cm Hz1/2 W-1 and 0.8 x 1010 cm Hz1/2 W-1. While
there have been demonstrations of higher detectivity organic photodetectors, they have largely
been achieved by lowering the noise current in the devices through charge blocking layers or
making thick active layers.67,188 The noise currents reported here should be able to be lowered
through further optimization of the active layer interfaces. The NEP was also measured using a
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390 nm light source, which corresponds to a spectral region of low responsivity. The specific
detectivity should increase when the illumination wavelength corresponds with higher
responsivity.
In the literature, a common assumption used to obtain D* is to assume that the shot (dark)
noise is the major contributor of noise in the system.71 While this allows for a straight forward
calculation, it has been pointed out that this assumption can lead to significant overestimates of
the detectivity.67,191 The specific detectivities of the reported devices using this assumption are
given in Figure 59, showing values over 1011 cmHz1/2W-1 across the visible spectrum.

Figure 59: Specific detectivity of the devices measured under linear polarized light and -0.5 V
bias assuming shot noise dominates the total noise in the system. Must be noted that this method
leads to overestimation in results. Inclusion is added for comparison with other literature
demonstrations.
These results show that this approach does indeed overestimate the detectivity of the
photodetectors significantly. While erroneous, this method allows for a comparison to other
detectors reported in the literature that use this method. Under this view, the performance of the
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polarized detectors compare well to other all-polymer organic photodetectors,179–183 and other
intrinsic polarized detectors.192
In addition to sensitivity, the temporal and linear dynamic range were also measured.
Here, a 45 % strain-oriented detector was compared to a spuncast device. The dynamic range of
the detectors is provided in Figure 60 (a) demonstrates similar performance, with the strainoriented device showing linearity down to 7.6 x 10-6 A/cm2. The linearity is found to approach
the device’s dark currents. The speed of the detectors were considered by measuring the -3 dB
bandwidth, with frequency response plots for a spuncast and 45 % strain oriented film given in
Figure 60 (b). Interestingly the strain oriented device had a slightly higher 3 dB frequency cutoff
and the response was found to drop more slowly at lower frequencies. The devices had 3 dB
frequency cut-offs similar to other organic detectors at similar bias.193 The cut-off frequency
should improve by using smaller active areas and increasing the negative bias applied to the
devices.67 These changes will lower the effective capacitance of the device reducing the RC time
constant and increase the speed of the detector. The important point here is that the spun cast and
polarization sensitivity devices have similar performance in both linear dynamic range and
speed.
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Figure 60: (a) Current density of a spun cast and 45 % strain-oriented detector under -0.5 V bias
as a function of incident light intensity provided by a 532 nm diode laser. (b) Frequency response
for the photodetectors measured under -0.1 V bias.
It is worth comparing the performance of the all-polymer polarized detectors with other
approaches and recent demonstrations. To start, the most common commercial photodiodes are
based on silicon, which is not intrinsically polarization sensitive and require a polarizer to be
integrated in front of the device to achieve the same functionality as the polarization sensitive
PBnDT-FTAZ:P(NDI2OD-T2) detectors. The addition of a wire-grid polarizer yields a reduction
in photons that would be incident on the silicon detector due to the transmission loss by the
polarizer. This is particularly true at lower wavelength values. Consider, a FD11A silicon
detector (Thorlabs), which has a responsivity of 0.168 A/W at 400 nm. If a broadband wire grid
polarizer with a transmittance of 70% at 400 nm is placed in front of the device (e.g. WP12LUB, Thorlabs), the electrical output would be anticipated to be similar to the reported PBnDTFTAZ:P(NDI2OD-T2) polarized detector that has a responsivity of 0.112 A/W. To remove the
need for a polarizing optics in front of the detector, there have been recent reports that focus on
exploiting the anisotropic properties of 2D materials for intrinsic sensitive photodetectors, such
as TiS3, black phosphorous and others.192,194–198 The performance of the all-polymer
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photodetector reported here outperforms these demonstrations in terms of the combination of
detectivity and response time. Although it should be noted that this is based on detectivities
calculated assuming shot noise dominates the noise current, which was used in the other reports.
There has also been a recent report of a high performance polarization sensitive perovskite
photodetector.199 However, the detectivity was not provided to be able to compare performance.
4.3) EXPERIMENTAL SECTION:
Device fabrication: The fabrication process begins with spin casting a poly(3,4
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clevios 4083) film onto a donor
glass substrate at 5000 rpm for 60 s. The films were then annealed in ambient air at 120 °C for
20 min. A PBnDT-FTAZ:P(NDI2OD-T2) blend was dissolved in chlorobenzene in a 1:1 mass
ratio with a total concentration of 12 mg/ml and held at 90 °C overnight. The P(NDI2OD-T2)
was obtained from Ossila and the PBnDT-FTAZ was synthesized using previously described
methods.163 The solution was then cast warm onto the PEDOT:PSS coated glass substrate at
2,000 rpm for 60 s. The thickness of the films was approximately 110 nm as measured by
variable angle spectroscopic ellipsometry. The glass substrate is laminated onto a
polydimethylsiloxane (PDMS) slab that was attached to a custom made mechanical strain stage.
PDMS (Sylgard 184) was prepared at a 15:1 base to cross-linking ratio and cured in a vacuum
oven for 12 h held at 85 kPa and 60 °C. The PDMS was approximately 1 mm thick. The stage
was then immersed in water to dissolve the underlying PEDOT:PSS layer leaving the PBnDTFTAZ:P(NDI2OD-T2) film on the PDMS slab. A uniaxial strain is then applied to the filmelastomer composite. The aligned polymer films were then transferred to a partially fabricated
detector that consisted of a ZnO film on an indium tin oxide (ITO) coated glass. The transfer
process used a previously described shear assisted transfer printing (SHARP) technique.106 For
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spun cast devices, the PBnDT-FTAZ:P(NDI2OD-T2) solution was directly spun cast on the
ZnO/ ITO glass. The ITO coated glass was purchased from the South China Science &
Technology Company Limited, and the ZnO deposition followed a previously detailed
method.162 To complete the fabrication of the inverted architecture device, a 10 nm MoO3 hole
transport layer and 100 nm Al anode were deposited in a vacuum thermal evaporator at a
pressure of ~1x10-6 mbar. The active area for the fabricated devices was 0.069 cm2.
Film characterization: UV-visible (UV-vis) optical absorption spectroscopy
measurements were made with an Ocean Optics Jazz spectrometer. Grazing incidence wide
angle X-ray scattering (GIWAXS) measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamline 11-3 with an X-ray energy of 12.735 keV, and an
incidence angle of ≈ 0.12° with the samples in a helium enclosure. The scattering was recorded
on a MAR CCD225 detector. The instrument was calibrated using a LaB6 crystal standard. The
AFM images were obtained using an Asylum MFP-3D-BIO.
Device characterization: External quantum efficiency and responsivity of the devices
were measured using a DC xenon arc lamp light source, ORIEL 74125 monochromator, SR570
current amplifier, and SR830 DSP lock-in amplifier. The current-voltage characteristics of the
devices were probed using a HP4156B semiconductor parameter analyzer. NEP was directly
measured by a Fast Fourier Transform (FFT) signal analyzer (Agilent 35670A) which was
connected to a low noise current preamplifier. A 35 Hz modulated LED with average emission
wavelength of 390 nm was illuminated on the device. Light intensity was tuned and measured by
an optical density filter and optical power meter. These measurements were performed under a 0.5 V bias.
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Figure 61: Noise equivalent power (NEP) measurement setup for general organic photodetector,
based on the following publication.66
Linearity measurements were taken using a 532 nm diode laser (Thorlabs DJ532-40) with
intensity varied using optical density filters. The frequency response of the devices was
measured using a 410 nm LED light source modulated by a function generator. Linearity and
frequency measurements were taken at a -0.5 V and -0.1 V bias respectively.
4.4) CONCLUSIONS:
We report a polarization sensitive organic photodetector that is polarization sensitive
across the visual spectrum. This was realized with an all-polymer active layer that has several
advantages over other organic and inorganic based devices. First, the films are highly ductile so
that the polarization sensitivity can be tuned through strain orienting a bulk heterojunction film
comprised of both polymers. The ductility also suggests that these devices would perform well in
flexible device applications. A second key advantage is that the polymers employed have
complimentary absorption and aligning both polymers with applied strain results in polarization
sensitivity across the visible spectrum. This intrinsic polarization sensitivity removes the need
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for polarizers placed on the input side of a conventional detector, simplifying polarized light
detectors. The performance of the detectors was thoroughly characterized showing that the
polarization sensitivity is primarily due to the optical anisotropy of the active layer. While the
polymers align in the direction of strain, the local polymer order in the film is kept allowing the
films to maintain high quantum efficiency. In fact, the photodetector performance in terms of R,
detectivity, and 3 DB cut-off frequency is among the highest reported for all-polymer
photodetectors detectors,180,182 and intrinsically polarization sensitive organic or inorganic
photodetector. In summary, the demonstrated devices highlight the opportunity of all-polymer
photodetectors to achieve high performance intrinsically polarization sensitive photodetectors
with broad spectral response.
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CHAPTER 5
Polarization anisotropy optimization for all polymer organic photodetectors

In the previous chapter polarization detection was performed using a blend of PBnDTFTAZ and P(NDI2ODT2) to obtain polarization sensitive detectors with responsivities among
the highest for all polymer systems. The demonstration successfully highlighted a new potential
application for all polymer systems by leveraging their superior mechanical properties when
compared to small molecule acceptor-based devices. The demonstration however is still limited
by the relatively low polarization anisotropy of the devices. In this chapter we introduce two
different strategies to counter this challenge, (1) Utilizing an organic phototransistor architecture
to increase the raw responsivities when exposed to polarized light (2) Incorporate a dual uniaxial
strain and high temperature rubbing technique to increase the dichroic ratio of a polymer bulk
heterojunction. For both these demonstrations an all polymer blend of PTB7-TH and
P(NDI2ODT2) was used due to their mechanical, thermal and electrical stability. Large
photosensitivity anisotropy was obtained through the successful integration of polarized organic
phototransistor with large external quantum efficiency differences of 1491% and 874% for
polarized light parallel and perpendicular to the direction of strain respectively. In addition, films
with extremely large dichroic ratio of up to 9.0 at 750 nm were demonstrated with oriented films
through strain and rubbing. These films in turn were used to fabricate semitransparent diode
detectors displaying polarized photocurrent anisotropies of 1.68.
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5.1) PHOTOTRANSISTORS FOR POLARIZED PHOTODETECTION:
In Chapter 4, we introduced an all polymer detector capable of broad-spectrum detection
with polarized responsivity comparable to wire grid integrated silicon photodetectors. An
improvement to this demonstration can be implemented by making use of an organic
phototransistor (OPT) configuration. As is described in Chapter 1, the unique OFET based
operational mechanism of an OPT introduces added control due to a tunable gate induced electric
field. This has led to demonstrations with significantly higher photosensitivity and lower noise
when compared with photodiode based organic detectors.200–202 Early demonstrations of OPT’s
comprised of pristine films with either small molecule or polymer films resulting in relatively
low responsivity devices.203–207 An improvement in device performance was observed with the
integration of p-n architectures where there is greater charge separation of excitons generated
from absorbed light.208 In addition, using an all polymer active layer provides the added benefit
of improved mechanical and thermal stability, as well as the potential for broad spectrum
detection.209–212 In this chapter we demonstrate an all polymer bulk heterojunction based OPT
with polarization sensitivity. Despite the intrinsic advantages of the OPT architecture such as
improved controllability and responsivity, limited demonstrations have been demonstrated for
polarization detection using conjugated polymers. Recent work by Chung et al present a
polarization sensitive conjugated polymer phototransistor with highly anisotropic optoelectronic
properties.213 However, these demonstrations were performed on neat films that required careful
molecular design at high concentrations which may be challenging to integrate into a p-n
configuration easily. In this demonstration we fabricate OPT’s with a bulk heterojunction blend
comprising an electron donor of PTB7-TH and electron acceptor of P(NDI2OD-T2) also called
N2200. A figure of the molecular structures of the two polymers and their corresponding energy
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levels are provided in Figure 62. Like Chapter 2 and Chapter 4, polarization sensitivity is
induced through the application of uniaxial strain that promotes in- plane alignment. The
polymers chosen for this demonstration possess high room temperature ductility and in blend
form can sustain uniaxial strain ~60%.44
PTB7-TH and P(NDI2OD-T2) display largely overlapping UV visible absorbance
making them potentially good detectors in the red and near infra-red spectrum. In addition to the
various advantages of polarized light detection that have been described in the previous chapters,
this blend provides potential deep red optical detection that has widespread healthcare
applications such as in blood pressure and muscle contraction sensing.214,215 The absorbance
spectrum of neat PTB7-TH and P(NDI2OD-T2) can be found in Figure 63.

Figure 62:(a) Chemical structure of PTB7-TH and P(NDI2OD-T2) (b) HOMO and LUMO
levels of PTB7-TH and P(NDI2OD-T2) obtained from Solarmer and Ossila respectively.
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Figure 63: UV-visible absorbance spectrum for neat PTB7-TH and P(NDI2OD-T2).
5.2) PTB7-TH:P(NDI2OD-T2) POLARIZED PHOTODETECTOR FABRICATION AND
RESULTS
Fabrication: The fabrication process begins by cleaning glass substrates with a
standardized procedure through sonication sequentially in deionized water, acetone and
isopropyl alcohol for 10 minutes each. This is followed by UV light exposure in an ozone filled
chamber for 10 minutes. A sacrificial layer of polystyrene sulfonate (PSS) is then spun cast onto
the substrate at 5000 rpm for 30 sec. This is followed by casting the PTB7-TH:P(NDI2OD-T2)
blend onto the PSS substrates at 2000 rpm for 60 seconds in a nitrogen controlled glove box. The
blend was made in a 1:1 ratio at 10mg/mL weight concentration in chlorobenzene. The substrate
with film was then laminated onto a PDMS slab on a mechanical stage and dissolved in a water
bath to leave the solid all polymer blend film on the elastomer. The PDMS elastomer was
prepared at a 10:1 base to cross linking ratio and cured in a vacuum oven set at 60ºC and 85 kPa
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for 12 hours. Uniaxial strain of 60% was applied to the film and transfer printed onto a custom
made transistor test bed.106 The test bed follows a bottom contact bottom gate configuration
consisting of a heavily doped Si/SiO2 wafer that acts as the gate electrode and dielectric layer.
Patterned gold electrodes on the wafer acts as the source and drain electrodes. Prior to printing
the film, the test beds were coated with an octadecyltrichlorosilane (OTS) layer. After printing,
the substrate was annealed at 150ºC for 10 minutes in glove box conditions. A simplified
illustration of the OPT architecture is presented below in Figure 64(a).

Figure 64:(a) Bottom gate bottom contact OPT architecture with printed PTB7TH:P(NDI2ODT2) as active layer, (b) Output characteristics of OPT device when exposed to
polarized light parallel and perpendicular to the direction of strain. The input power of the
660nm light is 150µW/cm2. The channel area is 10µm x 1000µm.
Device Performance: The output characteristics of the OPT in p-channel sensing mode
are presented in Figure 64(b) for 660 nm wavelength polarized light at an intensity of
150µW/cm2. The performance in dark was similar to previous demonstrations for neat PTB7-TH
based OFET’s.216 The corresponding photoresponsivity (ROPT) can be obtained from the output
characteristics where Equation 1-5 from Chapter 1 is modified to account for OPT configuration,
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ROPT =

( I IL − I D )

( PIN .A)

5-1

Where IIL and ID are the drain current under illumination and dark respectively at a
respective gate and drain voltage. PIN is the intensity of the light on the device and A is the active
illuminated area of the device. The impact of gate voltage on the responsivity of the devices is
presented below in Figure 65.

Figure 65: Responsivity of OPT (ROPT) at drain voltage of -40V as a function of gate bias,
measurements were taken under 660nm polarized parallel and perpendicular to the direction of
strain.
Figure 65 illustrates the advantage of the OPT configuration for polarized detection
when compared to the diode configuration. The added control from the gate bias (VG) allows for
a larger responsivity discrepancy between light polarized parallel and perpendicular to the
direction of strain. For example, at a gate voltage of -40 V the detectors display external quantum
efficiencies of 1491% and 874% for polarized light parallel and perpendicular to the direction of
strain respectively. This is a clear improvement in photoresponsivity when compared to our
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diode demonstration in Chapter 4 where the devices displayed quantum efficiencies of 45% and
39% in the parallel and perpendicular directions at peak absorbance. The large difference in
quantum efficiency for the OPT configuration allows for significantly higher signal to noise ratio
thereby allowing for more accurate sensing at lower incident light intensity. Further
improvement to polarized light detection can take place with improvement in diattenuation of
blend films, in the next section of this chapter we utilize an additional mechanical loading
technique to further improve the dichroic ratio of the PTB7-TH:P(NDI2OD-T2) blend.
5.3) HIGH TEMPERATURE RUBBING INDUCED ALIGNED POLYMER BLEND:
Optoelectronic properties of conjugated semiconducting polymers are controlled by their
molecular and crystalline orientations. These materials contain an optical transition dipole
moment aligned along their backbone.86,87,217 Due to the strong preferential delocalization of π
electrons along this backbone, uniaxial alignment can allow for intrinsically anisotropic
properties in these materials.217 Previous demonstrations have utilized conjugated polymer
backbone alignment to introduce interesting properties in organic semiconductor devices such as
enhanced charge transport and polarization sensitivity.37,218 Various techniques have been
implemented to induce this alignment, in Chapter 1 we introduced various popular preprocessing strategies such as directional solution shearing, epitaxial crystallization and slot die
coating that successfully produced highly oriented films with controlled crystallinity. However,
these methods involve controlled fabrication environments with extremely slow characteristic
oriented growth rate.85 Alternatively, post solidification techniques such as the application of a
mechanical load either through physical rubbing or uniaxial strain can be implemented. These
techniques allow for well controlled polymer alignment thereby allowing for tuning the
polarization sensitivity of the films, this allows for the fabrication of polarization sensitive
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detectors. In our previous work we have displayed polarization sensitive detectors using uniaxial
strain, these demonstrations have primarily utilized a bulk heterojunction comprising a
polymer/small molecule blend37,91,93. Due to the anti-plasticizing nature of small molecule
acceptors these demonstrations were limited to blends with highly ductile donor material poly-3hexyl-thiophene (P3HT) thereby restricting broad spectrum detection sensing and electrical
performance, these are displayed in Chapter 1 and Chapter 2. In Chapter 4 we implemented an
all polymer heterojunction architecture comprising an electron donor of PBnDT-FTAZ and
acceptor of P(NDI2OD-T2) to counter the negative mechanical impact of small molecule-based
systems165. The large ductility of the two systems allowed for high mechanical strain (60%) of
the blend prior to fracture within the film. However, the polarization anisotropy of the film was
limited when compared to other alignment demonstrations with a peak absorbance dichroic ratio
of 1.8. Although this demonstration displays broad spectrum polarization sensitivity the limited
polarization anisotropy would not allow for integration into multispectral imaging system. To
counter this challenge we proposed the use of high temperature rubbing which is a useful
mechanical loading technique that has induced large dichroism in organic semiconductor
films.85,219,220 This method has been successful in obtaining extremely high dichroic ratio’s of
over 20 for various systems such as polythiophenes and polyfluorenes. In this technique the
semiconducting film is exposed to a rubbing temperature Trub that is close to the melting
temperature of the individual polymer system. The high temperature increases plasticity in the
film due to the disordering of the alkyl sidechains, this provides increased molecular mobility to
allow for reorientation of the film through directional rubbing. Figure 66 depicts the mechanism
for a hairy rod semi crystalline polymer when exposed to high temperature rubbing.

108

Figure 66: Effect of high temperature rubbing mechanism on hairy rod semi crystalline polymer
as well as dichroic ratio of P3HT as a function of rubbing temperature for different molecular
weights. Both the figures are taken from Biniek et al.85

The illustration depicts the entanglement of polymer chains prior to exposure at high
temperatures. Once annealed, the chains are plasticized and therefore allowed to slide leading to
disentanglement. Once disentangled the rubbing allows for a highly ordered morphology. It must
be noted that higher molecular weight polymers have larger entanglement, and therefore require
higher rubbing temperatures to obtain the same dichroic ratios.85 This trend is displayed for
P3HT in Figure 66. To date demonstrations of this method have been limited to polarization of
single layer system, this is primarily due to the mechanical limitations of small molecule-based
systems that would fracture when exposed to physical rubbing. P3HT: PCBM based mechanical
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rubbing induced polarized photovoltaic devices were fabricated by Zhu et al.72 However for this
demonstration the PCBM small molecule was diffused onto the rubbed P3HT layer. An
alternative solution to this challenge is to replace the small molecules with a polymer. In this
demonstration we implement both mechanical loading techniques of uniaxial strain and high
temperature rubbing to the PTB7-TH and P(NDI2OD-T2) blend that we used earlier in the
chapter. The blend was picked due to the high temperature stability of the two polymer
systems,220,221 this was challenging due to the relatively small number of n-type materials
currently synthesized. In addition, as we have demonstrated, both polymers display large room
temperature ductility with crack onset strains (COS) of above 60%. In this report we explore the
ability to increase the polarization sensitivity of these films through large uniaxial strain and
modifying the Trub and post anneal temperatures of the unique blend.

Impact of rubbing temperature on alignment:
The utilization of a polymer blend comprising PTB7-Th and PNDI2OD-2T was
implemented for two primary reasons i) the high temperature stability of the two polymer
systems, ii) the room temperature ductility of the materials. In order to study the optimum
conditions to obtain large dichroism in the polymer blend, the films were exposed to different
Trub. Figure 67 displays the polarized UV vis absorbance spectra for the films rubbed at different
temperatures. As expected the ascast film does not display any polarization anisotropy with a
dichroic ratio ~1. At 150°C the blend is sufficiently below the melting temperature of the
respective polymers, marginal alignment is observed in the blend depicted by the increase in
dichroic ratio to 1.12 at 695 nm. As the blend approaches closer to the melting temperature it
becomes sufficiently plastic. This leads to very large polarized anisotropy at 220ºC with a
dichroic ratio of 3.40 at 695 nm. As the temperature is increased the chains become increasingly
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mobile and don’t remain oriented post rubbing. This is observed when annealing at 250ºC where
the dichroic ratio drops down to 1.23 at 695 nm. The stark contrast in dichroic ratio with
different temperatures demonstrates the importance of Trub in this method. A graph displaying
the dichroic ratio as a function of Trub is presented in Figure 68.

Figure 67: Polarized UV visible absorbance for rubbed PTB7-TH:P(NDI2OD-T2) as a function
of rubbing temperature.
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Figure 68: Dichroic ratio of PTB7-TH:P(NDI2OD-T2) as a function of rubbing temperature
measured at 695 nm.
Uniaxial strain and high temperature rubbing: In order to obtain the highest possible
polarized absorbance anisotropy the solid PTB7-TH:P(NDI2OD-T2) film was uniaxially
stretched prior to high temperature rubbing. Previous demonstrations had determined the large
COS of both the polymer materials at room temperature.44 The films are uniaxial stretched
~60% on a PDMS slab. This is close to the COS limit of the blend. After printing the film onto a
receiving substrate, the film is rubbed at 220ºC as was optimized earlier. From previous
demonstrations on neat films, electron diffraction results display strong arced reflections
indicating that there is a misorientation of domains, and that further orientation is possible even
after rubbing.85,220 In order to improve the orientation a post anneal step is implemented. Post
annealing allows to improve alignment as well as control the polymorphism of films.220 The post
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annealing temperature was optimized at 250ºC for 60 minutes. A schematic of the dual alignment
process is presented below in Figure 69.

Figure 69:: Illustration of uniaxial orientation of PTB7-TH:P(NDI2OD-T2) through uniaxial
strain and high temperature rubbing, (i) PTB7-TH:P(NDI2OD-T2) film on donor substrate with
PDMS slab laminated onto film (ii) Transfer of film onto PDMS slab (iii) Uniaxial strain of film
on PDMS slab and printing onto receiving substrate (iv) Mechanical rubbing of PTB7TH:N2200 film on receiver substrate at 220°C (v) Post anneal of blend film at 250°C.

After post annealing an improvement in chain alignment is observed illustrated by an
increase in dichroic ratio. The dichroic ratio increased drastically up to 6.5 at 695 nm and 9.0 at
750 nm. A plot of the polarized UV visible absorbance is presented below in Figure 70. To the
best of the authors knowledge this is the first demonstration where a dual mechanical loading
technique of strain and rubbing has been implemented on an all polymer blend. The large
dichroic ratio films were then integrated as the active area for semitransparent organic
photodiodes.
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Figure 70: Polarized UV-visible absorbance for PTB7-TH:N2200 after both uniaxial strain,
mechanical rubbing at 220C and post annealing at 250C for 60 minutes.

PTB7-TH:P(NDI2ODT2) diode fabrication and results: The diode fabrication follows
similar cleaning and printing procedures as those used earlier in the Chapter for the OPT based
devices. Here the PTB7-TH:P(NDI2ODT2) layer is printed onto a partially fabricated device
comprising a ZnO layer cast on an ITO substrate. The ZnO interlayer was used due to its thermal
stability under high temperatures.222 Prior to printing the film is uniaxially strained 60% using a
custom made mechanical stage. The composite stack was then placed on a hot plate and allowed
to settle at 220ºC, this was followed by mechanically rubbing the film 80 times parallel to the
applied uniaxial strain with a velvet cloth. A custom-made roller was used to control the
direction of the rubbing. After this the partially fabricated stack was placed on a hot plate in
nitrogen-controlled glove box conditions and annealed to 250ºC for 15 minutes. To complete the
fabrication process a 12 nm hole transporting layer of molybdenum oxide (MoO3) and 10 nm
114

gold (Au) electrode were thermally deposited in a vacuum thermal evaporator at a pressure of
~1x10-6 mbar. The semitransparent devices were characterized by obtaining the current-voltage
characteristics under polarized light. The devices were probed using a HP4156B semiconductor
parameter analyzer. The current-voltage characteristics are presented below in Figure 71. The
device displayed large polarized current anisotropy with a polarized photocurrent anisotropy
ratio of 1.68. This is a significant improvement from 1.39 which was obtained for our all
polymer demonstration for a 60% strained opaque PBnDT-FTAZ:P(NDI2ODT2) device.

Figure 71: Log JV characteristics of semitransparent OPV with oriented PTB7TH:P(NDI2ODT2) through uniaxial strain and high temperature rubbing under polarized light
parallel and perpendicular to the direction of strain. The incident light intensity is 41mW/cm2.
5.4) SUMMARY:
We report an all polymer blend that is polarization sensitive in the red and near infra red
spectrum. This was implemented with a unique active layer of PTB7-TH:P(NDI2ODT2) to
improve on the polarization anisotropy presented in Chapter 4. Two different approaches were
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implemented to induce large anisotropy. In the first scenario the high ductility of the blend was
used to fabricate a strain oriented all polymer organic phototransistor. The architecture of the
OPT allowed for a significant difference in value of responsivities caused by light polarized
parallel and perpendicular to strain. This was largely due to the ability to tune the responsivity
with the gate terminal. Another unique property of the blend is the similar melting temperatures
of the two polymers. This allowed for alignment through high temperature physical rubbing, a
technique previously used only on neat films. These films were integrated into semitransparent
organic photodiodes and produced large photocurrent anisotropies higher than those presented in
our previous all polymer and polymer/small molecule demonstrations. In summary, the
demonstrated devices highlight an improvement in the performance of all-polymer
photodetectors to for more accurate sensing. These detectors exhibit properties that allow for
integration into other avenues of polarization sensing, such as multiband spectral sensing.
5.5) POSSIBLE FUTURE WORK AND APPLICATION:
In addition to application as an intrinsic coincident polarimeters (ICP), polarized organic
semiconductors can aid in creating new multispectral detectors by leveraging their unique
properties. Organic semiconductors are advantageous to realize this concept due to their ability
to tune spectral response, polarization sensitivity, and transmittance, enabling detector placement
arbitrarily within a lens system's focal volume. As with the ICP, they allow for more compact
and robust systems. One such application is to replace optical birefringent elements with
polarized organic photovoltaics for multi band spectral sensing.223 Birefringent filter operation is
based on the interference of light with delayed versions of itself. The two most commonly
utilized birefringent filters are the Lyot and Solc filters, both of which comprise a stack with
polarizer and retarder elements. By replacing the polarizers with semitransparent polarization
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sensitive organic photodetectors, light can be simultaneously measured and polarized. Work in
Chapter 5 provides a template through which we can replace the high extinction polarizer
elements with high polarization anisotropy organic semiconductor detectors. In this chapter we
merge two different fabrication techniques to obtain films with higher dichroic ratios for a
unique polymer blend. These polarized OPV integrated architecture have the potential to reduce
resolution of the current state of the art multispectral detectors
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