ABSTRACT

SEN PRATIK. AdvancedTechniques oOrganicSemiconductoDeviceFabrication for
PolarizedLight Detection (Under the directioof Dr.Br endan T). O6Connor

Organicsemiconductomaterials have shown promise in the area of photo detection due
to their ease in processing, large photocurrent yield and tunable absorption spklenynof
these materials have their optical transition dipole moment aligned along their backbone
Oriening the backbone can hence allow for the fabrication of polarizagasitive detectorin
this dissertatiorwe will demonstratalifferent mechanical loading alignment techniques
including mechanical strain and high temperature mechanical rubbingrigradgoackbone.

This involved the introduction of movelheat angpressure free transfer printing method called
shear assisted organic printing (SHARBpable of countering a 46ld adhesion fracture
energy differential.

The polarization sensitive dattors were made seftnansparent and integrated into a
cascade seriesto fabricate a polarimeter capable of measuring-ihé&tkes 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 integnatme. We will discuss the
unique advantages of this approach for optical detection and implementation into imaging
techniques.

Furthermoredifferent material systems such as all podyrbulk heterojunction systems
are introduced for their improved ofeanical and thermal properties. These materials are
compared to polymesmall molecule systems for their optical and electrical detector
performance. lllustrations of the fabrication prdaee of such detectors will be discussed

including material selean for panchromatiand near infraed sensitivity
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CHAPTER 1
Introduction
1.1) POLARIZED LIGHT:

Light is an electromagnetic wave tivimagnetic and electric fields oscillating
perpendicular to each other. Polarization is a property that is used to describe the geometric
oscillation of these electromagnetic wav@gnerally, most artificial and natural illunaition
produce light waves ose 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 electrieléi of these vectors is teisted through
filtering to only allow vibration along a single plane, the wave is said to be linearly polarized
plane polarizedAnother special case exists when the electric field of the wave has a fixed
magnitude while ratting at a constant ratetbogonal to the transverse wave, such light is said
to be circularly polarized-igure 1 depicts the change of unpolarized light to linearly
polarizationon interacting with a linear polarizer, this is followed bg tinearly polarized light

interacting with a quarter wave plgt@WP) to induce circular polarization.

Figure 1: Electric field vector of light ray depicted in unpolarized, linearly polarized and
circularly polarized state's



1.2) POLARIMETRY :

Thehuman 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 seagitasses. Measng and
interpreting the polarization state of ligipolarimetry)however is extremely beneficial with a
vast array of applicationsome of these applicatioase described below:

Chirality measurements in pharmaceutical developmént

Chiral based drug detectiaa of great interest to the publicllowing the disaster
involving a chiral drug Thali domi de fohat was
pregnancyChiral moleculegonsist of enantiomerthese are molecules thae non
superimposable mirror images of each other. The chemical stro€tilve enantiomers of
Thalidomide is presented Figure 2. It was discovered that onlji¢ Renantiomenf
Thalidomidewas successful in providirtgeintended medical benefit, with theehantiomer

leading to serious issues including birth defects and miscarfiages.

N
N==— (R) O
@)
(b) 0 O
N
N ((S) O
O

Figure 2: Chemical structure for enantiomers of thalidomadd¥ Thalidomide, (b) S
Thalidomide®



Thesechiral enantiomers are optically active materials that rotate linearly polarized light
differently. Renantiomers rotate the linearly polarized light in the clockwise direction-and S
enantiomers rotates linearlplarized light in the anttlockwise diretion. 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 beétauia3. In
2011 polarimeter based molecular chirality measurements in pharmaceutical development

comprised an $839.4 million industty.

Ernergent lizht =
with rotated plane 7K
of plarization f ,

Micol _

prism NlFEIl

polatizer BEETL
analyzer

-l:'cula.timeter tube containing

solution of an optical isomer
Incident

plane-polarized light

Unpolatized
Light
Figure 3: lllustration of interaction of optically active chiral material with plane polarized light
to help determine chirality of molecule

Ellipsometry®

Ellipsometry is an optical techniguhat 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 tohelp obtainits material properties like filmhickness and optical constants.
schematic of a generalized ellipsometer is providdeéignre4. A linear polarizer generally acts
as the PolarizatioState Generator (PSG) which generates a known polarization state. On

interacting with the thin m there is a change in polarization state that is detected by the



reflected light by the Polarization State Detector (PSDR011 spectral ellipsometry
represented a $40 million industy
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Figure 4: Schematic of generalized @iiometer setup

In addition to the applications described above polarimetry also has gqisality control

in industrial processé% studying climate changk remote sensirtg telecommunicatiodgand
biomedical imaging?*

Polarimetry usually involves obtaining thedinensional (2D) Stokes vector. It is the

most complete mathematical representation of polarized light and is defiRegire5

S,(xy)

|, (x,y)+l,,(x,y)
Six,y)= | 2:(%¥)

— 0 L,xy)-l,,(xy)
S.(xy) l.(xy)-l .. (xy)
S5.(x,y) 1.(xy)-l,(xy)

Figure 5: 2D Stokes vector of light
Where x,y are the spatial coordinates of the scene. SO is the total light intensity of the
light source, S1 represents the preference for linear 0° (I0) over 90° (190), S2 denotes the

preference for linar 45° (145) over 135° (1135) and S3 shows the peberfor right circular

polarized light (IR) over left circular polarized light (IL). Measuring the Stokes vector provides

4



information on the |lightoés poThagarezagaoiss on, spat

polarimeter architectures that measiine Stokes vectpsome of them are described below
Division of Time (DoT) PolarimeteThe most commonly available polarimeter setup is the DoT
polarimeter. In this architecture polarization elemeamngsrotated in front of a detectdior this

setup thesame scene is imaged through different polarization fittéFae input Ight signal

interacts with the rotating polarization elements to generate different polarizatiort%téiHse
detector then collects these images, each with information on a certain polarization state. This
information is then analyzed to obtain the Stokedare The relatively simple system design
makes this an attractive polarimetdowever, 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 artifact$. An illustration of a generalized DoT polariteeis presented below in

Figure 6.1°

A Senso

Fixed Linear
Polarizer

Rotatable
Retard er.

Figure 6. Generalized schematic of a Division of Time (DoT) Polarim&ter

Division of Amplitude (DoAM) Polarimetefthe DoAM setup is a snap shot polarimeter that
counters the temporal migjistration errors that occur in DoT polarimeters by simultaneously
capturing the four images required to obtain the Stokes VE&bFo allow for such

measurements a complicated setup is utilized that consists of four separapdsioeatrays.



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 displayedrigure7.1® Despie meeting the tradeoff between spatial

and temporal resolution, DoOAM polarimeters are large in size with many moving parts as well as

expensive optical elements'®

2°-13°,2’- 00
zoom lens

iretarder
4 \
80/20 B.S.
ML, ot D) <j

PBS

Block % retarder

1-D
Translation

1:1 zero distortion i
relay lens \/

3-D Translation,
1-axis Tilt

Figure 7: DOAM Polarimeter schematic, a fourth camera is out of plane positioned above the
PBS block with a quarter plate retarder in front df it

Division of AperturdDoA) Polarimeter.Like DOAM polarimeters, DoA setups are also

snapshot polarimeters that obtain the information toprdenthe Stokes vector simultaneously.
These polarimeters utilize a series of optical elements to project multiple images onto a single
accurately coaligned fat plane array® A conceptual schematic for2oA polarimeter is

presented below iRigure 8.2
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ini-lens array
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Figure 8: Schematic of Division of Apertur@oA) Polarimeter?

The major drawback of such a setup is the loss in spatial resolution in each linear dimension. In
addition, the various optical components are expersideheavy to work with®

Division of Focal Plane (DoF) Polarimete©ne of thanost beeficial architectures in terms of

size and robustness is the DoF Polarimeter. A schematic of a model system is pbesewté@

Figure 9.1°

Photodetectors
Super-pixel

Figure 9: Schematic of Division of Focal Plane (DoF) Polarimeter, the red box represents a
superpixel that cordiins four separate detectors with individual wire grid polarizers in front of
them?®®

These polarimeters have a supéetel 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 @orti@enheldp ame®<2yr & 5tehe 9l0iel

states (SO, S1, S2here are more advanced systems that dbowomplete Stokes vector



measurementg.While this approach provides a compact and rugged polarimetric sensor, it
suffers from a fourfold reduction in spatial resolution. It is also highly seéve 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 tryeahate error, however come at the cost of
either spatial or temporal resoluticd 2®

Despite the variety in polarimetric detectors currently available, there is clearly a trade
off between satial and temporal resolutioRigure 10 below summarizes the restrictions in the

current state of the art architectures.

TECHNIQUE (ROBUSTNESS | REGISTRATION | TEMP SPAT

DoT N
DoAM| (V) | (V)
DoA N N
O

B | ©
CH ®
DoF N S

Figure 10: Comparison of state of the art polarimeters with athges and disadvtages,
Acronyms Division of Time (DoT$82" Division of Amplitude (DoAM¥82° Division of
Aperture (DoA¥!, Coboresighted (CBY, Channeled (CH$32 Division of Focal Plane (DoF}

In order to eliminate this tradff béween 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 défEotodesign

utilized is provided irFigure 11.



Figure 11: Cascaded four detector photopolarimeter design proposed by Az T first three
detectors Iy, D1 and D are partially specularly reflecting. The obtained currents from the
detectors allow fodetermining the Stokes parameter of light.

While this approach eliminated lateral multiplexing by cascading the measurements
longitudinally along the optical axis, hywas required tenter the polarimeter across a narrow
range of angles. Due to thischn ot her geometri c consstraints, Az
impractical for forming dense imaging arrays.
1.3) PROPOSED DESIGN

In thisthesis we introducean optoelectroniapproach to implement what we refer to as
anintrinsic coincident polarimetefiCP). Thepolarimeter is based on semitransparent, aligned
polymer semiconductdsased organic photovoltaics (OPVs). Unlike previous intrinsically
polarization sensitive detert™ ¢ our approach implements setransparent devices by
exploiting oriented polymer semiconductor fil#h$® Through this semtransparency, the issue

of instantaneous and spatiatigincident spatial sampling is resolvad is eventually made



monolithic. A schematic of our proposed desigpriesented ifigure 12. For this system to
suceed experimentally, a seriesofséami anspar ent OPVOGs are require
aligned, such thieeach 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 generld of organic semiconductars
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 condudtities that are in between that okiators and conductors, usually in the

range ofL08-10° Scm?. In addition to traditional semiconductors suclsitison andgallium

10



arsenide, other material systems display semiconducting properties. One of shews &y

organics e mi conduct or s. Th e smndedgpolyners a $nall naolecelle gener a
systems thatre madef carbon and hydrogen atoms, often with heteroatoms containing other
elements like oxygersulfur and nitroger® The first recorded observation of organic
semiconductindgpehavior was by Einry Letheby in 1862 when he observed partially conducting
behavior after oxidizing aniline in sulfuric adi®llt was over a century later that Alan J. Heeger,
Alan MacDiarmid and Hideki Shirakawa reported a 10 million fold increase in conductivity o
polyacetylene Wen doped with iodin&: This discovenynitiatedgreat interest in the scientific
fraternity towards the field of organic semiconductors for which the scientists were rewarded the
Nobel Prize in Chemistry iB000.A pictureof the scientists is displayed kigure 13.

Conductive polymers are a unigue group of polymers that fall under the umbrella of organic
semiconductorsThey possess alternating single and doubledsgoonjugated bondgr

aromatic ring along their backbon@$iese conjugated orbitals combine with each other to form

an electronic band which induces conductivity in these mate@ibksnical structures of

common conductive polymers are providedrigure 14.4?
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Photo from the Nobel Foundation Photo from the Nobel Foundation Photo from the Nobel Foundation

archive. archive. archive.
Alan J. Heeger Alan G. MacDiarmid  Hideki Shirakawa
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

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 thesanaterials is still orders of magude below that of crystalline silicon. It is
currently impractical to replace most traditional inorganic semiconductor application with
organic alternatives, however organic systpassess various secondary intrinsicpamties that

allow for applicatonsthat cannot be easilymetwith their inorganic counterparts.

MMM*@N

polyacetylene polypyrrole polythiophene poly(phenylene vinylene)
poly(aniline)

Figure 14: Chemical structure of commonly used conductive polyrffers

Some of these properties are potential low*pductility*¥ 4°, semitransparenéy 3 and

ease in processirt§ This has allowed for application in a wide variety of novel device

12



applicatos such as organic |light emitting diodes

(OPVéasga,niac phot od e tinegrated device§ andatdato)s, bi o
Organic semiconductor film characterization:

Various characterization techniques haeen developed to help understand
organic semiconductor mechanical properties, elecipicgderties, optical properties,
morphology, etc. Here, we briefly introduce some common characterization methods that have
been frequently used in this thesis,
Crackonset strain (COS Many organic semiconductors (primarily conductive polymers)
possessttile properties. This akes them a potential material for stretchable electr8hiésn
order to quantify the ductile properties of these mate@i@lSmeasuremeds are taken. In this
measurement solid films are laminated caicelastomer and the cposite 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 ttrack onset strai(COS) An illustration of the film

on elastomer crack onset straimiserved inFigure 15.

Crack Onset Strain

- >

‘\\\\ \/ -

Figure 15: lllustration of film on elastomer Crack Onset Strain (COS) measurement

Transmittance and Absorbancgemitransparency and light detection are two irtgoar
potentialapplications of organic semiconductors. Material systenesciilnductive PEDOT:PSS

13
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can act as semitransparent electrodes that allow for possible applications in areas like
semitransparent displays. Transmittance is an impanmatric that epresents the amount of
light energy that is absorbed, scattered and tefliglsy the sample film. It is measured by the

following equation,

— 1-1

WhereT denotes the transmission intensltgenotes the intensityf light that reaches a
photodetector after paag through the film antb represents the reference light intensity
without the sample film. A schematic of threasuringsetup is displayed beloin Figure 16.%°
The UV-visible spectroscopy setuprogrises 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. Dependinghat @ur 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 dgfreference intensity). The sample of study is then placed on the
sample holder dispy&d inFigure 16 and the light intensity is obtained from the detector to give

usl.
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Figure 16: UV-vis spectroscopy setup for Transmittance Abdorbance measurements in
O'Connor resgah group, NC State Universit§
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The wavelength spectrum of organic semiconductors can be tuned to formulate materials
that are narrow or broadband sensing from wlicdet to infrared wavelength ranges. The
differences in absorbaea@mong these materials is attributethi® number and arrangement of
sigma,” bonding and nonbonding electrons within the material. This causes differences in the
electron transition energy which is attributed to unique wavelength absortdotaming he
absorbance of these films is therefore importdbsorbance provides inforation 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 mattoal representation of

AbsorbancédA) is given by the following equation

o ~

l, ©
A=Ioglogelﬂ & logy,(T) 1-2
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Atomic Force Microscopy (AFMBtudying the structure and surface morphology of organic
semiconductor films can be performed through AFM. In this technique a probe tip is scanned
over thesample film the atomic level interaction between tiaatileverprobe tip and film help
obtain the desired informatioAs the tip approaches the film, thteractive force from the film
deflects the cantilever. This deflection is optically computet thié help of a laser and a
position sensitive detectdBy maintaining a stable interactive force the protmves upand
down while scanning over the sampl&facecollecting information to form amageof the
sample surfae
Organic Semiconductor Deveces
1. Organic Photovoltaics

Organic photovoltaics (OPVs) are electronic devices that convert solar energy into
electrical energy with the aid eEmiconducting organic materials. They possess various
attractive properties such as potentialdoost, flexbility and light weight. The device
architecture of these systems comprise of an active layer that contains an electron-tiqreor (p
material) that is generally a polymer material and an electron acceptgpénmaterial) that is
usually a small molecalor polymer’ This active layer is sandwichedlretween two
electrodes the anode and the cathode. An illustration of a generalizedionglaotovoltaic

device is displaye#igure 17 (a).
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Figure 17: (a) lllustration of bulk heterojunction organic photovoltaic architecture, (b)
Schematic describing OPV principle of operatfbtustration courtesy of Brendan T.
O6Connor)

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 photoactiveyéa and generation of excitons:

The architecture of an OPMgure 17(a) comprises at least one transparent electrode to
allow for the active organic material to absorb photons. The most commonly used transparent
electrale is indium tin oxide (ITO) coated on glass. If the absorbed incidetdmphas 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 excitdiThis occurs because organic semiconductors are low
dielectric materials. In these organic material systems the optical bandgéipesl dg the
difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) as is displayedkiigure 17(b).

i) Exciton diffusion to donor/acceptor interface:
In order b 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

17



travel is based on its exciton diffusion length. Morphologies of donor/acceptor hlentsmed
to allow for shorted diffusion lengths therefore decreasing the probability of recombination of
the electron and hoR&:5°
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 thea@xtit allow for separation
into free charges. The required offset value has experimentally been displayed to be
approximately 0.3 e\§*6?
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 warkdiin
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 descsithee ratio of power obtained from tkelar
cell (Pour) versusthe power intensity of the light the device is exposedPig.(For this
measurement the device is tested while under the exposure to a standardized AM1.5G irradiance
power of 100 mW/crh The value can be calculatedfaows:

PCE= I:)OUT _‘] MPVMP QSCVOC FF
P P R

1-3

WhereJvwr andVyvp are the maximum operating current density and voltage respectively,

Jscis the current density measured at zero voltage also called short circuit curretyt alwhsi
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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 produdseandVoc as is diplayed in the inset of

Figure 18 which also displays an image of a conventional current density versus voltage curve.

>

J MPVIVIP
Jscvoc

Fill Factor =

Current Density

<
Voltage

JMP

Ny
Jse

\4

Figure 18 Current density vs Voltage plot for a typical solar cellide, imag obtained from
https://www.ossila.com/pages/scleellstheory.

2. Organic Photodetectars

Photodetectors are devices that provide an electrical response when exposed to an optical
signal in the form of current or volta§&€There are various types of photodetectors such as
charge coupled devi ces ( CCDodpsotofrangstors.tindhisonduct o
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 elabomatdhe characteristics determined to study these

devices.
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Organic Photodiodes
Organic photodiodes are two terminal devices that comprise of the semiconductor
photoactive region sandwiched in between two metal corftdtiss architecture is similar to
that of an OPV, howew 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 diduesed architecture arises with the tedi
guantum efficiency of the two terminal archit
terminal does not allow for additional charge injection under reverse bias, this allows for a
photon to generate no more than one eledtar pair therebyestricting performanc&he
functioning of OPT systems will be described in the next seétioflustration of a typical OPD

can be seen iRigure 19 (a).

Contact™,, - Source Drain
Photoactive
Iaw_;er FPhotoactive Gate

= medium

. e : *dielectric

Battam :
Transparént substrate -
contact Substrate

- light

Figure 19: Device configuratia for (a) organic photodiode (b) organic phototransistor, reprinted
fromb*

Organic Phototransistors:

Organic phototransistors are three terminal devices with device configuldtetisat of
an organic field effect transistor (OFEMh es e devi ces actkarndshbve OFET 0 ¢
photoconductive behavior when exposed to lighese devices comprigé three electrodes the
source, drain and gate. A resistive dielectric layer and photoactive organic semiconductor are
sandwiched in between the gate electrode and the sanudlagrain electrodes. An illustration of

a regular OPT device configuration dagfound inFigure 19 (b). In a regular OFET operation
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the current flowing between the source and drain electrodes can be contrtilegplication 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 chamnlese devices the gate voltage creates a
transverse field that promotes spate@jregation of eleicon 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 carfeither electron or holdd the drainThis leaves

electron and holes ithe channel for bype and rype 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 deading to carries transiting

across the channel from source to draims phenomenomcreases the quantum efficiency of

these devices.

Some of the commonly used metrics to study photodetestedescribed below.

Organic photodetector characterization

External Quantunifficiency(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 tedldxy the detectdNeiouT) to the

number of photons incident on the active area of the deMisgn]. These measurements take

place at a specific wavelength. EQE is a unitless parameter.

N
EQE: eI,OUT 1_4

ph, IN
ResponsivityR): Responsivity is defined as the ratio of photocurrent dengitydverthe
incident power light intensityR{n). Like EQE it provides information on how well the detector
converts an optical input intovalectrical outputThe two paameters are correlated as is shown
below.
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Whereh is the Planck constant (6.626x%0 s),q is electron charge (1.602x1®C) and
is the light frequency. The units of ResponsiyRy are(A/W).For photodetectors both the EQE
and Responsivitare generally measured under reverse bias where an increased electric field
promotes charge collection efficienty~’

Noise Equivalent PowéNEP)and SpecificDetectivity(D*): The commonly used metrics to
determine the sensitivity of detectors are the NEP and Specific Dete(@i¥)tyThe minimal
detectable signal of the device is represented by the NEP which is given inA/.ltHg

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 giusnthe following equatiof58

i VB

R

NEP= 1-6

Wherein (in Amps) is the noise current of the devi€ae NEP normalized to the square

root of device are@) is thespecific detectivityD*) and is given by,

pr = YA

NEP 1-7
D* is more commonly reported in the literature to describe sensitivity in phetboies.

In order to obtain these metrics, it is necessary taimlthe noise currentnf. The noise current

(in) generally comprises of three different sources of noise

(i) Shot noise Roissomoise) refers to the fundamental noise thaturs due tdluctuations of

both the photocurrent and dark curranter phtoconductive modeThe magnitude of the shot

noise is given b{?®
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i =y2a(i, +4)B 1-8
Wherei, is the photogenerated current anis the dark current.

(i) Johnson Noise (Thermal noise or Nyquist noise) is the noise generated by thermal agitation

of carriers ina detector, it is given by the follomg equatior?® "

= [4k,TB 19
R

Whereks is the Boltzmann constari,is the temperature in Kelvin afdnis the shunt

resistance of the device.
(iii) Flicker noise(in) 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 = Ish +?n I%I 1-10
A common assumption made in DBperation, is that the shot noise from dark current is
dominates the total noise under photoconductive oper&tibimis allows for a simplification in

theD* formula,

pr=__R__ 1-11

(2a3,)

Wherely is the dark current density in A/éndvhile this allows for a straightforward
calculation, it has been observed that this assumption can lead to a significant overessimation
theD*.

Linear Dynamic Rang@.DR). 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

23



range over which these detectors display constapbresivity. It is given by the followm
equation,
LDR= 20|og§‘eJLh 1-12
¢ Ja

3 dBBandwidth(Hz): Bandwidth provides information on the speed of the detector. It is the
frequency at which the output current of tleeettor falls to 50% of its value atéct current.
1.5) POLARIZATION SENSITIVE ORGANIC SEMICONDUCTORS:

Conjugated polymer materials commonly have an optical transition dipole moment that is
nearly parallel to the polymer backboffégure 20).3"7474 Therefore, in plane alignment

produces intrinsic polarization sensitivity.

Image Courtesy Dean Delongchamp

Figure 20: Standard orientation of transition dipole moment for conjugated polymer. Image
provided by Dean Delongchamp
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Different fabrication approacheseamplemented to induce alignment in these polymers
some of theeommonly usedechniques ate
Friction transfe:

The ability to form highly oriented films using friction transfer have been well
documented since its first demonstration by Markinson &t 2964° In this technique, the
material is squeezed and drawn against a clean surface, usually grealoi his technique
has been used for different systems such as liquid crystalline materials and p&ifhers.
Schematic illustrating the friction transfaiopess as well as corresponding absorbance
measurements of PTB to polarized light parallel and perpendiculaawong direction are

provided from Hosokawa et &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 techniquéor a standargolymer film. (b) U\tvis absorption
spectrum andmageof thetransferred PTB film{c-d). Polarized UWis absorpbn spectrum of

film when transferred at 100°C (c) and 240°C (d).

Zone Casting

Zone Casting is the process where unidirectional-toatingis 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 consp#ed. The substrate

temperature is also controlled, this and#h 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 ar8HT.”%8 An illustration of the zone casting
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technique is presentdxlow from Jung Lee et dFrigure 22).8° The corresponding paiaed
absorbance is also provided belmwrigure 22.
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Figure 22 Image from Jung Lee et al a) Generalized schematic of zone castimique b)
AFM image of aligned ribbophase PBTTT deosited by zone ast i ng, 1| mage si ze

m. c) Opticalmicrograph of PBTTT aligned through zone casting technique, the PBTTT film is
on top of LCD monitor, with zoreasting direction rotated perpendicular (left) and parallel
(right) to polarizatiordirection of light emitted from the LCD monitor (indicatedthg yellow
arrow). d) Polarized UWis absorbance of PBTTT of zone casted film

Directional Epitaxial Crystallization:
The epitaxial crystallization of polymers on organic and polymer substvadre first
studied by Wittmann and Lotz in 198bIn this method crystallizable solvents are used to play

the successive role of polym&wlvent until crystallization followed by the role of subsrfar
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epitaxy.In the organic semiconductor field, they have been used largely orcsestailline

polymers like P3HT to promote orientati®if> The example oTCB and P3HT from

Brinkmann et al is used to haliescribe the techniqu€igure 23).8% The process begins by

preparing a thin film of the serarystalline polymer, in this case P3HT through spin casting or

drop casting Step 2 involves adding the agenttthaomotes 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 TGiuitigsthe solid P3HT

film. The yellowtinge 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 figirelow.As the film cools, the colorhanges from

yellow to dark violet. The solvent is usually then evaporated in vacuum to complete the process.

STEP1 == STEP2 == STEP 3 =) STEP 4
Spin-coat Sandwich TCB Directional Remove cover slip
or dip coat powder between crystallization Sublimation of
a P3HT film glass slide and of P3HT on TCB TCB (primary
cover slip crystals Vacuum)
cover slip

- . Oriented P3HT film

Glass substrate Glass substrate Glass substrate Glass substrate

T, T<T,,

EEE—
TCB powder Temperature gradient

T>T,,: uniform dispersion
of P3HT in liquid TCB

Figure 23: Schematic of directional epitaxial crystallization of P3HT with Ti@Bn Brinkmann
et al®®
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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 templateh& template is usually a rubbed pobmtike polycarbonate, polyimide or
poly(tetrafluoroethylene). Liquid crystalline polymenghibitthermotropidiquid crystallinity,
which means that when these materials are annealed at high temperature, they display
homogeneous alignment in the nematiase in the direction of rubbiff® This leads to
highly orierted polarization sensitive film&.olarized absorbance of a liquid crystalline F8BT on

rubbed polyimide is displayed beldW.

Absorbance

300 400 500 =] TO0

Figure 24: Polaized UV-vis absorbance of F8BT on rubbed polyimide from Whitehead®t al

Althoughall the techniques described above successfully orient organic semiconductor
films, they suffer from challenges such as slow oriented characteristic growth arughitra
processing temperaturds.order to ounter 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 orgaemiconductor films to help produce
oriented films. One such method of doing this is through the application of uniaxial

strain37:46:55.73.890 A gchematic of the technique implemented is displayed biglGigure 25.88

Film on
polydimethylsiloxane
(PDMS)

ALIGNED

Figure 25: Uniaxial strain of bulk heterojunction film to induce polymer alignn&nt

In this technique a solid polymer film is printed ontoadygdimethylsloxane(PDMS)
elastomer slab attached onto a custoade mechanical stage. The films are then strained to
align the polymers in the BHJ as is displayeéigure 25. The polarization anisotropy can be
guantified 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
aborbed grpendicular to the direction of straior this demonstration a peak dichroic ratio of
9.68 was observed at 605 nm when the film was exposed to 100% Atvaitianiet al

performed absorbance measurements on the films as is displayed bElgur@26.3’
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Figure 26: Polarized absorbance as a function of strain for films aligned parallel and perpendicular
to the direction of straiff

450

As is displayed ifFigure 26, the polarized absorbance increases with strairstants to
plateau after 50% strain. Meanwhile, the absorbance in the perpendiculaodicectiinuously
decreases with increasing strain. The plateau in tredlg@ladirection occueddue to the
competitionbetween the increase in chain alignment and the decrease in film thickness resulting
from the plastic deformation proce¥sThese films were then printed as the organic
semiconductor layer iapartially fabricated OPV stack to fabricate polarization sensitive
photovoltaic devicesThe electrical characteristics showed that the ratio of pel&siort 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% stf@&rmore detailed discussion
ontheprinting and fabrication process of the devices will be presemt€tapter 2 and Chapter

3.
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Figure 27: Dichroic ratio and Jsc ratio as a function of strain, the dichroic ratio was considered
for 550nm light*’

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 summaszie waok performed with fabricating and characterizing the

novel polarimeter.
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CHAPTER 2

Intrinsic coincident polarimetry using stacked organic photodetector&9194
This chapter is based on collaboration wisdm the following publications,
(1) Gupta Roy, S.; Awartani, O. M. ; Sen, P.
Intrinsic CancidentPolarimetry Using Stacked Organic Photovoltaic®?ioc SPIE 2015; p
9613.
(2 Gupta Roy, S.; Awartani, O. M. ; Sen, P.; O
Intrinsic Coincident Polarimetry Using Stacked Organic Photovolt@ipts. Expres2016, 24
(13), 1473714747.
® Yang, R.; Sen, P.; O6Connor, B -Stokes ; Kudeno
Polarimeter Using Stacked Organic Photovoltaics and Architectural Comparison of Polarimeter
Techniques. IfProc SPIE 2017; Vol. 10407, pfi 12.
@Yang, R.; Sen, P.; O6Connor, B. -Siackes Kudenov,
Polarimeter Using Stacked Organic Photovoltadqspl. Opt.2017 56 (6), 1768.
® Yang, R.; Sen, P.; O6Connor, B. dent. ; Kudeno
Polaimeter Using Organic Photovoltaics.Pnoc SPIE 2018; pp 17.
6 Yang, R.; Sen, P.; Od®gicahcrosstalk and@afixisimodeling u d e n o
of an intrinsic coincident polarimetddnder Review
(7) Yang, R.; Sen,PQO6 Connor , endv, M. W.OptimiKatioth of an intrinsic coincident
polarimeter and quantitative architectural comparison of different polarimeter techiigdes

Review
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Author Contribution:

Subharup Gupta Roy and Ruonan Yang are responsibleefonadelling, calitation and
characterization of the polarimeter devicBise author of the thesis is responsible for the
fabrication of the polarization sensitive detector stack as well as characterization of the detectors.
2.1)INTRODUCTION:

The guantiication of the statef polarization of light or polarimetry has widespread
applications in various fields of study such as ellipsom&trgmote sensing, atmospheric
sensing®, telecommunicatior® and biomedical imagin®f. As wasmentioned 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
thehelp of polarimeters. As is daibed earlier in Chaptdr, the existing imaging polarimeters
such as the channeled polarimeter (&ldhd division of focal plas (DoFf° polarimeters are
limited by spatial resolution while other systems such as the division of aperture (DoA) and
division of amplitude (DoM) polarimeters contain a largeimber of parts with increased
complexity resulting in a loss of temporal resolutté°In this chapter weeek to canter the
spatial and temporaésolution trade off existing in current state of the art detectousibyg
strain aligned organic photovoltaics to fabricate an intrinsic coincident polarimeter.
Demonstrations and validations were perforfadoth linearand complete Stokes
measuremds.

2.2)DETECTOR FABRICATION:

In polymer semiconductors, the primary optical transition dipole moﬁ‘(énté) 5
typically aligned along the polymer backbéte?2 This unique property results in anisotropic

absorption when the polymer backbone is preferentially oriented along one axis in thaf plane
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the film, asis laterillustrated inFigure30 (a) andFigure31. This property has been exploited to
fabricate polarization sensitive organic photovoltaic (OPV) deVic&syhich consist b
polymerfullerene bulkheterojunction (BHJ) active layers. In the demonstration bgrfami et
al. %, the polarization sensitivity was achieved by employing a std@nment approach that
allows for fine cantrol of the level of polymer alignment and thus the magnitude of the
polarization respnse. Applying uniaxial strain to the PSHT:PCBM [poly(3
hexylthiophene):PhemyC61-butryc acid methyl ester] active layer, plastically deforms the film
and the polymerdckbones align to the direction of strain, resulting in a-lamge oriented
polymer flm. When the polymer is aligned in plane, the devices exhibit largeredpttronic
response (higher photocurrent) when incident light is linearly polarized papalletth e st r ai n o
direction. The ability to have wetlefined polarization sensitivity important to optimize the
pol ari met er 6 s'®thusnve eniployedthismstram hlignment approach to fabricate
our polarizaibn sensitive OPV devices. In addition to polarization sensitivity, the devices are
made semitransparent, which allows for a vertically stacked OPV design enablirigertinc
detection.

The OPV cells were fabricated using a bottopapproach on a pattechindium tin
oxide (ITO) coated glass substrate. The patterning process involved a simple photolithography
techniquet® The process begins by cleaning the ITOstistes sequentially in soap/DI water,
DI water and acetone for 10 minutes each. A cencial negative photoresist comprising a
diazaacrylic photopolymer printing emulsion (Ulano RLX) mixed with a sensitizer is then cast
at 2750 rpm for 30s on the ITO sitate. The filmsvereallowed to dry after which theyere
exposed to a light anneal%/°C for 7 minutes in dark room conditions. After the light anneal

the substrates are placed undpague aminum 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 remoyged usin
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. Tiuas/ed by the etching
process where the ITO is removed from the exposed region lyndun 6 M hydrochloric acid
(HCI) for approximatelyd5 minutes. On the completion of the etching step the photoresist is
removedwith the help of a blad® provide ou patterned ITO substrates. These substrates are
subsequently cleaned using a standadliprocedure of sonication in DI water, acetone and
isopropyl alcohol for 10 minutes each followeglultraviolet/ozone exposure for 10 minutes.

The process began byigasting an ethoxylated polyethylinimine (PEIE) solution onto ITO.
The PEIE decreasd#ise work function of ITG, allowing for an inverted OPV configuration
where the ITO serves as the cathode. After spin casting PEIE, the substrates were thermally
annealed at 10QC for 10 minutes. The strain aligned P3HT:PCBM photoactive layer is then
transfer pringéd onto the PEIE layer using a shear assisted printing technique (SHARR.
SHARP fabrication technique will be discussed in greater detail in the next cldqadim is

then thermally annealed at 135 for 10 minutes. Finallg 15nm hole transporting layer of

MoOx and semitransparent 40n Au film were deposittonto the P3HT:PCBM layer resulting

in an active detector area of 0.25%in illustration of the fabrication process is depicted in

Figure 28.
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1. Photocure

Soft bake 2. Rinse Off
R ——
57C/7 min 3. Hard bake
4. HCl etching

Transfer print
semiconducting
polymer film

1.10 nm MoOx
b i
2.15nm Au

Figure 28 Semitransparent polarization sensitive OPV fabrication (a) Photoresist casting
(b)Opaque mask placed on negative photoresist prior to photocuring, bakietching (c)
SHARP technique used to transfeint strained P3HT:PCBM film (d) Transferred film on
patterned ITO substrates) (Complete inverted OPV device with Mg@nd gold deposition

Beyond this, the semitransparent OPV devices were also encapstddterease lifetime, by
drop casting a UVurable epoxy on the cell (Eptek OG14287) followed by attaching a glass
cover slip and curing with UV light as is shownFigure 29.

Figure 29: Encapsulation process for semitranspa@RV devices

The magnitude of the responsivity anisotropy has previously been shown to increase with

the magnitude of the applied strain du¢h® increasing alignment of the polymer
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backbones! ®A detailed analysis of the polarized OPV cell performance has shownehat th
internal quantum efficiency of the device remains similar to an unstrained device and is
independent of the incident polarization staté@’hus the strained devices have a similar

efficiency of collecting photogeneratedrriers as an archetypal processed counterpart and the
anisotropic performnce 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
obse ved by comparing the OPVG6s tr arosspepictech nc e
in Figure 30(b). The greatest transmittance is found for inotdeght perpendicular to the strain
alignment direction, indicative of weaker absorption of the P3HT:PCBM layer. Meanwhile,
anisotropy isalso observed in the photogenerated current. The ctuodiage characteristics of

a 30% strairaligned and unstra@d device, under illumination by polarized light parallel and
perpendicular to the straalignment axis, is given iRigure 30(c) It shauld be noted that

unstrained devices are independent of the linear polarization orientation.

(@) «@> (b)
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Figure 30: (a) A crosssectional view of the OPV device structure with strain alignment

direction indicated. (b) Plot of transmissionrsugs wavelength, for the device under linear
polarization states that is polarized either paralletgfPhor perpendicular (Perg,) to the
strain direction. The transmittance of the gold electrode with Maget (Elect.) is also

provided. (c) The-V curve of the device in under polarizdidmination with broad spectrum
light at approximately 50 mW/cinThis 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 firsmodelled 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).

X -
(@)= OPV1-3 Beam (y’ —
__—_’—/—K/E T {"/_\_ blocker // r@
=C— Y®—§Z = §
——
= I AN
Strain-oriented film Unstrained film
0° 45° unstrained

Y Y Yy 030303

10

X X — X

Figure 31: A schematic representation of the pataeter model configudeto measure a
| aser6s polarization state. The stack consi st
45° (OPV2), follows by an unstrained active layer device (OPV3). Inset (a) shows the strain
aligned structure of the paner chains, whicheasult 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 an@l 435 to thex-axis, respectively. It
should be mentioned that this configuration w
condition numberbased on the modelgeentedelow. The modelling was performed by Gupta
Roy 3891
The polarimeter was modeleding 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 angle OPV cell, can be described by

S =R(@g) M, M, RY §-S, 2-1

where ST and Sl are the Stokes vectors of the transmitted and incident light, respectively
MD and MR are Mueller matrices for a diattenuator egtdrdey respectively, and R is the
rotation matrix.
A diattenuatordés Muell er matrix can be expres

€1 D, 0 O0gp
°®. 1 o oV

Mo(DrErng)=R(AS S o £ JR(-X
2 T {
é u
60 0 0 Xy 5.2

where the diattenuatiddr and variableEr are defined as,

D, = , and
(T+T) 2.3
T,
E =,
T (Tx +Ty) 2.4

such thaiflx andTy are the transmittances of tkandy eigenvectors, respectively.

Meanwhile, the rotation matrix tefined as
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a o0 0 O
RW)Z% cos() sin(2g) {
0 - sin(27) cos(2g) @

é 0
0 0 2-5

whered is the orientation angle measured relative tactagis. Meanwhile, the Mueller

matrix of a general retarder is defined as

g0 0 0 o
1 o0 o U

Me (7, 9=R( )g) 0 cosf) sin(f):LJR( -
€0 0 -sin¢) cos(f)

wheret is the retardance.
While Eq.(2-1)can beusedtocalcic at e t he OPVOs transmitted pol
modified to relate it to the polarizationduced photogenerated current. The Mueller matrix for

absorption inlte OPV was calculated per conservation of energy such that

T+A R E 2.7

whereT,A,andRi s t he OPVG6s transmittance, absorpt
For the purposes of our modeR70. ultanatalsthayt med t ha
reflectance was measured to base to the expected 4 percent for a standarglass inerface.
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 propertiésisR is inherently included in our

radiometric calibration and there is no need to model it polarimetrically. With this assumption,
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theabsorptiorMueller matrices of each OPV were modeled pe(Z8), where Eqng(2-3) and

(2-4) were modified such that

DAz(A‘_ '%), and

(A+A) 2-8
E, = VAN

(A+A) 2.9

whereAx andAy are the absorptance of thkandy eigenvetors, respectively, and are

given as

A< =1 -TX, and 2-10

A =1, 2-11

The Mueller matrix of an OPV can be expressed as

MT(DT'ET7q7 ):MD(DT’ET’ )qMR( ! )(’ gnc 2-12

MA(DA*EA-Q):MD(DA!EN 4" 2-13

whereMtTandMaar e t he OPVO6s transmission and absc
respectively. For the ICP based on three OPVs, the Mueller matriadbrdetector can be
calcul ated by considering its absorption prop

transmissia matrices as
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Mopys =M 4 (D Enn). 2-14
Mopvz =M A (DAZ' EAZ’qZ)M T (DTl’ ETl’ 4 Jy’ anc 2'15

Mopys =M 4 (DAS’EAS’q3)|\/I T (DTZ’ Er @ Z)VI T (DTl’ Erp » @ ’ 2-16

wherei is an integer (8B) that denotes th& OPV. Based on the aforementioned Mueller
matrices, the polariWetecarmsbaeaneasmp etmaelgzerf rmarmm rti t
vectors {.e.the first rows oMopvi, Mopvz, andMorv3).* I t shoul d be noted t h:
absorption Mueller matriceseamdependent of retardance, since the diattenuation and retardance
eigenvectors are paral-selFeamdédweeblt s aubsaquep
cell s6 retardance must be included in transmis
Radiometric and polarometric calibrain:

In order to accurately measure Biwkes vector, radiometric calibratimrequiredo
ensure that all the |1 CP0s det eoaygieenaoticednputd uc ed
This implied | inear i z Tradgiond ihoegant semieanductavithosit r e s p o
filtering are only sensitive to they8omponent of the Stokes vectbinder normal incidence,
these detectors display electricasponse that is directly proportional to the total intensity. This
allows for separate rammetric 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. Hencé, ancsise
the radiometric and polarimetric calibration is conducted simultaneoBslyed on
measurements of our OPVs, we modeled a linear responsivity. A depicti@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

determinationwhich in the worst case (OPV2) is 0.995.

R? = 0.99945 R? = 0.99546 R? = 0.99976
0.2 - | 0.045 - = 0.012 -
2 0.19
E 0.011
5 0.18 | 0.04 !
g
£ 017 - 0.01
T
2 016 0.035
3 045 x Data | x Data . x Data
w Linear Fit Linear Fit Linear Fit
' 4 003 - - 0.008
5 55 6 6.5 7 5 55 6 6.5 7 5 55 6 6.5 7
Optical Power (mW) Optical Power (mW) Optical Power (mW)
(a) (b) (c)

Figure 32 Responsivity for one incidempblarization state for (a) OPV1, (b) OPV2, and (c)
OPV3 when in devices are in the cascaded configuration. The coefficient of determingtion, R
for the linear fit is provided for each OPV.

The OPV6s photogener at ed el agfdrthe radometric ur r e n

offset using the following formula,

P=FF +b

2-17
Where P is the photogenerated el ectrical cu
responsivity (amps/watt), and b is the electr

|l ight and dark subtract i orzero. Thisseto calibratéthei b ut i on
system, we used a linear operator m@d#hat included an additional term for the responsivity

as isshown below

P=d3W %, 2-18
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whereP is a 13 3 vector of electrical current measunents (one from each OP\)js a
3@ 3 matrix of responsivitied)V is the measurement matrix, agd is the incident Stokes vector.

The input Stokes vectors can be calculated from any power rRdtgix

S,=[d W ¥ 219

Thus, calibration focuses on quantifying the measurement njatrix\|, where for our

3-cell linear polarimeter

571 0 0 !?Nﬁ Wi, Wig
£

[q3 V\} _éo /72 0 3’\’@ Wao  Was 2-20
éO 0 A, EWﬁ W Wi

whereds, ¢, andds are the responsivitiesif OPV4, OPV-, and OP\ while the
coefficients oflW denote the linear analyzer vectors, modeled from E@ris4)-(2-16). To

experimentally measurie: W, the ICP was illuminated wit@ known Stokes vector§he
measured current, prodeat by each OPV, was used to determine one row=ofw. Thus, the

calibration procedure can be deked by

eP,o 9.

é I,OL"I %,0 S,O g,O UQWJ-]_ ‘

éR,l O g),l %,1 %,1 e L

> U=p F Ww,, o

e:u €& : : ugw 2 ‘E 2-21
e, u UEW,;

éRo 0 e %0 Sod

whereS g, S0 &, aNdSsqare Stokes parametersaaiibration light incident into the

system and the subscrjps the row number oV from which the coefficientsy1, w2, andwjz
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were extracted. It is to be noted that the different polarization states of light, whichsedte u
illuminate the systentonsisted of linear states and that&eomponent was always zero.
Calibration and measurement of Stokes vector

Figure 33 depicts the expanental setup. A linearly polarized laser diode from THigla
(DJ53240), with a nominklasing wavelength of 532 nm, was used as the light source. Laser
light, polarized parallel to theaxis, first strikes an uncoated glass window, which was
introducednto the system to reflect approximately 8% of the incidight 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 processargviMle, transmitted light
propagated to a Glahhompson &artup polarizer (LP1) witta transmission axis parallel to the
x-axis. A rotatable half wave plate (HWP) followed the polarizer, enabling the generation of
known linear polarization states foribaation and validation. After the waveplate, light then
transmitted through thethré&PV cel | s. Al i gnment o, fwithtrdspect OPV 6 s
to thex-axis, is identical to that previously describedrigure 31. The laser spot size is within
the OPV cell areand the detector photocuntes 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 @ to the xaxis; HWP is a rotatablealf wave plate; OPV-B are he organic photovoltaic
detectors, arranged as: OPV1 3t@OPV2 at 48 and OPV3unstrained). (b) Image of fremace
polarimeter.

To acquire calibration and validation data, the system was illuminated with three
different laser powers: 5.2dhW (P1), 584 mW (P2), and 6.8inW (P3). For each incident laser
power, the HWP was rotatdéidm O° to 9CF in 5° increments, thereby generating a totaQof 57
unique Stokes vectors. Under each illumination state, the OPV cells gersepdietbcurrent

and the 4V characteristics of each OPV was acquired using a Semiconductor Parameter
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Analyzer(SPA). Photocurrents were extracted from tivedurves at a bias voltage 1.4 V,
which were subsequently used for calibration and validafigure 34 depicts the measured
electrical output power of the three OPVs at different laser powers and incident polarization
states.

To fit the data, a Neldevlead minimization function was used to determine teenehts
of W and the respongities d, such thathe least square difference, provided by the best
coefficients, was minimizedrigure 34 depicts the fitted results (P1F, P2F, and P3F) as

compared to the values measured by the SRARR, and P3). The elements[ef W were

determined as

€0.0194 0 0 gle 0.126 - 0.002
[d* W] £ o 00168 0 17 0321 0.159
g 0 0 0.0124j1& 0.312 0.283

These results were calculated by directly fitting thefticients inW andd directly to the data.
Consequently, this matrix was not derived by fgtthe various parameters, knownatinerwise,
to the polarimeter model established previously in E(f184)-(2-16) As is displayed below in

Figure 34the theoretical values very closely match the fit.

In this demonstration, Was concludeavith experimental vadlation, that this new
polarimeter design can measure incidetakes vectors with an average error of 1.2% in the

normalized Stokes parameters, and to within 2.2% for absolute radiometric p&aer in
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Figure 34: Current versus WP 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 procedurelsasby Gupta Royte
al. %
i) Intrinsic coincident polarimeter for complete polarized light detection
On completion of demonstrating the ability to accurately measure the linear polarization

state with the ICP, theetup was improvetb allow for obaining 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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Laser Light at 532nm
Figure 35: Full ICP setup, the HWP (Half waveplate) and QWPs (quarter waveplates)

induce and moderate the linear and circular polagzati st ate of | ight, the
strain oriented to provide pola€ed light anisotropy
In addition to the half wave plate (HWPL1) to create linear polarization states that was
implemented for the linear ICP a quarter waveplate (QWP1) is pladezht of the first OPV to
create differencircular polarization states. Tvather QWP (QWP2 and QWP3) were placed in
bet ween the 2nd and 3rd OPVO0s in the stack to
optimized performance. Radiometric caliboatsimilar to the linear ICP demonstratioms
performed for the complete ICPchitecture 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 aleed for the generation of 57 unique Stokestors These results were

comparedo Nelder Meadmodel fits that are displayed gure 36. The fitting and modelling

procedure was performed by Yatg®
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Figure 36: Current outputs from four OPVs and the model fitting results under three different
illumination powers. ILI3 are the experimental data, andill3F are the model fits. The fitting
technique is described in detailthe citedoublication®
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 practicaapwoietric imaging, there is a
needfor a monolithic detector stack with adjacent pixel elementhisncase, the sutellsare

parallel with one another and it is necessary to account for back reflection. An illustration of the

stack is proposed iRigure 37.
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In addition to back reflection it is essential to consider that OPVs fabricated with a higher
strain have larger inteal quantum efficiency (IQE) diffene 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
monolithicstack.

The experimental setup ustdt monolithic IC polarimeter calibration and validation is
illustrated inFigure 38(a). A linearly polarized 532 nm diode laser was used as the source with a
partial reflectortononi t or t he | acuations.|AipgdnzerqlsP) polarieed the f |
laser light along tl 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 undgoasasia
QWP was rot alt8&Qe firmonml Ve itmcrements tocelmabl e g
were ori=e28ded( @RV H)B,5 ed 2( ©IP8VRe ,( @BV I d0OPVdA4)4 =an
the wavepl atesd f ast0 e x(eWRIwe R2 (WPR)i Emcapsdaded at d R
OPVs and WPs were edfpended with glue and refractive index itahg fluid (n = 1.49) were
used between the cells and waveplates. Laser light transmitted through OPV1, WP1, OPV2,
WP2, OPV3 and OPV4 successively and thetplgenerated current, from each OPV, was

collected by the transimpedance circuit depicteligure 38(b).
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Figure 38: (a) Experimental setup of monolithic polarimeter calibration ia fgace. (b) The
electrical circuitfor recording the electrical signal from each OPV.

Rotating he QWP under four different incident powers generated 76 input Stokes vectors
in total. Twenty random measurements under incident power P2 and P3 werel defecte
calibration and the remainirigh measurements were used for validation. The results for the
calibration and validation are presentedrigure 39. The successful demonstrations provide a

robust monolithic stdccapable 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 (1.38mamy P3 (1.67mW) for calibration and (b) the remaining 57
measuements 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 apuaeimeter
architecture called an intrinsic coincident polarimeter. Seamisparent polarization sensitive
OPVOs were fabricated and stoobtdinghe lineanashee r di f f er
complete Stokes vector of light. The ICP was further aggdhinto a more robust monolithic
stack and modelled to consider backetion and changes in IQE. These demonstrations
provide a possible solution to the traofé between spatial and temporal resolution that is
currently present in state of the artgsometers. Despite the successful proof of concept
demonstrations of thikCP displayed in this chapter, there remain major challenges associated
with such systems. Sométhese challenges are, (i) Reduced signal to noise in the final two
detectors of thetack due to reduction of light intensity through passage across petkariin)
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 tryingter tbese
challenges. The following chapter introduces a novel priniéognique that allows for replacing

absorbing metal electrodes with semitransparent polymer wiateri
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CHAPTER 3
ShearEnhanced Transfer Printing of Conducting Polymer Thin Fims
This chapter is based on work from the following publicatfn,
Sen, P.; Xiong, Y.; Zhang, Q.; Park, S.; You, W.; Ade, H.; Kudenoww.; O6 Connor ,
ShearEnhanced Transfer Printing of Conducting Polymer Thin FIl@S ApplMater.
Interfaces2018 10, 31560 31567.
(The author of this thesis is the primanytiaor of this publication)

Polymer conductors that are solutiprocessala@ provide an opportunity to realize lew
cost organic electronics. However, coating sequentiatdagan be hindered by poor surface
wetting or dissolution of underlying layers. Thias led to the use of transfer printing where
solid film inks are transfeed from a donor substrate to partially fabricated devices using a
stamp. This approach typicalfgquires favorable adhesion differences between the stamp, ink,
and receiving subsite. Here, we present a shaasisted 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 differencestbigvee
stamp and receiving substrate. We explore the limits of this prbgassnsfer printing poly(3;4
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) filnfswaiied formulation that
tune the adhesive fracture energy. Using this platfornsheev that the SHARP process is able
to overcome a Hbld unfavorable adésion differential without the use of a patterned PDMS
stamp, enabling largarea printing. The SARP approach is then used to print PEDOT:PSS
3.1) INTRODUCTION:

Conjugated polymers are attractive materials for langa electronics because of their

unique optoelectronic properties and potential to reduce device costs. They are typically
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solutioncag and part okeveraheterogeneous layers that make up a detdoiever, solution
casting sequential layers can be challenging because of dissolutioredi/untdlayers or

because of poor wettability of the ink on the surface of interest. This hmstladsfer printing
met hods wher e s ol irdfriom d donorsubstiate 0 a r@aeieing substrates f e r
using an elastomer starfipt®? 1! The success of this approduhs led to its broad applications

in processing organic electrasi'!®12115 The transfer printingechnique typically relies on
increasing the adhesion of the iinkm the donor substrate, to the stamp, and finally to the
receiving substrat&?1%When this ctierion is not met, modifications to the transfer printing
process are often employed including tise of sacrificial layers' " *'the use of hedt® 22 or
modifying the surface of the film otamp through UV/ozone or O2 plasma treatmé&ht?123.124
However, these methods can be invasive and negatively impact thaefinze. Alternatively,
various mechanical loading protocols can be employed to improve transfer printing
succesg?:111.116.125.12fn particular, Carlson et al. described a transfer printing technique that
applies a shear load to a polydimethyigdne (PDMS) elastomer stamp with posts to enable
printing of Si nanomembrané$>'?’The shear load on the PDMS redudes iormal force
required for delamination andeates a moment that concentrates a tensile stress at the leading
edge of the stamp po%f:12'This approach was shown to ovemee unfavorable adhesion
differences between ¢hstamp/ink and ink/receiving substrate. However, this method was only
demonstrated for stiff silicon membranes twateD0.01 mn? in area and over 300 nm thi¢#®.

As they reduced the film thickness, the transfer printing process was unsucdéssfubses a
challenge for applying this approach to Hfilm organic electronic films that are comparatively
soft and thin and where @& areas are often desired. In order to address these challenges, we

developed a modified shebased printing techque hat uses an unpatterned prestrained PDMS
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stamp to print largarea polymer thin films. We refer to this approach as shesisted orgnic
printing (SHARP). We have previously used SHARP to produce devices difficult to realize with
solution coating/ 88895 nd t o probe structumacproperty re
semiconductor$?® 13 For example, this approach was used to transfer print polymer
semiconductor films in organic transistors showing similar device charactetosticsect

solutioncast films®8191|t was shown that films could be repeatedly retrieved and printed from a
low surface energy substrate multiple times without impacting charge traffspois.approach

has also been used to consecutively print multiple polymer andsmk@tule films with sharp
interfaces:?®1?°including the ability to print sharp planar heterojunction organic photovoltaic
(OPV) cells® Although the SHARP technique has been used to fabricate a number of devices
and structures, the capabilities of this approach hateeen considered in detail. In this paper,

we eplore 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(3,4
ethylenedioxythiophene):polystyrene sulfan@®EDOT: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 stampdification. We then apply the SHARP method tmfpr
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 pr@essing organic electronics. For example, in samsparent OPV cells, there is

a need for a transparent electrode capping the d&¥#it&.Conducting polymers are particularly
attractve for this top electrode because of theirowd, 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 aertgalto solution
cast PEDOT:PSS as a top electraderganic electronic devices because of poor surface
wetting'*"138andincompatibility of processing methods used to inverthe film
conductivity!3® Specifically, to acteve high conductivity, PEDOT:PSS can be treated with
organic solvents such as dimethyl sulfoxide (DMSQO) and ethylene glycol, which increases the
conductivities of the film by 2 orders of magnituid@4’ However, the additive may diffuse into
underlying layers during solution processiiThe increasing conductivity may also be achieved
by posttreating the films with adis!*® However, acid treatments gzt be performed on
PEDOT:PSS with underlying organic semiconductor layers. Becatisessf challenges, there
have been several demonstrations of PEDOT:PSS films that are cast and optimized on a donor
substrate and then traesprinted during device falwation1®14714° To successfullyransfer
print the PEDOT:PSS films, external plasma or UV/ozone treatment has beeda umxdase
the interfacial surface energy between the film and receiving subdtt&té>*1>Another
approach has been to apply heat during the printing process once the film is in contact with the
receivingsubstraté311521%4 The SHARP approach mitiges these additional procegssteps
that potentially damage the underlying layers. While PEDOT:PSS is used as the ink in this study,
the SHARPprocess is widely applicable to other polymers and is a powerful tool to produce a
range of devices.
3.2) EXPERIMENTAL DETAILS:

SHARP Methd: The SHARP technique is illustratedkigure 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 laminatexhto the ink that is on a dor substrate. The donor substrate is then

removed rapidly from the stamp to promote transfer of the ink from therdo the stamp by
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exploiting the ratelependent adhesive properties of the st&itiphe stamp/ink composite is

then laminate@nto the receiving substrate. The strain in the stamp is then reduced by
approxi mately 51 1 (aftoad across the stam@ink linterfaceiamd a enoneetit e
at the leading edge of the adhered stamp.rA&eucing the strain on the stamp, a $mafmal
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
delaminatiorfront propagates across the ink and gfiectively 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 ting $tethe receiving

substrate.
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(a) —-> donor”  (b)

(h) — ()

@Prestrained Film®) |

Figure 40: lllustration of SHARP techniqu@) strainapplied to the elastomer stamp, (b)

lamination of the stamp onto the ink, (c) transfer of the ink to the saasigtedy quick

removal of @nor substrate, (d,s}amp moved and lamated 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 stampdgetina ink on the
receiving substrate. Riges of the process are also provided that correspond to illustrations e

PEDOT:PSS Film Preparation and Characterizati®EDOT:PSS was chosen as the ink
to study the limits of the SHARP technique becausesdfiitable adhesive properties through
theuse of surfactants and adhesion promotet$:142154ye focused on the higtonductivity
Clevios PH1000 PEDOT:PSS and modified the adhesive prepeiting two primary
approaches: (1) theldition of DuPont Capstone FS30 fluorosurfact&rif’and (2) blending
with Clevios CPP105D PEDOT:PSS. CPP105D caostéiynol 604, an acetylenic glyebased
nonionic surfactant, and Silquest A187, an ephxyctionalized silane, which has preferential
adhesion properties with silicone materials such as PEfMShenical structures of
PEDOT:PSS and the various additives are presenteigime 41. Capstone FS30 was added to

the PH1000 PEDOT:PSS solution at 1, 5, or 10 wt %. CPP 105PHE>S was mixed with
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PH1000 PEDOT:PSS ablume ratios of 3:1, 1:1, and 1:3. DMSO was also added at 5 wt % to
these solutions timcrease the conductivify® The solutions were spegest onto

octyltrichlorosilane (OTSjreated Si at 1000 rpm for 30 s. The cast films vileea annealed at

150 AC for 30 min, followed by vacuum drying
treated Si was udeo provide a low adhesion donor substrate. Finally, PH1000 PEDOT:PSS

films treated with methane sulfonic acid (MSA) were alsonsidered. 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 wapLstcast 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
eL of MSA and thermally annealing at 160 AC
the substratenideionized water and in isopropyl alcohol, before being dried at 160 °C for 1 min.
There are a total of nine different PEDOT:Pi&$ed films considered, with processing

conditions and film thickness summarizedrable 1. Also included irTable 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 consideredwfilm properties

Name Formulatior? Thickness Conductivity Conductivity Contact Angle
(nm) Spuncast Printed ©
(Slem (Slem
PH1000 PH1000 104 79571 110.4t2
FS301% PH1000 + 19 FS30 131 604+3 57419 45,145
FS305% PH1000 + 3% FS30 160 43612 44314 23.1+4
FS3010% PH1000 + 1@ FS30 195 358+28 369+5 20.045
CPR1:0 CPP105D 187 43+3 NA 33.35
CPR3:1 CPP105D:PH1000 (3:1 191 2023 NA 33.28
CPR1:1 CPP105D:PH1000 (1:1 206 341+13 NA 33.543
CPR1:3 CPP105D:PH1000 (1:3 205 436124 415+2 33.7+2
MSA PH1000 + MSA 74 843+32 849t70 NA

2The added FS30 lsy weight percent, the ratio of CPP105D:PH1000 is by volume.
b Printedconductivity was measured for films printed from G$B0 glassubstrates

Adhesive Fracture Energgenerally, the abilityo 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/receiveondition is

illustrated below!6-160
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G < GF™ ™ for printing from donor onto stamp 31

GW/reeever s gt for printing from stenp onto receiver 32

(a) Stamp\

Gstamp/ink > Gink/donor

(c) / Stamp (d)

——

Receiver

Gstamp/ink < Gink/receiver

Figure 42 lllustration of general transfer printing condition (a) lllustration of ink on donor and

stamp (b) first printing condition transferring ink onto stamp (c) Inktamp to be printed onto

receiver (d) transfer print film onto receiving substrate (seconting condition) Image taken
from Meitl et al'®°

In this study, the donor substrate is either €5i®r untreated glass, and the receiving
substrate is OT-Si. OTSSi was chosen for the receiving substrate because of its low surface
energy, making it a challengirsyirface to print the PEDOT:PSS ink. Td@hesion 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 slowlyo minimize viscoelastic effects. The RI3 (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 doubkided tape) was laminated on the PEDOT:PSS surfatatéached to
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the grips of an Instron 33 tensile tester. The average applied load during delamination was
then used to obtain the adhesive fracture enertfi} by

570

2
b
AD 1 e -
. (1 eow) 3-3

oTo

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 | ay
tensile stiffness and low bendintffiess of the bending arm, thedirterm inEq (3-3) is
neglected. The peel angle d was appr dgreatednat el y
Si substrates was also measured to consider surface wetting and its relationship to adhesion of
the olid films to the stamp. Contact deg were measured using a rah@et standard
goniometer (model 2001).

Device Fabrication'Two OPV active layers are considered with the printed PEDOT:PSS
electrode to achieve semitransparent devices. Control devittea véflective top metal
electrodeare also considered

P3HT:PC61BM Device Preparatioi thin layer of polyethylenimine (PEIE), 80%
ethoxylated solution, was spwast onto patterned indium tin oxide (IF€)ated glass
substrates at 5000 rpm for 60 s in tollowed by drying the film at@0 °C for 10 min. This
layer reduces the work function of ITO, allowing for an inverted OPV architef¥ure.
Regioregular poly(@exylthiophene) (P3HT, Rieke Metals) and phe@@ll-butyric acid methyl
ester (PCBM, Nan€&) with a 60:4 mass ratio were dissolved in dicidbenzene at a total
concentration of 34 mg/mL. The films were sprast at 700 rpm for 60 s in a nitrogilited

glovebox. Control device films were then annealed at 130 °C for 10 min
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2.4.2 FTAZ:IT-M Device Preparabn: A ZnO film was cast onto an IT8ubstrate at
5000 rpm for 60 s using a previously described method to form an inverted archité&cture.
Poly(4,8bis(3 butylnanyl)benzo[1,2b:4,5b]dithiophen2-yl)thiophen2-yl-2-(2-butyloctyl)»
5,6-difluoro-7-(thiophen2-yl)-2H-benzo[d][1,2,3]triazole (FTAZ) was synthesized using
previously reported method® and (3,9bis(2-methylene((3-(1,1-dicyanomethylenep/7-
methyl}indanonep5,5,11,11tetrakis(4hexylphenyldithieno[2,3d : 2-dNp§iBdBigeno[1,2
b:5,6b Nj] di t h i -M)pmMasparehased(fronF Material. FTAZ and I'T™ were dissolved in
toluene with anass ratio of 1:1 with a total concentration of 10 mg/mL. The solution was cast on
the ZnOcoated substrate at 1000 rpm for 60 s. The control film devices were annealed@t 15
for 10 min.

2.4.3.PostFilm Deposition:For opaque devices, a top electrafid2 nm MoO3,
followed by an opaque metal layer of silver or aluminum, was deposited by vacuum thermal
evaporation at 10716 mbar. For the semitranspa
followed by transfer pnting the PEDOT:PSS electrode. Amaparison is also made to a
solutioncast 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 filtemnder 1 sun (100 mW/cmz2 ) illumination. The active area
for the semitransparent devices was approximately 0.025 cm2.
3.3) RESULTS AND DISCUSSION:

Adhesion Limits of Printed FilmsStatic contact angle measurements efutarious
PEDOT:PSS inks on the logurface energy OTF8eated silicon are given ifigure 43. The
PH1000 with 5% DMSO solution was measured as a mfereand its contact angle was found

to be 110°. Adding the FS30 surfactant to the PH1000 forralagisulted 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 agsiificant drop in contact angle, which was stablB28°

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 improes wetting but should also be reflected in greatbesidn of the film to the
substrate. Given the hydrophobic nature of @Eated silicon, the donor substrate remains a

low adhesion surface. However, the surfactant acts as a plasticizer and wiltedss e the

cohesion of the PEDOT:PSS and adhesidhédPDMS stamp?2:164
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Figure 43: Contact angle measurements the various PEDOT:PSS formulations listed in Table

1. Inset images are photographs of the PH1000 and-E®A0solutions on OTS silicon
substrates.

The nominal adhesive fracture energy between the ink and stamp and the ink and receiver

is given in Figue 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 belod/®30 We found that

while the addition of the FS30 surfactant or CPP105D to the PH1000 decreasédctirgant
angle relative to neat PH1000, the impact on the adhesive fracture energy was significantly
different. The CPP105Dbased formulations incread the adhesion to the PDMS stamp
significantly more than the FS3fased formulations, which is attribdteo the Silquest A187
adhesion promoter in the CPP105D.60 In addition, a-dagp PH1000 film onto the PDMS
stamp and OTSi substrate had the lowesthesive fracture energy. MSfeated PH1000 was
found to only have a small effect on the adhesion hieha PEDOT:PSS. In all cases, the
adhesive fracture energy between the stamp and ink was greater than the adhesive fracture
energy between the ink dmeceiver, as shown Figure 45a). Thus, the nominal cascadin
fracture energy requirement for simple transfer printing Hugr3-2), is not met foany 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 retrievallf films considered. The SHARP
technique makes a drastic difference in the abilitgrint the ink to the receiving substrate. With
this approach, the MS#eated PEDOT:PSS, FS300, and FS3010% all transferred to the
receiving surface with near 1@0success rates. Lowering the concentration of FS30 to 1%
decreased the success rat&rarfisfer printing to approximately 70% based on transferring a
minimum of 10 films. When considering the CPP105D formulations, the success rate of the
CPR1:3 blend waspproximate 60%. In the failed attempts, the film would often partially
transfer, but @ortion 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 limggpoddass.

Increasing the concentration of the CPP105D made transferring films more difficult and the
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CPR1:1 and CPHR3:1 blend films did not transfer print successfullith over 10 attempts each.
Comparison on the transfer print success to the frachamg differential Gc stamp/ink/Gc
ink/receiver, given irFigure 45(b), shows that the SHARP technique can overcomefaltlO
negative adhesioratio. 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 filorphology and elgrical

properties should not be negatively impacted. We found that the electrical conductivity of the
films, measured using the Van der Pauw techniquesieniéar prior to and after printing, with

the results given iffable 1. The topogaphy of the filmsafter transfer printing is also

unchanged, with atomic force microscopy (AFM) images of the AS8@rior to and after

transfer printing shown iRigure 44.
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Figure 44: (a) AFM image of a spuncast FS3@ film on OTS treated silicon. (b) AFM image

of a transfer printed FS3D% film on OTS treated silicon using the SHARP technique. The scan
areas are m by 5mm.

These results are consistent with previous demonstraifdahs films that are transfer

printed onto low adhesion energy surfa@&s,
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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 thee80fes 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 negatelaionship between printing success and decrease in the
silicon membrane ink thickne$€:12®Finite element modeling showed that increasing the

thickness of the silicon membramereases 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 expeiments were performed to observe whether a similar trend exists for the SHARP
technique for printing compliant polymer films. From the results showigure 45, CPR1:1

and CPPL:3 films were found to be closest to the transfer printing limit for printing success
using the SHARP technique. The GPR film was unsuccessful at the film thickness of 206 nm,
whereas the CRE:3 film was successful at thieickness of 191 nm. These PEDOT:PSS
formulations were thus used to consider the transfer print success as a function of film thickness,
with the resilts given inFigure 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.3 films showed aecrease in success rate with increasingiiass.

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 thic were not successfully printed. This tresdhe 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 thdeiddferences

in the crack initiation betwan 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 emegdloyeate 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 acrosgetsurface and reaches the edge of the hakidrces and

dynamics will depend on the film thickness. A thicker film may result in stamp dynamics, which

promote crack i1 nitiati onlLeadtal showedthatintingecei ver
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success isensitive to the initial crack length at tink interfaces-?® Small increases in the initial
crack | ength at the inkireceiver interface
the PEDOT:PSS film roughness increases slightly with thickness. This roughnesomatepr
adhesion to the PDMS stamp, lowering firinting 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 ouhiattime.
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Figure 46: Transfer printing success as a function of film thickness for-CBRnd CPHR.:1
PEDOT:PSS formulation.

Device Characterization: The utility of the SHARP technique is demonstrated by using it
to fabricatesemitransparent OPV cells by transfer prigtihe 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 F$39formulation, which allows for sipie spin

casting onto the donor OTS substate 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 I'TM molecular structures are shownHigure 47(a) along with

the OPV device architecture. The currentivol't
cells under 1 sun illumination are givenFigure 47(b). The semitransparent OPV cells are
compared to devaswith reflective metal electrodes. The best power conversion efficiencies
(PCEsSs) for the semitransparent P3HT:PCBM and FTARIOPYV cdls were 2.37 and 6.02%,
respectively. The best PCEs for the control opaque devices were 3.38 and 11.34%, with
additioral device metrics provided ihable 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 conductivitytbE PEDOT:PSS electrode relative to the metal

electrodes. The FF of the ORXIls with a PEDOT:PSS top electrode is similar to previous
demonstrations of similar P3HT:PCBM OPV céfld38This includes the PEDOT:PSS layer that

is solutioncastand transfeprinted onto the OPV cell. The transfainted OPV cell is also
compared to a FTAZ:IFM-based semitransparent OPV cell with sjgast FS3aL% top

electrodes. The PCH the spuncast PEDOT:PSS electrode was limited to 1.4% because of poor
FF and JSC (se€igure 48). The poor performance of the solutioast PEDOT:PSS electrode

onto the device may be associated with interactiomiseaurfacant 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 electrodiegyiven inFigure 47(c). The transmittance of the FS3D%

PEDOT:PSS film was found to be over 85% across the visible spectrum. This is comparable to
the ITO filmused as the counter electrode. The transmittantte aomplete device stack is also

provided inFigure 47(c). As mentioned above, the use of an urggattd PDMS stamp in the
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SHARP approach enables the printing of laagea films. As an example, the insetajure 47

(c) shows a large area (3 cm x 2r8) PEDOT:PSS FS30D% 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.
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Figure 47: (a) Chemical structure of the polymers FTAZ aneMTand an illustration of the
device stack including the BHJ active layer (P3HT:PCBM or FTARMTand the electron
transport layer (ETL) that was either ZnO or PEIE. (b) The cuxreltaage relationshior

P3HT:PCBM and FTAZ:ITM OPV devices with a PEDOT:PSS or opaque metal electrode. (c)

Transmittance of semitransparent electrodes ITO and PEDOT:PSS1#33and the overall
transmittance of the semitransparent OPV devices with FRBEBV and FTAZ:IT-M active
layers. Inset, photograph of largeea transfer printed FS3@% film on glass.

74



Table 2: OPV device characteristics comparing opaugtalelectrods to semitransparent
PEDOT:PSS (FS30%) electrods for a minimum of fair devices

Active layer Top Electrode Voc Jsc FF Ave PCE Best PCE
V) (mA/e?) (%) (%o (%)
P3HT:PCBM MoOs/Ag 0.62:0.01 8.740.4 0.59+0.1 3.18:0.2 3.38
P3HT:PCBM FS301% 0.62:0.01  6.68:0.8 0.50:0.1 2.10:0.3 2.38
FTAZ:IT-M MoOg/Al 0.96+0.002 17.94+0.21 0.66+0.1  11.34%0.13 11.60
FTAZ:IT-M FS301% 0.91+0.03 12.004+0.7 0.51+0.003 5.54+0.54 6.02

verage taken from a minimum of four devices
apn taken f ff d
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Figure 48: Currentvoltage characteristics of an ITO/ZnO/FTAZ:ITM/M8@ast FS3a1%
OPV cell.

Table 3: Device properties of FTAZ:ITM based device with spuncast PEDOT FI¥/@tbp
electrode

Polymer Top Voc[V]  JdmA/cm?] FF(%) PCE(%)
System  Electrode

FTAZ:ITM FS301% 0.87 6.047 0.265 1.39
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3.4) CONCLUSIONS:

In this report, we demonstrat@ransfer 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 prodess,the ink supported by
the stamp is in contawith the receiving substrate, the prestrain in the stamp is reduced,
resulting in a shear force at the stamptiink i
of adhesion between the stamp and imiabding the printing of polymer thin films. Viaus
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 unfaabte adhesive fracture energy difference betwibe stamp/ink and
ink/ receiver. The SHARP process was then used in the fabrication gbdifirmance
semitransparent OPV cells. It was found that the traspsfeted PEDOT:PSS electrode
significantly ouperforms a film directly cast onto the devidack. 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 éiakto device
performance.

The SHARP technige 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 replaigdPEDOT to increase signal in thé 8nd 4"
detectors of the stack.

Another challenge associated with the current ICP design is with the limited absorbance

of the active layer of theystem. P3HT:PCBM devices display restricted polarized absorbance
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between 400625 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 idased of workrom the following publicatior}®®
Sen, P.; Yang, R.; Rech, J. J.; Feng, Y.; Hoi, C.; Ho, Y.; Huang, F;;S¢ine, R. J.; You, W.;
Kudenov, M. W.; Connor, B. T. O. Panchromatic-Rtilymer Photodetector with Tunable
Polarization SensitivityAdv. Opt. Mater2019 1801346 1i 9.

(The author of this thesis is the primary author of this publication)

In thischapterwe demonstrate a high performancepallymer 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 PBRDAZ and acceptopolymer
P(NDI20OD-T2) that have complementary spectral absorption resultiafficient 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 tine o undergo large uniaxial strain
resulting in inplane alignment of both pgmers making the film optically anisotropic and
intrinsically polarization sensitive. The films are characterized byidible spectroscopy and
grazing incidence widangle Xray scattering showing that both polymers have similgane
backbone alignent and maintain packing order after being strained. The films are integrated
into devices and characterized under linear polarized light. The-straitted detectors have
maxmum photocurrent anisotropies of 1.4 under transverse polarized light whileaming
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 ofaligpalymer
photodetectors with the added capability of polarization sensigwi&gplng 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 apecific wavelength range. However, in addition to irgigynand wavelength, the
polarization state is a primary characteristic of electromagnetic radiation. Determining the
polarization state adds significant information about the light being detected beateficiato
necessaryor a range of applicationacluding remote sensing, environmental monitoring,
telecommunication, astronomy, and chemical/biomedical seffSittjCurrently, the most
common photodetectors are based on silfé@md polarization sesitivity is achieved by
employing a wiregrid polarizeron the input side of the photodiode. This approach is effective
but can reject a significant portion of the i
complexity. An attractive alternative is émploy intrinsic polarization sensitive active layers
the device One promising material systeaith this capability is polymesemiconductors.

Polymer base@hotodetectors have been of growing research interest due to their compatibility
with low-temperature processing onto a variety of substrates, filkkbyidow -weight and their

ability to tune spectral”">°1:93158ne common approach is to apply an external mechanical load
to a catfilm by physically rubbing or uniaxial stretchif§’?°%:93188n advantage of these two
techniquess the ability to tune the magnitudemdlymer alignment that in turn dictates
polaiization sensitivity, which is important in optimiziniget performance of polarimete¥s®
Although rubbing has been demonstrated to produce films with significant diattenuation, the
method can lead to uneven surfaced iy result in devices prone to
shorting’218%1"Alternatively, uniaxially straining the films is a wetlontolled 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 sensitiveletectors*3However, to date, polarization sensitive organic
photodetectorbave only been fabricated with the polymer poliéXylthiophene) (P3HT) and
small molecule phenyCsibutyric acid metil ester (PCBM}"°1°3Due to the poor absorption of
PCBM inthe visible spectrum, the spectral sensitivity of the detector was largely defined by
P3HT and limited to light below ~625 nm.

To achievepolarized detectors with panchromatic sensitivigplacing thdullerene
electron acceptor is desired. Recently, there have been a number of small molecule acceptors
developed to replace fullerenes in orgastiotovoltaics enabling broad spettsensitity. 1’4173
However, achieving oriented small molecules within the bulk heterojunction (BHJ) to induce
polarization sensitivity of both semicamctor compnents is extremely difficult to realize.
Furthermore, most small molecules act as-platsticizers, resulting in polymer:small molecule
blend films being relatively brittle. This prevents the ability to strain orient the film to achieve
significart polatization sensitivity*°>1"#Figure 49 provides a clear illustration of the anti
plasticizing natur®@ f s ma |l | mol ecul e acceptors (SMAG6s) or
strain (COS) of neat PBnDFTAZ, PTB7TH and PBDBT films are all shown to drop

drastically on the addition of SMAOG&s.
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Figure 49: Impact of small molecule acceptor additiordifierentneat 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 polymessbersensitive to

polarized light. Recent reports have highlighted thapalymer photovoltaic blerean be more

ductile than similar polymer:small molecule systéfrfS:1">The performance of apjolymer

photovoltaics have also been improving recently Withdevelopment of new doracceptor

co-polymerst’®""However, the focus of apjolymer photovoltaics has largely been on solar

power, and there have been limited reports epalymer photodiodes, due primarily to the

relatively nasent state of the fiel&/8183
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Figure 50: (a) Chemical structure & BnDT-FTAZ and P(NDI20ODBT2). (b) HOMO and
LUMO energy levels for PBNnD'FTAZ and P(NDI20ODBT2). (c) Top view schentiec of
polymer chain organization in the case of spun cast isotropic film and a strain oriented
polarization sensitive film. Schematic includetative orientation of the polarized light
field (U and ). Right, the organic photodetector device stack.

In this report, we present an all polymer photodetector system capable of polarization
sensitivity from the neaV to the nealR. Thepolarization sensitive active layer is a BHJ
comprising of the electron donor PBniFTAZ [poly(benzo[1,2b:4,5b0]dithiopher,
fluorinated 2alkyl-benzol[d][1,2,3]triazole)] and the electron acceptor P(NDIZI2D
[poly{[N,N9-bis(2octyldodecyljnaphthalene.,4,5,8bis(dicarboximideR,6-diyl] -alt-5,59
(2,29bithiophene)}] also known as N220t3184The chemical structure of these two materials
is depicted irFigure 50 (a). We show ha the blend film can be strawriented, as illustrated in
Figure 50 (c), resulting in broad tuning of the device polarization sensitivity. The morphology of
the films was characterized byvisible spectroscopyrazingincidence wideangle Xxray

scattering (GIWAXS), and atomic force microscopy (AFM). These measurements show that the
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microstructurabrder (aggregation or crystallinity) remains largely intact after the applied strain.
The polarization sensitive diees displayed comparable performance characteristics to the

control spun cast devices, showing only a small reduction in responsivityageese in dark
current.Thepolarized devices also shedimproveddetection speed and noise equivalent

power (NEPR compared to the spun cast device. The obtained photodetector performance metrics
arecomparable to currestate of the art alholymer orgnic detectorsvith the added

polarization sensing capabilityhese results underscore the advantages thablgther

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 PBnDFTAZ and P(NDI20ODBT?2), asshownin Figure 2(a).
PBnDT-FTAZ primarily absorbs from 450 nm to 600 nm, while P(NDI2D2) absorbs light
below 450 nm and from 600 nm to 800 nm. Combined, the photodetector was sensitive from 350
nm t© 800 nm. In addition to the complimentary absorption, the two polymers also have HOMO
(highest occupied molecular orbital) aodMO (lowestunoccupied molecular orbital) energy
offsets that suggests efficient exciton dissociation, with values providgdure 50(b).176:185
Despite the polymer blend using a 1:1 ratio by mass, ifovaxl that the PBnD'FTAZ
absorption was much greater than the P(NDIZTX), asdepicted inFigure 51(a). This is
consistent witlprevious measurements that show a higher absorption coefficient of PBnDT
FTAZ compared with P(NDI20OET2),185.186

Both polymers are ductile at room temperature, anehwhixed the resulting blerddm

largely maintains the ductility of the individual polymé&fghis enabld the blend films to be
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heavily strained while maintainirfdm continuity reeded for functional devices. The large
applied straimeorienedthe polymer chains in the plane of the film inducing dichroism across
the absorption spectrum. Thiss quantified by considering the ratio of absorbance of light
polarized parallel to thersin direction to the absorbance of light polarized perpetatito the
strain direction, referred to as the dichroic ratio. The dichroic wasofound to increase with
applied strain, as depictedigure 51(b,c). It was founl that the dichroic ratios similar across
the absorbance spectrum, suggesting both PBRDAZ and P(NDI20ODBT?2) 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 ofvé@s%
found to & above 1.7 from 500 nin900 nm Tearing in the films w&s observed when strained
beyond 63% and thus 60 % strain was the limitingse considered in this study. While the
applied strain was limited to 60 %, the induced optical anisotropy covers a range targeted for

polarimetry®!
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Figure 51: (a) Absorbance spectra of PBh-FTAZ:P(NDI20OD-T2) blend films under

linear polarized light parallel Y and perpendiculat) to the direction of applied strain.
Measurements are given for a spuncast (0%) and 60% strained filrab3Stwance of

neat polymer films are also provided to show the contribution of each material to the total
absorbancgb) Thedichroic ratio spectra of the blend films with applied strain. (c) The

dichroic ratio of the blend films at 575 nm with appliedst, and the photocurrent
anisotropy of the detectors measured under linear polarized white light (AM1.5G solar
spectrum). hie photocurrent was measure at a bia® & V.
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Figure 52 Absorbance vs. wavelength as a functiostadin for PBnDTFTAZ:P(NDI20ODT?2)
bulk heterojunction films.

Along with the absorbance anisotropy, grazing incidevide-ande X-ray scattering
(GIWAXS) measurements of the films show clear orientation of the polgrgstals/aggregates.
The imagesgivenin Figure 53, showdiffraction features from PBNnDFTAZ and P(NDI20OD
T2). PBnDTFFTAZ is largely amorphous resulting in broad features at 1:68n% 0.32 A
associated with (010) and (100) planes. The P(NDEI@Dis semicrystalline and multiple
peaksarefound in the GIWAXS inages. In the unstrained filithere are irplane (200) pdes
associated P(NDI20D2) that suggst that crystallites of this polymer pack primarily face
on**4IWhen strain oriented, GIWAXS measurememtsemade with the Xay beam parallel
and perpedicular to the strain direction. A clear anisotropy in di¢tionwas found in both
polymers. The diffraction of the (100) and (010) peaks in PBRIDAZ showcrystallite
realignmentin the direction of applied strain. The P(NDI2aR) is also found to ajn with the

(0Ql) diffraction peaks being much stronger tloe scattering vector nominally parallel to the
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strain direction. This is consistent with backbone alignment in the direction of &trplane
line scans from the 2d GIWAXS images are giveRigure 54, clearlyshowing the packing

anisotropy in the oriented films.

o Al
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Figure 53: 2D GIWAXS images oPBnDT-FTAZ:P(NDI20D-T2) films that were (a) spun cast
and (b,c) uniaxially strained by 60 %. In the strain oriented film, thayXeam wascident
nominally (b) parallel and (c) perpendicular to the applied strain direction. The scattering peaks
are given for PBNnDFFTAZ in red, and P(NDI20OB'2) in white. AFM height images of a
spuncast blend film on an ZnO/ITO substrate (d), and 60% strgired blend film that was
initially cast on a PEDOT:PSS surface, strained and printed onto the ZnO/ITO surface. Th
arrow provided in (e) indicates the applied strain direction. Both images are 1 pm x 1um.
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In addition to the aentation ofthe polymers in the blendpththe UV-visible and
GIWAXS provide insight into the local order of the polymers. While PBfHITRZ is largely
amorphousavibronic progression in the absorbaneas observewith peaks at 490 nm, 535
nm, and 576 m. As depited inFigure 51(a) andFigure 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 paréel to the strain direction due the alignment of the polymeggregates.
This suggests that PBNBEATAZ in the strairoriented film retains similar local order to than in
the spun cast film. In contrast to PBMBPTAZ, P(NDI20D-T2) does not have strongovonic
features in the absorbangeestra, 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 backiomakes these features much strongezn
the diffraction is from th&-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 éfraction of the (00l) peaks suggébkat the local order of P(NDI2GD2)
was maintained after the application of strain. These results are consistent with previous
measurements of strain oriented neat polymer semiconductor and polymer blefS8*films
Finally, the film morphology of an unstrained films and 60 % strained film was probed by
AFM), with images given irigure 53(d,e). The films are observe 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 appiietrain.

The blend filmsvereapplied in photodetectors using an inverted device architecture,
with details provided in thexperimental section.He devices were optimized with emphasis on
polarization sensitivity and responsivity. Talepolymer BHJ layer was made relativehyrt (90
nmi 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. Howeer, thicker films would have significantaorption of polarized light
perpendicular to the polymer chain alignment direction, effectively reducing the polarization
sensitivity.On the other hand, making the active layenner would maximize polarizatio
sensitivity but would come at a cost efluced responsivity aralikely increase in noise
current, and thus negat i Hddingtheaotipedagertot he senso

approximately 100 nm lead to a good balance between responsivity andgimn sensitive.
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Figure 55: The responsivity of the detectors unde®& V bias as a function of
wavelength for spuncast and 45% and 60% strain with contour lines depicting the
correspondindpiasedexternal quantum efficrey (EQE). The detectors are tested under
linear polarized light parall€l) and perpendiculat)) to the strain direction.

The spectral response and polarization sensitivity was quantified by determining the
responsivity R) and external quantuefficiency EQE) under linear polarized lighThese two
metrics and their relationshgye provided in Chapter 1, Equatiorx)L

R andEQEof both the control spun cast devices and stoaiented devices under
linearly polarized light parallel and permicular to the alignment direction is givenRigure
55andFigure 56. These tests were done unde®® V biasand thus the reported EQE is a
biased EQE? The maximunR for a spun cast device was 872A/W at 560 nm. This is a
significantincrease over the current state of the arpalymer photodiodes that exhibit&bf
less than 0.15 A/W undet V bias!®182As expected, the spun castsed devices had no
polarization sensitivity. In the stramriented deviceRis given for films strained by 45 % and

60 %. Both films show clear photocurrent anisotropy with higtwhen incident lights
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polarized parallel to the polymer alignmentedition compared with the transverse polarized

light. In addition to the induced anisotropy, there is also a decreaser@sfomsivity compared

with the unpolarized devices. This is primarily attributed to a reduction in light absorption in the
active byer due to a reduction in film thickness when being stoai@nted. This reduced

absorption is magnified when considering polarized light perpendicular to the chain alignment
direction further reducing responsivity. There may be other losses assodiht@tcveased

charge recombination in the strain oriented device that may contribute to thedsp@nsivity

that would require further analysis. However, previous analysis on strain oriented P3HT:PCBM
devices showed internal quantum efficiency onlyhshgreduced compared to control spun cast
films, suggesting the primary differenceBQE was due to absption difference<® Despite the
reducedrR (andEQE) in strain oriented films, the performance metrics still compare favorably to

other high performing aibolymer photodetectatemonstrations
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Figure 56. The external quantum efficiency (EQE) of spun cast and 45% and 60% strain
oriented photodetectors undet0e5 V bias. The detectors are tested under linear polarized light
parallel( ) and perpendicutgV) to the applied strain direction.
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The currenvoltage characteristics in the dark and under linear polarized white light
illumination are provided ifrigure 57. The strairoriented devices sl clear polarization
sensitivity under illumination. This is highlighted by plotting the ratio of photocurrent for
incident light parallel and light perpendiauito the polymer alignment direction, given in
Figure 51(c). The phobcurren ratio is found to increase with the amount of strain applied to the
films and tracks clady with the measured dichroic ratio. The photocurrent anisotropy of 1.38
for the 60 % strained film is comparable to previously demonstrated strain ofR3tiddP CBM
devices despite having a lower peak dichroic rétithis is attributed to the broad band
polarization sensitivity of the PBnDFTAZ:P(NDI20D-T2) device compared with the
P3HT:PCBM based device whewaly the P3HT is polarization sensitive. The dark currents of
the strain oriented filmareobsenred 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 incharge hopping pathways that include dark current. The larger leakage currents (lower
shunt resistance) may also be associated with a decrease in film skigktieapplied strain,
and a possible increase in film roughn®s$’ 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 istthie oriented films,

optimization of device interfaces will likely improve theseuttss'88 190
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Figure 57: Currentvoltage curve of spun cast and straoriented detectors in the dark and
under linear polarized illuminatigmarallel( ) and perpendiculat) to the direction of
applied strain, with a white light intensity of 41 mWém

Having established that the devices ststmang polarization sensitivity across a broad
spectral range, it is important that the key photodetector performance metrics mpdetdiotion
sensitivity, linear dynamic rangand speed are determin€d® The detector sensitivity is
characterized by the minimal detectable signal, which is represented by the noise equivalent
power (NEP). The NEP represettteincident power that would be required to yield Reaity
signal to noise ratio (SNR) over a bandwid®) ¢f 1 Hz and is given bEquation (16),68191
The inverse of NEP normalized to the squai of devicearea(A) is the Specific Detectivity
(D*) given byEquation (17) in Chapter 1

The specific detectivity is/pically the metric reported in the literature to describe the
sensitivity ofa photodetectdt’*°2The detectivity is often determined by measuring or
estimating the noise current and using the noise current along with responsivitierAative

approach igo directly obtain the NEP by measuring the current spectral density under modulated
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light at variows light intensities when the spectrum analyzer resolution bandwidth is set to 1 Hz.
The point where the peak signal from the deviegau illumination cannot be distinguished from
the noise current is then the noise equivalent irradiance (NEI), whichecamberted to

NEP 3 This approach was used to determine the NEP of the spuncast and 45 % strain devices,

with measurements prowd inFigure 58.
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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 detesmaolr(b) a 45% strainriented
detector. Theletectors were measured unde®® V bias

Despite having a thinn@hotoactive layer, thpolarization sensitive detector exhibited a
lower NEI of 150 pWcm2 compared to 476 pWwm? for a spuncast detectd@onsidering an
active device working area 6f9 mm? the NEPs for the corresponding strain oriented and
spuncast detectors are 1.026*'W Hz2 and 3.28 XLO**W Hz'?, respectivelyTheseNEPs
result in specific detectivities of 2.55 x*¥@m HZ2?W= and 0.8 x 1& cm HZ?W-L. While
there have been demonstrations of higher detectivity organic photodetectors, they have largely
been achieved by lowering theise current in the devicdsrough charge blocking layers or
making thick active layer:*®The noise currents repted here should be able tolbwered

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 increasghen the illumination wavelengicorresponds with higher

responsivity.

In the literature, a common assumption used to olbt&iis to assume that the sidark)

noise is the major contributor of noise in the systeWrhile this allows for a straight favard

calculation, it has beeromted out that this assumption daad to significant overestimates of

the detectivity?”1°*The specific detectivities of the reported devices using this assumption are

given inFigure 59, showing valies over 18 cmHZ/2WV! across the visible spectrum.
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Figure 59: Specific detectivity of the devices measured under linear polarized ligho &nd
bias assuming shot noise dominates the total noise in the s\tisirbe notd that this method
leads to overestimation in results. Inclusion is added for comparison with other literature

demonstrations.

These results show that this approach dogsed overestimate the detectivity of the

photodetectors significantly. While erronesy this method allows for a comparison to other

detectors reported in the literature theé this method. Under this view, the performance of the
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polarized detectors aapare well to other ajpolymerorganic photodetectot$? 18 and other
intrinsic polarized detectors?

In addition tosensitivity,the temporal and linealynamic rangevere alsaneasured.
Here, a 45 % strainriented detector was compared to a spsindevice. The dynamic range of
thedetectors is provided iRigure 60 (a) demonstrates similar performance, with the strain
oriented device showingniearity down to 7.& 10° A/cm? The linearity is found to appach
the devicebds dark currents. ThyhmeassrmgtestidBof t he
bandwidth with frequency respongaots for a spuncast and 45 % strain oriented film given in
Figure 60 (b). Interestingly the strain oriented device had a slightly higher 3 dB frequenoff
and the response was found to drop more slowly at lower frequehiogedevices had 3 dB
frequency cubffs similar to other organic detectors at similar B3 he cutoff frequency
should improe by using smaller active areas and increasing the negative bias applied to the
devices’ 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 performanceoth bnear dynamic range and

speed.

95



10'2{ ——Spuncast 3 T
I f - - - Transfer printed
S o ]
<10°F {1 ° :
2 8_ 4 F \‘ 4
%10—4; i3
3 . © | ——Spuncast
109 'Y E gF — - Transfer printed J
10° 1 1 1 1 -10 PPN | aal sl —tiaaaa
102 101 10° 101 100 10! 102 103 104
Incident power, mW/cm? Frequency, Hz

Figure 60: (a) Current density of a spun cast and 45 % stdented detector unde®.5 V bias
as a function of incident light intensity provided by a 532 nm diode laser. (b) Frequepmyses
for the photodetectors measured un@et V bias.

It is worth comparing the performance of themlymer polarized detectors with other
approaches and recent demonstrations. To start, the most common commercial photodiodes are
based on silicon, wbh isnot 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(NDI20OD-T2) detectors. The addition ofsdre-grid polarizer yields redution
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{\MOOnm. If a broadband wire grid
polarizer with a transmittance of 70% at 400 nm is placed in front of the device (e.g. WP12L
UB, Thorlabs), the electrical output would be anticipated to be similar to the reported PBnDT
FTAZ:P(NDI20OD-T2) polarized detdor tha 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 materialsritninsic sensitive photodetectors, such

as TiS3,black phosphorous and othé?$1°*1%8 The performance of the gholymer
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photodetector reported here outperforms these demonstrations in termsavhkieaton of

detectivity and response tim&lthough 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 higlopeaincepolarization sensitive perovskite
photodetectot®® However, the detectivity wasot provided to be able to compare performance.

4.3) EXPERIMENTAL SECTION:

Device fabrication The fabrication process begins with spin casting a poly(3,4
ethylenedioxythiopheng)oly(styrenesulfonate) (PEDOT:PSS, Clevios 4083) film onto a donor
glass sbstrate at 5000 rpm for 60 Bhe films were then annealed in ambient air at 120 °C for
20 min. A PBNDFFTAZ:P(NDI20OD-T2) blend was dissolved in chlorobenzene in a 1:1 mass
ratio with a toail concentration of 12 mg/ml and held at 90 °C overnight. The FXQIDIT2)
was obtained fm Ossila and the PBNnDRTAZ was synthesized using previously described
methods®3 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 spectrasgic ellipsometry. The glass substrate is laminated onto a
polydimehylsiloxane (PDMS) slab that was attached to a custom made meclstrzicedtage.
PDMS (Sylgard 184) was prepared at a 15:1 base to-liné@sy ratio and cured in a vacuum
oven for 12h held at 85 kPa and 60 °C. The PDMS was approximately 1 mm Thielstage
was then immersed in water to dissolve the underlying PEDOT:PSS layer leaving the-PBnDT
FTAZ:P(NDI2OD-T2) film on the PDMS slab. A uniaxial strain is then applied to the film
elagomer composite. The aligned polymer films were then transferr@gaotially fabricated
detector that consiste@f a ZnO film on an indium tin oxide (ITO) coated glass. The transfer

process used a previously described shear assisted transfer gBrIKRP) techniqué® For
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spun cast devices, the PBMPTAZ:P(NDI20D-T2) solution was directly spun cast on the
ZnO/ ITO glass. The IT@oated glass was purchased from the South China Science &
Technology Company Limited, and the ZnO deposition followed a previously detailed
method!®2 To completehe fabrication of the inverted architecture device, a 10 nmdViol@
transport layer and 100 nm Al anode were deposited in a vacuum thermal evaporator at a
pressure of ~1xI®mbar. The etive area for the fabricated devices was 0.069 cm

Film characterzation: UV-visible (UV-vis) optical absorption spectroscopy
measurements were made with an Ocean Optics Jazz spectrometer. Grazing incidence wide
angle Xray scattering (GIWAXS) measurenienvere performed at the Stanford Synchrotron
Radiation Lightsourc€SSRL) on beamline 13 with an Xray energy of 12.735 keV, and an
incidence angle of & 0.12A with the samples i
on a MAR CCD225 detectorhe instrument was calibrated using a kaBystal standardlhe
AFM images were obtained using an Asylum MBIB-BIO.

Devicecharacterization External quantum efficiency and responsivity of the devices
were measured using a DC xenon arc lamp light soORR&L 74125 monochromator, SR570
current amplifier, and SR830 DSP leitkamplifier. The currenvoltage characteristics of the
devices wereobed using a HP4156B semiconductor parameter anaNE&was directly
measured by a Fast Fourier TransformTJ-gignal analyzer (Agilent 35670A) which was
connected to a low noise current preamplifier. A 35 Hz modula&Eawith average emission
wavelength of 390 nnwas illuminated on the device. Light intensity was tuned and measured by
an @tical densityfilter andoptical powermeter. These measurements were performed under a

0.5V bias.
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Figure 61 Noise equivalent powdNEP) measurement setup for general organic photodetector,
based on the following publicatiéh

Linearity measurements were taken using a 532 nm diode laser (Thorlabs4D)%@th
intensity varied usingpticaldensity filters. The frequency response of the devices was
measured using a 410 nm LED light soumeedulated by a function generator. Linearity and
frequency measurements were taken-@&%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 goodliner active layer that has several
advantages over other organic and inorganic based devicsisthe fims 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 apptations. A seond 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 removesdtie
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for polaizers 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 anigpyr of the acve 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 teRns of
detectivity, and 3 DB dwoff frequeng is among the highest reported forpadilymer
photodetectors detecto¥®:*®2and intrinsically polarization sensitive organic or inorganic
photodetectorln summary, the demonstrated devices highlight the opportunity-pblginer
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 chapt@olarization detection was performed using a blend of PBnDT
FTAZ and P(NDI20ODT2) to obtain polarization sensitive detectors with responsivities among
the highest for alpolymer systms. The demonstration successfully highlighted a new potential
application for all polymer systems by leveraging their superior mechanical properties when
compared to small molecule accepb@sed devices. The demonstration however is istitldd
by therelatively low polarization anisotropy of the devices. In this chaptentseduce two
different strategies to counter this challendg Utilizing an organic phototransistor architecture
to increase the raw responsivities when exposedlsoiped light(2) Incorporate a dual uniaxial
strain and high temperature rubbing teicjue to increase the dichroic ratio of a polymer bulk
heterojunction. For both these demonstrations an all polymer blend of PHBAd
P(NDI20DT2) was used due to thenechanicalthermal and electrical stabilityarge
photosensitivity anisotropy wadtined through the successful integratidpolarized organic
phototransistor with large external quantum efficiency differences of 1491% and 874% for
polarized lightparallel and perpendicular to the direction of straspectively In addition,films
with extremely large dichroic ratio of up 80 at 750 nm were demonstrateithvoriented films
through strain and rubbing. These films in turn were used to fabreaieransparent diode

detectorglisplayingpolarized photocurrent anisotropiefs1.68
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5.1) PHOTOTRANSISTORS FOR POLARIZED PHOTODETECTION:

In Chapter 4, we introduced an all polymer detector capable of-spmadrum detection
with polarized responsityi comparable to wire grid integrated silicon photodetectans.
improvemento this denonstratiorcan be implemented by making useaaforgaic
phototransisto(OPT) configuration. As is described in Chapterthe unique OFET based
operational mechanisof an OPT introduces added control due toreblegate induced electric
field. Thishas led to demonstrations with significantly higher peensitivity and lower noise
when compared with photodiode based organic dete®¥Ear |y demonstrati ons
comprised of pristinélms with eithersmall moleculeor polymer filmsresulting in relatively
low responsivig devices’®2%” An improvement in device performance was observed with the
integration of pn architectures where there is greater charge sepatiexcitons generated
from absorbed light?® In addition,using an all polymer active layer provides the added benefit
of improved mechanical and thermal stability, as well as the potentialdad lspectrum
detectiort®®21?|n this chapter we demonstrate an all polymer bulk heterojunction based OPT
with polarization sensitivityDespite the intrinsic advantages of the OPT architesuch as
improved controllability and responsivity, limited demonstrations have been demonstrated for
polarization detection using conjugated polymB&cent work by Chung et al present a
polarization sensitive conjugated polymer phototransistor withlyhanisotropic optoelectronic
properties’** However, these demonstratiomsre performed oneatfilms thatrequired careful
molecular design at high concentrations which may be challengintetpete into a pn
configuration easilyln this demonstration we fabrica@eP T Witk a bulk heterojunction blend
comprising an electron donor of PTHH and electron acceptor of P(NDI2OI2) also called

N220Q A figure of the molecular structures of the tpalymers and their corresponding energy
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levels are provided iRigure 62. Like Chapter 2 and Chapter 4, polarization sensitivity is
induced through the application of uniaxial strain that promotgdane alignmentThe
polymers chosen for this demonstration jessshigh room temperature ductility and in blend
form can sustain uniaxial strain ~60%6.
PTB7-TH and P(NDI20DT2) displaylargely overlappindJV visible absorbance
making them potentially goadetectors in the red and near infeal spectrumin addition to the
various advantages of polarizeght detection that have been described in the previous chapters,
this blend providepotential &ep red optical detectidhathas widespread healthcare
applications such as in blood pressure and muscleaotion sensing'*?'®> The absorbance

spectrum of neat PTBTH and P(NDI20DT2) can be found ifrigure 63.
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Figure 62(a) Chemical structure of PTBIH and P(NDI2ODBT2) (b) HOMO and LUMO
levels of PTBYTH and P(NDI20ODBT2) obtained fronBolarmer andDssila respectively
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Figure 63: UV-visible absorbance spectrior neat PTB7TH andP(NDI20OD-T2).

5.2) PTB7-TH:P(NDI20OD -T2) POLARIZED PHOTODETECTOR FABRICATION AND
RESULTS

Fabrication: The fabrication process begins by cleaning glass substrates with a
standardized procedutieroughsonication sequentially in deionzevater, acetone and
isopropyl alcohol for 10 minutes eadhis is followed byUV 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 secsTkifollowed bycasing the PTB7TH: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 wasthen laminated onto RDMS slab on a mechanical stage and dissolved in a water
bath to leavehe solid all polymer blend film on the elastonmEne PDMS elastomer was

prepared at a 10:1 base to cross linking ratio and cured in a vacuum oven set at @P&Pand
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for 12 hoursUniaxial strain of 60% was applied to the film and transfer printed onto a custom
made transistor test bé®.The test bed follows a bottooontact bottongateconfiguration
consisting of a heavily doped Si/Si@afer that acts as the gate electradd dielectric layer
Patterned gold electrodesa the wafer actss the source and drain electrodes. Prior to printing
the film, the test beds were coated withoatadecyltrichlorosilane (OTS) layekfter printing,

the substrate was annealed at 150°C for 10 minutes in lggoveonditionsA simplified

illustration of the OPT architecture is presented belofigure 64(a).
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Figure 64:(a) Bottom gate bottom contact OPT architecture with printed PTB7
TH:P(NDI20ODT?2) as active layer, (b) @uut characteristics of OPT device when exposed to
polarized light parallel and perpendicular to the direction of strain. The input power of the
660nm lightis 150puW/cni. The channel area is 10pm x 1000pm.

Device Performance: The output characteristiahefOPT in pchannekensing mode
are presented iRigure64(b) for 660 nm wavelengtholarized light at an intensity of
150uW/cm2.The performancen dark was similar to previous demonstrations for neat PTB7
bag d O F?®Thé sorresponding photoresysivity (ROPT) can be obtained from the output
characteristicsvhereEquation 15 from Chapter is modified to account for OPT configuration
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ROPT:(IIL-I%DIN_ ) 51

Wherel,L andlp are the drain current underuihination and dark respectively at a
respective gate and drain volta@g is the intensity of the light on the device akhd the active
illuminated area of the devic&he impact of gate voltage on the responsivity of the devices is
presented below iRigure 65.

12 T ; | ' ; ; T

—
o
T

1

Qo
T
|

(o]
T
1

I

N
T

Ry at V_=-40V, AW

N
T
I

L | L 1 L 1 L |
0 -20 -40 -60 -80
V., V
Figure 65: Responsivity of OPT (&) at drain voltage of40V as a function of gate bias,

measurements were taken under 660nm polarized parallel and perpendicular to fbe direct
strain

Figure 65illustratesthe advantage of the OPT configuration for polarized detection
when compared to the diode configuration. The added cdrdrolthe gate bias () allows for
a larger responsiwitdiscrepancy between light polarized parallel and perpendicular to the
direction of strainFor exampleata gate voltage o#0 V the detectors display external quantum
efficiencies of 1491% and 8% for polarized light parallel and perpendicular todhrection 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 disptpgdum efficiencies of 45% and
3% in the parallel and perpendicular directions at péabkr@oanceThe large difference in
guantum efficiencyor the OPT configuratioallows for significantly higher signal to noise ratio
thereby allowing for more accuratensingat lower incident lightntensiy. Further
improvement to polarized light detean 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 raticlod PTB7ZTH:P(NDI20D-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 contaptaral transition dipole
moment aligned along their backt@si38”-21’'Due to the strong preferential delocalizatiori of
electrons along thisackbone, uniaxial alignment can allow for intrinsicallysatriopic
properties in these materigld.Previous demonstrations have utilized cogajied polymer
backbone alignment to introduce interestinggarties in organic semiconductor devices such as
enhanced charge transport and polarization sensiti4l§VVarious techniques have been
implemented to induce this alignmeint,Chapter 1 we introduced varioympular pre
processing strategg such as directional solution shearing, epitaxial crystallization and slot die
coatingthatsuccessfully produced highly oriented films with controlled crystallinity. However,
these methods inlwe controlled fabrication environments with extremely stdharacteristic
oriented growth raté Alternatively, post solidification techniques suchttas application of a
mechanical load either through physiaabbing or uniaxial strain can be implemented. These
techniques allow for well controlled polymer alignment thereby allowing fongrthe

polarization sensitivity of the films, this allows fitre fabrication of polarization sensitive
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detectors. Irour previouswork we have displayed polarization sensitive detectors using uniaxial
strain, these demonstrations have primarily utilized a bulk heterojunction comprising a
polymer/small molecule bledt®**3. Due to the artplasticizing nature of small molecule
acceptors these demonstrations were limited to blends with highly ductile donor materi&l poly
hexykthiophene (P3HT) thereby restriagj broad spectrum detection sensing and electrical
performarce, these are displayed in Chapter 1 and Chapter@hapter 4we implemented an

all polymer heterojunction architecture comprising an electron donor of PIBABE and

acceptor of P(NDI2OEX2) to counter the negative mechanical impact of small molduaged
system&®. The large ductility of the two systems allowed for high mechanical strain (60%) of
the blend prior to fracture within thdrfi. However, the polarization anisotropy of the filmsva
limited when compared to other alignment demonstratigtisa peak absorbance dichroic ratio
of 1.8.Although this demonstration displalggoad spectrum polarization sensitivity thmited
polarizaion anisotropywould not allow for integration into multiggtral imaging systeni.o
counter this challenge we proposed the useaghf temperature rubbinghichis a useful
mechanical loading technique that has induced large dichroism in organic semiconductor
films 85219220 This methochas been successful in obtaining extremely high dicheoici 0 6 s o f
over20 for various systems such as polythiophenes and polyfluorenes. In this technique the
semiconducting film is exposed to a rubbing temperatuigthat is close to the melting
temperature of the individual polymer system. The high temperatareases plasticity in the

film due to the disordering of the alkyl sidechains, this providegased molecular mobility to
allow for reorientation of the film through directional rubbifggure 66 depicts tle mechanism

for a hairy rod semi crystale polymer when exposed to high temperature rubbing.
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Figure 66: Effect of high temperature rubbing mechanism on hairy rod semi crystalline polymer
as well as dichroic ratio of P3HT a$uaction of rubbing temperature for different molecular
weights.Both the figures are taken froBiniek et al®®

The illustration depicts the entanglemef polymer chaingrior to exposurat high

temperatures. Once annealed, the chainplasticizedand thereforallowed to sliddeading to

disentanglment Once disentangled the rubbing allows for a highly ordered morphdtagust

be noted that lgher molecular weight polymers have larger entanglement, and therefore require

higher rubbing temperates to obtain the same dichraatios®® This trend is displayed for

P3HT inFigure 66. To datedemonstrabnsof this methodchave been limited tpolarization of

single layer systenthis is primarily due to the mechanical limitations of small molebaleed

systems that would fracture when exposed to physical rubBi8g.T: PCBM based mechanical
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rubbing indued mlarized photovoltaic devices were fabricated by Zhu &ldbwever for this
demonstration the PCBM small molecule was diffused onto the rubbed P3HTAayer.
alternative solution to this chahge is to replace the small molecules with a polymer. In this
demonstration we implemehbth mechnial loadingtechniques of uniaxial strain and high
temperature rubbing tine PTB7ZTH and P(NDI20ODBT?2) blend that we used earlier in the
chapterThe blem was picked due to thegh temperature stabilityf the two polymer
systemg?%22lthis was challeging due to the relatively small number efype materials
currently synthesizedn addition,as we have demonstratdxbth polymers display large room
temperature ductility with crack onset strains (COS) of above 60%. In this repexploee the
ability to increase the polarization sensitivity of these films thrdagjeuniaxial strain and

modifying theT:,» and post anneal temperatures of the umigjend.

Impact of rubbing temperature on alignment

The utilization of a polymeblend comprising PB7-Th and PNDI2OR2T was
implemented for two primary reasons i) tiigh temperature stabilityf the two polymer
systems, ii) the room temperature dlitgtof the materials. In order to study the optimum
conditions to obtain large chiroism in the polymr blend, the films were exposed to different
Trun. Figure 67 displays the polarized UV vis absorbance specirdéhie films rubbed at different
temperaturesis expected the ascast film does not display any patasiz anisotropyvith a
dichroic ratio~1. At 150°C the blend is sufficiently below the melting temperature of the
respective polymers, marginal alignménobserved in the blerdkpicted by the increase in

dichroic ratio to 1.12 at 695 nrAs the blend pproaches closer to the melting tempera it

becomes sufficiently plastic. This leads to very large polarized anisotropy at\RRB°&

dichroic ratioof 3.40 at 695 nmAs the temperature is irgased the chains become increasingly
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mo bi | e a naihortgrmedpdgt rubbiagnThis is obeeed when annealing at 2509ere
the dichroic ratio drops down to 1.23 at 695.filme stark contrast in dichroiatio with
different temperatures demonstrates the importanéewh this method. A graph displayg

the dichroic ratio as a function ®fu»is presented ifrigure 68.
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Figure 67: Polarized UV visible absorbance for rubbed PTBA:P(NDI2OD-T2) as a function
of rubbing temperature
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Figure 68: Dichroic ratio of PTBYTH:P(NDI20OD-T2) as a function of rubbing temperatur
measured at 695 nm.

Uniaxial strain and high temperature rubhitg order to obtain the highest possible
polarized absorbance anisotropy the solid PTBIZP(NDI2OD-T2) film wasuniaxially
stretchedorior to high temperature rubbing. Previous demonstrations had determinadjéhe
COS of both the polymer materias room temperatur¥ The films are uniaxial stretel
~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 rubbat220°C as was optimized earlidfrom previous
demonstrationsn neatfilms, electron diffraction results display strong arced reflections
indicating that there is a misorientation of domains, and that furtherttatien is possibleven
after rubbing?®22°In order to improve the orientation a post anneal step is implemented. Post

annealing allows tamprove alignment as well as control the polymorphism of fifA3he pos
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annealing temperature was optimize@s0°Cfor 60 minutesA schematic of theual alignment

process is presented belawFigure 69.

PTB7-TH:IN2200 —
donor High temperature mechanical rubbing Post annealing

uniaxial strain

transfer print

receiver”

Figure 69:: lllustration of uniaxial orientationfd®TB7-TH:P(NDI2OD-T?2) through uniaxial
strain and high temperature rubbing, (i) PTBA:P(NDI20OD-T2) film on donor substrate with
PDMS slab larmated onto film (ii) Transfer of film onto PDMS slab (iii) Uniaxial strain of film

on PDMS slatand printing oto receiving substrat@v) Mechanical rubbing of PTB7
TH: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 ratid-hedichroic ratioincreased drastically up to 6.5 at 695 nm and 9.0 at
750 nm A plot of the polarized UV visible absorbance is presented biléwgure 70. To the
best ofthe authors knowledge this is the first dersioation where a dual mechanical loading
technique of strain and rubbing has been implemented on an all polymer blend. The large
dichroic rato films were then integrated #he active area for semitransparegianic

photodiodes.
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Figure 70: Polarized U\visible absorbance for PTBIPH:N2200 after both uniaxial strain,
mechanical rubbing at 220C and post annealindgg@CZor 60 minutes

PTB7-TH:P(NDI20DT2) dioddabrication and result§he diode fabrication follows
similar cleaing and printing procedures as those used earlier in the Chapter for the OPT based
devices. Here the PTBIVH:P(NDI20ODT?2) layer is printed oata partially fabricated device
comprising a ZnO layer cast on an I'BGbstrate. The ZnO interlayer was used duéstthermal
stability under high temperatut&2 Prior to printing the film is uniaxially stined 60% using a
custom made mechanical stafjlae composite stackag then placed on a hot plate and allowed
to settle at 220°C, this was followed by mechanically rubbing the8titmes parallel to the
applied uniaxial strain with a velvet cloth. Astommade roller was used to control the
direction of the rubbingAfter this the partially fabricated stack walsiced on a hot plate in
nitrogerrcontrolled glove box conditions andreealed to 250°C for 15 minutes. To complete the

fabrication procesa12 nm hole transporting layer of molybdenum oxide (Ma&hd 10 nm
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gold (Au) electrode were thermally deposite@d vacuum thermal evaporator at a pressure of
~1x10% mbar.The semitrasparent devices were characterized by obtaitiegtirrenvoltage
characteristicainder polarized light. Theevices were probed using a HP4156B semiconductor
parameter analyzefhe currentvoltage characteristics are presented belokigare 71. The
device displayed large polaeid current anisotropy with a polarized photocurrent anisotropy
ratio of1.68 This is a significant improvemenbin 1.39 vhich was obtained for our all

polymer demonstration for a 60% strained opaque PBRDAZ:P(NDI20ODT?2) device.

Figure 71: Log JV characteristics of semitransparent OPV with oriented PTB7
TH:P(NDI20ODTZ2) through uniaxial stm and high temperature rubbing under polarized light
parallel and perpendicular to the direction of strain. The incident light intendityrigv/cn?.

5.4 SUMMARY:
We report an all polymer blend that is polarization sensitive in the red and neardnfra re
spectrum. This was implemented with a unique active layer of HFHBP(NDI20DT2) to

improve on the polarization anisotropy presented in @najp Two diferent approaches were
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