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Ultraviolet photodetectors are important in a wide variety of applications including scientific
measurement, environmental monitoring, imaging, and flame and missile detection. Organic
active materials offer a low-cost, flexible, solution-processable alternative to inorganic materials.
Strong, sensitive photoresponse with wavelength selectivity and tunability is highly desired, and
can be achieved through material selection, active layer manipulation, and plasmonic
nanostructure incorporation. In this work, 3D-finite-difference time domain (FDTD)
electromagnetic simulations, transfer-matrix method (TMM) optical simulations, and
experimental approaches were integrated to understand the relationship between physical
parameters, underlying device physics, and photoresponse mechanisms to develop organic UV
photodetectors with strong, sensitive, tunable photoresponse.
Conventional organic photodiodes with active layers composed of blends of wide bandgap
polymers and fullerene derivatives or ZnO nanoparticles were used to achieve strong and
narrowband UV photoresponse via the mechanisms of photomultiplication and charge collection

narrowing (CCN). By reducing the content of [6,6]-phenyl-C7i-butyric acid methyl ester



(PC71BM) in a polymer poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2) active layer, isolated
PC71BM clusters were formed and trapped electrons near the device cathode, resulting in band
bending and hole injection, thus enabling multiple holes to be collected per incident photon and
achieving photomultiplication. A peak EQE of 5600%, under 360 nm illumination and -40 V
bias, was achieved by devices utilizing a 100:4 w:w blend of F8T2:PC71BM. Devices with active
layers composed of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and ZnO
nanoparticles had photoresponse that could be tuned from broad and photomultiplicative to
spectrally narrowband by using thin and thick active layers, respectively, via the CNN
mechanism. A single EQE peak at 424 nm with a full-width at half-maximum of just 12 nm was
demonstrated when a thick active layer was used. UV photoresponse was further tuned and
enhanced by incorporating Al plasmonic nanostructure arrays, either as a transparent bottom
electrode or a top electrode in conventional UV photodetectors. Al nanohole arrays (AI-NHAs)
were incorporated into UV photodetectors as transparent electrodes and the resulting
photoresponse spectra varied from having two peaks under reverse bias to a distinct, single peak
under forward bias. This novel bias-dependent photoresponse switching was enabled by
plasmonic enhancements to the electric field in the active layer, which acted as an additional
forward bias in AI-NHA-based devices. Plasmonic Al nanostructures were also incorporated into
the top device electrode in the form of a nanohemisphere array (NHSA) to engage the
mechanisms of light scattering and electric field enhancement, which improve the strength and
speed of photoresponse. This work sheds light on the improvement of UV photodetection
through active layer optimization and plasmonic nanostructure incorporation, and opens up
avenues to develop sensitive, spectrally selective photodetectors to meet the expanding

photodetection needs of modern technology.
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Chapter 1. INTRODUCTION

1.1 PHOTODETECTORS IN MODERN TECHNOLOGY

Optoelectronic devices are an essential component of modern technology. These devices, which
convert between light and electricity, have enabled advances in industries including
manufacturing, computing, imaging, telecommunications, automotive, and consumer products.
LASERs and LEDs, which convert electrical energy into light, are used in fiber optic
communications, lighting, displays, motion sensors, and consumer products.'> > Devices that
convert light into electricity, like solar cells and photodetectors, are equally important. While solar
cells are primarily used for power generation, photodetectors are utilized in a wide variety of

applications, some of which are demonstrated in Fig. 1-1.
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Figure 1-1. Examples of applications of photodetectors, including (a) chip-to-chip fiber optic
communication,® (b) scientific spectral measurement system,* (c) personal radiation exposure
monitor utilizing a photomultiplier tube,® (d) night-vision goggles relying on infrared
photodetection,® and (e) a digital camera based on visible-range photodetectors.’
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Many of these overlap with the applications of LASERs and LEDs, because any time light is
used to send a signal, transfer information, or provide a quantitative measurement, a photodetector
is required to receive and analyze that light. Motion sensors, disk drives and fiber optics are some
commercially available applications of photodetectors,> ° but they are also applied in scientific
research, environmental monitoring, missile detection and industrial process control.!-12
Photodetectors have undergone many of the same technological advancements as other
optoelectronic devices, including the development and increased utilization of organic active
materials. Photodetectors based on organic materials are becoming increasingly popular as a
durable, cost-effective option, just as televisions and other electronic displays based on OLEDs
(organic LEDs) are more widely available and organic solar cells continue to offer a promising
alternative to current commercial technologies.!> Compared to their inorganic counterparts,
organic materials tend to be cheaper, lighter and more abundant, and they offer the added benefits
of flexibility, solution processability and tunable optoelectronic properties.'* This tunability is of
particular interest for photodetectors, as different applications require devices be sensitive to

different wavelength ranges. The ability to reliably and predictably control the spectral response

of a photodetector is therefore strongly desired.

1.2 CLASSIFICATIONS OF PHOTODETECTORS

Photodetectors can be classified in many ways, including their spectral response range, their
dominant working mechanism, and their active materials. The spectral response of a device, or the
type of light it responds to, is perhaps the most obvious classification criterion. Some devices,
referred to as broadband, respond to a wide range of wavelengths of light, but many are more
selective and can be classified based on their spectral response. The focus of this work is on

ultraviolet (UV) photodetectors, which have a wide variety of applications. The electromagnetic
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spectrum, with the UV region specified,'” is shown in Fig. 1-2. In many areas of scientific research,
such as materials analysis and astronomical research, the ability to reliably quantify UV light is

essential.'”

The measurement and tracking of UV light is also critical in environmental monitoring
and can be used for checking personal radiation exposure.'! Additionally, UV photodetectors are
implemented in many industrial arc flash protection systems, as well as general flame detection
applications.'® 7 Missile detection also depends on UV photodetection, as background radiation
produced by missiles can be captured by a scintillator and detected and measured by an attached

UV photodetector.'® For this type of application, a low-noise, wavelength-selective photodetector

that can be produced cheaply and employed easily is essential.

100 nm 200 nm 280 nm 320 nm 400 nm
Figure 1-2. The electromagnetic spectrum, with the UV spectral region specified by wavelength.

Photodetectors can also be classified by their dominant working mechanisms, and an overview
of these is given in Fig. 1-3. Thermal photodetectors do not directly detect incident photons, but
rather rely on a temperature-dependent property that is modified by incident radiation.'® Those that
directly detect photons typically produce an electrical current upon illumination. These can be
broadly classified as either photoemissive, where absorbed photons cause electrons to be excited
to the point of emission into a surrounding material, or solid state, where electrons are excited,
though not emitted, thus altering the electronic energetic state of a material.'” These solid state

detectors can be further classified as phototransistor, photoconductor or photodiode devices. '
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Phototransistors operate much the same way as a field-effect transistor, but current production is

enabled by photon absorption rather than an applied voltage.'*

ISy Photoemissive W Phototransistor
Photon Homojunction

Photodetectors Solid State Photodiode

Thermal Heterojunction
Photoconductor

Figure 1-3. Overview of photodetectors classified by their dominant working mechanism.

In a photoconductor, the absorption of light causes the conductivity of the active material to
increase, allowing excited charge carriers to readily move through the active layer and be collected
at device electrodes.'* Typically, the conductivity is improved for either holes or electrons, so that
one type of charge carrier can exit the active layer and be collected before the other, in which case
an additional charge carrier will be injected from an electrode to maintain charge neutrality.'* If
one type of charge carrier can be injected and collected multiple times before the other type of
charge carrier can be collected once, photoconductive gain is achieved and the photoresponse is
enhanced. Photodiodes typically exhibit rectification and employ a p-n junction, where a p-type
electron donor and n-type electron acceptor material are used together in the active layer. Light is
absorbed and excites an electron, which moves through the n-type material to be collected at the
cathode while the photogenerated hole transports through the p-type material and is collected at
the anode. In inorganic devices, this can be accomplished with a homojunction, where the same
material is doped differently to form both sides of the p-n junction, or with a heterojunction, where
two distinct materials are used to form the p-n junction. In organic devices, heterojunctions are
typically used because they provide a significant energy offset at their interface. Photogenerated
electron-hole pairs, or excitons, are more strongly bound in organic materials, so the energetic

offset between materials aids in their dissociation, which is required for charge collection. !*
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Whether the active layer material in a photodetector is inorganic, organic, or a hybrid provides
another method for categorization. Solid-state inorganic photodetectors utilizing wide-bandgap
semiconductors such as ZnO, GaN, SiC, AIN, BN and diamond have been widely used in UV
photodetectors.'* 2° In some cases, these materials provide strong, UV-selective photoresponse
through a process called photomultiplication, where multiple electronic charge carriers can be
produced per incident photon. GaN was successfully used in a doped homojunction device that
achieved a responsivity (R) of about 0.1 A/W under no applied bias with a very sharp cutoff around
360 nm.?! A device based on a ZnO film reached over 100 A/W responsivity, under a forward bias
of 5V, with a sharp cutoff around 400 nm, although it should be noted that photodetectors are
typically operated under reverse bias to minimize dark current and enhance sensitivity.?? A device
utilizing a heterojunction between these two semiconductors (n-ZnO/p-GaN) has been reported
with a very sharp R peak around 375 nm, though the R value was very low, around 1 x 10 A/W >
Inorganic photodiode devices are sometimes operated at a strong bias so that photogenerated
carriers pick up energy while moving through the active layer and excite multiple additional
carriers through impact, a process called impact ionization of avalanche photoresponse.? A ZnO-
based device with a MgO insulating layer produced R values on the order of 104 under a 73 V bias
and 350-400 nm illumination.>* An additional MgO insulating layer enhanced the avalanche
photoresponse mechanism in another ZnO-based device, producing a 10-fold increase in
photoresponse strength.?’> Photomultiplier tubes (PMTs) are another inorganic technology that is
commonly used for photoemissive UV detection. PMTs work through impact ionization, where a
photogenerated electron is emitted into a vacuum tube and makes contact with dynodes, exciting
multiple additional electrons that each repeat this mechanism as they proceed to the cathode.?®

PMTs are inherently fragile because they are based on vacuum tubes, and they require extremely
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high working voltages (often up to 1000 V) and protection from the earth’s magnetic fields, making
them bulky and ill-suited for many applications.?® As mentioned previously, organic and organic-

inorganic hybrid devices provide a more durable, cost-effective alternative to inorganic devices.

1.3 ORGANIC AND ORGANIC-INORGANIC HYBRID ULTRAVIOLET

PHOTODETECTORS

In this work, we have focused on organic photodetectors with a vertical device structure, rather
than lateral devices, which require a larger electrode gap and therefore have slower response
speeds than vertical devices.!* In a vertical architecture, shown in Fig. 1-4, devices are built layer
by layer, with each layer directly deposited onto the layers below it. The device is typically
illuminated from the bottom, through the substrate, so every layer below the active layer must have
good transparency. A typical device structure includes a transparent substrate, transparent
conducting electrode, transparent charge selective layer, active layer, charge selective layer, and
conducting electrode. The charge selective layers are either a hole transport layer (HTL) or electron
transport layer (ETL), and sometimes these materials also serve as an electron blocking layer
(EBL) or hole blocking layer (HBL), respectively. The active layer is typically a heterojunction
composed of a blend of a p-type electron donor and an n-type electron acceptor. A conventional
device (Fig. 1-4a) has a structure of substrate/anode/HTL/active layer/ETL/cathode, and an

inverted device (Fig. 1-4b) has a structure of substrate/cathode/ETL/active layer/HTL/anode.

The general device working mechanism, illustrated in Fig. 1-4c, begins with light absorption
in the active layer. When light is absorbed, typically in the electron donor, it excites an electron
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), leaving behind a positively charged hole in the HOMO. These two charge carriers are

bound together and collectively referred to as an exciton. Photogenerated excitons diffuse to
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donor-acceptor interfaces, where the energetic offset between the two materials enables exciton
dissociation. Organic active layers have undergone steady improvement since their introduction,
one of the most significant steps being the incorporation of a bulk heterojunction (BHJ)
morphology (Fig. 1-4c), which improves charge transport in the active layer and increases the
surface area of the heterojunction interface. In a BHJ device, the donor and acceptor materials
form an interpenetrating network throughout the active layer, providing continuous pathways so

that separated holes and electrons can each transport through the active layer to be collected at the

27,28

anode and cathode, respectively.

Figure 1-4. Diagram of the device structure for (a) a conventional device and (b) an inverted
device. (c) Illustration of the general working mechanism for a device with a bulk heterojunction
active layer.

The general device working mechanism, illustrated in Fig. 1-4c, begins with light absorption
in the active layer. When light is absorbed, typically in the electron donor, it excites an electron
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), leaving behind a positively charged hole in the HOMO. These two charge carriers are

bound together and collectively referred to as an exciton. Photogenerated excitons diffuse to
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donor-acceptor interfaces, where the energetic offset between the two materials enables exciton
dissociation. Organic active layers have undergone steady improvement since their introduction,
one of the most significant steps being the incorporation of a bulk heterojunction (BHJ)
morphology (Fig. 1-4¢), which improves charge transport in the active layer and increases the
surface area of the heterojunction interface. In a BHJ device, the donor and acceptor materials
form an interpenetrating network throughout the active layer, providing continuous pathways so
that separated holes and electrons can each transport through the active layer to be collected at the
anode and cathode, respectively.?”> 2 The first use of an organic BHJ, composed of poly(3-
hexylthiophene) (P3HT) and methanofullerene (PCBM), yielded strong photoresponse between
400-600 nm, with the external quantum efficiency (EQE) peaking around 76% at 500 nm.?° The

EQE represents the ratio of charge carriers collected per incident photon.

To achieve a BHJ, the donor and acceptor materials are blended in a ratio that is close to 1:1,
w:w. If the materials are blended in an unbalanced weight ratio where the acceptor is present at a
much lower content than the donor, by perhaps two orders of magnitude, a different active layer
morphology is achieved. In this case, the acceptor forms isolated clusters within the donor matrix,
rather than each material forming a continuous pathway throughout the active layer as they would
in a BHJ. In a BHJ, the EQE can never exceed 100%, but in this alternate morphology, a
mechanism for photomultiplication is enabled. Electrons that transfer from the donor layer into the
isolated clusters of acceptor material become trapped, since there is no physical pathway for them
to transport through the active layer and there is an energetic barrier to escape into the donor. If
these trapped charges accumulate, the energy bands of the active layer bend down, and under an
applied reverse bias hole injection from the cathode is enabled. Multiple holes can be injected from

the external circuit that the cathode is connected to, so multiple holes can be collected per incident
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photon. When this occurs, photomultiplication and EQE values exceeding 100% are achieved. The
same components of the previously mentioned BHJ device, P3HT and PCBM, were utilized in a
ratio of 100:1, w:w to achieve EQE values as high as 16,700% and 37,500%, with and without an
ETL/HBL of LiF respectively, under 380 nm illumination and a -19 V bias.?* 3!

Another way to achieve this isolated charge trap morphology is to embed inorganic electron-
accepting quantum dots and nanoparticles in a polymer active layer. This can also benefit device
performance because many nanoparticles and quantum dots absorb light while the common
organic acceptor material [6,6]-phenyl-C7i-butyric acid methyl ester (PC71BM) does not.
Additionally, nanoparticles and quantum dots can tolerate a higher content of charge traps,
compared to PC71BM, without forming a continuous network of acceptor material. For example,
n-type ZnO nanoparticles have been embedded into p-type polymer active layers of P3HT and
poly(9-vinylcarbazole) (PVK) to engage photomultiplication in an organic-inorganic hybrid
photodetector, yielding peak EQE values of 340,600% and 245,300%, respectively, under 360 nm

illumination and a -9 V bias.>?

1.4 PHOTODETECTOR FIGURES OF MERIT

Because solar cells are primarily utilized as a power source, maximizing the power conversion
efficiency is the clear design objective. For photodetectors, the design criteria selection is more
complicated and depends on the intended application. For example, a photodetector utilized in a
fiber optic communication system should be designed primarily for a high response speed.? In
missile detection, a photodetector needs to respond to a specific wavelength range and be able to
operate in ambient conditions. The broad applicability of photodetectors and corresponding
performance criteria complicates the design process and necessitates a variety of figures of merit

to evaluate different aspects of photodetector performance. '’
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The measurement of current density-voltage characteristics is often the first step in
photodetector evaluation. The current produced by a device is measured, typically over a voltage
range that sweeps between negative voltage (reverse bias) and positive voltage (forward bias), and
this current is divided by the active device area to obtain a current density (J). The resulting data
are referred to as J-V curves, and their shape and magnitude are indicative of device performance
and can often provide insight into the underlying response mechanisms and device physics. Dark
current density (Jp) is the current produced by a device when it is not illuminated, and it should be
minimized. Photocurrent density (Jpu) is the current produced by a device under incident
illumination. It should be maximized, and the wavelength and power of the incident light should
always be noted. The on/off ratio is the ratio of Jpu to Jp.

External quantum efficiency (EQE) is the ratio, typically reported as a percentage, of charge
carriers produced to incident photons. EQE provides an indication of photoresponse strength, it
should be maximized and is calculated by Eq. 1.1, where q is the elementary charge, P». is the
measured incident optical power at a given wavelength (), Aspot is the illumination spot area, h is

Planck’s constant, and ¢ is the speed of light.

JpH J Pad
EQE =101/ Pat
Q q /Aspothc

(1.1)
Responsivity (R), the output current per incident optical power, accounts for the variation of

optical power with wavelength. R provides an indication of photoresponse strength, it should be

maximized and is calculated by Eq. 1.2:

- at
R —EQE*hC (1.2)
The noise current (In) in a photodetector can arise from multiple sources, including shot noise,

Johnson (thermal) noise, and 1/f noise, and is either measured directly or obtained by taking a Fast
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Fourier Transform (FFT) of the dark current, measured at a steady applied bias over a period of
time, thereby accounting for the measurement frequency and bandwidth.!'® 333 Noise equivalent
power (NEP) is the lowest optical power that a detector can distinguish from noise and represents
the sensitivity of a device. Specific detectivity (D*) is the inverse of NEP, normalized by the device
bandwidth, as accounted for by the noise current, and the active area. This figure of merit can
therefore be compared across devices and measurement systems and encompasses both the
strength and sensitivity of photoresponse. D* should be maximized and is calculated by Eq. 1.3.
Table 1-1 shows some state of the art D* values for organic, inorganic, and hybrid systems.

D* = RVA/I, (1.3)

Table 1-1. State of the art D* values for organic, inorganic, and hybrid systems. The wavelength
and applied bias for each value correspond to the reported peak detectivity value. A * on the

reference indicates that the work used a shot noise approximation to calculate the noise current,
yielding less reliable D* values.>?

Wavelength Bias D*

Device Active Layer (nm) ) (Jones) Reference
P3HT:PC71BM 400 -19 3.5x 10" 36%
PCDTBT:PC71BM 400 -2 2.0x 10" 37
PVK:4CzPN 350 -9 1.1x 10" 38
PVK:PC71BM 350 -1.5 5.6 x 10" 397
NPB:BAlq 270 -12 8.3x 10" 40%
F8T2:PC71BM 330 0 42x 10" this work
mCP:TiO2 nanoparticles 351 -10 3.7x 10 4
P3HT:ZnO nanoparticles 360 -9 2.5x 10 32
PVK:ZnO nanoparticles 360 -9 3.4x 10" 32
C nanodots:ZnO quantum dots 360 14 3.1x 10" 42
ZnO nanorods 360 -5 4.1x 10" 43
Si 254 0 3.5x 10" M
Si 410 0 5.0x 10" 4
Si:graphene 365 0 1.6x 10" 457
Bi0.041Sn0.95002 280 1 6.1 x 10" a6*
GaN 340 1 53x 10" 47

Linear dynamic range (LDR) is the range of incident optical power intensities over which the
detector’s current output changes linearly, and it should be maximized. There is inconsistency in

the literature around the calculation of LDR, but it is always dependent on the number of orders
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of magnitude over which the relationship between produced current and incident optical power is
linear. If the incident optical power is decreased by an order of magnitude, and the output current
also drops by an order of magnitude, this is considered a linear response.

The response speed is quantified by the rise time and fall time, which represent the time it takes
for a device to reach 90% and 10%, respectively, of the maximum photoresponse level when
illumination is introduced and removed, respectively. In this work, our primary focus has been on
minimizing Jp and maximizing EQE, which inherently optimizes R, and D*, with a secondary

focus on maximizing the response speed.

1.5 TUNING SPECTRAL PHOTORESPONSE

The ability to reliably and easily tune the spectral selectivity of a photodetector’s response is
strongly desired, at it enables quick, easy, cost-effective production of multiple devices with varied
photoresponse, thereby improving device applicability. Some applications may require device
photoresponse to be selective to certain regions, such as UV, visible, or IR. For example, UV-
selective photodetection is required for flame and missile detection, technologies like digital
cameras and disk drives rely on visible-range detection, and IR-selective photodetection is used
for many remote control and motion sensing applications. Sometimes, very specific wavelength-
selectivity is required, such as for colorimetry or imaging, while other applications, such as
laboratory measurements and environmental monitoring, may call for even photoresponse across
a wide range of incident illumination. Therefore, in addition to tuning photoresponse to different
spectral regions, the response can also be tuned within a spectral window to be broad or

narrowband, demonstrated in Fig. 1-5.
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Figure 1-5. Representative photoresponse spectra of a broadband and narrowband device.

One method for tuning spectral photoresponse is active material selection, which determines
both the optical and electronic properties of organic devices. Electronically, polymer selection is
dominated by high hole mobility and HOMO/LUMO level alignment with the electron accepter,
HTL/ETL, and electrodes. Optically, a polymer with an absorption spectrum that aligns with the
desired response window must be selected, though this is not always sufficient to guarantee the
desired spectral response. In this work, UV-selectivity is maintained by the selection of wide-
bandgap, UV-absorbing active materials. Physically controllable film conditions such as weight
ratio, annealing temperature, and precursor solution concentration provide a handle for controlling
active layer thickness and morphology, which in turn control the optical properties of the film.3%
48-52 1 jquid crystalline polymers, with multiple phase transitions, can produce films with varying
optical properties depending strongly on the annealing temperature of the films.*° Film
processing conditions also affect the distribution of charge traps, such as acceptor clusters,
nanoparticles, or quantum dots, which impacts both the optical and electronic properties of the
film.?% 3% 5153 Generally, the films in this work are processed so that charge traps concentrate

towards the top portion of the active layer, which is beneficial to device performance.
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Tuning the spectral photoresponse between broad and narrowband can be accomplished by
manipulating the active layer thickness to engage a mechanism called charge collection narrowing
(CCN). This mechanism was first established in red and near-infrared (NIR) photodetectors,
composed of  poly[N-900-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-
benzothiadiazole)] (PCDTBT) and poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-
(2,5-di-(thien-2-yl)thieno[3,2-b]thiophene)] (DPP-DTT) respectively, blended with PC7BM.*
This phenomenon is based on bulk exciton generation, where light that penetrates the active layer
can be absorbed, and generate excitons, throughout the entire layer, which enables it to contribute
significantly to the photoresponse. In devices with relatively thin active layers, up to a few hundred
nanometers, most light can penetrate the active layer and produce bulk exciton generation, leading
to broadband photoresponse. If a device has a thicker active layer, on the order of microns, only
light with longer wavelengths can penetrate the entire active layer. Light within the peak
absorption range of the material is absorbed quickly. Therefore, this light only generates excitons
in the lower portion of the active layer, creating an extended depletion region that diminishes
charge transport and suppresses photoresponse.* In contrast, light at the edges of the absorption
peak is absorbed only weakly. Light at the short-wavelength edge of the absorption peak still
cannot penetrate the thick active layer, due to its inherently low penetration depth, but light at the
long-wavelength edge of the absorption peak can penetrate through the entire active layer. This
light is reflected off the top electrode and establishes an interference pattern, which enables it to
be absorbed and generate excitons throughout the active layer and contribute significantly to the
photoresponse. Because only light at the long-wavelength edge of the absorption peak can
establish bulk exciton generation in thick devices, a dramatic narrowing of photoresponse is

achieved by simply increasing the thickness of the active layer.
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Another method for tuning and controlling the photoresponse window is through filters, but
adding an extra layer to a device with the sole purpose of tuning the photoresponse complicates
the device architecture, increases the overall cost of the device, and limits resolution in imaging
applications.>* However, incorporating nanostructures into existing device layers, such as an
electrode, could control and tune the spectral photoresponse of devices without adding a filter onto
the device. This layer could therefore act as both an electrode and an optical filter for devices, as

55, 56

has been accomplished with nanostructured metal electrodes, in addition to providing both

optical and electrical enhancements to device performance.’” >

1.6 PLASMONIC ENHANCEMENTS IN PHOTODETECTORS

The device flexibility enabled by organic active materials is negated by the commonly used
bottom electrode material of indium tin oxide (ITO). ITO has good conductivity and visible
transparency, but it has relatively low UV transparency, is expensive due to the scarcity of indium,
and is brittle and requires relatively difficult processing.>® We intend to replace ITO with an Al
nanostructured film, utilizing a much cheaper and more abundant material without sacrificing
conductivity. While planar Al has poor transparency, incorporating an array of nanoholes provides
sufficient transmission of UV light and additional plasmonic enhancements to device performance.

Surface plasmonics are a popular approach for improving the performance of optoelectronic
devices. Excited free electrons at a metal-dielectric interface form collective oscillations of surface

)'60

charges called surface plasmons (SPs).” These SPs can couple to incident light when the frequency

and momentum match, forming a quasiparticle called a surface plasmon polariton (SPP) that

37.60-62 a5 illustrated in Fig. 1-6a.%° SPPs trap light at the surface and

propagates along the surface,
significantly enhance the local electric field intensity at both sides of the interface.®* This is

illustrated in Fig. 1-6b,°° which also illustrates how the electric field decays quickly with distance
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from the interface, and is therefore concentrated near the surface.’* This phenomenon makes
plasmonic nanostructures attractive for photodetectors, which often rely on charge dynamics and

response mechanisms that are sensitive to the internal electric field throughout devices and

especially at device interfaces.®%
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Figure 1-6. (a) Schematic of an SPP, from ref. 60, illustrating the surface charge and electric field
(E) involved in the SPP formation at a metal-dielectric interface, as well as the magnetic field (H)
in the y direction.®® (b) Schematic of the electric field decay, from ref. 60, showing the exponential
decay of electric field strength with distance from the interface through the decay lengths in the
metal (8m) and dielectric (84).%° (¢) Illustration of the relevant geometric parameters for a nanohole
array, including the diameter (size of the nanohole), pitch (center-to-center distance between
holes), and thickness of the layer.

Using SPPs for optical and electronic enhancements to device performance is a particularly
attractive approach because the controllable physical properties directly impact the optical
properties of SPPs, so they can be tuned relatively easily.® ®!-62 A periodic array of nanostructures
enables metal films to engage in the coupling of incident light to SPs in the surface, supporting
SPPs in the form of a standing wave on the metal surface by diffracting incident light so that its
momentum can be readily matched to the SPs.’” 60-¢% 6 Only SPPs with certain frequencies,
coupling to incident light of certain frequencies, can be excited and propagate along the surface,
and this depends directly on the geometry and periodicity of the nanostructure array.®!: 62 6

Therefore, if a nanohole array, incorporated into a device as a transparent conducting electrode, is

utilized for SPP production and support, the diameter, pitch, and thickness (Fig. 1-6¢) of the array
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provide physical handle for tuning the optical properties of SPPs, and therefore the spectral range
of incident light for which they will provide plasmonic photoresponse enhancements.®!> 6 6567, 68

When incorporated into optoelectronic devices, SPPs can engage a variety of both optical and
electronic enhancement mechanisms and can be supported on a variety of nanostructures including
gratings, nanoparticles, and nanohole arrays.%® Plasmonic nanostructures employed in thin film
solar cells enable devices with thinner active layers, which have superior charge transport
properties, to compete optically with thicker devices by improving light absorption through three
main methods.’! On the illuminated side of the active layer, plasmonic nanostructures scatter
incident light, increasing its path length in the active layer; within the active layer, embedded
plasmonic nanostructures enhance the local electric field and subsequently improve absorption;

and at the rear of the active layer, plasmonic nanostructures trap light in SPPs that propagate along

the rear active layer interface.®! The same absorption improvements resulting from plasmonic

69-73 58, 65,

nanostructures in thin film organic solar cells can similarly be utilized in photodetectors.
%8 Plasmonic nanostructures can also concentrate light into small volumes, which is attractive for
photodetectors as increasingly small devices are desired to decrease response time and power
consumption, particularly for information technology and communication applications.>’

In addition to enabling smaller photodetectors with absorption enhancements, incorporating
SPPs into photodetectors can also improve the responsivity, spectral selectivity and tunability of
devices.®® Responsivity improvements can be realized through the same mechanisms of light
trapping and absorption enhancement applied in thin film solar cells.®> 7 7478 For spectral
selectivity and tunability, arrays of nanoholes in metal films can be used as internal filters,

simultaneously serving as a device electrode and tuning the spectral photoresponse simply by

varying the geometry of the pattern.>> 6% 67-68.7 A] is an attractive material for UV photodetectors
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due to its relative abundance and low cost, compared to the more commonly used plasmonic metals
of Ag and Au, and because of its plasmonic activity and tunability in the UV spectral range.> 3%

81 The suitability of Al for UV plasmonics is demonstrated in Fig. 1-7.52-84
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Figure 1-7. (a) Plot of various materials for plasmonics, from ref. 82, illustrating the carrier
mobility and concentration, as well as the relevant spectral ranges for each material and the
interband losses.®? (b) Plot of the quality factor of localized surface plasmon resonance against
incident wavelength for a variety of plasmonic materials, from ref. 83.% (c) Plot of the real part of
the dielectric function for the common plasmonic metals of Al, Au, and Ag, from ref. 84 84

014

In Fig. 1-7a, plasmonic materials are plotted for various spectral rangesaccording to their carrier
mobility and concentration. Interband losses are also represented, with a more spherical point

corresponds to lower losses.?? Clearly, due primarily to its large carrier concentration, Al is well-
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suited for UV plasmonics. Fig. 1-7b shows the quality factor of localized surface plasmon
resonance (Qrspr) for various materials plotted against incident wavelength, which represents the
ratio of the stored electromagnetic energy to the absorbed energy, and therefore gives some insight
into which materials will support SPPs most effectively.® It is calculated, in this case, based on
the intrinsic properties of each material, including its dielectric constant.®* Al works well for UV
plasmonics because the real part of its dielectric constant is negative throughout the entire UV
spectral range (Fig. 1-7¢),%* and it is clear that Al (green curve, Fig. 1-7b) has among the highest
Quspr values in the UV spectral region.®’

In addition to the theory represented in Fig. 1-7, Al has been shown experimentally to have
strong UV plasmonic activity. Al nanodisks and nanoparticles produce tunable plasmonic

80,81 and Al nanostructured films have been used to filter

resonances in the UV spectral range,
transmission to and within the UV spectral range.>® Additionally, Al nanostructures can be used to
accomplish sub-bandgap photoresponse, via hot-electron injection, making them a viable option

for improving and controlling the response of visible-range photodetectors and solar cells.’ 78

1.7  OBJECTIVES AND GOALS

The overarching goal of this work has been to explore and expand the “toolbox” of methods
available for tuning and improving the photoresponse of UV photodetectors. The wide variety of
applications and performance criteria for photodetectors complicates their design, so it is important
for the field to have a comprehensive understanding of the photoresponse mechanisms available,
the controllable physical parameters that can produce, engage, and tune those mechanisms, and
how they impact device performance. By understanding the tools available and their
interdependent relationships to response mechanisms and device performance, photodetectors for

all applications can be designed and produced quickly and effectively. Investigating established
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response mechanisms and extending them into the UV spectral range through active layer material
choice, thickness, and morphology has been a main focal point of this work, as has been as the
design, fabrication and incorporation of plasmonic nanostructured electrodes. Contributing to the
constantly expanding knowledge around photodetectors and their working mechanisms, and
utilizing that knowledge to produce devices with predictable, tunable, strong, UV-selective
photoresponse is the primary aim of the work. The objectives of this research include:

1. Extend an established photomultiplication mechanism for organic photodetectors into the
UV range through active layer material choice and deepen the understanding of this
mechanism and the factors that impact its function;

2. Tune the photoresponse of UV photodetectors between spectrally broad and narrowband
through the active layer thickness and investigate the impact of the active layer composition
and morphology on the efficacy of this mechanism;

3. Design, fabricate, and characterize plasmonic nanostructured electrodes and fully
understand their impact on device performance so that they can be incorporated into

devices in a way that will result in strong, sensitive, and tunable photoresponse.
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Chapter 2. PHOTOMULTIPLICATION VIA CHARGE INJECTION IN
UV PHOTODETECTORS BASED ON A BLEND OF F8T2
AND PC71BM

2.1  INTRODUCTION

The first observation of photomultiplication in an organic photodetector was in thin organic
pigment films, where photogenerated holes were trapped at the interface of the active layer and
the anode, inducing band bending in the active layer and consequential electron injection from the
anode.’® ¥ A single layer of n-methyl-3,4,9,10-perylenetetracarboxyl-diimide (Me-PTC) was
utilized as an active layer and yielded an EQE that peaked around 5000% at -20 V applied bias.5¢
Since then, photomultiplication has been further studied and improved in organic devices.
Recently photomultiplication has been successfully utilized in a device with an active layer
composed of the polymer donor P3HT and the fullerene-derivative acceptor PC71BM, with a
device architecture of  ITO/poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate)
(PEDOT:PSS)/P3HT:PC7:BM/LiF/Al1.>° The active layers in these devices were designed with
weight ratios that drastically favored P3HT, forcing PC71BM to form isolated clusters instead of
an interpenetrating network like it would in a BHJ. Therefore, when excitons were separated at
acceptor/donor junctions, the electrons that moved into the acceptor PC71BM became trapped near
the cathode and enhanced hole-injection from the cathode.*® * EQE and R values as high as
16,700% and 51.7 A/W, respectively, were reported for the P3HT:PC71BM devices under 380 nm
illumination and a -19 V bias.*® Even higher values for EQE, 37,500% under 625 nm illumination
and a -19 V bias, were obtained when the ETL/HBL LiF was removed from the device

architecture.’! This photomultiplication mechanism was also utilized in a fullerene-free



22
photodetector that was based on a 100:1 blend of P3HT and DC-IDT2T to achieve EQE values of

28,000% under 380 nm illumination and a -20 V bias.%®

Increasing EQE to maximize R is a common design goal of photodetectors, but decreasing Jp
is also important because it allows for a more sensitive device, manifested as a higher D*. Low
dark current density is often achieved by incorporating charge-blocking layers, which limit the
thermally generated current present in devices under dark conditions. The incorporation of an
electron blocking layer of polystyrene-N,N-diphenyl-N,N-bis(4-n-butylphenyl)-(1,10-biphenyl)-
4,4-diamine-erfluorocyclobutane (PS-TPD-PFCB) and a hole blocking layer of Ceo into a device
based on a BHJ composed of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) and PC7:BM lowered the Jp from
102 to 10° mA/cm? at a -1 V bias.* Recently, a dark current of 6.4 x 107 mA/cm? at -0.5 V was
achieved for an organic BHJ photodetector with a structure of glass/ITO/(poly-TPD or
PEDOT:PSS)/poly[(2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[ 3,4-c]pyrrole-
1,4-diyl)-alt-([2,2°:5°,2" -terthiophene]-5,5"’-diyl) [PDPP3T):PC71BM/Al, which is among the
lowest reported for organic devices and enabled a D* of 1 x 10'3 Jones under NIR illumination,
despite unimpressive EQE values around 27.7% under a -0.5 V bias and 850 nm illumination.*°

The Jp of the P3HT:PC7:BM device with an EQE of 16,700% was around 10 mA/cm?.

These P3HT-based devices had impressive response between 360-380 nm and maintained
relatively strong response throughout the visible region. However, many applications such as
missile detection, arc flash protection, and scientific measurement require UV-selective
photodetection.!* 7 For a device to be UV-selective, it must have a much stronger response to UV
light than other spectral regions, and ideally the response should have a sharp cutoff outside of the

UV region. To accomplish the design goals of high EQE, low dark current and UV-selectivity,



23
photomultiplication can be utilized in a UV-selective system. The liquid crystalline polymer
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(bithiophene)] (F8T2) is a p-type semiconductor with
a hole mobility of 0.01-0.02 cm?*V's and a typical bandgap of 2.4 eV.’! F8T2 has been
implemented in thin film transistors, and it was shown that the alignment, whether the polymer
backbones are parallel or perpendicular to the lateral charge flow, significantly impacts hole
mobility, which can be 6.5 times larger for parallel-oriented films.*’ F8T2 has also been blended
with PC¢1BM and used in photodetectors with a ITO/F8T2:PCs1BM/Au structure that showed
good rectification and Jpy around 2 mA/cm? under 460 nm illumination and a -1 V bias.”?> As a
liquid crystalline polymer, F8T2 has several different phase regions and transitions, leading to
variations in microstructure and morphology that can affect optical absorption, charge dynamics
and energy level alignment.**->* The bandgap of F8T2, which is well-suited for UV absorption,
can vary between 2-3 eV depending on whether the film is amorphous, mesophase, or ordered
liquid-crystal.*®

In this work, F8T2 was blended with small amounts of PC71BM in an effort to take advantage
of photomultiplication in a UV-selective, entirely organic active layer for a conventional device
with the structure ITO/PEDOT:PSS/F8T2:PC71BM/LiF/Al. Devices with F8T2:PC71BM weight
ratios of 100:1 and 100:4, with and without the LiF ETL were fabricated and evaluated, primarily
through J-V curves and EQE measurements. All devices experienced photomultiplication and
produced EQE values over 100%, and most were stable under strong reverse biases up to -40 V.
Devices with 100:4 F8T2:PC71BM blends with the LiF layer included were found to be optimal,
producing peak EQE and R values of 5600% and 15.9 A/W, respectively, under 360 nm
illumination and a -40 V bias. Strong UV-selectivity was achieved, and there is a response cutoff

around 420 nm with limited response throughout the rest of the visible range. Under a -40 V bias,
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the ratio of EQE at 360 and 510 nm is 6.65, and the ratio of EQE at 360 and 650 nm is 247. The
dark current at -1 V was extremely low at just 2.7 x 107 mA/cm?. The devices presented here offer
an entirely organic alternative for sensitive, UV-selective photomultiplication that can be utilized
in large-area, flexible devices that would be cheaper and easier to produce than current

technologies.

2.2  EXPERIMENTAL

2.2.1 Precursor Solution Preparation

F8T2 was purchased from American Dye Source, Baie D’Urfe, Quebec, Canada three separate
times, providing three distinct samples: high-MW, mid-MW, and low-MW with molecular weights
(MW) of 82,000, 43,000, and 29,000 g/mol and polydispersity indexes (PDI) of 2.6, 3.9, and 3.3,
respectively. Low-MW F8T2 was used unless otherwise stated. PC71BM was purchased from
Nano-C Inc. (Westwood, MA). All solution preparation was completed in a nitrogen-filled
glovebox. F8T2 and PC7:BM were dissolved separately in 1,2-dichlorobenzene (anhydrous, 99.9%
purity, Sigma-Aldrich, St. Louis, MO) at a concentration of 40 mg/mL and stirred at 700 rpm and
70°C for at least 12 h. These solutions were then combined in varying F8T2:PC71BM ratios
including 100:1, 100:4, and 1:1, v:v. Because the F8T2 and PC71BM solution concentrations were
the same, the volume ratio was equivalent to a weight ratio. When high-MW and mid-MW F8T2
were used it was with total concentrations of 15 and 20 mg/mL, respectively, in which case a
solution with a total concentration of 40 mg/mL was made and then diluted by adding additional
1,2-dichlorobenzene. The blended solutions were stirred for at least one additional hour at 700 rpm

and 70°C.
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2.2.2  Film Fabrication and Analysis

Plain glass slides were cut into 1.5 cm x 1.5 cm squares and cleaned by ultrasonication for 15
min each in soapy deionized (DI) water, DI water, acetone and isopropanol, in sequence, and then
by oxygen plasma cleaning at 100 W for 30 s. All film fabrication steps, after the preparation of
the substrates, were completed in a nitrogen-filled glovebox. The F8T2:PC7:BM blend precursor
solutions were filtered through a 0.2 um PTFE syringe filter (except for high-MW solutions, which
were too viscous to filter by our methods) and deposited via spin coating at 1000 rpm, unless
otherwise stated, for 30 s. The films were then annealed for 10 min at 80°C, unless otherwise
stated. Film analysis was performed in ambient conditions. UV/Vis spectra were collected using a
Perkin Elmer Lambda 900 UV/Vis spectrophotometer. Photoluminescence data were collected
with a Horiba Fluorolog 3 Spectrofluorometer. Film thicknesses were measured using a KLA
Tencor Alpha-Step 500 Profiler. AFM images were collected with a Bruker/Veeco/DI Multimode

AFM-2.

223 Device Fabrication and Characterization

ITO coated glass substrates (< 10 €/sq, Colorado Concept Coatings LLC, Loveland, CO) were
prepared by the same methods of ultrasonication and plasma treatment as described in Section
2.2.2. PEDOT:PSS solution (Clevios P VP Al 4083, Heraeus, Hanau, Germany) was filtered
through a 0.45 pm PTFE syringe filter and spin-coated on the ITO-coated glass substrates at 5000
rpm for 40 s, then baked at 120°C for 10 min in air. The chips were then transferred into a nitrogen-
filled glovebox. F8T2:PC71BM active layers were deposited via spin coating, under the same
conditions as the films in section 2.2.2. A thin 0.8 nm layer of LiF (99.995%, Sigma-Aldrich),

followed by 100 nm Al (99.999%, R.D. Mathis, Long Beach, CA, were deposited via thermal
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evaporation using an Angstrom Engineering Amod PVD Platform. LiF was deposited without the
use of any mask, and Al electrodes were deposited with rectangular masks so that the active area
of each device was 0.1 cm?, and four devices were on each chip.

All device characterization measurements were performed in air. J-V curves, Jp versus time,
EQE spectra, and response speed data were obtained using a Keithley 6430 sub-fA sourcemeter or
a Keithley 2635B sourcemeter. Unless otherwise noted, scan direction was from forward bias to
reverse bias (+2 to -2 V, or +2 to -40 V). Light was provided using a tungsten light source and
Acton Research SpectraPro 275 Monochromator, or a Xenon arc lamp and an Oriel Cornerstone
130 Monochromator. Optical intensity was measured using a Newport 1830-C Power Meter with
a Newport 818-UV Si Fiber Optic Detector, or a Newport 1918-R Power Meter and Newport UV-
Si Photodiode. The lamps’ power spectra are shown in Fig. 2-1. The response speed was obtained

by manually switching between dark/light conditions.
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Figure 2-1. The power curves for (a) the xenon arc lamp and (b) the tungsten lamp.

2.2.4 Optical and Electromagnetic Simulations

Transfer matrix method®* ** (TMM) and 3-dimensional finite-difference time-domain

(3D-FDTD, Lumerical FDTD Solutions”) simulations were performed to obtain the
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exciton generation rate and electric field distribution, respectively, within devices. The
simulated devices have a similar structure to experimentally fabricated devices, with the
same layer compositions and thicknesses. Specifically, the simulated device structure was
glass (100 nm)/ITO (100 nm)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, 350 nm)/Al
(100 nm). The optically thin LiF layer was not included. The exciton generation rate was
calculated for incident light at 375 and 425 nm. Electric field distributions were collected
with a frequency-domain field monitor positioned at a cross section through the middle of
the devices. For each material utilized in a simulated device, in both TMM and FDTD
simulations, the wavelength-dependent optical constants of refractive index (n) and
extinction coefficient (k) had to be defined. For Al, these optical properties were provided
in the material library of the Lumerical program,’® and data from an online database were
used for the glass substrates.””- °® For all other materials the wavelength-dependent optical
constants were obtained from ellipsometry with a Woollam M-2000 Spectroscopic
Ellipsometer and are shown in Fig. 2-2. A more detailed description of the 3D-FDTD

simulations is provided in Chapter 4, Section 4.2.
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Figure 2-2. Wavelength-dependent optical constants of refractive index, n, and extinction
coefficient, k. For F8T2:PC71BM, fitted using CompleteEASE software with a General Oscillator
model with a mean square error of 21, and for the other materials the data was the same as that
used in reference 69.%
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2.3  RESULTS AND DISCUSSION

2.3.1  Active Layer Morphology Control

The processing conditions of the active layer must be optimized, as they have a direct impact
on the morphology and thickness of the active layer, and therefore its optical and electronic
properties.”® These conditions include the MW of the polymer used, ratio of the blended materials,
precursor solution concentration, spin speed, and annealing temperature. One of the most
important parameters for device performance was found to be the average molecular weight (low-
MW, mid-MW, or high-MW) of the polymer used. Absorption, photoluminescence, and EQE
spectra of films and devices fabricated using F8T2 with different molecular weights are given in

Fig. 2-3a-c, respectively.

a)a high-MmwW 20

;: 18 low-MW
[ =

2

)

o

S

o

[72)

Q0

<

300 350 400 450 500 550 600

Wavelength (nm)

b)_

3

KL

(]

(S}

c

[J]

Q

(%}

Q

£

E

3 | high-Mmw
=]

19)

-

a ! T T T 0 T T T T T
450 500 550 600 650 700 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 2-3. (a) UV-Vis absorption spectra for pure F§T2 films with high-, mid-, and low-MW at
concentrations of 15, 20, and 40 mg/mL, respectively, normalized by the absorption of each film
at 315 nm. (b) Photoluminescence spectra for blend films with a F8T2:PC7BM ratio of 100:1,
w:w. The total concentration for the low-, mid-, and high-MW films was 40, 40, and 15 mg/mL,
respectively. Each spectrum was normalized by film thickness. (¢) EQE spectra at a -20 V bias for
devices with active layers corresponding to the low-MW and high-MW films in (b).
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The absorption spectra for pure high-MW F8T2 films (Fig. 2-3a) exhibit a different shape
compared to the low- and mid-MW samples, which behave similarly to each other. These curves
were normalized by the absorption at 315 nm to account for film thickness variation due to the
different molecular weights and precursor solution concentrations used. The photoluminescence
spectra were normalized, by film thickness, to be between 0 and 1 and these spectra for 100:1
blend films (Fig. 2-3b) show a clear blue-shift, indicating better UV-selectivity, for decreasing
molecular weight. Using low-MW polymer also enhanced the EQE performance (Fig. 2-3c). The
values obtained from low-MW devices are significantly higher, peaking around 18% at 360 nm
compared to about 5% for high-MW devices with a -20 V applied bias. The devices made with
low-MW F8T?2 also proved to be more stable under strong reverse biases (up to -40 V) while the
devices made with high-MW F8T2 were not stable under applied reverse biases higher than -20
V. It should also be noted that solutions and films were easier to fabricate using low-MW and mid-
MW F8T?2; high-MW solutions were too viscous to filter by our methods, and produced films with
diminished consistency and uniformity.

Active layer thickness, controlled by precursor solution concentration and spin speed, can also
impact device performance. EQE spectra of devices with an identical structure except for the active
layer film thickness are shown in Fig. 2-4a to illustrate the impact of an active layer that is too
thin. The device structure was ITO/PEDOT:PSS/F8T2:PC7:BM(100:4)/LiF/Al, made with high-
MW F8T2 with a total precursor solution concentration of 15 mg/mL. The thick device had an
active layer spin cast at 1000 rpm and the thin device had an active layer spin cast at 1600 rpm,

both for 30 s, resulting in respective thicknesses of 130 nm and 90 nm.
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Figure 2-4. (a) EQE spectra of two devices, with high-MW F8T2 blended in a 100:4 weight ratio
with PC71BM, with different active layer thicknesses under a reverse bias of -20 V. (b) EQE of a
device based on an active layer with an F8T2:PC7:BM ratio of 1:1, w:w, using mid-MW F8T2 and

annealed at 100°C, tested under an applied reverse bias of -2 V. The device structure is
ITO/PEDOT:PSS/F8T2:PC7:BM/LiF/Al

This work focused on F8T2:PC71BM blends that heavily favored F8T2, so the PC71BM would
form isolated clusters and enable photomultiplication via charge trapping, band bending, and
charge injection. To contextualize this response, devices with an F8T2:PC71BM ratio of 1:1, w:w,
forming a BHJ in the active layer, were also fabricated and evaluated. The EQE under a -2 V
applied bias is shown in Fig. 2-4b, having a different shape than the spectra produced with
photomultiplication, discussed in section 2.3.3. Importantly the EQE of BHJ-based photodiode
devices can never exceed 100% and they are far less stable under strong reverse biases. The EQE
spectrum for a device with a BHJ active layer also has a spectrally distinct shape, indicating that
mechanistic differences exist between the BHIJ photodiode device and those that undergo
photomultiplication. Notably, the dip between peaks is mild and there is no sharp cutoff outside
the UV region. Instead, the photoresponse gradually decreases throughout the visible range, like

the absorption of PC71BM (Fig. 2-5a) which becomes significant in films that are 50% PC71BM.
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Fig. 2-5 demonstrates the film properties resulting from blends of F8T2:PC71BM with 100:4
and 100:1 weight ratios. The UV-Vis absorption spectrum of pure F8T2 (Fig. 2-5a) shows strong
absorption between 350-550 nm with a sharp cutoff around 550 nm. A pure PC71BM film absorbs
a relatively small amount of light throughout the visible region, gradually decreasing as
wavelength increases. Blended films with F8T2:PC71BM weight ratios of 100:4 and 100:1, also
represented in Fig. 2-5a, absorb light similarly to pure F8T2 films, with strong UV absorption and
a sharp cutoff around 550 nm, but the absorption decreases with increasing PC71BM content.
Because the F8T2-based films have similar thicknesses and each curve was normalized by the

absorption at 315 nm, this decrease can be attributed to the increase in PC71BM content.
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Figure 2-5. (a) UV-Vis absorption spectra of F8T2, PC71BM, and F8T2:PC71BM blend films with
100:4 and 100:1 weight ratios, normalized by the absorption of each film at 315 nm. (b)
Photoluminescence spectra of F8T2 and F8T2:PC7:BM blend films with 100:4 and 100:1 weight
ratios with light incident from the top of the films. (c¢) AFM images for F§T2:PC7:BM blend films
with 100:4 and 100:1 weight ratios.

Figure 2-5b shows a significant decrease in photoluminescence for both blended films

compared to pure F8T2, signifying that even a small amount of PC71BM quenches
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photoluminescence by allowing excitons to separate at F8T2:PC7:BM junctions rather than
recombine in F8T2.?” Height and phase AFM images of the blend films are shown in Fig. 2-5c.
The morphology and surface roughness of both films are similar but small spots, which might be
PC71BM aggregates, are visible in the 100:4 film images (one is circled as an example) much more
prominently than in the 100:1 film images. The active layers of all four types of devices discussed
in this work were fabricated using low-MW F8T2, blended with PC7:BM at a total concentration
of 40 mg/mL in either a 100:1 or 100:4 weight ratio, spin cast at 1000 rpm for 30 s, and annealed

at 80°C for 10 min.

2.3.2  Photomultiplication Mechanism

We  fabricated photodetectors with a  conventional device structure of
ITO/PEDOT:PSS/F8T2:PC71BM/LiF/Al (Fig. 2-6a), where ITO and Al are the anode and cathode,
respectively, and PEDOT:PSS and LiF are the HTL and ETL/HBL, respectively. Low PC71BM
content films with F8T2:PC71BM weight ratios of 100:4 and 100:1 were used as the active layer
for the devices labeled Device 100:4-LiF and 100:1-LiF, respectively. Since it has been reported
that the absence of an ETL can lead to more efficient photomultiplication,®! we also fabricated
devices without the LiF ETL/HBL layer with the same F8T2:PC71BM weight ratios of 100:4 and
100:1, which are labelled Device 100:4-noLiF and 100:1-noLiF, respectively. In the dark, without
or with a reverse bias (Fig. 2-6b and c, respectively), the large hole-injection barrier of 1.2 eV from
the Al cathode into the HOMO of F8T2 can effectively block hole injection. Despite the relatively
low electron-injection barrier of 0.4 eV from the anode into the LUMO of PC71BM, isolated
PC71BM aggregates do not provide a physical pathway for electron injection to occur. Therefore,
low dark current is maintained in these devices, even under strong reverse biases. Under

illumination, excitons are generated in F8T2 domains and diffuse to the boundaries of PC71BM
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clusters, unless they are generated too far from PC71BM clusters, in which case the excitons simply
recombine. The electrons that cross the junction into PC71BM become trapped, as shown in Fig.
2-6d, due to the high barrier of about 1.2 eV between the LUMO levels of F8T2 (-3.1 eV) and
PC71BM (-4.3 eV). Under illumination and an applied reverse bias, as in Fig. 2-6e, these trapped
electrons accumulate near the Al cathode and cause the active layer energy bands to bend at the
interface, which lowers the tunneling distance and therefore the barrier for holes to inject from the
Al cathode into the HOMO of F8T2. By this mechanism of electron trapping, band bending and
hole injection, multiple charge carriers can be collected per incident photon, so photomultiplication

and an EQE over 100% can be obtained.

PEDOT:PS!

LiF

Al CATHODE

ITO ANODE

LiF
Figure 2-6. Depiction of (a) the complete device structure, (b) and (c) the relative band energies
of the layers in the dark without and with applied reverse bias, respectively, (d) the active layer
morphology with isolated PC71BM clusters and the resulting charge trapping, and (e) the relative
band energies of the layers under illumination and a reverse bias, illustrating the
photomultiplication mechanism.



34

233 EQE Strength and Spectral Analysis

EQE spectra for Device 100:4-LiF measured under varied reverse bias are shown in Fig. 2-7.
Each spectrum was taken under constant applied reverse bias, starting at 0 V and increasing by 2
or 4 V intervals to -40 V. To maintain legibility, only some of these spectra are shown in Fig. 2-7,
but most measured spectra followed the same trends. EQE values increased with applied reverse
bias, due to the enhanced hole tunneling injection and improved hole transport resulting from the
increasing strength of the internal electric field of the device.?* 3¢ Two peaks are observed, one
between 330-420 nm cresting at 360 nm and a second sharp, narrow peak at 510 nm, with a dip in
between. At low biases (Fig. 2-7a) all EQE values are very small, remaining under 1% even for a
-6 V applied bias, but when the applied bias is over -24 V (Fig. 2-7b) the EQE reaches values over

100% and photomultiplication is realized.
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Figure 2-7. EQE spectra for Device 100:4-LiF taken under (a) moderate to no reverse bias and (b)
strong reverse bias. The device structure is shown as an inset in (b).

Notably, the device maintains good behavior under reverse biases as strong as -40 V, resulting

in a peak EQE value of 5600% at 360 nm. Comparing Fig. 2-7a and b demonstrates that the relative
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size of the 360 and 510 nm peaks depends on the bias. At lower applied biases (Fig. 2-7a), the two
peaks are very similar in height, but at a -18 V applied bias the 360 nm peak starts to grow stronger
than the 510 nm peak. In Fig. 2-7b, with reverse biases between -28 and -40 V, the 360 nm peak
dominates the curve and the peak at 510 nm becomes almost negligible. Because the peak at 360
nm increases more rapidly with increasing reverse bias than the peak at 510 nm does, it can be
concluded that the device response becomes more UV-selective as the bias is increased, and strong
UV-selectivity is achieved under strong reverse biases.

We further increased the F8T2:PC71BM ratio to 100:1, w:w, for Device 100:1-LiF to evaluate
the impact of lower PC71BM content on device performance. The EQE spectra of Device 100:1-
LiF tested under strong reverse biases (-28, -32, -36 and -40 V) are shown in Fig. 2-8a. Like the
spectra of Device 100:4-LiF, the EQE values increase with reverse bias and display two peaks
around 360 nm and 510 nm with a dip between. However, the EQE values obtained from Device
100:1-LiF are much smaller than those from Device 100:4-LiF, peaking at just over 1600% at 360
nm under a -40 V bias. The lower EQE could be due to a smaller number of PC71BM electron traps
near the Al cathode in Device 100:1-LiF compared to Device 100:4-LiF, and thus less efficient
photomultiplication. As observed in the AFM images in Fig. 2-5c, there are small, prominent spots
in the image of the 100:4 blend film, which we hypothesize to be PC71BM aggregates. The
obscurity of spots in the image of the 100:1 blend film would then correspond to fewer PC71BM
clusters near the top of the film, leading to the inferior EQE performance of Device 100:1-LiF
compared to Device 100:4-LiF.

The EQE spectra of Device 100:4-noLiF, with a 100:4, w:w, F8T2:PC71BM ratio but without
LiF, are shown in Fig. 2-8b. The device yielded EQE values of 10,200%, 25,900%, 48,000% and

68,900% at 360 nm with the applied reverse biases of -28, -32, -36 and -40 V, respectively. These
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EQE values are much higher than those of 330%, 1,100%, 2,800% and 5,600% obtained under the
same respective biases from Device 100:4-LiF at 360 nm, which is consistent with the literature.>!
In Device 100:4-LiF and 100:1-LiF, LiF functions as both an ETL and HBL, so its removal makes
hole injection easier, increasing the amount of current collected but also destabilizing the device.
Devices 100:4-noLiF and 100:1-noLiF both exhibited unstable and inconsistent behavior, which

will be discussed further in section 2.3.5.
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Figure 2-8. EQE spectra obtained under strong reverse biases for (a) Device 100:1-LiF and (b)
Device 100:4-noLiF. Device structures are shown as insets.

The spectral shape of the EQE obtained from these devices is not immediately intuitive because
the EQE dips where the F8T2 absorption is the strongest. The phenomenon has been similarly
reported for a PZHT:PC7;BM system?®° and can be understood using the distributions of the electric
field intensity and the exciton generation rate throughout the device as a function of incident light
wavelength. Fig. 2-9 shows simulated (Fig. 2-9a,c) and experimental (Fig. 2-9b) results of Device
100:4-LiF  with  the  simulation  structure of ITO(100  nm)/PEDOT:PSS(40

nm)/F8T2:PC71BM(100:4, 350 nm)/Al(100 nm) for Fig. 2-9a and c. The LiF layer of Device
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100:4-LiF was thin enough (0.8 nm) that it did not have a significant impact on the simulations

and was therefore excluded for simplicity.
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Figure 2-9. (a) The simulated electric field (|[E/Eo|) present throughout the device, with no applied
bias, upon illumination with light in the wavelength range of 300 to 700 nm, from the ITO side.
(b) A sample EQE curve for Device 100:4-LiF with no applied bias. Low intensity in the internal
electric field is marked with a red circle in (a) and the affected wavelength range is indicated with
dashed lines in both (a) and (b). (c) The simulated exciton generation rate throughout the device
for monochromatic 360, 450, 475, and 510 nm illumination, with no applied bias. The inset shows
a close-up on the active layer near the Al cathode.

FDTD simulations were performed to obtain the internal electric field distribution under
illumination. TMM simulations were performed to obtain the exciton generation rate results. Light
within the peak absorption of F8T2, from about 400-500 nm generates a strong electric field near
the active layer/PEDOT:PSS interface, but it decays quickly as it moves up into the rest of the

active layer, as shown in Fig. 2-9a. This range corresponds directly to the dip in EQE in Fig. 2-9b.
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This light is absorbed quickly within the active layer, so it only generates excitons in the lower
portion of the active layer, as demonstrated by the position-dependent exciton generation rate for
450 and 475 nm light in Fig. 2-9c.

On either side of this range, the electric field extends much further into the active layer (Fig.
2-9a) generating a strong photoresponse at the edges of the F8T2 absorption range, around 360
and 510 nm (Fig. 2-9b). Illumination at 360 nm generates excitons further into the active layer
than light at 450 or 475 nm, and has a second, smaller peak near the top of the active layer, shown
in the inset of Fig. 2-9c. Since the photomultiplication mechanism relies on trapped charges
accumulating at the top of the active layer, this peak enables the device to utilize this
photomultiplication mechanism. Light at 510 nm also generates excitons throughout the entire
active layer (Fig. 2-9c), so a photoresponse is also produced at this wavelength (Fig. 2-9b).
Because this peak is a result of light being absorbed and generating excitons throughout the active
layer, it is not as sensitive to the applied bias as the peak at 360 nm, which is the result of electrons
being trapped near the top of the active layer and enabling hole injection. Both the processes of
hole injection and the subsequent transport of holes across the entire thickness of the active layer
to be collected at the ITO anode will be enhanced by the application of stronger reverse biases, so
the peak at 360 nm is very sensitive to bias.

Fig. 2-10a plots the ratio of the EQE peak heights at 360 and 510 nm against applied bias. This
ratio is always above unity, even without any applied bias, and generally increases with reverse
bias, quantitatively confirming that the devices become more UV-selective under stronger biases.
Device 100:4-LiF possesses the clearest demonstration of this, quantifying the dramatic growth of
the 360 nm peaks in Figs. 2-7 and 2-8. The ratio remains close to 1 between 0 and -20 V, then

increases significantly with bias to 6.65 at -40 V. The ratio could not be calculated reliably for
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Devices 100:1-LiF and 100:4-noLiF at biases between 0 and -14 V, due to noise and inconsistency
in the data. It was obtainable at stronger biases, but for Device 100:1-LiF, the ratio fluctuated
between 4 and 7 instead of following any clear trend. The ratio for Device 100:4-noLiF remained
around 5 until a bias of -30 V was reached, at which point it steadily increased to 7.25 at -40 V. It
should be noted that this comparison is for two peaks, and the EQE at 360 nm can also be compared
to the EQE in the unresponsive region, for example at 650 nm. The ratios of EQE at 360 and 650
nm for Devices 100:4-LiF, 100:1-LiF, 100:4-noLiF, and 100:1-noLiF are 247, 143, 1100, and 47.3,

respectively, demonstrating strong UV-selectivity.
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Figure 2-10. (a) The ratio of the EQE at 360 nm to the EQE at 510 nm for Devices 100:4-LiF,
100:1-LiF and 100:4-noLiF under varied reverse biases. (b) EQE spectra for Device 100:4-LiF at
varied applied reverse biases, normalized by the EQE value at 360 nm.

Fig. 2-10b shows the EQE spectra normalized by the value at 360 nm. Unlike photodetectors
made with P3HT:PC7:BM,>® there is no obvious increase of EQE values within the dip region with
increasing reverse bias in Fig. 2-10b. This suggests that the clusters of PC71BM in the blend film
of F8T2:PC7:BM (100:4) are concentrated towards the top of the film, rather than uniformly
distributed in the active layer, as was hypothesized based on the AFM image in Fig. 2-5c. The

EQE in the dip region was reported to increase with reverse bias in devices with P3HT:PC7BM
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blends because PC71BM traps were present throughout the film. Electrons trapped in the lower
portion of the film could hop from trap to trap and contribute to photomultiplication, and this
hopping was enhanced under strong reverse biases.*® In our F§T2:PC7:BM devices, however, this
dip in EQE remains deep even with increasing reverse bias, confirming our hypothesis that
PC71BM clusters are more concentrated near the cathode. When excitons are generated near the
bottom of the film as they are in the peak absorption range of F8T2 (Fig. 2-5a), corresponding to
the dip in EQE between about 400-500 nm, they do not result in trapped charges due to the lack
of isolated PC71BM clusters in the lower portion of the active layer. Therefore, as reverse bias is

increased, there is no trap-to-trap hopping possible to increase the EQE in this spectral range.

2.3.4  J-V Characteristics and Shifting Behavior

Fig. 2-11a-b shows the J-V curves of Device 100:4-LiF in the dark and under illumination
where the photocurrents were normalized with respect to the incident optical intensity at each
wavelength (360 or 510 nm), shown in Fig. 2-1. A small voltage range is shown in Fig. 2-11a for
both fresh devices and devices after exposure to strong reverse bias and illumination during EQE
measurements. Fig. 2-11b extends the measurements on exposed devices out to -40 V,
demonstrating the stable response of Device 100:4-LiF under strong reverse bias. In general, Jp
obtained from our devices is much lower than that obtained from P3HT-based devices, due to the
higher injection barrier between Al and F8T2 (Fig. 2-11c¢) as compared to Al and P3HT (Fig. 2-
11d). Values were taken from the literature for the work function of A1'°’ and for the HOMO and
LUMO levels of LiF,'°! F8T2,°! and P3HT.*! The larger injection barrier for F§T2 compared to
P3HT also explains the smaller EQE values obtained for F8T2-based devices as compared to
analogous P3HT-based devices.** Fig. 2-11 also shows that Jpu produced is higher under 360 nm

than 510 nm illumination, confirming UV-selective photoresponse.
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Figure 2-11. (a) Dark and illuminated J-V curves for fresh devices and the same devices after
exposure to illumination and strong reverse bias. (b) Dark and illuminated J-V curves measured
under reverse biases up to -40 V. All curves were taken by starting at forward bias and scanning
towards reverse bias (+2 V to -2 or -40 V), and all illuminated curves were normalized by the
optical intensity of the lamp (shown in Figure 2-1) at the corresponding wavelength. Diagrams of
the energy barriers to hole injection from the cathode into the HOMO of (c¢) F8T2 and (d) P3HT.

After the devices underwent EQE measurements, they showed a decrease in both Jp and Jpn,
as well as a shift in the voltage corresponding to the minimum dark current (Vo) and the open-
circuit voltage (Voc). Similarly structured devices with 100:1 P3HT:PC71BM blend active layers
were studied under a “burn-in”, where devices were exposed to 400 nm illumination and a -25 V,
and then a -19 V, bias for 1000 s each.>® This yielded Jp values, under a -19 V bias, before and
after burn-in of 1.3 x 102 and 7.5 x 10~ mA/cm?, respectively.>® Our observed change in behavior

before and after EQE measurements (Fig. 2-11a) is similar to this phenomenon, though our dark
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current decreases more significantly, by two orders of magnitude from 3.6 x 107 to 2.7 x 10~
mA/cm? under a -1 V bias. Both the reported “burn-in” and our EQE measurements expose the
devices to strong reverse bias and direct illumination, so it must be this exposure that causes the
change in behavior.

To investigate this shifting J-V behavior, we fabricated three devices that were identical to
Device 100:4-LiF and exposed them individually to each of the relevant exposures: strong reverse
bias, illumination not resulting in a strong photoresponse (450 nm), and illumination resulting in
a strong photoresponse (360 nm). Resulting J-V curves are given in Fig. 2-12. Exposure to strong
reverse bias (-40 V) in the dark is explored in Fig. 2-12a for the first device. The current density
output was almost constant throughout the exposure to strong reverse bias, in the dark, for 1000 s.
This exposure lowered the dark current significantly, as shown in Fig. 2-12a, by about two orders
of magnitude as had been observed in Fig. 2-11a, which might be due to a number of effects
including an increased capacitive effect induced by strong reverse bias. Interestingly, reverse bias
alone had no influence on Vo, which remained around 0 V for both the freshly made device and
the device after exposure to strong reverse bias. !

Because the change in J-V behavior observed in Fig. 2-11 may be related to charge trapping,
we hypothesized that exposure to illumination that would not induce charge trapping would not
result in any change in the dark J-V behavior. We used monochromatic 450 nm illumination to
test this hypothesis because this wavelength is within the peak absorption of F8T2. It generated
the dip in EQE as shown in Fig 2-7, not a photomultiplicative response, indicating that this light
was absorbed in the lower portion of the active layer where charge traps are not abundant, so it
would not generate a significant amount of trapped electrons. The second device was exposed to

450 nm monochromatic illumination (32.9 uW c¢m) for ~700 s, and the current output remained
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constant during this exposure. Dark J-V curves were measured both before and after this exposure
and are given in Fig. 2-12b. Clearly, exposure to monochromatic 450 nm illumination with no
applied bias did not cause any significant shift in the dark J-V behavior, confirming the hypothesis
that this shifting behavior may be related to charge trapping.
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Figure 2-12. (a) Dark J-V measured on the freshly made device and the device immediately after
exposure to a reverse bias of -40 V in the dark for 1000 s. (b) Dark J-V measured on the freshly
made device and the device immediately after exposure to 450 nm monochromatic illumination
with no applied bias. (c¢) Dark J-V measured on the freshly made device and the device
immediately after exposure to 360 nm illumination with no applied bias (d) Dark J-V curves
measured on the same device three days after the initial exposure to 360 nm illumination with no
applied bias. Scan direction for each curve is indicated with an arrow.

To further confirm this, a third device was exposed to 360 nm monochromatic illumination

(21.5 pW cm) with no bias applied for >500 s, and the current output again remained constant
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during this exposure. Dark J-V curves were taken before and after this exposure and are shown in
Fig. 2-12c¢. After exposure to monochromatic 360 nm illumination alone, not only was the dark
current lowered compared to that of a fresh device, but an obvious hysteresis was also observed,
with the Vo shifted away from 0 V to about 1 or -0.4 V, depending on the scan direction (from +2
to -2 V or from -2 to +2 V, respectively). Additionally, when the device was retested after being
stored for three days in a N»-filled glovebox under no exposure to light or bias, it retained this
shifted J-V behavior, shown in Fig. 2-12d, rather than returning to its initial behavior. The different
impacts of exposure to 360 and 450 nm illumination confirms that the illumination-induced change
in J-V behavior observed after EQE measurements may be related to the trapping of charges and
the non-uniform distribution of charge traps, which could contribute to an asymmetrical space
charge accumulating in the active layer. Ultimately, the J-V behavior shifting observed after
exposure to strong reverse bias and charge-trap-inducing illumination in Fig. 2-12 may be caused
by a combination of effects including charge trapping, energy level shifting, space charge

accumulation, and capacitance.3? 3699 102,103

2.3.5  Impact of Device Architecture on Stability

Despite the higher EQE values produced by Device 100:4-noLiF compared to Device 100:4-
LiF (Fig. 2-8 and 2-7, respectively), Device 100:4-noLiF exhibited inconsistent performance when
different Al electrodes on the same chip were tested. Fig. 2-13 shows the resulting EQE spectra
from two different electrodes on Device 100:4-noLiF (Fig. 2-13a) and Device 100:4-LiF (Fig. 2-
13b). The performance of Device 100:4-noLiF changes significantly between the two electrodes
and is therefore determined to be unstable. Device 100:4-LiF, with less variation between the two
electrodes, is shown for comparison. There is some variation between the spectra obtained from

Device 100:4-LiF, about 37% difference in peak heights, but this is much smaller than the variation
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in the spectra obtained from Device 100:4-noLiF, with about a 77% difference in peak heights.
For all devices, the results from the best-performing electrode (100:4-LiF 1, 100:4-noLiF 1) were

shown and discussed throughout the rest of the discussion.
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Figure 2-13. (a) EQE spectra for Device 100:4-noLiF under a -40 V reverse bias, where 100:4-
noLiF; and 100:4-noLiF> represent two different Al electrodes on the same chip. (b) EQE spectra
for Device 100:4-LiF under a -40 V bias, where 100:4-LiF; and 100:4-LiF represent two different
Al electrodes on the same chip. (c) EQE spectra for one electrode on Device 100:1-noLiF, under
varied applied biases.

Lowering the F8T2:PC7:BM ratio to 100:1, w:w, and excluding LiF for Device 100:1-noLiF
resulted in devices with both instability issues and poor performance. EQE spectra for Device

100:1-noLiF are given in Fig. 2-13c under varied applied bias. The performance of this device was
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very unstable, following no discernable trend and showing characteristics indicative of avalanche-
like breakdown. In general, stable and consistent devices are preferable, even if unstable devices
produce higher EQE values, so Device 100:4-LiF is confirmed as the optimal device as analyzed
by photoresponse strength, UV-selectivity and device stability.

An inverted device structure, where the cathode is at the bottom of the device and the anode at
the top, has also been pursued in this work. In an inverted device, the top electrode can be a metal
with a higher work function than Al, such as Ag or Au, which are more stable in air than the lower
work function materials used in conventional device.'* 1% This has been a popular approach in
the field of solar cells and to some extent in photodetectors,*® 3% 194197 byt does not always result
in improved performance. In fact, devices with biplanar active layers of F8T2 and Ceo were
reported to produce better performance in a conventional, not inverted, structure.*® When inverted
devices were evaluated in this work, their behavior was unstable and unpredictable. This device
structure has therefore not been pursued thoroughly, though some results are given in Fig. 2-14.

The devices represented in Fig. 2-14 had a structure of glass/ITO cathode/ZnO ETL(thickness
varied)/F8T2:PC71BM(100:4, thickness varied)/MoO3; HTL(10 nm)/Ag anode(100 nm) and is
shown in Fig. 2-14a. ZnO films were prepared from a sol-gel solution, where zinc acetate dihydrate
and ethanolamine were dissolved in 2-methoxyethanol with concentrations of 0.1 and 0.3 M to
produce 10 and 30 nm films, respectively. The films were spin cast at 6000 rpm for 60 s followed
by a 1 h bake at 200°C. All active layers were spun at 1000 rpm for 30 s and annealed at 80°C for
10 min. The device represented in Fig. 2-14b and ¢ had a 30 nm ZnO layer, and an active layer
utilizing high-MW F8T2 with a total concentration of 15 mg/mL for the precursor solution,
yielding an active layer thickness around 120 nm. The same electrode was used to obtain the J-V

curves and EQE spectra shown in Fig. 2-14b and c, respectively. This electrode yielded a low dark



47
current, around 1 x 10”7 mA/cm?, and a high peak EQE of 320% under 375 nm illumination and a
-3 V bias, achieving photomultiplication under a relatively small applied bias. However, it was the
only electrode on any inverted device that yielded this good behavior. Generally, the performance
of inverted devices was inconsistent and unstable. In fact, even this high-performing device

showed a steep increase at short wavelengths, indicating response instability.
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Figure 2-14. (a) J-V curves and (b) EQE spectra for the high-performing inverted device. EQE
spectra for unstable inverted devices with ZnO thicknesses of (c) 30 nm and (d) 10 nm. The
inverted device structure is given as an inset.

600

The devices represented in Fig. 2-14d and e were fabricated with low-MW F8T2, and the active
layers were fabricated with the same conditions as for conventional devices. In Fig. 2-14d, EQE
spectra for a device with a 30 nm ZnO layer are shown. Without any applied bias, this device
produced EQE spectra with reasonable shapes that were relatively reproducible from one electrode

to the next, but even small applied biases resulted in breakdown-like behavior. The EQE values
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increased with increasing reverse bias, but the spectral shape indicates that these curves are
unreliable. It was hypothesized that the ZnO ETL layer may be dominating the device response,
since ZnO has absorbance in the UV range, so the thickness of this layer was decreased to 10 nm
for the device evaluated in Fig. 2-14e. Unfortunately, this did not solve the problem of inconsistent
and unstable performance, and in fact even the EQE spectra without any applied bias, shown in

Fig. 2-14e, did not have a reasonable shape.

2.3.6 Comprehensive Device Performance Analysis

The ideal photodetector will maximize R, which characterizes the strength of the device
response, while minimizing Jp, which corresponds to the noise present in the device. The peak R
values, active layer thicknesses, and dark currents at -40 V are summarized in Table 2-1.

Table 2-1. Active layer thickness, responsivity (R), and dark current for all devices taken under a
reverse bias of -40 V and 360 nm monochromatic illumination.

Device Active Layer Thickness (nm)  Responsivity (A W'l) Dark Current (A)

100:4-LiF 330 15.9 1.09%x10°
100:1-LiF 360 4.84 1.18x10°
100:4-noLiF 330 200 330x 10"
100:1-noLiF 360 7.7x 10" 1.76x 10"

Peak R values, obtained under 360 nm illumination and -40 V bias, were 15.9, 4.84, 200, and
7.7 x 10 A/W for Devices 100:4-LiF, 100:1-LiF, 100:4-noLiF, and 100:1-noLiF, respectively. At
15.9 A/W, Device 100:4-LiF provided the highest R of all devices except for Device 100:4-noLiF,
which yielded a responsivity of 200 A/W. However, Device 100:4-noLiF also had a higher dark
current of -3.30 x 107® A that was more than three times as high as that of Device 100:4-LiF (-1.09
x 10 A) and Device 100:4-noLiF exhibited unstable and inconsistent behavior, so Device 100:4-

noLiF cannot be presented as optimal. Devices 100:1-LiF and 100:1-noLiF had both lower R (4.84
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and 7.7 x 10* A/W, respectively) and higher dark current (-1.18 x 10° and 1.76 x 10™* A,
respectively) as compared to Device 100:4-LiF. Therefore, the combination of high responsivity
and low dark current for Device 100:4-LiF (Table 2-1) make it the apparent superior device of
those tested in this work.
The response speeds of devices are shown in Fig. 2-15, where a squarer curve corresponds to
a faster device response. Incident 360 nm illumination was turned on and off in 10 s intervals, and
the photocurrent produced in the device was measured and then normalized to be between 0 and 1
so that curves obtained from different devices under varied applied biases could be compared. Fig.
2-15a shows the response speed for Device 100:4-LiF tested under two different reverse biases, -
28 and -40 V, demonstrating that the device responds faster under stronger reverse bias, likely due
to faster charge carrier diffusion and decreased capacitance.! In Fig. 2-15b, the response speeds of
Devices 100:4-LiF, 100:1-LiF and 100:4-noLiF under the same bias of -40 V are compared.
Having a higher PC71BM content increases the size and number of aggregates, making the
photomultiplication mechanism more efficient and leading to an increase in both response speed
and strength from Device 100:4-LiF compared to Device 100:1-LiF. Devices with and without LiF
(Device 100:4-LiF and 100:4-noLiF) are also compared in Fig. 2-15b. The curve obtained from
Device 100:4-noLiF is much noisier when the light is turned on than that obtained from Device
100:4-LiF, indicating that the response of Device 100:4-noLiF is unstable. Device 100:4-LiF also
has a faster response than Device 100:4-noLiF, indicated by the squareness of the curves obtained
from Device 100:4-LiF compared to Device 100:4-noLiF. The only difference between Device
100:4-LiF and C is the respective presence or absence of LiF, so it must be this layer that enhances
the response speed of Device 100:4-LiF, most likely due to its impact on the energy level alignment

between layers. Including a LiF layer decreases the effective electron transport barrier between the
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cathode and active layer, thereby increasing the operating voltage and the charge carrier diffusion. !
108,109 Again, Device 100:4-LiF is confirmed as optimal, both in terms of stability and response
speed. A fall time for Device 100:4-LiF was roughly calculated to be 0.5 s, but the accuracy of this
value is directly limited by the measurement system. The system took measurements at
approximately 0.5 s intervals (Fig. 2-15c), so it is likely that the actual fall time is shorter than the

value that was calculable.
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Figure 2-15. (a) The response speed of Device 100:4-LiF to 360 nm monochromatic illumination
under two different reverse biases. (b) The response speed of Devices 100:4-LiF, 100:1-LiF and
100:4-noLiF, tested under a -40 V reverse bias with 360 nm monochromatic illumination. (c) A
portion of the curves for Device 100:4-LiF in (a), showing the 0.5 s measurement interval.

2.4  CONCLUSIONS

We have fabricated organic, conventional photodetectors utilizing F8T2:PC7:BM blend active

layers with weight ratios of 100:1 and 100:4, with and without the presence of an ETL/HBL of
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LiF. Generally, devices with LiF are more stable, and those with F8§T2:PC71BM blend ratios of
100:4 provide the best overall performance, reaching an EQE and R of 5600% and 15.9 A/W,
respectively, under 360 nm illumination and a -40 V applied bias, and an extremely low dark
current of 2.7 x 107 mA/cm? at a -1 V bias. The F8T2-based devices possess a strong
photoresponse that is more UV-selective than other reported organic systems utilizing
photomultiplication because of the wide bandgap of F8T2. Strong reverse biases enhance
photomultiplication, improve the UV-selectivity and response and demonstrate the stability of
these devices. An inverted device architecture was explored but was found to be unstable enough
to discourage further investigation. The impressive stability, high UV-selectivity, and impressive
performance (high EQE and low dark current) of the conventional devices strengthen the pathway

towards the development of large area, flexible organic UV photodetectors.
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Chapter 3. TUNING THE SPECTRAL PHOTORESPONSE OF UV
PHOTODETECTORS COMPOSED OF PTAA AND ZNO
NANOPARTICLES THROUGH CHARGE TRAPPING
AND CHARGE COLLECTION NARROWING

3.1 INTRODUCTION

There are many advantages to using organic materials and organic-inorganic hybrids in
optoelectronic devices, including low material cost, facile processing and fabrication, and
flexibility.'* Another commonly touted benefit is the tunability of the optical characteristics
of organic materials. For UV photodetectors, applications like environmental monitoring
and laboratory instrumentation require a broadband UV response, while applications like
filter-free imaging and colorimetry require wavelength-specific narrowband response.'* It
is therefore desirable to produce devices based on organic materials with responses that can
be tuned between broadband and narrowband.

Organic photodetectors with broad spectral response from UV to NIR were first
demonstrated by the Heeger group, using a narrow-bandgap conjugated polymer, poly(5,7-
bis(4-decanyl-2-thienyl)-thieno(3,4-b)diathiazole-thiophene-2,5) (PDDTT), blended with
PCsiBM in a 1:1 weight ratio as the active layer.''® The device had a structure of
ITO/PEDOT:PSS/PDDTT:PCsoBM/AI and produced photoresponse ranging from 300-
1450 nm with D* values exceeding 10'? Jones throughout the entire range.'!® Since then,
organic-inorganic hybrid systems have also been wused to fabricate broadband
photodetectors, including many that incorporate quantum dots (QDs) into polymer active

layers.!!! The integration of CdSe QDs into a layer of poly(2-methoxy,5-(2’-ethyl-
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hexyloxy)-p-phenylenevinylene) (MEH-PPV) broadened the device photoresponse from a
relatively narrow peak centered around 550 nm to a broader peak from 420 to 650 nm, due
to the optical absorption of the QDs.!!'? PbS QDs were incorporated into a P3BHT:PCBM
blend active layer, resulting in devices with NIR response that could be tuned to extend
from 1000 nm to 1200-1700 nm depending on the size of the PbS QDs.!!3
Various mechanisms have been employed to spectrally tune and narrow photodetector
response. Typically, a full width at half maximum (FWHM) around or below 100 nm is
desired for narrowband devices. One method of achieving this narrow response is focusing
on the absorption of the active layer materials. A new squarylium material was recently
reported and utilized in thin-film devices producing EQE spectra with a 110 nm FWHM
centered around 600 nm, peaking at 66% under a -2.5 V bias.!!'* In other systems, active
layer thickness and composition were controlled to achieve photoresponse narrowing and
enhancement. One photoresponse mechanism relied on CdTe QDs acting as electron traps
within a blended active layer of P3HT and PCBM.>* 15 In devices with thinner active layers
around 200-250 nm, the addition of CdTe QDs enabled photomultiplication under
illumination between 350-650 nm and a -1 V bias.!’> In devices with active layer
thicknesses around 3 um, the active layer morphology was such that the CdTe QDs were
concentrated towards the top of the active layer.> In this case, only light at the red edge of
the P3HT:PCBM absorption peak, with a long penetration depth, generates significant
response, resulting in EQE spectra with narrow response between about 650-750 nm.>?
The active layer thickness itself can also be used to achieve the desired photoresponse
tuning and narrowing. Increasing the thickness of the active layer can cause a narrowing in

the photoresponse of the device caused by a mechanism called charge collection narrowing
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(CCN).?? For thick active layers, light within the absorption peak of the active layer is
absorbed quickly and does not penetrate far into the active layer, and thus it cannot generate
a photoresponse. Light on the edge of the absorption peak, however, penetrates the entire
active layer. This light then reflects back into the active layer from the top metal electrode,
establishing an interference pattern within the active layer. Because of this, it can be
absorbed and generate excitons throughout the entire active layer, resulting in
photoresponse only at this long wavelength at the edge of the absorption peak. The CCN
mechanism was first demonstrated in devices with thick active layers (1.5, 2 and 3 mm)
composed of (poly[N-900-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole) (PCDTBT) and poly[2,5-(2-octyldodecyl)-3,6-
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[ 3,2-b]thiophene)] (DPP-DTT)
blended with PC71BM in weight ratios of 1:4 and 1:3, respectively.?* These devices had
spectral responses that specifically narrowed to the edge of the absorption peak for each
polymer, producing red (~650 nm) and NIR (~950 nm) photodetectors with FWHM values
around 70 and 90 nm, respectively.?

In this work, we investigated the spectral response tunability of organic-inorganic
hybrid UV photodetectors composed of a wide-bandgap polymer poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) blended with ZnO nanoparticles as the active layer in a
device with a structure of ITO/PEDOT:PSS/PTAA:ZnO/BCP/Al. PTAA and ZnO were
blended in 1:1 and 2:1 weight ratios, and both thin (150-200 nm) and thick (1400-1900 nm)
active layers were used. By changing the active layer thickness, we can utilize CCN for UV
photodetectors and narrow the photoresponse to the absorption edge of the active layer. The

composition of the active layer, relating to the microstructure and thus charge transport
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properties, determined the efficacy of CCN in these devices. In addition to enabling and
controlling photoresponse tunability, active layer thickness and composition also impacted
the Jp, R, D*, response speed, and stability of devices. Through TMM and 3D-FDTD
simulations, we predicted that controlling the active layer thickness and composition would
enable tuning between a broad photomultiplicative photoresponse and a selective
narrowband photoresponse, which we achieved experimentally. This tunability, achieved
by changing the simple conditions of active layer composition and thickness, could enable

simple and cost-effective production of a variety of UV photodetectors.

3.2 EXPERIMENTAL

3.2.1 ZnO Nanoparticle Synthesis and Precursor Solution Preparation

ZnO nanoparticles were synthesized according to the procedure previously reported.!!®
Briefly, 2.36 g of zinc acetate dihydrate (= 99.0%, Sigma-Aldrich) was dissolved in 100
mL of methanol (= 99.9%, Fisher Scientific (Hampton, NH)) at 60°C, and 1.256 g KOH (=
85.0%, Fischer Scientific) was dissolved in 52 mL of methanol. The two solutions were
combined and stirred at 60°C for 1.5 h, at which point the solution became turbid and was
stirred for an additional hour. The ZnO nanoparticles were then collected by centrifuge,
washed three times in methanol, dissolved in 1,2-dichlorobenzene at 200 mg/mL, and
stored in a refrigerator until use. The hydrodynamic diameter of the nanoparticles was
determined using dynamic light scattering (DLS) with Malvern Zetasizer Nano. All
solution preparation took place in a nitrogen-filled glovebox. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) was purchased from Solaris Chem. Inc. (Quebec,

Canada). PTAA and ZnO nanoparticles were each dissolved separately in 1,2-
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dichlorobenzene with concentrations of 40 mg/mL and 200 mg/mL, respectively. The ZnO
nanoparticle solution was removed from the storage refrigerator and handled at room
temperature, and the PTAA solution was stirred for at least 12 h at 70°C. Before combining
the two solutions, the PTAA solution was cooled to room temperature. The solutions were
combined so that the resulting solution would have either a 1:1 or 2:1 weight ratio with
total concentrations of 66.7 mg/mL and 55.6 mg/mL, respectively. The combined solution

was stirred at room temperature for 5 min before use.

3.2.2  Film Fabrication and Analysis

Plain glass slides were cut into 1.5 cm x 1.5 cm squares and cleaned by ultrasonication
for 15 min each in soapy deionized (DI) water, DI water, acetone and isopropanol, in
sequence, and then by oxygen plasma cleaning at 100 W for 30 s. All film fabrication steps,
after substrate preparation, were done in a nitrogen-filled glovebox. The PTAA:ZnO blend
precursor solutions were filtered through a 0.45 um PTFE syringe filter and deposited via
spin coating. For thin films, the precursor solution with a ratio of 1:1 or 2:1, w:w, was spun
at 1000 rpm or 800 rpm, respectively, for 30 s. For thick films, the precursor solutions for
both weight ratios of 1:1 and 2:1 were spun at 400 rpm for 30 s. All films were annealed at
100°C for 10 min. Film analysis was performed in ambient conditions. UV/Vis spectra
were collected using a Perkin Elmer Lambda 900 UV/Vis spectrophotometer. Film
thicknesses were measured using a KLLA Tencor Alpha-Step 500 Profiler. The distribution
of ZnO nanoparticles in the thick active layer films was determined with the elemental

analysis using energy dispersive X-ray spectroscopy (EDS) on an FEI Sirion SEM.
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3.2.3 Device Fabrication and Characterization

ITO coated glass substrates (< 10 Q/sq, Colorado Concept Coatings LLC, Loveland,
CO) were prepared by the same methods of ultrasonication and plasma treatment as
described in Section 3.2.2. PEDOT:PSS solution (Clevios P VP Al 4083, Heraeus, Hanau,
Germany) was filtered through a 0.45 um PTFE syringe filter and spin-coated onto the
cleaned ITO-coated glass substrates at 5000 rpm for 40 s, then baked at 120°C for 10 min
in air. The chips were then transferred into a nitrogen-filled glovebox. The PTAA:ZnO
active layers were deposited via spin coating, under the same conditions as the films
described in Section 3.2.2. A 10 nm layer of bathocuproine (BCP) (Sigma-Aldrich),
followed by 100 nm Al (99.999%, R.D. Mathis, Long Beach, CA, were deposited via
thermal evaporation using an Angstrom Engineering Amod PVD Platform. LiF was
deposited without the use of any mask, and Al electrodes were deposited with rectangular
masks so that the active area of devices was 0.1 cm?, and four devices were on each chip.

All device characterizations were performed in ambient conditions. J-V curves, Jp versus
time, and EQE spectra were obtained using a Keithley 2635B sourcemeter. Light was
provided with a 150 W Xenon arc lamp and an Oriel Cornerstone 130 Monochromator.
Optical intensity was measured using a Newport 1918-R Power Meter and Newport UV-Si

Photodiode. The optical intensity of the Xenon arc lamp used is provided in Fig. 3-1.
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Figure 3-1. The optical power intensity of the lamp used for all device characterization
measurements.

The on-off response of the devices was obtained using a Tektronix TBS 1052B Digital
Oscilloscope and a chopper controlled by a Stanford Research Systems, Inc Model SR540
Chopper Controller. Bias was applied using the Keithley 2635B sourcemeter. The rise (fall)
times are defined as the amount of time it takes for the device to transition from 10% to
90% (90% to 10%) of the photoresponse cycle. Matlab was used to perform Fast Fourier

Transform (FFT) on dark current versus time data to obtain noise currents.

324 Optical and Electromagnetic Simulations

Transfer matrix method®> ** (TMM) and 3-dimensional finite-difference time-domain
(3D-FDTD, Lumerical FDTD Solutions®) simulations were performed to obtain the
exciton generation rate and electric field distribution, respectively, within the devices. The
simulated devices have a similar structure as those experimentally fabricated, with the same
layer compositions and thicknesses. Specifically, they are glass (100 nm)/ITO (100
nm)/PEDOT:PSS (40 nm)/PTAA:ZnO (weight ratio and thickness varied)/Al (100 nm).
The thin BCP layer was not included. The exciton generation rate was calculated for

incident light at 375 and 425 nm. Electric field distributions were collected with a
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frequency-domain field monitor positioned at a cross section through the middle of the
devices. For each material utilized in a simulated device, in both TMM and FDTD
simulations, the wavelength-dependent optical constants of refractive index (n) and
extinction coefficient (k) had to be defined. For Al, these optical properties were provided
in the material library of the Lumerical program,’® and data from an online database were
used for the glass substrates.””- °® For all other materials the wavelength-dependent optical
constants were obtained from ellipsometry with a Woollam M-2000 Spectroscopic
Ellipsometer. These are shown in Fig. 2-2 for ITO and PEDOT:PSS, and in Fig. 3-2f for
the PTAA:ZnO active layers. A more detailed description of the 3D-FDTD simulations is

provided in Chapter 4, Section 4.2.

3.3 RESULTS AND DISCUSSION

3.3.1 Charge Collection Narrowing Mechanism

The UV photodetectors have the structure of ITO/PEDOT:PSS/PTAA:ZnO/BCP/Al,
shown in Fig. 3-2a. The ZnO nanoparticles had an approximate hydrodynamic diameter of
10 nm, and their distribution in the thick active layers is given in Fig. 3-2b,c. The four
plotted curves were the result of vertical scans done in four positions across the films. As
demonstrated in Fig. 3-2b,c, the ZnO nanoparticles are not evenly distributed throughout
the blended active layer films but are more concentrated towards the top of the films. This
trend is more apparent for the films with the 1:1 PTAA:ZnO weight ratio, which may be
due to both the increased film thickness and the increased ZnO content. The energy diagram

for each layer in the device is shown in Fig. 3-2d.
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Figure 3-2. (a) Schematic of the device structure used in this work, (b,c) the distribution of ZnO
in the thick blended films corresponding to the active layers of (b) Device 1900-1:1 and (c) Device
1400-2:1, obtained via EDS, (d) the energy diagram of each layer in the device used in this work,
(e) absorption spectra of the pure components of the active layers and each blend film, normalized
to the absorption at 600 nm, (f) optical constants for each blend film, obtained via ellipsometry.

The work function of PEDOT:PSS was provided by the vendor, as were the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
levels for BCP and PTAA. Values were taken from the literature for the work function of
ITO: "7 and A1,'% and for HOMO and LUMO levels of ZnO.!'% 19 ZnO is typically an

n-type wide-bandgap material with a bandgap of 3.3 eV and electron mobility on the order
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of 1-10 cm?/V-s.'?* PTAA has been widely used as a hole transport material in perovskite
photovoltaic devices!?! because of its hole mobility, which is around 5 x 102 cm?/V-s.!??
PTAA is also a wide-bandgap material with a bandgap around 3.0 eV (Fig. 3-2d). As shown
in Fig. 3-2e, the ZnO nanoparticle thin film has strong UV absorption, with a sharp cutoff
around 360 nm. The PTAA thin film absorbs light from about 300-420 nm with a peak
around 375 nm and a soft cutoff around 420 nm. The absorption spectra of the blended
PTAA and ZnO resemble the absorption spectrum of a PTAA thin film with a peak around
375 nm. The addition of ZnO nanoparticles extends the absorption of the blended film
deeper into the UV range and sharpens the cutoff observed around 420 nm.

TMM and 3D-FDTD simulations were used to fully investigate and understand the
response as a function of active layer thickness and composition. For both TMM and 3D-
FDTD simulations, the wavelength dependent refractive index, n, and extinction
coefficient, k, of the PTAA:ZnO (1:1 and 2:1) films were obtained experimentally through
ellipsometry and are shown in Fig. 3-2f. The exciton generation rates within the active
layers induced by the light at two different wavelengths, 375 nm and 425 nm, corresponding
to the absorption peak and edge, respectively, were obtained via TMM simulations and are
plotted in Figs. 3-3a, b, e, and f. Electric field distributions for the wavelength range of 200-
700 nm were obtained via 3D-FDTD simulations and are shown in Figs. 3-3c, d, g, and h.
Two dramatically different active layer thicknesses were used for each weight ratio in these
simulations, guided by the thicknesses of fabricated films for each composition: 150 (1:1,
w:w), 200 (2:1, w:w), 1900 (1:1, w:w), and 1400 nm (2:1, w:w) were used as the active

layer thicknesses for Devices 150-1:1, 200-2:1, 1900-1:1, and 1400-2:1, respectively.
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As shown in Fig. 3-3a, while the two wavelengths of light interact differently with the
Device 150-1:1 active layer, both generate excitons throughout the layer. The strong
absorption of light at 375 nm results in a high exciton generation rate of 2.1 x 10" s'em™
at the PEDOT:PSS/active layer interface. Despite the quick decay, this light still produces
significant exciton generation rates throughout the entire active layer, only dropping below
10'® s"'em™ within the top 10 nm of the active layer. Light at 425 nm induces a smaller
exciton generation rate of 1.4 x 10! s'cm™ at the PEDOT:PSS/active layer interface since
it is near the edge of the absorption peak. The weak absorption by the active layer enables
the light to penetrate the entire layer and reflect off the Al anode, establishing an
interference pattern with a period of 106 nm. This interference leads to bulk exciton
generation throughout the entire active layer, with peaks around 1.4 x 10! s'ecm™. Similar
behavior is observed in Fig. 3-3b for Device 200-2:1. Again, light at 375 nm induces a high
exciton generation rate of 1.7 x 10! s”'ecm™ at the PEDOT:PSS/active layer interface, which
decays throughout the active layer but stays above 10'® s'em™ until the top 20 nm of the
active layer. Light at 425 nm does not induce significant exciton generation at the
PEDOT:PSS/active layer interface. This is because of the interference pattern, which has
the same period of 106 nm due to the similarity between the optical constants for the 1:1
and 2:1, w:w, blends, as shown in Fig. 3-2f. As in Device 150-1:1, light at 425 nm
establishes bulk exciton generation in Device 200-2:1 with peaks throughout the active

layer around 6 x 10'® s'em™.
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Figure 3-3. TMM-simulated exciton generation rate throughout the active layer for (a) Device
150-1:1, (b) Device 200-2:1, (e) Device 1900-1:1, and (f) Device 1400-2:1. 3D-FDTD-simulated
electric field distribution throughout the device as a function of incident wavelength for (c¢) Device
150-1:1, (d) Device 200-2:1, (g) Device 1900-1:1, and (h) Device 1400-2:1.
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The exciton generation rate in Device 200-2:1 is generally smaller than that in Device
150-1:1, so a weaker photoresponse is expected from Device 200-2:1. Because light of both
simulated wavelengths generates excitons throughout the active layers, we expect these two
thin devices to exhibit broad photoresponse when exposed to any light within the absorption
range. The FDTD-simulated electric fields throughout Devices 150-1:1 and 200-2:1 (Figs.
3-3¢,d) further support the expectation of a broad UV response for both thin devices. An
electric field is present throughout the entirety of both active layers, for the wavelength
range of ~250-420 nm, indicating that these devices will respond strongly to any light
within this range. The electric field present in Device 150-1:1 (Fig. 3-3¢) is slightly stronger
than that in Device 200-2:1 (Fig. 3-3d), supporting the expectation that Device 150-1:1 will
produce a stronger photoresponse than Device 200-2:1.

TMM simulations were performed at the same two wavelengths for Devices 1900-1:1
and 1400-2:1, shown in Figs. 3-3e,f. For Device 1900-1:1 (Fig. 3-3¢), light at 425 nm still
penetrates the entire active layer, establishing an interference pattern with a 105 nm period
and bulk exciton generation with peaks that decay throughout the active layer but average
around 1.6 x 10'® s'lem™. Because the exciton generation rate is sustained throughout the
active layer, a photoresponse is expected from Device 1900-1:1 at this wavelength of 425
nm. The exciton generation rate induced by 375 nm light is still high, with a value of 1.9 x
10" s''em™, at the PEDOT:PSS/active layer interface. However, it falls off very quickly,
dropping below 10'® s"'em™ within the first 150 nm of the active layer, which is less than
10% of its total width. Similar behavior is observed from Device 1400-2:1, shown in Fig.
3-3f. Light at 375 nm again induces a strong exciton generation rate of 1.8 x 10! s'em™ at

the PEDOT:PSS/active layer interface, but it drops off quickly and falls below 10'® s'cm"
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3 about 150 nm into the active layer, which in this case is just over 10% of its total width.
Light at 425 nm establishes a bulk exciton generation rate with the same period of 105 nm
and peaks throughout the active layer averaging around 2.7 x 10'® s"'em™. This exciton
generation rate is slightly higher than that of Device 1900-1:1, so a slightly stronger
photoresponse at 425 nm is expected for Device 1400-2:1, compared to Device 1900-1:1.
For both thick devices, under illumination by light within the absorption peak, the strong
absorption causes excitons to only be generated within a small portion of the active layer
close to the PEDOT:PSS layer. This unbalanced exciton generation creates a space charge
and therefore a barrier to charge transfer, so no significant photoresponse should be
observed at these wavelengths.?* Therefore, a narrowband photoresponse centered around
425 nm, which generates excitons throughout the entire active layer, is expected from
Devices 1900-1:1 and 1400-2:1. The exciton generation rates produced by both thick
devices are smaller than those produced by thin devices, and thus the thin devices should
generally produce a stronger photoresponse than thick devices. The expectation for the
photoresponse to narrow with increasing thickness is also supported by the FDTD-
simulated electric fields, shown in Figs. 3-3g and h. For Device 1900-1:1 (Fig. 3-3g), the
electric field oscillates at the absorption edge of the active layer, around 425 nm, and is
therefore strong throughout the entire active layer. The electric field falls off quickly in the
rest of the UV range, with wavelengths below 425 nm, and does not extend significantly
into the active layer due to the active layer absorption. Therefore, a photoresponse is only
expected at the absorption edge wavelength of 425 nm. The same phenomenon is observed
for Device 1400-2:1 (Fig. 3-3h), but it is not as clean. In fact, the electric field does extend,

albeit weakly, throughout the active layer for wavelengths around 270-300 nm, indicating
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that a photoresponse may be observed for these wavelengths. The electric field overall is
stronger for Device 1400-2:1 than it is for Device 1900-1:1, so it is again expected that
Device 1400-2:1 will produce a stronger photoresponse than Device 1900-1:1, but the

narrowing of the response may not be as clean.

3.3.2  Broadband Photomultiplicative Response in Thin Devices

Devices with thin and thick PTAA:ZnO active layers were fabricated and their EQE
spectra were taken under reverse biases, with the spectra obtained from thin devices shown
in Fig. 3-4. As predicted by the simulation results in Fig. 3-3, these thin devices produce a

broad UV response with high EQE values.
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Figure 3-4. EQE spectra for (a) DeV1ce 150-1:1, (b) Device 200-2:1. Schematic illustration of (¢)
exciton generation in PTAA and ZnO and subsequent electron trapping in ZnO nanoparticles, (f)

band bending and hole injection from the Al cathode, and subsequent collection of holes at the
anode in a thin device.
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Device 150-1:1 (Fig. 3-4a) produces the highest EQE values with a peak of 295% under
350 nm illumination and a -1 V bias. Device 200-2:1 (Fig. 3-4b) has a lower peak value of
21% under 350 nm illumination and a -1 V bias due to both the composition and the slightly
thicker active layer compared to Device 150-1:1. The lower EQE values obtained from
Device 200-2:1 compared to those from Device 150-1:1 are consistent with the trend
predicted by the TMM and FDTD simulations, though the simulations do not consider bias.
By the definition of EQE as the ratio of charge carriers collected per incident photon,
photomultiplication yields EQE wvalues over 100%. As observed in Fig. 3-4a,
photomultiplication is achieved in Device 150-1:1, in this case through charge trapping,
band bending, and charge injection — a mechanism that has been well studied and evaluated
in organic and inorganic-organic hybrid devices with active layer thicknesses in the range
of 200-500 nm. The EQE values produced by Device 150-1:1 in this work, given the low
applied bias, are comparable to those produced by similar systems in the literature utilizing
the same photomultiplication mechanism. The organic system of P3HT and PC71BM,
blended with a ratio of 100:1, w:w, was utilized in devices with a structure of
ITO/PEDOT:PSS/P3HT:PC71BM/LiF/Al to obtain EQE values of 16,700% under 380 nm
illumination and a -19 V bias through this photomultiplication mechanism.*® The same
mechanism was utilized in the more UV-selective system presented in Chapter 2, achieving
EQE values of 5600% under 360 nm illumination and a -40 V bias.>! Organic-inorganic
hybrid systems, particularly polymer-nanoparticle blends, have also been employed to take
advantage of this photomultiplication mechanism. Blending CdTe nanoparticles into a
P3HT:PC¢BM film yielded a peak EQE of 8000% under 350 nm illumination and a -4.5

V bias.!'"® Additionally, ZnO nanoparticles have been incorporated into both P3HT and
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PVK active layers in devices with the structure ITO/PEDOT:PSS/PVK:4,4'-bis[(p-
trichlorosilylpropylphenyl) phenylamino]-biphenyl (TPD-Si2)/active layer/BCP/Al.>? The
PVK:ZnO device produced a more UV-specific response, from about 300-375 nm and
peaking at 245,300% under 360 nm illumination and -9 V, while the P3HT:ZnO device
produced a broader response from about 325-650 nm, due to the narrower bandgap of P3HT
compared to PVK, peaking at 340,600% under 360 nm illumination and -9 V.3
The photomultiplication observed in Device 150-1:1 supports the idea that ZnO
nanoparticles are isolated within the PTAA layer, because this is essential to the
photomultiplication mechanism as illustrated in Fig. 3-4c and d. In the active layers, both
PTAA and ZnO nanoparticles can absorb light, while PTAA acts as a hole transport
material and the ZnO nanoparticles act as electron traps. Fig. 3-4c shows the exciton
generation that occurs in the active layer upon illumination under an applied reverse bias.
When the device is illuminated with light at wavelengths between 350 and 420 nm, excitons
are generated in PTAA and diffuse throughout the active layer until they either recombine
or come to an interface with ZnO. At this point the exciton can dissociate. The hole remains
in the PTAA and moves through the active layer towards the ITO anode to be collected.
The electron, however, is trapped in the isolated ZnO nanoparticle with a significant barrier
of 1.9 eV to escape into the LUMO of PTAA. For illumination with light at wavelengths
shorter than 350 nm, excitons can be generated in ZnO, in addition to PTAA. In this case,
the electron is still trapped in the isolated ZnO nanoparticle by the same barrier to escape,
but the hole can easily transfer into the HOMO of PTAA and move through the active layer
to be collected at the anode. The trapped electrons in ZnO bend down the active layer

energy bands, shortening the tunneling distance and therefore lowering the barrier for holes
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to be injected from the Al cathode into the HOMO of PTAA (Figs. 3-4d). In thin devices,
these injected holes can move through the active layer and be collected at the ITO anode.
Multiple holes can be injected per incident photon, so this mechanism can lead to

photomultiplication and an EQE over 100%.

333 Narrowband Spectral Response in Thick Devices

The EQE spectra for thick devices are shown in Fig. 3-5. As predicted by the simulations
in Fig. 3-3, they generally produce narrower and weaker EQE spectra compared to the
thinner devices. Device 1900-1:1 (Fig. 3-5a) shows good spectral narrowing to the edge of
the PTAA absorption peak with a remarkably low FWHM of 12 nm, but a very low EQE
of 0.66% under 424 nm illumination and a -1 V bias. Device 1900-1:1 maintained stable
behavior under stronger applied biases and an EQE value of 2.8% was achieved under 424
nm illumination and a -10 V bias, but the stronger bias increased photoresponse throughout
the UV range, producing EQE values above 1% for wavelengths shorter than 350 nm. The
FWHM for the Device 1900-1:1 EQE peak at 424 nm remains narrow, below 16 nm, under
subsequent testing with applied reverse biases up to -16 V (Fig. 3-5b) and is therefore
considered a stable feature of the photoresponse. Device 1400-2:1 (Fig. 3-5¢) produced a
narrow EQE peak centered around 418 nm with a value of 1.1% under a -1 V bias, but
response between 310-410 nm was also produced, with EQE values between 0.7-1% in this
range. Generally, thick devices produce much lower EQE values for two reasons: the
overall decrease in exciton generation rate compared to thinner devices, shown in Fig. 3-3,
and the increased likelihood of charge recombination accompanying significant increases

in film thickness, as illustrated in Fig. 3-5d.
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Figure 3-5. (a) EQE spectra for Device 1900-1:1, (b) Device 1900-1:1 under strong reverse biases,
demonstrating the stable shape of the curve and the stability of the FWHM values. Inset: Table of
the FWHM values for each subsequent scan, (c) EQE spectra for Device 1400-2:1 under zero and
small reverse bias, and (d) schematic diagram of band bending and hole injection from the Al
cathode and subsequent hole loss to recombination in a thick device

A few features of the photoresponse spectra of the thick devices in this work should be
noted. First, the peak response of the thick devices occurs at a slightly longer wavelength
than the absorption edge shown in Fig. 3-2e. As film thickness increases, a longer
wavelength is required for light to penetrate through the active layer, resulting in a redshift
in photoresponse.>® Additionally, compared to the suppression of broad UV response
achieved by Device 1900-1:1 under the same -1 V bias, the narrowing is not clean for
Device 1400-2:1. This can be explained with the FDTD-simulated electric fields for

Devices 1900-1:1 and 1400-2:1 (Figs. 3-3g,h). Both devices have a significant electric field
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throughout the active layer at longer wavelengths, starting around the absorption edge, so
both devices exhibit photoresponse at the edge of their absorption range. In reality, this
occurs at the slightly longer wavelength of 424 nm for the thicker, 1900 nm active layer in
Device 1900-1:1, compared to the peak response wavelength of 418 nm for the slightly
thinner, 1400 nm active layer in Device 1400-2:1. This is because thicker films generally
experience a redshift in their absorption.?? It is clear in Fig. 3-3g and h that the electric field
throughout the active layer in most of the UV range, with wavelengths shorter than 425 nm,
is weaker in Device 1900-1:1 than in Device 1400-2:1, implying a weaker photoresponse
throughout this region.

It also important to note that the photocurrent obtained from the devices in this work,
both thick and thin, can be increased by applying a stronger reverse bias, as demonstrated
in Fig. 3-5. This is due to an increase in the internal electric field, aiding the movement of
holes through the active layer and improving the likelihood that they be collected at the
anode. Strong biases have been applied to devices utilizing a blend of P3HT and PCs1BM
with a ratio of 100:1, w:w, in active layer thicknesses ranging from 0.3 to 7 um, combining
the response mechanisms of CCN and photomultiplication to produce very narrow, very

strong photoresponse.!'?® 124 A

single, narrow EQE peak exceeding 50,000%, centered
around 650 nm with a 30 nm FWHM, was achieved via hole injection from the Al cathode
under a -60 V bias.!?* The same devices showed a U-shaped EQE spectrum under a +60 V
bias, yielding EQE peaks around 40,000% under 340 nm illumination and 20,000% under
650 nm illumination.'?* Under forward bias, a larger peak was observed near the short-

wavelength edge of the absorption peak because holes were injected from the ITO anode,

rather than the Al cathode. Because of this, the photomultiplication mechanism occurred in
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the portion of the active layer near the anode, so it was engaged by light with a short
penetration depth.'?> With stronger applied biases, the EQE values obtained from our
devices could be increased to be more competitive with those reported for similar systems,
but for the sake of practical applicability, we have focused our evaluation on the low-bias
region. For most applications, a small working voltage and minimal energy demands are
desirable. Additionally, it has been previously reported®! and observed in this work that

thin devices can become unstable under strong biases.

3.3.4  Impact of ZnO Nanoparticle Content

From this, it seems that the weight ratio directly impacts the efficacy of the CCN
mechanism, but it is plausible that the difference between the clean narrowing of Device
1900-1:1 and the broader response of Device 1400-2:1 could solely be due to the difference
in film thickness. Experimentally, the effects of thickness and composition could not be
easily isolated due to the difficulty in obtaining the same thickness for different
compositions. We therefore used FDTD simulations to evaluate the electric field
distributions for devices with both weight ratios of 1:1 and 2:1 at each thickness of 1400
and 1900 nm, shown in Fig. 3-6.

For each weight ratio, increasing the active layer thickness from 1400 nm (Fig. 3-6a,b)
to 1900 nm (Fig. 3-6¢,d) caused the electric field to decrease within the absorption peak,
indicating that the photoresponse will be weaker at these wavelengths and the CCN
mechanism will be more effective. Additionally, for each active layer thickness, the devices
with a 1:1 weight ratio (Fig. 3-6a,c) exhibit a weaker electric field throughout the absorption
peak than the devices with a 2:1 weight ratio (Fig. 3-6b,d), indicating that at any thickness,

a device with a 1:1 weight ratio will engage the CCN mechanism more effectively and
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produce a cleaner response-narrowing than a device with a 2:1 weight ratio. From these
comparisons, it can be determined that both the increase in active layer thickness and the

PTAA:ZnO ratio of 1:1, w:w, produce the superior photoresponse-narrowing observed in

Device 1900-1:1 compared to Device 1400-2:1.
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nanoparticles, and the surface states and defects of these nanoparticles need to be



74
considered. The ZnO crystal structure introduces native defects, including vacancies (a
missing atom), interstitial sites (an atom outside of a lattice site), and anti-sites (one atom
in another’s site).!?> Some of these defects — O vacancies, Zn interstitials, and Zn anti-sites
— are donor-like defects that contribute to the inherent n-type behavior of ZnO.!?> These
defects, particularly O vacancies at the nanoparticle surfaces, introduce extra electrons into
the conduction band that enable the surface to adsorb O, from air.!?® Engaging electrons in
this adsorption creates a depletion region of lowered conductivity on the ZnO surface,
which is particularly impactful for nanoparticles.!?” 1?8 Under UV illumination and forward
bias, the O> can be desorbed, freeing the electrons and increasing the conductivity of the
Zn0.'?® This can be an effective photoresponse mechanism,!?® '?° but only if the
dark/neutral-bias behavior can be immediately recovered. Depending on the system and the
testing conditions, the conductivity increase is sometimes maintained even when the
illumination/forward bias is removed. This is called persistent photoconductivity, and it
results in the loss of a distinguishable photoresponse. Stable behavior can often be
recovered upon aging in air and/or exposure to strong reverse biases.!'?’

In this work, when persistent photoconductivity was observed, that is when dark current
and photocurrent became indistinguishable, the devices were aged in air until the dark
current returned to its original levels. This aging time was typically about 1 day, and then
testing continued. Multiple electrodes on each chip were tested to ensure stable,
reproducible behavior. Additionally, the dark current was repeatedly checked throughout
testing to ensure that the device was stable and that any observed photoresponse was

distinct from persistent photoconductivity. The extent to which persistent



75
photoconductivity affected device stability depended on the weight ratio of the active layer,

as shown in Fig. 3-7.
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A pure PTAA device (Fig. 3-7a) does not experience any persistent photoconductivity,
and has stable, reproducible dark current behavior before and after EQE measurements. For
devices with a higher ZnO content, persistent photoconductivity was evident and stable
behavior could not always be recovered. As shown in Fig. 3-7b and c, both pure ZnO
devices and PTAA:ZnO devices with a ratio of 1:10, w:w, respectively, exhibited an
increase in dark current, especially under reverse biases, after EQE measurements. The
increased dark current could not be lowered to the level of freshly made devices even after
aging in air or under forward bias. Generally, a higher ZnO content produces higher
currents for both dark and illuminated conditions, while a higher PTAA content improves
device stability. Considering both factors, the ratio of 1:1, w:w, was found as optimal

among those investigated in this work.



3.3.5  J-V Characteristics, Device Sensitivity and Response Speed

The dark and illuminated current density-voltage characteristics (J-V curves) for all four
devices are shown in Fig. 3-8. Generally, as predicted by the simulations in Fig. 3-3 and
observed in the EQE spectra in Fig. 3-4, the thinner devices (Fig. 3-8a) produce higher

currents under both dark and illuminated conditions than the thick devices (Fig. 3-8b).
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Figure 3-8. Dark and illuminated J-V curves for (a) Devices 150-1:1 and 200-2:1, and (b) Devices
1900-1:1 and 1400-2:1. (c) Dark current density under strong reverse bias for Device 1900-1:1.
(d) Schematic illustration of the barriers to charge injection enabling the low dark current of Device
1900-1:1 to be maintained under strong reverse biases.

For both thin devices, the photocurrent and dark current, shown in Fig. 3-8a, are only
distinguishable within a small bias range, from about -1.5 to 0.7 V, indicating that the
device response is not stable outside of this range. Additionally, Device 150-1:1 produces

a higher photocurrent than Device 200-2:1, with values of 7.9 x 10*and 2.4 x 10*mA/cm?
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under a -1 V bias and 375 nm illumination, respectively. Both thick devices produce a
clearly distinguishable photoresponse throughout the relevant voltage range, with the
photocurrent approximately two orders of magnitude greater than the dark current, as
shown in Fig. 4b. For Device 1400-2:1, the dark current shows rectification and is very
close to the photocurrent under forward bias. Device 1400-2:1 produces a stronger
photocurrent than Device 1900-1:1, with values of 5.4 x 10° and 2.1 x 10> mA/cm? under
a -1 V bias and 420 nm and 424 nm illumination, respectively.

For Device 1900-1:1, low dark current below 1 x 10 mA/cm? can be maintained even
at strong reverse biases, shown in Fig. 3-8c. As illustrated in Fig. 3-8d, the low dark current
is due to the relatively large barrier (2.7 eV) to hole injection from the Al cathode into the
BCP layer and the even larger barrier (2.4 eV) to electron injection from the ITO anode
into LUMO of PTAA. There could be electron injection from the ITO anode into the
conduction band of ZnO based on their energy level alignment (0.5 eV barrier), but this
injection is limited because ZnO nanoparticles may not directly contact the PEDOT:PSS
interface. Additionally, even if some electrons were injected, they could not be transported
through the active layer because the ZnO nanoparticles do not form a continuous pathway.
The dark current of devices is indicative of the noise level that is present, which is obtained
from a Fast Fourier Transform (f) of the dark current values.** Plots of the noise current
versus frequency are given in Fig. 3-9 for each device.

For the thin devices (Fig. 3-9a), the application of a -1 V bias causes a significant
increase in both dark and noise currents. For Device 150-1:1, the dark current increases
from 5.0 x 0°® mA/cm? under no bias, to 5.1 x 10 mA/cm? under a -1 V bias, and the noise

current increases from 2.0 x 107'3 A/Hz!? under no bias to 1.3 x 101 A/Hz1’? undera -1 V
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bias. Similarly, for Device 200-2:1, the dark current increases from 3.4 x 10”7 mA/cm?
under no bias to 1.1 x 10 mA/cm? under a -1 V bias, and the noise current increases from
2.4 x 10713 A/Hz!? under no bias to 2.0 x 10> A/Hz'? under a -1 V bias. For the thicker
devices (Fig. 3-9b), the impact of bias on the dark and noise currents is much less severe.
For Device 1900-1:1, the dark current increases from 4.0 x 10”7 mA/cm? under no bias to
6.7 x 107 mA/cm? under a -1 V bias, and the noise increases mildly from 1.2 x 1073 A/Hz'?
without any bias to 2.7 x 107" A/Hz"? under a -1 V bias. Similarly, for Device 1400-2:1
the dark current is increased from 1.9 x 10”7 mA/cm? under no bias to 8.9 x 107 mA/cm?
under a -1 V bias, and the noise decreased from 2.4 x 10! A/Hz!? under no bias to 5.0 x

1013 A/Hz'? under a -1 V bias.
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Figure 3-9. Noise currents under no bias obtained from FFT and calculated shot noise
approximations for (a) Devices 150-1:1 and 200-2:1, and (b) Devices 1900-1:1 and 1400-2:1.

The R and D* results are plotted in Fig. 3-10, with results for thick and thin devices of
the same weight ratios plotted together to illustrate the distinct broad or narrow spectral
response. As shown in Fig. 3-10a, Device 150-1:1 obtained a peak R value of 83.2 A/W
under 350 nm illumination and a -1 V bias, while Device 1900-1:1 maintained its

narrowband spectral shape, with a peak R value of 0.23 A/W under 424 nm illumination
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and a -1 V bias. As shown in Fig. 3-10b, Device 200-2:1 produced a spectral shape similar
to that produced by Device 150-1:1, but much weaker in magnitude, with a peak R value
of 5.93 A/W under 350 nm illumination and a -1 V bias. Device 1400-2:1, also shown in
Fig. 3-10b, again demonstrates CCN, as evidenced by the peak of 0.36 A/W obtained under
420 nm illumination and a -1 V bias. However, R values around 0.25 A/W are maintained
throughout most of the UV range between about 310-410 nm, indicating that this device
does not engage the CCN mechanism as effectively as Device 1900-1:1, due to both its

composition and thickness as previously discussed.
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Figure 3-10. Responsivity (a and b) and specific detectivity (¢ and d) under 0 and -1 V biases.
Responsivity for (a) Devices 150-1:1 and 1900-1:1, and (b) Devices 200-2:1 and 1400-2:1.
Specific detectivity for (c) Devices 150-1:1 and 1900-1:1, and (d) Devices 200-2:1 and 1400-2:1.

Because both noise current and photoresponse are accounted for in D*, the values for

the thin devices decreased under reverse bias while the values for the thick devices
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increased. This is because thick devices produced only a slight increase in noise current
when a reverse bias was applied, compared to the severe increase in noise current observed
when a reverse bias was applied to the thinner devices. As shown in Fig. 3-10c, for Device
150-1:1 the peak D* value of 3.7 x 10! Jones is obtained without any applied bias, under
382 nm illumination. Also shown in Fig. 3-10c are D* spectra for Device 1900-1:1. For
this device, the applied bias improves D*, which peaks at 2.6 x 10!! Jones under 424 nm
illumination and a -1 V bias. Similarly, shown in Fig. 3-10d Device 200-2:1 also produces
its peak D* value of 1.6 x 10'? Jones without any applied bias, under 350 nm illumination,
whereas for Device 1400-2:1 the peak D* value of 2.3 x 10'! Jones is obtained under 420
nm illumination and a -1 V bias.

The on-off response speed is shown for these devices in Fig. 3-11. The response was
measured under 375 nm illumination for the two thin devices (Device 150-1:1 and Device
200-2:1), and under 424 and 420 nm illumination for Device 1900-1:1 and Device 1400-
2:1, respectively. Because Device 150-1:1 produced higher photocurrents than the other
devices, its on-off response could be measured with no applied bias. For Device 200-2:1, a
-1 V bias was applied to produce a sufficient photoresponse for these measurements, and a
-10 V bias had to be used for Devices 1900-1:1 and 1400-2:1. Generally, applying a bias
should increase the response speed of a device.! Therefore, because Device 150-1:1 exhibits
the fastest photoresponse when it is tested without any bias and compared to devices under
bias, as in Fig. 3-11, it must have the fastest photoresponse overall of the devices tested.
The rise and fall times for Device 150-1:1 were found to be around 50 and 60 ms,
respectively. These response times are slower than the rise and fall times of 25 and 558 us

reported for a P3HT:ZnO system under a -9 V bias,>? but faster than the rise and fall times,
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below 200 ms, reported for a device based on ZnO nanoparticles embedded in a layer of

poly(9,9-dihexylfluorene) (PFH) under a -1 V bias.'?’
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Figure 3-11. Photoresponse for (a) Device 150-1:1 under 375 nm illumination, (b) Device 200-
2:1 under 375 nm illumination, (c) Device 1900-1:1 under 424 nm illumination, (d) Device 1400-
2:1 under 420 nm illumination.

3.4 CONCLUSIONS

The effects of active layer film thickness and composition on the spectral response of UV
photodetectors have been investigated. TMM and FDTD simulations were used to provide insights
into the exciton generation rate and electric field distribution within the devices as a function of
incident light wavelength. Experimentally, the active layer film thickness and composition were
used to tune between broad and narrow spectral response for UV-selective photodetectors whose
active layers are a blend of PTAA and ZnO nanoparticles with the weight ratios of 1:1 and 2:1.
Devices with thin active layers (150-200 nm) exhibited a broad photoresponse, while devices with
thick active layers (1400-1900 nm) showed a narrowed photoresponse centered at the edge of the
absorption peak of the active layer, due to charge collection narrowing. The device with a 1900
nm active layer and PTAA:ZnO ratio of 1:1, w:w, showed an extremely narrow, single
photoresponse peak centered at 424 nm with a FWHM of 12 nm. The corresponding responsivity

and specific detectivity were 0.23 A/W and 2.6 x 10'! Jones under 424 nm illumination and a -1
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V bias. Decreasing the active layer thickness to 150 nm with the same weight ratio resulted in a
broad photoresponse in the wavelength range of ~320-420 nm, with a peak EQE of 295% under
350 nm illumination and a -1 V bias due to the charge trapping and injection enabled by the ZnO
nanoparticles acting as electron traps. The photomultiplication produced a peak responsivity of
83.2 A/W under 350 nm illumination and a -1 V bias, but the peak specific detectivity of 3.7 x 102
Jones was achieved under no bias and decreased to 2.0 x 10! under a -1 V bias due to the increased
noise current. Generally, increasing the ratio of PTAA:ZnO to 2:1, w:w, lowered dark and
photocurrents, eliminated photomultiplication in the thin device, and diminished the spectral
response narrowing in the thick device. The CCN mechanism was effectively extended into the
UV photodetection range, and the response in this range can be easily tuned between a broad
photomultiplicative response and a sensitive, selective narrowband response, simply by varying

the thickness and composition of the active layer.
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Chapter 4. PLASMONIC ALUMINUM NANOHOLE ARRAYS AS
TRANSPARENT CONDUCTING ELECTRODES FOR
ORGANIC UV PHOTODETECTORS WITH BIAS-
DEPENDENT PHOTORESPONSE

4.1 INTRODUCTION

The incorporation of metallic nanostructured films and nanoparticles has become a
popular approach for improving the performance of optoelectronic devices, including
photodetectors, due to the performance enhancements resulting from their ability to support
surface plasmon polaritons (SPPs) that can concentrate light into sub-wavelength volumes,
improve the absorption in the active layer, and increase the internal electric field in
devices.”” °® Additionally, metal films are conductive and could therefore enhance
performance while serving as a device electrode, making them a flexible, cost-effective
alternative to the commonly used material of ITO, which is expensive, brittle, and has poor
UV transmittance.>® These performance enhancements can be engaged by light of varying
wavelengths depending on the design and material of the nanostructures.’*-*? This provides
a mechanism for tuning the spectral photoresponse of devices, making plasmonic
nanostructures attractive for a wide variety of applications including filter-free imaging and
colorimetry, flame and missile detection, and environmental monitoring.'

While metal films patterned with sub-wavelength nanoholes have been shown to

provide extraordinary optical transmission,% 139

in this and similar work the incorporation
of a nanostructured metal electrode into devices has produced lower light absorption in the

active layer compared to devices based on ITO electrodes.®® However, the other effects of
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plasmonic nanostructured electrodes, spectral tunability and electric field enhancement,
remain attractive and worthwhile pursuits. A stronger electric field in a device, even just at
the interface of the active layer and a charge transport layer, could improve charge
dynamics and therefore photoresponse in a device. The spectral tunability enabled by
plasmonic nanostructures is also desirable. The transmission of an array of nanoholes in a
metal film can be tuned and controlled by the geometric parameters including the gap, the
size of the holes, and the pitch, the spacing of the array.’® ¢! ©2 These parameters directly
impact the plasmonic properties through the standing wave SPPs that can be established on
the nanostructured surface, which in turn determines the incident light that SPs will have
resonance with and couple to.%% 62

Plasmonic nanostructures have been employed effectively in thin film solar cells, enabling
devices with thinner active layers, which have superior charge transport properties, to compete
optically with thicker devices by improving absorption through light scattering, local electric field
enhancement, and light trapping.®! This heightened absorption increases the short circuit density
(Jsc) produced by thin film solar cells that incorporate plasmonic nanostructures, therefore
improving device performance. Thin film perovskite solar cells, having a structure of fluorine-
doped tin oxide (FTO)/TiO2/CH3NH3Pbl3/2,2",7,7'-Tetrakis(N,N-di-4-methoxy-phenyl-amino)-
9,9"-spirobifluorene (spiro-OMeTAD)/Au produced a Jsc of 13.19 mA/cm? when plasmonic Ag
nanoparticles were deposited between the FTO and TiO; layers, compared to 10.79 mA/cm? when
no Ag nanoparticles were included.”! Additionally, an Au nanohole array (Au-NHA) was shown
to improve the Jsc with respect to active layer thickness when incorporated into inverted organic
solar cells with a device structure of Au-NHA/ZnO/poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]]
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(PTB7):[6,6]-phenyl-C71-butyric acid methyl ester (PC7:BM)/MoO3/Ag.*” The Au nanostructured
electrode improved absorption in the active layer by trapping light via an optical cavity effect and
thus enabled Jsc levels to be maintained when the active layer was decreased to sub-optimal
thickness, offering a potential solution to the trade-off between optical absorption and charge
extraction that persists in thin film solar cells.’

The coupling of light and surface charge into LSPPs enhances the electric field at both interfaces
of the plasmonic electrode.®® This phenomenon is very attractive for photodetectors, particularly
those relying on charge injection and transport at device electrode interfaces.® % Photodetectors
utilizing plasmonic nanostructures and nanoparticles produce improved responsivity (R) values,
and improved spectral selectivity and tunability for device photoresponse.®®> A device with a
structure of ITO/4,4-N,N'-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)/Ceo/bathocuproine
(BCP)/Al incorporated Au nanoparticles at the top of the NPB active layer and, through plasmonic
enhancements to the absorption and local electric field as well as hot carrier injection, the R values
increased from 2.00 to 99.38 mA/W under 830 nm illumination and a -0.4 V bias.”® In these
devices, plasmonic excitements enable sub-bandgap photodetection, and this can also be pursued
as the main design objective. An Ag nanohole array (Ag-NHA) was incorporated into the bottom
transparent electrode of a device with a structure of Ag-NHA/2,2',7,7'-tetrakis(N,N’-di-p-
methylphenylamino)-9,9’-spiro-bi-fluorene (spiro-TTB)/Al and improved the photoresponse
strength by two orders of magnitude under 830 nm illumination and a 5 V bias.”’

Photodetectors that are sensitive to UV illumination are important in a variety of applications
including environmental monitoring, scientific research, imaging, and flame and missile
detection.! > '* Despite their applicability, extension of plasmonic enhancement mechanisms to

UV-selective devices has been relatively slow, because the common plasmonic metals of Ag and
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Au cannot support surface plasmon polaritons (SPPs) when illuminated by light with wavelengths
shorter than about 350 nm.® Al is well-suited to support and tune SPPs in the UV spectral range
due to its carrier concentration, dielectric function, and high quality factor for long range surface
plasmons when illuminated by UV light,®*** although oxide formation on the Al surface can
interfere with and cause a redshift in its plasmonic properties.>> 3% 81:85 131 I addition, Al provides
an attractive material option for UV photodetectors due to its relative abundance and low cost
compared to Ag and Au. A simulated Al nanogrid demonstrated optical transmittance that could
be tuned between about 300-430 nm by varying the geometry of the grid,> and Al nanoparticle
arrays produced plasmonic resonance peaks that could be shifted between about 270-340 nm by
varying the particle size.®' Acting as a hot electron injection material, plasmonic Al can provide
performance enhancements both within and beyond the UV spectral range. A device consisting of
Al and ITO electrodes separated by a thin Al>O3 layer produced a peak R value of 250 nA/W under
440 nm illumination and no bias.® Incorporating plasmonic Al nanowires into the same device
resulted in significant enhancements to the sub-bandgap absorption, demonstrating that plasmonic
Al nanostructures could improve solar cell performance in addition to photodetection.® In fact,
simulated organic solar cells with a device structure of Al nanohole array (Al-NHA)/poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/poly(3-hexylthiophene)
(P3HT):PCs1BM/ZnO/perfect electronic conductor (PEC) were reported to have enhanced
absorbance throughout the visible range, compared to devices based on ITO, that could be
precisely tuned by varying both the geometry of the AI-NHA and the thickness of the device layers,
utilizing the optical cavity effect of the multi-layered device.”® Because of its plasmonic properties
and ability to induce sub-bandgap photoresponse, Al can be used as a filter for color-selective

photoresponse throughout the UV and visible spectral ranges. An Al grating deployed on top of a
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lateral photodetector, utilizing Al electrodes on a Si substrate with a thin oxide layer, was reported
as an effective color-selective filter, as grating pitch values of 300, 400, and 500 nm resulted in
blue, green, and red photodetection, respectively.”

In this work, Al nanohole arrays (AlI-NHAs) were utilized as transparent conducting electrodes
to optimize the UV-selectivity and response tunability of photodetectors having a conventional
photodiode structure with organic active materials, which provide a low-cost, flexible alternative
to inorganic materials.!* UV-selectivity was ensured through the material selection of Al, for
plasmonic activity within the UV spectral range, and the polymer donor of poly(9,9-
dioctylfluorene-alt-bithiophene) (F8T2), for strong UV absorption with a cut-off around 515 nm.
The active layer was a 350 nm film consisting of F8T2 and the fullerene-derivative electron
acceptor PC71BM, combined in a ratio of 100:4, w:w, based on the investigation and evaluation in
Chapter 2.°! While inverted devices offer a potential stability enhancement through their utilization
high work function metals such as Ag in their top electrodes, rather than the lower work function

104,105 jpverted devices in this work were found to

metals such as Al used in conventional devices,
be unreliable, so only conventional devices were pursued for AI-NHA incorporation. PEDOT:PSS
and LiF were used as hole and electron transport layers, respectively, for an overall device structure
of Al-NHA/PEDOT:PSS/F8T2:PC71BM/LiF/Al. 3-dimensional finite-difference time-domain
(3D-FDTD) electromagnetic simulations were conducted to design the AI-NHA to produce strong
UV absorption in the active layer and enhanced internal electric field intensity. A hexagonal Al-
NHA with a diameter, pitch, and thickness of 175, 200, and 30 nm, respectively, is determined to
be optimal. Notably, these parameters can be varied within a small range without severely

diminishing the absorbance of the active layer, so imperfection in the fabrication of the

nanostructures is tolerable. AI-NHA electrodes were successfully fabricated using nanosphere
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lithography (NSL) and incorporated into photodetectors, which produced two narrow
photoresponse peaks with specific detectivity (D*) values of 4.0 x 10° and 4.6 x 10° Jones under
340 and 515 nm illumination, respectively, and -2 V bias, and one broad photoresponse peak with
a peak D* of 8.8 x 10° Jones under 450 nm illumination and 2 V bias. Compared to control ITO-
based devices, AI-NHA-based devices had similar response under reverse bias and superior
response under forward bias, as ITO-based devices became unstable under forward bias. The bias-
dependent photoresponse switching is believed to benefit from plasmonic enhanced internal
electric field that increases the driving force for hole diffusion. The mechanism was further
confirmed by the investigation of conventional devices with planar Al electrodes and hole-only
devices with both planar Al and AI-NHA electrodes. This novel bias-dependent response switching
improves the applicability of UV photodetectors through the incorporation of cost-effective,

flexible, and performance-enhancing plasmonic Al-NHA transparent conducting electrodes.

4.2  EXPERIMENTAL

4.2.1  Finite-Difference Time-Domain Unit Cell Setup and Simulation Details

3-dimensional finite-difference time-domain (3D-FDTD, Lumerical FDTD Solutions®®)
simulations were performed to obtain the transmission through each layer in the device and the
electric field distribution throughout the device. An overview of the 3D-FDTD simulation setup
used to design the AI-NHA electrodes is shown in Fig. 4-1. As discussed in Chapter 2, it was
ultimately determined for F8T2:PC7:BM blend active layers that the optimal device structure was
conventional, the optimal active layer thickness was approximately 350 nm, and the optimal ratio
for the blend was 100:4, w:w, so these conditions were used for simulated devices and active

layers. The bottom-illuminated conventional device with a structure of AI-NHA (30
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nm)/PEDOT:PSS (40 nm)/F8T2:PC71BM (350 nm, 100:4 weight ratio)/LiF (0.8 nm)/Al (100 nm)
is illustrated in Fig. 4-1a. Film thicknesses were informed by experimental devices, and both the
diameter and the pitch (spacing) of the NHAs were varied. When AI-NHAs were incorporated into
simulated devices, the subsequent layer material, PEDOT:PSS, was used to fill the nanohole, and
then was treated as a planar film on top of this filled hole. Therefore, the reported thickness of
PEDOT:PSS refers to the thickness of the planar film on top of the filled Al nanohole. A cross-
sectional view of the simulation unit cell is shown in Fig. 4-1b. The simulation boundary is
represented by a blue border and the light source impinges normally from the bottom of the device
with polarization in the x-direction. The boundary conditions used in the x, y, and z directions
were anti-symmetric, symmetric, and perfectly matched layer, respectively, simulating a periodic
array with free space above and below.!3? The simulation was run with 250 frequency points, and
the auto-shut-off limit was reached in all cases. An auto-non-uniform mesh was used, with the
mesh accuracy set to 4 and a minimum mesh step of 0.25 nm. Frequency-domain field monitors,
which capture both transmittance of light and electric field distribution, were placed throughout
the device. Monitors between device layers, indicated in Fig. 4-1b by light blue lines, were placed
between layers to capture transmittance, and absorbance in a layer was calculated by subtracting
the transmittance above and below the specified layer. Additional monitors, indicated by dashed
yellow lines in Fig. 4-1b, were placed in vertical cross-sections in the xz- and yz-planes,
intersecting at (0,0), to capture the internal electric field distribution. In this case, a specific x-y
point was chosen from each monitor so that the electric field could be plotted along the z axis
against incident wavelength. A top-view of the hexagonal AI-NHA is shown in Fig. 4-lc,

indicating the nanohole diameter (D), and unit cell x- and y-lengths, pitch (p) and pvV3,
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respectively. The shape of the array was determined by the fabrication method of nanosphere

lithography, which inherently produces a hexagonal array.

<
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Figure 4-1. (a) lllustration of a conventional AI-NHA-based device. (b) A cross-sectional view of
a simulation unit cell. (c-d) A top-view of the (c) hexagonal and (d) square AI-NHAs.

For each material utilized in a simulated device, the wavelength-dependent optical
constants of refractive index (n) and extinction coefficient (k) had to be defined. For Al,
these optical properties were provided in the material library of the Lumerical program,”®
and for LiF they were found in an online database.!** !3* For all other materials the
wavelength-dependent optical constants were obtained from ellipsometry with a Woollam
M-2000 Spectroscopic Ellipsometer and fitted using CompleteEASE software from J. A.
Woollam Co, and the resulting n and k data are shown in Fig. 4-2. F8T2:PC7BM data was
fit with a General Oscillator (GenOsc) model consisting of two Cody-Lorentz and one
Gaussian oscillator with a mean square error of 8. Corning EAGLE XG glass data was

fitted with a Cauchy model with a mean square error of 6. ITO data was fitted with a

GenOsc model consisting of two Tauc-Lorentz, one Gaussian and one Drude oscillator,
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with a mean square error of 6. PEDOT:PSS data was fitted with a GenOsc model consisting

of one Tauc-Lorentz and one Lorentz oscillator, with a mean square error of 9
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Figure 4-2. Wavelength-dependent optical constants of refractive index, n, and extinction
coefficient, k, values for Corning EAGLE XG glass substrate, ITO, PEDOT:PSS and
F8T2:PC71BM that were measured using ellipsometry.

4.2.2  AI-NHA Fabrication via Nanosphere Lithography

Carboxylate surface functionalized polystyrene beads with a diameter of 200 nm were
purchased from Polysciences, Inc. (Warrington, PA). Before use, the stock solution (5.68 x 102
particles/mL) was diluted (1.43 x 10'? particles/mL) with ultrapure water (18 MQ). Polyethylene
oxide (molecular weight 1,000,000 g/mol, Sigma-Aldrich, St. Louis, MO), was added at a
concentration of 100 ppm. Corning EAGLE XG glass substrates, 1.1 mm thick, were cut into 1.5
cmx 1.5 cm squares and cleaned by ultrasonication for 15 min each in soapy deionized (DI) water,
DI water, acetone and isopropanol, sequentially, followed by 20 min of UV-ozone (UVO)
treatment. Immediately after UVO treatment, 5 pL of the nanosphere suspension was dropped onto

the substrates, which were then moved in gentle circular motions to spread the suspension over the
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surface before being laid flat to dry. The resulting nanosphere monolayer films were etched using
a plasma treatment system (Yield Engineering Systems, Inc. CV200RF Series) with Oz and Ar
flow rates of 80 and 20 standard cubic centimeters per minute (SCCM), respectively, at 125 W for
90 s. 30 nm of Al was deposited on the etched spheres with a CHA Solution e-beam evaporator
without any masks and the film thickness was controlled by a quartz crystal microbalance (QCM).
Nanosphere liftoff was performed via ultrasonication in toluene (99.8%, Sigma-Aldrich). A
scanning electron microscope (SEM, FEI Sirion) was used to characterize the nanostructures and

evaluate each fabrication step.

423 Device Fabrication and Characterization:

Al-NHA electrodes were prepared as described in Section 4.2.2. ITO coated Corning
EAGLE XG glass substrates (< 10 QO/sq, Colorado Concept Coatings LLC, Loveland, CO)
were cut into 1.5 cm x 1.5 cm squares and cleaned by the same procedure described in
Section 4.2.2. AlP!anar electrodes were fabricated by depositing 10 nm of Al (99.999%, R.D.
Mathis, Long Beach, CA) onto Corning EAGLE XG glass substrates, which had been
cleaned by the same procedure described in Section 4.2.2, via thermal evaporation. Once
prepared, all three electrodes were exposed to UVO treatment to improve the hydrophilicity
before device fabrication was completed. PEDOT:PSS solution (AI 4083, Clevios P VP Al
4083, Heraeus, Hanau, Germany) was filtered through a 0.45 um PTFE syringe filter and
deposited via spin-coating at 5000 rpm for 40 s, followed by baking at 120°C for 10 min in
air. The chips were then transferred into a nitrogen-filled glovebox, where active layers
were deposited from a previously-prepared precursor solution. F8T2 (molecular weight of
29,000 g/mol, polydispersity index of 3.3, American Dye Source, Baie D’Urfe, Quebec,

Canada) and PC7:BM (Nano-C Inc., Westwood, MA), were dissolved separately in 1,2-
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dichlorobenzene (anhydrous, 99.9%, Sigma-Aldrich) at a concentration of 40 mg/mL and
stirred at 700 rpm and 70°C for at least 12 h, and then combined into a F8T2:PC71BM
(100:4, w:w) precursor solution, which was stirred for at least one additional hour at 700
rpm and 70°C before being filtered through a 0.2 um PTFE syringe filter. The active layer
was formed by spin-coating the precursor solution at 1000 rpm for 30 s and was then
annealed at 80°C for 10 min. A thin 0.8 nm layer of LiF (99.995%, Sigma-Aldrich), or 10
nm MoO3 (99.9995%, Alfa Aesar, Haverhill, MA) for hole-only devices, followed by 100
nm Al were deposited via thermal evaporation using an Angstrom Engineering Amod PVD
Platform, with film thickness controlled by a QCM. LiF and MoO3 were deposited without
the use of any mask, and Al electrodes were deposited with circular masks so that the active
area of each device was 0.03 cm?, and sixteen devices were on each chip.

All device characterization measurements were performed in air. J-V curves, dark
current over time, EQE spectra, and response speed were obtained using a Keithley 2635B
sourcemeter. Light for these measurements as well as transmission and reflection
measurements was provided using a Xenon arc lamp (150 W) and Oriel Cornerstone 130
Monochromator. Optical intensity was measured using a Newport 1918-R Power Meter
and Newport UV-Si Photodiode. The optical power intensity was the same as that shown
in Section 3.2.3 (Fig. 3-1). The response speed was obtained by manually switching
between dark/light conditions. The rise (fall) times are defined as the amount of time it
takes for the device to transition from 10% to 90% (90% to 10%) of the photoresponse
cycle. The same lamp, monochromator, photodiode and power meter were used to conduct
transmittance and reflectance measurements. Matlab was used to perform Fast Fourier

Transform (FFT) on dark current over time data to obtain noise currents. Active layer film
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thickness was measured using a KLA Tencor Alpha-Step 500 Profiler, and ITO and
PEDOT:PSS film thicknesses were confirmed during ellipsometry measurements. Sheet
resistance was measured using a Jandel Cylindrical four-point probe connected to a
Keithley 2450 sourcemeter. UV-Vis spectroscopy data were collected using a Perkin Elmer

Lambda 900 UV-Vis spectrophotometer.

4.3 RESULTS AND DISCUSSION

4.3.1 Optimizing the Nanopattern Geometry via 3D-FDTD Simulations

The simulated active layer absorbance for conventional AI-NHA-based devices are shown in
Fig. 4-3. The overall device structure was glass (100 nm)/ITO (200 nm) or AI-NHA (gap and pitch
varied, 30 nm thickness)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, 350 nm)/LiF (0.8 nm)/Al
(100 nm). The diameter was varied so that the Al wall between nanoholes would be either 25 or
50 nm, and the pitch was varied between the diameters of commercially available polystyrene
nanospheres, which determines the pitch of nanopatterns produced via NSL. Devices based on Al-
NHA electrodes with diameter/pitch combinations of 50/100 nm, 75/100 nm, 150/200 nm, 175/200
nm, 250/300 nm, and 275/300 nm were simulated, and the results are presented in Fig. 4-3. The
simulated active layer absorbance for these AI-NHA-based devices, as well as for an ITO-based
device, are shown in Fig. 4-3a. UV-Vis measurements were performed on an F8T2:PC7BM film
(350 nm thick, 100:4 weight ratio) and an absorption spectrum is superimposed in Fig.4-3a for
comparison and to indicate the photoactive range of the active layer. For all devices, the simulated
active layer absorbance shows a clear cut-off around 530 nm, which aligns relatively well with the
cut-off of the UV-Vis absorption spectrum. A peak around 580 nm, outside of the active layer

absorption range, is observed for all simulated devices due to the nanocavity effect resulting from
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the top reflective Al electrode. To confirm this, the absorbance of the active layer for both Al-
NHA- and ITO-based devices without the top Al layer were simulated with a structure of glass
(100 nm)/ITO (200 nm) or AIl-NHA (175 nm diameter, 200 nm pitch, 30 nm
thickness)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, 350 nm)/LiF (0.8 nm). The resulting
absorbance spectra (Fig. 4-3b) do not exhibit a peak at 580 nm, confirming that this peak results
from reflectance of the top Al electrode rather than true active layer absorbance.

For AI-NHA based devices, UV-selective plasmon-enhanced absorbance peaks around 350-400
nm are clearly shown for NHAs with small pitches (100-200 nm). The AI-NHA electrode with a
diameter/pitch of 50/100 nm produces the lowest active layer absorbance, peaking at 330 nm at
0.26, because the volume fraction of nanoholes in the AI-NHA film is only 23%, resulting in low
transmittance. Increasing the diameter to 75 nm, while keeping the same pitch of 100 nm, increases
the volume fraction of nanoholes in the AI-NHA film to 51%, and the 330 nm absorbance peak
broadens and increases in magnitude to 0.56. While hole volume fraction alone does not determine
the final magnitude and spectral shape of electrode transmittance, which is also affected by the
geometry of the nanopattern, increasing the hole volume fraction does correspond to an increase
in electrode transmittance, which in turn results in higher absorbance in the active layer. Therefore,
the electrode with a diameter/pitch of 75/100 produces active layer absorbance that is spectrally
similar to that produced by the 50/100 electrode, but is higher in magnitude.

Because surface plasmon resonance is sensitive to the nanoarray pitch,% 3% a redshift of
transmittance through Al nanogrids® and active layer absorbance of solar cells based on Au-NHA
electrodes® were reported when the nanopattern pitch was increased. The same trend is observed
for the devices represented in Fig. 4-3a. When the pitch is increased from 100 to 200 nm, the

plasmon-enhanced absorption peak shifts from around 330 nm to around 400 nm, maintaining UV-
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selectivity despite a significant redshift. For AI-NHA films with a diameter/pitch of 150/200 nm
and 175/200 nm, the volume fractions of nanoholes are 51% and 69%, respectively, and in this
case increasing the hole diameter also increases the magnitude of the active layer absorbance,
particularly in the UV spectral range between about 300-400 nm. For the 200 nm pitch, diameters
of 150 and 175 nm produce absorbance peaks around 400 nm of 0.61 and 0.71, respectively.
Increasing the pitch to 300 nm results in a further redshift of plasmon-enhanced absorbance and
the plasmonic peaks, observed around 450 nm, merge with the active layer absorbance between
about 400-530 nm. The volume fractions of nanoholes in AI-NHA films with a diameter/pitch of
250/300 and 275/300 are 63% and 76%, respectively, and the absorbance between 450-515 nm is

relatively unaffected when the hole diameter is increased.
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Figure 4-3. (a) FDTD-simulated active layer absorbance for Al-NHA-based devices with the
diameter and pitch varied. Active layer absorbance for an ITO-based device and the UV-Vis
absorbance data for an active layer film are included. The device structure is glass (100 nm)/ ITO
(200 nm) or AI-NHA (diameter and pitch varied, 30 nm thickness)/PEDOT:PSS (40
nm)/F8T2:PC71BM (100:4, 350 nm)/LiF (0.8 nm)/Al (100 nm). (b) FDTD-simulated active layer
absorbance for AI-NHA- and ITO-based devices without the top Al electrode. The device structure
is glass (100 nm)/ ITO (200 nm) or AI-NHA (175 nm diameter, 200 nm pitch, 30 nm
thickness)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, 350 nm)/LiF (0.8 nm).
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With a few exceptions, the ITO-based control device produces stronger active layer absorbance
than Al-NHA-based devices, due to the relatively high transmittance of ITO compared to Al-
NHA . Electrodes with a pitch of 300 nm produce higher active layer absorbance values than ITO
in the spectral range between about 425-475 nm, and the electrode with a diameter/pitch of 175/200
yields active layer absorbance values at its peak, around 400 nm, that are competitive with ITO.
In fact, this 175/200 electrode yields stronger active layer absorbance values than any other Al-
NHA in the spectral range between about 360-425 nm. Therefore, due to its clear UV-selective
plasmonic-enhanced absorbance and relatively strong active layer absorbance overall, the Al-
NHA-based device with a diameter/pitch of 175/200 nm was chosen as the optimal geometry for
pursuit in further theoretical investigation and device incorporation.

Generally, the absorbance onset and cut-off of the simulated spectra in Fig. 4-3 align well with
the UV-Vis absorption spectrum of F8§T2:PC71BM, but the oscillations produced by the ITO-based
device must be addressed. In the active layer absorbance, peaks around 400, 515, and 580 nm
and dips around 445 and 555 nm were observed, which correspond respectively to dips and
peaks in the total reflectance at the same wavelengths, shown in Fig. 4-4 for a widened
wavelength range. The 3D-FDTD simulated and experimentally measured reflectance from an
ITO-based device are both provided in Fig. 4-4 so that a strong comparison can be made.
Compared to the simulated data, the experimental data is slightly broadened. In the spectral region
between about 300-400, the experimental lamp power is relatively low, so the dip around 320 nm
is not accurately captured, but the peaks around 455 and 555 nm are represented in both the
simulated and measured data. Under longer wavelengths, the measured reflectance data broadens
further. The peaks and dips in these spectra are attributed to the cavity effects that result from the

multilayer device structure, which includes multiple interfaces between materials with different
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refractive indices. At each interface that has a refractive index mismatch, a portion of light is
reflected. When multiple interfaces are present both constructive and destructive interference
result, producing peaks and valleys in the reflectance and absorbance spectra. The significant

magnitude of the device reflectance is attributed to this phenomena, and particularly to the large

difference in refractive index between the glass substrate (n = ~1.5) and air (n = ~1).'%¢
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Figure 4-4. Simulated reflectance from an ITO-based device with a structure glass (100 nm)/ITO
(200 nm)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, 350 nm)/LiF (0.8 nm)/Al (100 nm).

While the active layer absorbance is a useful tool for comparing similar NHA geometries, it

Measured

Reflectance

Simulated

does not provide a full understanding of all the factors that influence and contribute to spectral
photoresponse and device behavior. Coupled with a working knowledge of device photoresponse
mechanisms, the internal electric field distribution, which can also be calculated via 3D-FDTD
simulations, can be used to investigate some of these factors. Therefore, electric field distributions
were obtained for simulated AI-NHA- and ITO-based devices and are shown in Fig. 4-5. The
optimal NHA geometry with a diameter/pitch of 175/200 nm was used for the AI-NHA-based

device, so simulated devices had a structure of glass (100 nm)/ITO (200 nm) or AI-NHA (175 nm
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diameter, 200 nm pitch, 30 nm thickness)/PEDOT:PSS (40 nm)/F8T2:PC,BM (100:4, 350

nm)/LiF (0.8 nm)/Al (100 nm).
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Figure 4-5. (a) Illustration of the top-view of the hexagonal AI-NHA. (b-d) 3D-FDTD-simulated
internal electric field distributions as a function of wavelength for an AI-NHA-based device with
a diameter/pitch of 175/200 nm at the x-y coordinate of (b) (D/2, 0), (c) (0, D/2) and (d) (0, 0)
based on the coordinates defined in Figure lc, and marked as green, blue and pink stars,
respectively. (e) 3D-FDTD-simulated internal electric field distribution as a function of
wavelength for an ITO-based device at any x-y point. The reference electric field (Eo) is 1 V/m.
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The internal electric field is mapped along the z direction of each device, for a specific x-y point,
against the incident illumination wavelength. The color scale represents the strength of the electric
field relative to a reference electric field of 1 V/m, and is therefore unitless. For the AI-NHA-based
device represented in Fig. 4-5, electric field distributions at three x-y points, corresponding to the
x-edge, y-edge, and center-point of the central nanohole, were calculated to provide a

representative evaluation of the internal electric field throughout the device. The wavelength
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dependent electric field distributions at x-y points of (D/2, 0), (0, D/2), and (0,0), based on the
coordinates defined in Fig. 4-5a and marked by green, blue, and pink stars, respectively, are shown
in Fig. 2b, ¢, and d, respectively. For the ITO-based device (Fig. 4-5¢), any x-y point can be used
since the device, and the internal electric field, is uniform over x-y variation.

Since plasmonic enhancements to the internal electric field are a very near-field effect,®’ the Al-
NHA does not produce any unique behavior in the top portion of the active layer, and in fact all
simulated devices represented in Fig. 4-5 exhibit similar electric field distributions in this region.
The strongest intensity is obtained under incident wavelengths at the edges of the active layer
absorption peak, around 300-350 nm and above about 520 nm. Because active layer absorption at
these wavelengths is relatively weak, this light can penetrate the active layer and be reflected off
the top Al electrode, resulting in the electric field intensity oscillations at these wavelengths and
enabling them to produce a significant electric field intensity at the top of the active layer.? % 123
124 Light within the absorption peak, between about 350-520 nm, is absorbed strongly and therefore
does not reach the top portion of the active layer, resulting in a weak electric field intensity in this
spectral range at the top of the devices.

Distinct behavior is observed from the AI-NHA-based device in the lower portion of the active
layer at each of the three x-y points in Fig. 4-5b-d due to the hexagonal NHA, the coupling of
SPPs, and the polarization of incident light. In general, relatively strong electric fields occur at the
interfaces of PEDOT:PSS/AI-NHA and Al-NHA/glass. Fig. 4-5b shows the internal electric field
distribution at the point (D/2, 0), corresponding to the x-edge of the nanohole. Electric field
intensities between about 1.0-2.0 are maintained throughout the spectral range evaluated at the Al-
NHA interfaces, with the highest intensities obtained in the spectral ranges between about 300-

350 and 400-500 nm. Fig. 4-5¢ shows the internal electric field at the point (0, D/2), corresponding
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to the y-edge of the nanohole. High intensity values, between about 1.5-2.0, are achieved at the
AI-NHA interfaces for incident light between about 300-360 nm. Fig. 4-5d shows the electric field
distribution in the center of the nanohole, at the point (0,0). The electric field intensity in the lower
portion of the device varies between about 0.6-1.2, with the highest intensities obtained in the
spectral range of 350-550 nm. Notably, the highest electric field intensities in the AI-NHA-based
are obtained in the spectral range between about 300-500 nm, which aligns well with the active
layer absorbance and intended spectral range of photodetection. The ITO-based device, shown in
Fig. 4-5e, produced electric field intensities between about 0.8-1.0 in the lower portion of the
device, regardless of the incident wavelength. Oscillations are observed in the electric field
intensity within the ITO and glass layers, which do not contribute to photoresponse, in the
wavelength range corresponding to active layer absorption, confirming that cavity effects are
present and likely responsible for the peaks and dips observed in the active layer absorbance for
the simulated ITO-based device. At all three x-y points evaluated for the AI-NHA-based device,
the electric field intensity in the lower portion of the device is stronger than that in the ITO-based
device, demonstrating the plasmonic enhancements provided to the local electric field intensity in

devices when metallic nanostructured films are incorporated into devices.

4.3.2  Fabricating AI-NHAs via Nanosphere Lithography

Al-NHAs were fabricated via NSL for integration into the photodiode devices. While
nanoimprint lithography has been used to successfully fabricate similar NHAs, 137
nanosphere lithography (NSL) has also been used to produce NHAs and proved a superior
fabrication method for this work because of its cost-effectiveness, speed, and scalability.!?’

The procedure is illustrated in Fig. 4-6 along with SEM images resulting from each step.

NSL inherently produces a hexagonal NHA with the pitch determined by the nanosphere
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diameter and the diameter controlled by the etch conditions. In this work, the monolayer of

200 nm diameter nanospheres was formed via drop-coating.

PEO added to dilute sphere suspension; Suspension dropped; substrate Hexagonally packed monolayer
Substrate exposed to UVO treatment moved in gentle circular motions formed upon drying
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Figure 4-6. Schematics and corresponding SEM images for the nanosphere lithography process
including the following steps: preparation of the substrate and nanosphere suspension, drop-
coating with circular motions, the resulting nanosphere monolayer, shrinking the spheres via an
oxygen plasma etch, Al deposition on top of and in between the spheres, and sphere removal via
chemical liftoff.

Before drop-coating, Corning XG EAGLE glass substrates were exposed to UV-Ozone
(UVO) treatment to activate hydroxyl groups on the surface and improve hydrophilicity
and a small amount of polyethylene oxide (PEO) was added to the diluted nanosphere
suspension to improve the resulting monolayer quality. It has been reported that adding
PEO improves the quality of the monolayer formed via the air-water interface method.!3®
After the nanosphere monolayers were deposited, they were exposed to an Oz plasma to

shrink the spheres and create clean space between, so that Al could be deposited both on
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top of the spheres and on the glass substrate between them. Finally, the spheres were
dissolved in toluene during liftoff to produce the desired AI-NHA.

A critical step in NSL is the formation of a large area, close-packed monolayer of
nanospheres. As can be observed in Fig. 4-6, defects exist throughout these monolayers,
which could be reduced by further optimization of drop-coating process. Different
conditions, such as the solvent of the sphere suspension, concentration of spheres and PEO,
other additives, volume dropped, and substrate material and treatment, could be explored
as well as a deeper investigation of other sphere deposition techniques. Many such

techniques have been reported in the literature, and several were attempted in this work

9 141-143

including convective dragging,'*° spin-coating,'*’ drop-coating and the air-water
interface method.!® 44159 Some results are shown in Fig. 4-7. Force assembly by
directional rubbing was also attempted, but this technique could only be accomplished on
polymer films, typically polydimethylsiloxane (PDMS).”% 151 152 n addition to
complicating the dry etch step required to expose the glass substrate beneath the polymer
lithography mask, the use of PDMS would require much harsher liftoff conditions,
compared to the liftoff required for spheres alone, so this method was not pursued.

The films in Fig. 4-7a and b were produced by spin coating and drop coating,
respectively. For both films, the nanosphere suspension was diluted with a 1:1 blend of
water and ethanol to a final concentration of 9.47 x 10® spheres/mL. The film in Fig. 4-7a
was spin cast by dropping 40 pL of suspension and spinning at 800 rpm for 30 s, followed
by drying on a hot plate at 60°C for 5 min. This resulted in a film that visually looked

opaque and white, and under SEM was shown to have sporadic and incomplete coverage.

The drop-coated film in Fig. 4-7b was produced by dropping 20 uL of the same diluted
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solution and drying on a hot plate set to 20°C, effectively drying at room temperature. This
film was visually more transparent than the spin cast film. The entire area of the drop cast
film was not covered uniformly, but there were sections with good monolayer formation,

as shown in Fig. 4-7b.

a)

50 pm 50 pm

Figure 4-7. SEM images of the nanosphere films produced by (a) spin coating, (b) drop coating,
(c) convective dragging, and (d) air/water interface. Lighter areas are spheres and darker areas are
bare glass. The variation in the colors of the sphere-covered areas in (d) are due to variations in
the sphere packing density.

The film in Fig. 4-7c was produced by convective dragging. 20 uL of diluted sphere
suspension, 9.47 x 10® spheres/mL diluted in ultrapure water, was dropped onto a substrate,
and a glass cover slip was then placed on top of the dropped solution and dragged across
the substrate at a rate of 0.1 um/s by a syringe pump attached to the cover slip. This was
within the range of dragging rates reported in the literature, but the lines observed in Fig.
4-7c¢ indicate that the dragging rate was too fast.!’* However, the process time was
approximately 45 min, and only one sample could be produced at a time, so it was

determined that this was not a practical method to pursue due to its extremely time-intensive
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nature. The film in Fig. 4-7d was produced using the air/water interface method. Briefly,
substrates are submerged in a water bath while spheres, diluted in a blend of water and
ethanol,'* are dropped onto the water surface so that a monolayer is formed. The water is
then pumped out, often with the bath set at a small angle.'*> '*° A syringe pump was used
in this work for both dropping the spheres and pumping out the water bath. As the water is
pumped out, the water surface and monolayer lowers to and below the substrate level,
depositing the sphere monolayer onto the substrate surface. For the film in Fig. 4-7d, the
diluted solution of spheres had a concentration of 9.47 x 108 spheres/mL and was diluted
in a 2:1 blend of water and ethanol. 50 pL of the solution was dropped at a rate of 0.01
mL/min, and the water was withdrawn at a rate of 0.1 mL/min. The variation in sphere
color in the SEM image is related to variations in the packing density of the spheres. The
air/water interface method has been relatively widely used and adapted in the literature,!*>"
147, 149, 150 and further adaptations were also pursued, but none produced monolayer
coverage and uniformity superior to that of drop-coated films. Therefore, drop-coating was
determined to be the most suitable method for producing the nanosphere monolayer and
was fully pursued in this work.

The resulting hexagonal monolayer was exposed to an O plasma etch to shrink the
spheres. Ideally, this will shrink the spheres minimally, enough to create clean separation
with no material between spheres, so that the eventual nanoholes will be separated by thin,
continuous Al walls. The etch step is sensitive to etch power, time, and the flow rate ratio
of the process gases O> and Ar. The etch condition optimization is summarized in Fig. 4-8.
Fig. 4-8a shows SEM images of the nanosphere monolayers produced by varied etching

powers and times, with the process gas flow kept constant at 50 SCCM each of O; and Ar.
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The films in the first row were etched under 125 W for 30, 60, 90, and 120 s. 30 and 60 s
were insufficient to create space between the spheres, and bridging is evident. After 90 s,
clean separation is achieved but the spheres are significantly smaller. After 120 s, material

redeposition occurs and clean separation is therefore not achieved.

Figure 4-8. SEM images of the resulting nanosphere monolayers for varied etching conditions
including (a) etch time and power with the Oz and Ar gas flow rates each fixed at 50 SCCM, and
(b-e) process gas flow rate ratio, utilizing O2:Ar ratios of (b) 1:1, (c) 4:1, (d) 8:1, and (e) 1:0, with
fixed etch power and time of 125 W and 90 s, respectively. In (a), the first, second, third, and
fourth rows were etched at 125, 250, 300, and 400 W, respectively and the first, second, third, and
fourth columns were etched for 30, 60, 90, and 120 s, respectively.
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The films in the second row of Fig. 4-8a were etched at 250 W for 60, 90 and 120 s.
While a 60 s etch is nearly enough for a clean separation without shrinking the spheres
significantly, bridging persists between a significant number of the spheres. If the etch is
held for 90 or 120 s, redeposition is apparent. The films in the third row were etched at 300
W for 30, 60, 90 and 120 s. Etch times of 30 and 60 s were insufficient but etch times of 90
and 120 s were too harsh, as material was redeposited between the spheres. The films in
the fourth row of Fig. 4-8a were etched at 400 W for 30, 60 and 90 s. Bridging is observed
for the films etched for 30 and 60 s and redeposition is observed for the film etched for 90
s. The etch at 125 W held for 90 s provided the best results of the etching power/time
combinations evaluated, so it was used as a basis to optimize the ratio of the process gases.
These results are shown in Fig. 4-8b-e, f O2:Ar ratios of 1:1, 4:1, 8:1, and 1:0, respectively,
with the total gas flow kept constant at 100 SCCM. The film in Fig. 4-8b is the same as the
film in Fig. 4-8a etched at 125 W for 90 s, with a 1:1 ratio of O2: Ar. This condition produced
clean separation between the spheres, but a less severe size change for the spheres is
desired. The film in Fig. 4-8c was etched with a 4:1 ratio of O2:Ar, which also produced
clean space between spheres, and the spheres were shrunk less severely. As the O2:Ar ratio
was further increased to 8:1 and 1:0, bridging was reintroduced, as seen in Fig. 4-8d and e,
respectively. Based on the results in Fig. 4-8, the optimal etch conditions were determined
to be 125 W for 90 s, with a 4:1 blend of O»:Ar at a total flow rate of 100 SCCM.
After etching, 30 nm of Al was deposited via thermal evaporation onto the nanosphere
monolayers with the impinging beam normal to the substrate to ensure that Al on top of the
spheres remains physically separated from Al on the glass between the spheres, so that

liftoff of spheres to generate nanoholes can be achieved. The SEM image in Fig. 4-6



108
corresponding to this step was taken at the edge of a patterned area, with a higher
magnification and a 40° tilt, to clearly demonstrate that this deposition has been achieved.
Finally, toluene was used as a solvent to achieve chemical liftoff'4% 159 153. 154 by dissolving

the spheres, resulting in the desired AI-NHA with a thickness of 30 nm.

433 Performance of AI-NHA-based Conventional Photodetectors

Fabricated AI-NHAs were then evaluated as device electrodes. For a transparent conducting
electrode, optical transmittance directly affects device photoresponse strength. Transmission of
AI-NHA and control ITO electrodes were measured and are shown in Fig. 4-9. The AI-NHA
electrode does not exceed 40% transmission throughout the entire spectral range, peaking at 36.8%
under 380 nm illumination. The ITO electrode has around 90% transmission in the range of 380-
600 nm, but the transmission is lower, between 30-90%, in the range of 300-380 nm. Another
critical characteristic of a transparent conducting electrode is its sheet resistance, which, if too
high, will prevent the film from functioning as an effective electrode. The sheet resistance for an

AI-NHA electrode was measured to be 3.4 (/sq using the four-point probe method. ITO

electrodes, with a thickness of 200 nm, had a sheet resistance of 8.9 (3/sq.
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Figure 4-9. Measured transmittance for AI-NHA (30 nm) and ITO (200 nm) electrodes.
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Devices were fabricated with a structure of AI-NHA (30 nm) or ITO (200 nm)/PEDOT:PSS (40
nm)/F8T2:PC71BM (350 nm, 100:4 weight ratio)/LiF(0.8 nm)/Al (100 nm) and evaluated. The
dark current in AI-NHA-based devices is significantly reduced compared to ITO-based devices,
as shown in Fig. 4-10a. The dark current density (Jp) values produced by AI-NHA- and ITO-based
devices are 4.4 x 107 and 8.3 x 10> mA/cm?, respectively, under a -2 V bias, and 9.2 x 10" and
5.2 x 10* mA/cm?, respectively, under a 2 V bias. Low dark current typically corresponds to more
sensitive photoresponse and is therefore a desired attribute of the AI-NHA-based devices. The
photocurrent densities (Jpn) produced under 360 nm illumination are shown in Fig. 4-10b. Due to
the higher transmittance of ITO compared to AI-NHAs, ITO-based devices produce higher Jpu
values than AI-NHA-based devices. Under 360 nm illumination, AI-NHA- and ITO-based devices
produce Jpn values of 2.5 x 10 and 1.0 x 10* mA/cm?, respectively, under a -2 V bias, and 2.9 x

10 and 5.8 x 10 mA/cm?, respectively, under a 2 V bias.
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Figure 4-10. Current density produced by AIl-NHA- and ITO-based devices under (a) dark
conditions and (b) 360 nm illumination.

The dark current density of a device corresponds approximately, but not exactly, to the noise
current present within the device. To obtain accurate values for noise currents, the dark current

density was measured, at a steady applied bias, against time, and a Fast Fourier Transform (FFT)
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was performed on the resulting data.** 3% 2 The noise current values for each device fabricated
and evaluated in this work are shown in Table 4-1, under a variety of applied biases.

Table 4-1. Noise currents for AI-NHA- and ITO-based devices, calculated by a Fast Fourier
Transform of the dark current measured against time, tested under forward and reverse biases.

Bottom Electrode Bias (V)  Noise Current (A/\/Hz)

-2 44x 1013
-1 5.7x 1012
12
0.5 3.1x 101
1 29x 1018
45x 1013
-2 3.3x 101
a1

ITO -1 1.2x 10
0 44x 101
0.5 3.0x 10712

The EQE spectra of the AI-NHA- and ITO-based devices under 0, -1 and -2 V reverse biases
are provided in Fig. 4-11a. EQE represents the ratio of collected charge carriers to incident
photons, providing a measure of photoresponse strength. Peaks around 350 and 515 nm,
corresponding to the edges of the active layer absorbance peak, are produced by both AI-NHA-
and ITO-based devices. Light with these wavelengths is absorbed weakly, so it penetrates the
active layer and is absorbed in the top portion, enabling it to contribute significantly to reverse-
bias photoresponse, the mechanism of which will be discussed in detail later. This is true for both
AI-NHA- and ITO-based devices and agrees with the simulated electric field distributions
presented in Fig. 4-5, where the electric field at the top of the active layer is most intense for
incident light with wavelengths at the edges of the active layer absorbance peak. Notably, Al-
NHA-based devices produce photoresponse that is more UV-selective than the ITO-based devices,
as demonstrated by two spectral features. First, the UV-peak is slightly blue-shifted for AI-NHA-

based devices, occurring at 350 nm instead of 360 nm as it does for ITO-based devices. This agrees
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with the simulated active layer absorbance shown in Fig. 4-3, where UV-peaks produced by Al-
NHA-based devices were also blue-shifted from that of ITO-based devices. The other feature
demonstrating the superior UV-selectivity of AI-NHA-based devices is the relative magnitude of
EQE peaks. Under a -2 V bias, AI-NHA-based devices produce a UV-peak that is slightly higher
than the 515 nm peak, while ITO-based-devices produce a UV-peak that is slightly lower than the
515 nm peak. The superior UV-selectivity exhibited by the AI-NHA-based devices could be due
to the relatively high transmittance, compared to the rest of the AI-NHA transmittance spectrum,
between 350-400 nm produced by the AI-NHA electrode (Fig. 4-9). The lower photoresponse
strength produced by AI-NHA-based devices compared to that produced by ITO-based-devices,
confirmed by the Jpu values in Fig. 4-10b, is attributed to the lower optical transmittance of Al-
NHA electrodes compared to ITO (Fig. 4-9).

For applications where photoresponse sensitivity is more important than strength, the specific
detectivity (D*) is a more meaningful figure of merit than EQE, as it accounts for the energy of
incident photons at different wavelengths, the device active area, and the noise current in the
device, which is lower in AI-NHA-based devices than in ITO-based devices, enabling AI-NHA-
based devices to produce competitive D* values (Fig. 4-11b), despite their relatively weak
photoresponse. The D* values obtained from AI-NHA- and ITO-based devices without any applied
bias are very similar, with the AI-NHA- and ITO-based devices producing peaks at 2.0 x 10® and
2.8 x 108 Jones, respectively, under 340 nm illumination. Under applied reverse biases ITO-based
devices achieve higher D* values than AI-NHA-based devices, but they are within an order of
magnitude. Additionally, AI-NHA-based devices have a UV-peak that is slightly blue-shifted from
the UV-peak produced by the ITO-based-device. Under a -2 V bias, AI-NHA- and ITO-based

devices produce respective D* values of 4.0 x 10° and 1.2 x 10'° Jones under 340 and 350 nm
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illumination, respectively. ITO can therefore be replaced by an AI-NHA electrode, which utilizes

a cheap, flexible material, without significantly diminishing reverse-bias performance.
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Figure 4-11. (a,b) EQE and D* spectra for AI-NHA- and ITO-based devices under reverse biases.

(c,d) EQE and D* spectra for AI-NHA- and ITO-based devices under forward biases.

Under forward bias, AI-NHA-based devices produce superior photoresponse compared to ITO-
based devices, as evaluated by response strength, stability, and sensitivity, and demonstrated in
Fig. 4-11c-d. AI-NHA-based devices show a new, distinct spectral shape, exhibiting one broad
peak that corresponds to the absorption of the active layer and increases in magnitude for
increasing forward biases. A maximum EQE value of 0.069% under 450 nm illumination and a 2
V bias is obtained. Contrarily, the EQE values produced by ITO-based devices decrease with
increasing forward bias, while maintaining the same spectral shape as is produced under reverse

bias. When the bias was increased from 0 to 0.5 V, the peak EQE value obtained under 350 nm
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illumination dropped from 0.053% to 0.023%. Increasing the forward bias to 1 V resulted in further
reduced and unstable photoresponse. Due to both stronger EQE and lower dark (and noise)
currents, AI-NHA-based devices produce superior D* values under forward bias compared to the
ITO-based devices, as shown in Fig. 4-11d. Under a small forward bias of 0.5 V, the spectral shape
produced by the AI-NHA-based device can be clearly observed, and will be discussed in the
context of the general photoresponse mechanism later. As the forward bias was increased, the D*
values produced by AI-NHA-based devices also increased, peaking at 8.8 x 10° Jones under 450
nm illumination and a 2 V bias. Under a small forward bias of 0.5 V the D* values produced by
the ITO-based device also increased compared to the D* values produced without any bias, but
values could not be obtained at higher biases because device instability prevented the reliable
calculation of noise current. While the photoresponse values reported here are not among the
strongest reported throughout the literature,’*’® the novel bias-dependent response switching
introduced in these Al-NHA-based devices is a significant achievement and could be applied to

other systems to achieve photoresponse that is both strong and can be tuned by the bias applied.

4.3.4  Drift- and Diffusion-Based Photoresponse Mechanisms

The bias-dependent response switching achieved by the AI-NHA-based device is hypothesized
to be related to electrode symmetry. Response switching has also been shown for a device with a
structure of Al/P3HT:PC71BM/Al, which produced two-peak EQE spectra under reverse bias and
one-peak spectra under forward bias, corresponding to the edges and peak of the active layer
absorbance, respectively.*® The electrode symmetry allowed the assignment of cathode and anode
to be determined by the applied bias, rather than the electrode material, thus enabling bias-
dependent response switching.’® Fig. 4-12a and b show band level diagrams for AI-NHA- and

ITO-based devices, respectively, demonstrating the electrode symmetry introduced by the Al-
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NHA electrode. It should be noted that, due to the conventional device structure, the interfacial
layers remain asymmetric and so does the overall device. The proposed mechanism of the bias-
dependent response switching is illustrated in Fig. 4-12c-f, which provides schematic
representations of the photoresponse mechanisms for AI-NHA-based devices under reverse bias
(Fig. 4-12¢), no bias (Fig. 4-12d), and forward bias (Fig. 4-12¢), and for ITO-based devices under
any bias (Fig. 4-12f). For each case, a band diagram is drawn and includes the relevant band tilting
and charge carrier flow. Arrows indicate the direction and relative strength of hole drift (denoted
as h+ drift) and hole diffusion (denoted as h+ diffusion) currents. Generally, light absorption
occurring in the top and bottom of the active layer, denoted with white and purple stars,
respectively, are hypothesized to correspond to hole drift and diffusion, respectively.

For AI-NHA-based devices, the spectral shape of the photoresponse depends on the bias applied.
Under reverse bias (Fig. 4-12c¢), the energy bands tilt to provide a driving force for hole drift. Light
absorbed at the top of the active layer contributes most significantly to photoresponse, since
photogenerated holes can successfully drift downwards to be collected at the bottom AI-NHA
electrode (anode). Peak photoresponse is therefore achieved at the edges of the F8T2 absorption
peak, around 350 and 515 nm, since these wavelengths can penetrate the active layer and be
absorbed near the top of the layer. Light within the absorption peak is absorbed strongly in the
bottom portion of the active layer and generates excitons there.[*®! An applied reverse bias does
not provide any driving force for photogenerated holes in the bottom of the active layer to diffuse
upwards in the active layer, so a space charge region is established and suppresses the
photoresponse for light absorbed in this region.

An Al-NHA-based device without any applied bias is also dominated by hole drift, as illustrated

in Fig. 4-12d and evidenced by the spectral shape observed in Fig. 4-11. The drift-dominated
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photoresponse in this case is attributed to the presence of the LiF layer, which has two significant
effects. First, LiF has hole-blocking capabilities, so it prevents any holes diffusing upwards
through the active layer from being collected at the top Al cathode and contributing to
photoresponse.’® >! Second, the presence of LiF has been shown to make the Al work function

slightly less negative, ' 1%

resulting in a device that does not truly have symmetric electrodes but
instead has a small built-in reverse bias, which provides a driving force for hole drift to dominate

over diffusion, as it does under an applied reverse bias.
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Figure 4-12. (a, b) Energy band diagrams for AI-NHA- and ITO-based devices. (c-¢) Illustrations
of response mechanism for an AI-NHA-based device under (¢) applied reverse bias, (d) no applied

bias, and (e) applied forward bias. (f) Illustration of response mechanism for an ITO-based device
under any bias.
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An applied forward bias enables the Al-NHA-based devices to produce spectrally distinct,

diffusion-dominated photoresponse by effectively inverting the device, as illustrated in Fig. 4-12e.
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In this case, the applied bias can overcome the built-in reverse bias introduced by the LiF layer
and tilt the bands forward, providing a driving force for hole diffusion instead of drift. Light
absorbed in the lower portion of the active layer, in the spectral range corresponding to the active
layer absorption peak between about 350-515 nm, contributes most significantly to photoresponse
in this case. The applied forward bias provides a driving force for photogenerated holes in the
lower portion of the active layer to diffuse upwards through the layer, rather than form a response-
suppressing space charge region. Beyond aiding the upwards diffusion of holes, this driving force
also enables them to overcome the hole-blocking property of LiF and be collected at the top Al
electrode. Further, the forward bias provides some resistance to hole drift, suppressing
photoresponse at 350 and 515 nm and resulting in diffusion-dominated photoresponse spectra with
a single peak around 450 nm.

For an ITO-based device, the asymmetry of the electrode work functions causes the bands to tilt
and create a built-in reverse bias, as illustrated in Fig. 4-12f, resulting in behavior similar to that
of an AI-NHA-based device under applied reverse bias (Fig. 4-12¢). Because the built-in bias acts
as a reverse bias, applying an additional reverse bias improves the photoresponse strength while
applying a forward bias diminishes it (Fig. 4-11a and c, respectively). Two-peak photoresponse
spectra are always produced, regardless of the bias applied, because the built-in reverse bias,
resulting from the asymmetry of the electrode work functions, suppresses hole diffusion. Contrary
to the response switching achieved in AI-NHA-based devices, the ITO-based device is locked in
to a drift-dominated photoresponse, and any hole diffusion that occurs is blocked from contributing
to the photoresponse by both the LiF hole blocking layer and the built-in reverse bias. Likewise,
devices with a structure of ITO/poly[9,9-bis(60-(N,N-diethylamino)propyl)-fluorene-alt-9,9-bis-

(3-ethyl(oxetane-3-ethyloxy)-hexyl)fluorene] (PFN-OX)/P3HT:PC71BM/Al were reported to
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produce spectrally similar photoresponse under both reverse and forward biases.'?*> Even under a
strong forward bias of 60 V, ITO-based devices produced EQE spectra with two peaks
corresponding to the edges of the active layer absorbance.!?® In our case, ITO-based devices
produce weak, unstable photoresponse under applied forward biases, whereas AI-NHA-based
devices produce strong, stable photoresponse. AI-NHA electrodes enable distinct behavior simply
by changing the bias applied to a device, effectively producing two devices in one.

The response mechanism described in Fig. 4-12 can be used to further explain some of the
previously presented photoresponse results. Fig. 4-10 demonstrates that the dark current produced
by AlI-NHA-based devices is significantly lower than that produced by ITO-based devices, which
can be attributed to two factors. First, as shown in Fig. 4-12a and b, the hole injection barrier from
Al into PEDOT:PSS (0.9 eV) is higher than the injection barrier from ITO into PEDOT:PSS (0.5
eV), resulting in lower dark current in AI-NHA-based devices under forward bias. Second, the
built-in reverse bias is weaker in AI-NHA-based devices than in ITO-based devices, due to the
significant asymmetry between the ITO and Al work functions, yielding a stronger driving force
for hole drift in ITO-based devices and a subsequently higher dark current. The stronger built-in
reverse bias and resulting drift driving force in ITO-based devices, compared to AI-NHA-based
devices, likely also contributes to the superior reverse-bias photoresponse strength achieved by
ITO-based devices (Fig. 4-11).

The photoresponse of AI-NHA-based devices under the small applied forward bias of 0.5 V
illustrates the transition between drift-dominated to diffusion-dominated photoresponse described
in Fig. 4-12. Its spectral shape, which can be clearly observed in Fig. 4-11d, has three peaks
centered around 350, 450, and 515 nm. The 350 and 515 nm peak correspond with the drift-based

behavior produced under reverse or no bias, while the 450 nm peak corresponds to the diffusion-
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based behavior produced under forward bias. The small forward bias of 0.5 V does not provide
enough resistance to hole drift to prevent light absorbed at the top of the active layer from
contributing to photoresponse, resulting in the peaks at 350 and 515 nm, but does provide a
sufficient driving force for diffusion-based photoresponse to occur, resulting in the peak at 450

nm. Therefore, both drift- and diffusion-based responses are possible at this small forward bias.

4.3.5  Impact of Device Structure and Plasmonic NHAs

Devices with different F8T2:PC71BM weight ratios of 100:15 and 1:1 were also fabricated and
evaluated. It was hypothesized that varying the active layer morphology may engage the
plasmonically enhanced photoresponse mechanisms more effectively than the 100:4 weight ratio.
A ratio of 100:15, w:w, was chosen so that the morphology of isolated PC71BM clusters would be
maintained while increasing the amount of PC71BM clusters and providing a more uniform
distribution of PC71BM throughout the active layer, rather than having a small amount of clusters
concentrated towards the top of the film, as is the case for the 100:4 weight ratio. A ratio of 1:1,
w:w, was chosen so that the bulk heterojunction (BHJ) morphology could be investigated in these
Al-NHA-based devices, as it was hypothesized that photoresponse mechanisms that are more
relevant to this morphology may benefit more directly from the plasmonic enhancements than the
charge injection achieved by the active layers with a 100:4 weight ratio. Ultimately, the devices
with a 100:15 weight ratio displayed the same behavior as devices with a 100:4 weight ratio, and
devices with a 1:1 weight ratio were unstable under forward bias and exhibited typical BHJ
behavior under reverse bias. Therefore, it was determined that increasing the PC71BM content did
not improve the photoresponse or the engagement of the plasmonic enhancements, nor did it

provide any additional information, so a ratio of 100:4, w:w, remained the focus of the work.
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Devices based on 10 nm planar Al electrodes (denoted as A1 having a measured sheet
resistance of 7.3 Q sq’') and devices with a hole-only architecture based on both A1 and Al-
NHA electrodes were investigated to confirm the proposed photoresponse mechanism and to
isolate the impact of the AI-NHA induced plasmonic effects from the effects of the electrode
material. To make a full electrode comparison, the transmission of A1 electrodes was measured
and is shown in Fig. 4-13a. Clearly, this electrode produces much weaker transmission than the
ITO and AI-NHA electrodes, as its transmission does not exceed 10% throughout the entire
spectral range evaluated. An AIP™based device was also simulated and evaluated, and the
resulting active layer absorbance and device reflectance are provided and compared to those of Al-
NHA- and ITO-based devices in Fig. 4-13b and c, respectively. The AlP'™_based device produces
a weaker and blue-shifted active layer absorbance compared to both the AI-NHA- and ITO-based
devices (Fig. 4-13b), which is attributed to the lower transmittance and slightly blue-shifted peak
transmittance of fabricated 10 nm Al thin films (Fig. 4-13a). Additionally, the simulated

reflectance from the Al based device (Fig. 4-13c) is significantly higher than the other two

devices.
a)100 b)1.0
90 1 0.9
<'580 11TO ,_:0.8 b |
%70 | :.07 i A|Panar
e 60 - 2 0.6 -
£ 50 €05
€ 40 Al-NHA 294 | Al-NHA
v 4 o -
& 30 203 - ITo
=20 4 AlPlanar < 0.2 A|Planar
10 -M 0.1 4
09 - - I 00 . . 0.0
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4-13. (a) Measured transmittance of ITO, AI-NHA, and A1"*" electrodes with thicknesses
0f 200, 30, and 10 nm, respectively, (b-c) 3D-FDTD-simulated (b) active layer absorbance and (c)
reflectance for devices based on ITO, AI-NHA, and AI”® electrodes with thicknesses of 200, 30,
and 10 nm, respectively.
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The internal electric field distribution for an AlPlanar-based device was also simulated and is
shown in Fig. 4-14. The electric field intensity distributions for an ITO- and AI-NHA-based device
are also included for comparison. Fig. 4-14 clearly shows that the incorporation of the NHA
provides an electric field enhancement, as the Al*'"_based device produces the weakest internal
electric field intensities throughout the device. Stronger intensities are produced within the glass
substrate due to the higher reflectance of the AIP'a" electrode, but electric field intensity within

the substrate has no impact on device performance.
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Figure 4-14. 3D-FDTD-simulated internal electric field distribution for AI-NHA-, AI™""_ and
ITO-based devices.

The dark and photocurrent densities of AI-NHA and A1 devices were also measured and are

Al Planar
(0,0

100+

shown in Fig. 4-15. While the Jpn values produced by both devices are very similar in magnitude,
the Jp produced by the AI"®"_based device is significantly higher than that produced by the Al-
NHA-based devices. AI-NHA- and AI”™"_based devices produce dark current density values of -
4.4 x 107 and 2.3 x 10° mA/cm?, respectively, under -2 V bias, and 9.2 x 10® and 4.0 x 106
mA/cm?, respectively, under 2 V bias. As both a high photocurrent and low dark current are
desirable, AI-NHA-based devices exhibit better J-V performance overall, compared to AlPamr.

based devices.
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Figure 4-15. Current densities produced by AI-NHA- and AIP™"based devices in the dark and
under 360 nm illumination.

The spectral photoresponse of AI-NHA- and AI"™_based devices are shown in Fig. 4-16.
AIPT_based devices produce two EQE peaks that are similar, but slightly blue-shifted, compared
to those of Al-NHA-based devices under a 0 or -1 V bias, as shown in Fig. 4-16a. Under 1 V
forward bias, AI"'™_based devices produce an EQE peak at 330 nm and a second peak around
390 nm which decreases throughout the spectral range between about 400-500 nm before it cuts
off at 515 nm (Fig. 4-16a). This photoresponse is distinct from, and inferior to, the strong peak
produced by the AI-NHA-based device under forward bias that clearly corresponds to the active
layer absorption. The enhancement provided to the electric field intensity by the AI-NHA electrode
is hypothesized to act as a small forward bias within the device, pushing the AI-NHA-based device
towards diffusion-dominated behavior while the AIM.based device produces drift- and
diffusion-based photoresponse peaks with similar magnitudes. D* spectra for AI-NHA- and
Al _based devices are shown in Fig. 4-16b and show the same trends. The noise currents
calculated for AlP*"_based devices under -1, 0, and 1 V biases 2.0 x 1072, 1.1 x 1072, and 3.6 x

10"'2 A/NHz, respectively.
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Figure 4-16. (a) EQE and (b) D* spectra for AI-NHA- and Al”'™"_based conventional devices.
Notably, when the electrode is changed from ITO to AI-NHA and then to AI?3%" the UV-peak

blue-shifts and grows in magnitude relative to the peak at 515 nm, a phenomenon that is
summarized in Table 4-2. For ITO-, AI-NHA-, and Al _based devices, the UV-peak in EQE
occurs at 360, 350 and 330 nm, respectively, and the ratio between the UV-peak in EQE and the
peak at 515 nmis 0.84, 1.3, and 6.7, respectively.

Table 4-2. Summary of the UV- and 515 nm-peak in of ITO-, AI-NHA, and AlI’*"_based
devices under a reverse bias of -2 V, along with the transmittance (T) of each electrode at

the relevant wavelengths, ratios of the EQE and transmittance at the UV- and 515 nm-peak
wavelengths, and the thickness of each electrode.

osition
Electrode (nm) (nm) (%) T (%) %) T(%) | Tgys EQE,;
ITO 200 360 037 854 | 044 940 | 0908  0.84
Al-NHA 30 350 0.016 33.6 | 0.012 303 | 1.11 1.33
A 10 330 0.036 8.09 | 0.0054 6.71 | 1.21 6.67

It is the balance between transmittance (Fig. 4-13a) and penetration depth, shown in
Fig. 4-17, that determines the spectral position and relative strength of the UV-peak. The

light penetration depth was calculated by Eq. 4.1,!

4.1)
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where Lp is the penetration depth, A is the incident wavelength, and k is the wavelength-
dependent extinction coefficient at each incident wavelength. The extinction coefficient

data is the same as that used in the FDTD simulations.
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Figure 4-17. Penetration depth of light into the F8T2:PC71BM active layer.

As the wavelength of incident light increases within the UV spectral range, the
transmittance increases while the penetration depth decreases. Both factors are directly
proportional to photoresponse strength, so the balance between the two determines the
spectral position of the UV peak. When transmittance is low, as for AI"™_based devices,
penetration depth is the primary determinant of the spectral position of the UV-peak. As
shown in Fig. 4-17, the penetration depth is higher for 330 nm than at 350 or 360 nm, so
light with a wavelength of 330 nm can contribute most significantly to the reverse-bias
photoresponse in AlIP®.based devices. For the AI-NHA and ITO electrodes, the
transmittance is higher overall than for the AIP'® electrode, so the relative transmittance
at different wavelengths is more impactful. For these devices, the transmittance is
significantly stronger at the slightly longer wavelengths of 350-360 nm, compared to 330

nm, so these wavelengths dominate the UV photoresponse. In these cases, both the
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transmittance and penetration depth play a role in determining exactly where the UV-peak
in the photoresponse occurs. The penetration depth is slightly longer at 350 nm compared
to 360 nm, but the transmittance is slightly higher at 360 nm than at 350 nm. For the Al-
NHA electrode, the transmittance is only slightly higher at 360 nm than at 350 nm, with
respective values of 34.9% and 33.6%, but for the ITO electrode the transmittance values
at 360 and 350 nm are 85.4% and 80.5%, respectively. The smaller variation of about 1.3%
in the transmittance of the AI-NHA electrode at these two wavelengths enables the Al-
NHA-based device to produce a photoresponse peak at the shorter wavelength of 350 nm,
while the almost 5% difference in the transmittance of the ITO electrode at these two
wavelengths results in the ITO-based device producing a photoresponse peak at the longer
wavelength of 360 nm. The relative magnitude of the peaks in the photoresponse spectra
can also be understood through the relative transmittance of these electrodes at different
wavelengths. The ratio of the transmittance at the UV-peak wavelength and at 515 nm for
each electrode is also shown in Table 4-2 and increases as the electrode is changed from
ITO to AI-NHA and then to AIP®r,

To further confirm the proposed photoresponse mechanism, hole-only devices were fabricated
by replacing the hole-blocking LiF layer with a hole-transporting MoOs layer.'*> Without the hole-
blocking behavior and built-in bias resulting from the LiF layer, true electrode symmetry, and
overall device symmetry, was achieved and the Al-NHA- and Al"®_pased devices produce
diffusion-dominated photoresponse without any applied bias. It is reasonable that hole diffusion
would dominate over drift without any applied or internal bias, since light corresponding to
diffusion-based response is absorbed more strongly than that corresponding to drift-based

response. Further, the AI-NHA-based device should produce stronger photoresponse since
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plasmonic enhancements to the electric field intensity should improve the hole diffusion driving
force. Indeed, as shown in Fig. 4-18a and b, the AI-NHA-based devices exhibit stronger EQE and
D* values, respectively, with spectra that are clearly dominated by hole diffusion, compared to
those of Al™""_based devices, which are weaker and are similarly affected by hole drift and
diffusion. The noise currents calculated for hole-only AI-NHA- and Al1™*""_based devices were
9.5 x 10 and 1.9 x 102 A/NHz, respectively.The comparison of AI-NHA- and A1™®_based
devices shown in Fig. 4-18 indicates that AI-NHA electrodes positively impact forward-bias
photoresponse through plasmonic enhancements to the internal electric field, as AI-NHA-based

devices outperform both AI”a- and ITO-based devices for response strength and stability.
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Figure 4-18. (a) EQE and (b) D* spectra for AI-NHA- and A1”*"*"_based hole-only devices.
The response speed of AI-NHA-, Al and ITO-based devices were tested under 360 nm

illumination and 1 and -1 V biases (Fig. 4-19a and b, respectively), further indicating that device
performance benefits from plasmonic enhancements to the internal electric field of AI-NHA-based
devices. The wavelength of 360 nm was chosen because all devices generate photoresponse at that
wavelength under both forward and reverse biases, and it is within the spectral range where
plasmonic enhancements are expected. The rise (and fall) times were 0.35 s (0.49 s) and 0.45 s

(0.51 s) under 1 V bias for the AI-NHA- and Al-P**"-based devices, respectively. The faster
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response speed of the AI-NHA-based devices indicates that the devices benefit from plasmonic
enhancements to the internal electric field intensity, which acts as a small forward bias and
improves diffusion-based photoresponse resulting from light absorbed in the lower portion of the
active layer. In Fig. 4-19b, the response speed of all three devices are compared under -1 V bias.
The rise (fall) times are 0.37 s (0.39 s), 0.42 s (0.45 s), and 0.3 s (0.44 s) for the AI-NHA-, Al-
P and ITO-based devices, respectively. Under reverse bias, the AI-NHA-based devices
undergo drift-dominated photoresponse and rely on light absorption in the top of the active layer,

so plasmonic enhancements to the electric field are not relevant to the response speed.
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Figure 4-19. Response speed under 360 nm illumination for (a) AI-NHA- and Al?®"_based
devices at 1 V bias, and (b) AI-NHA-, A1™*_ and ITO-based devices at -1 V bias.

4.4  CONCLUSIONS

Plasmonic Al-NHA electrodes have been designed by 3D-FDTD simulations, fabricated by

nanosphere lithography, and incorporated as transparent conducting electrodes in organic
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ultraviolet photodetectors. The hexagonal AI-NHA with a diameter and pitch of 175 and 200 nm,
respectively, produces both strong UV-selective active layer absorbance and enhanced internal
electric field intensity in devices simulated and evaluated through 3D-FDTD simulations. This
plasmonically enhanced internal electric field increases the driving force for hole diffusion,
resulting in bias-dependent response switching. Fabricated Al-NHA-based devices produce two
narrow photoresponse peaks with D* values of 4.0 x 10° and 4.6 x 10° Jones under 340 and 515
nm illumination, respectively, and -2 V bias, and one broad photoresponse peak with a peak D* of
8.8 x 10° Jones under 450 nm illumination and 2 V bias. ITO-based devices exhibit spectrally
similar behavior under reverse bias, producing stronger photoresponse values due to the increased
transmittance of ITO compared to AI-NHAs, and become unstable under forward bias. The EQE
values produced by these devices are relatively low, but the mechanisms investigated and
demonstrated in this work could be applied to other systems. With different active materials, such
as perovskites and other polymers, stronger photoresponse could be produced while the novel bias-
dependent response-switching enabled by AI-NHA electrodes is also achieved. The ability to tune
the spectral photoresponse of devices by applying either reverse or forward bias improves device
applicability, making AI-NHA electrodes a promising option for ITO-free organic UV

photodetectors with improved photoresponse and bias-dependent response tunability.
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Chapter 5. INCORPORATING ALUMINUM PLASMONIC
NANOHEMISPHERE ARRAYS INTO ORGANIC
ULTRAVIOLET PHOTODETECTORS FOR IMPROVED
PHOTORESPONSE

5.1 INTRODUCTION

Incorporating plasmonic nanostructures at the active layer interfaces is a popular approach to
improve the performance of optoelectronic devices because of performance-enhancing surface
plasmon polaritons (SPPs) that are generated at metal-dielectric interfaces under illumination. % 68
Nanostructures can be incorporated at the light-incident surface or at the rear surface of the active
layer to utilize scattering and reflection of light in the active layer and enhanced local electric fields
near the active layer-metal electrode interface.®!> > 6% 6% 7! The rear surface of the active layer,
corresponding to the top of the film in a vertical photodiode architecture, is of particular interest
for nanostructure incorporation since the nanostructures can be transferred to the top metal
electrode, providing two main advantages. First, the nanostructured top metal electrode can
increase the light path through the active layer due to angular reflection, thus improving light
absorption in the active layer.®" ® Second, the enhanced local electric field can positively affect
light absorption and charge generation, separation and transport in the rear portion of the active
layer." % It has been previously reported that light absorption at the top of the active layer
dominates the spectral photoresponse produced by conventional organic photodiode

30, 36, 51

photodetectors, so nanostructures incorporated in the rear surface of the active layer could

be an effectie way to improve device performance.
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In photodetectors, incorporating nanostructures into the rear surface of device active layers has
resulted in improved current production, often measured by responsivity (R). These have been
incorporated both in lateral phototransistor detectors and in vertical photodiode detectors, the latter
of which has been utilized exclusively in our work. In a lateral metal-semiconductor-metal
photodetector, based on a Si/SiO> substrate with gold electrodes, the incident interface of the
perovskite (CH3NH3Pbl3) active layer was imprinted with Si molds with either no pattern, a pillar
array, or a 1-D grating, both nanopatterns having a pitch of 600 nm and the grating was oriented
perpendicular to the device electrodes.”® Since the imprint process itself was shown to improve
perovskite crystallinity and subsequently device performance, devices with both as-cast and flat-
imprinted active layers were evaluated and used as controls to investigate the impacts of the
nanostructure arrays.”* Both nanopatterns, most significantly the nanograting, reduced the
reflectance and transmittance of the active layer films, thereby increasing absorbance, compared
to flat films, both of which produced similar transmittance and reflectance spectra.” The increased
absorption and improved crystallinity enabled the nanograting-imprinted device to achieve a 30-
fold increase in R, compared to non-imprinted devices, yielding a peak value of 58.5 A/W under
635 nm illumination and a 1 V bias.”* Another lateral perovskite (CH3NH3Pbl3) photodetector,
with a similar structure again utilizing gold electrodes and a Si/SiO; substrate, incorporated Au
plasmonic nanosquare arrays into the multi-layered substrate, effectively structuring the rear
interface of the active layer.”> These Au nanosquare arrays, having a pitch of 350 nm, coupled with
incident light to produce SPPs that enhanced the device performance through enhancements to the
local electric field that resulted in reduced reflectance and increased light absorption.”* Thus,
nanostructured devices produced stronger photocurrent values throughout the desired near-

infrared spectral range, producing about a 50-fold photocurrent enhancement under a 0.5 V bias
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and incident illumination with wavelengths of 725 and 800 nm, and this response enhancement
could be redshifted by increasing the size of the nanosquares used.”

Inspired by the structure of insect eyes and designed for green light detection, a multi-pattern
nanostructure array consisting of nanoposts (64 nm average diameter) on a larger grating pattern
(273 nm pitch) was incorporated into the top surface of an active layer composed of poly(3-
hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl-C7i-butyric acid methyl ester (PC7:BM), which
was included in a conventional vertical photodiode photodetector with a flexible device structure
of polyethylene naphthalate (PEN)/ITO/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)/P3HT:PC7:BM (1:1, w:w)/Al"® The performance of multi-pattermed devices was
compared to the performance of devices with active layers with no pattern, only the grating, and
only nanoposts. Under 1 V bias and 532 nm illumination, multi-patterned devices exhibited a
responsivity (R) of 7.95 A/W and a specific detectivity (D*) of 11.4 x 10'? Jones, compared to R
values of 1.48 , 3.80, and 2.03 A/W and D* values of 1.6 x 10'%, 4.2 x 10", and 3.9 x 10'? Jones
achieved by devices with no pattern, only the grating, and only nanoposts, respectively.’”® The
superior performance was arrtibuted to enhanced light trapping and absorption enabled by the
multiple scaled nanostructures. Similarly, plasmonic nanostructures have been incorporated into
the top active layer surface of solar cells to decrease reflection and improve light absorption, and
therefore increase charge generation and photocurrent production. A 2-D square array was
imprinted into the top surface of a soft polymer active layer, composed of poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[ 1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]
thieno[3,4-b]thiophenediyl]] (PTB7):PC71BM, so that the pattern transferred to the subsequent
MoOs hole transport layer and Ag top electrode in inverted organic solar cells with a structure of

ITO/ZnO/PTB7:PC7:BM/MoOs/Ag.”?> The power conversion efficiency (PCE) was increased from
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6.94% for the planar control devices to 7.74% for the devices with the plasmonic nanostructured
tops due to enhancements to the short-circuit current density (Jsc). A nanohemisphere array
(NHSA) was imprinted into the top active layer surface of quantum dot (QD) solar cells with a
structure of ITO/ZnO/Pbl>-QD/PbS-QD/Au, so the pattern transferred to the top Au electrode.”
The patterned devices produced an average Jsc of 27.8 mA/cm?, compared to 25 mA/cm? from the
flat devices, demonstrating a plasmonic enhancement to the device performance achieved by
incorporating nanostructures in the rear active layer/Au electrode interface.

UV photodetectors are important in a variety of applications including environmental
monitoring, scientific research, imaging, and flame and missile detection.!" > '* However,
plasmonic enhancement mechanisms have not been widely applied to optoelectronic devices in
the UV spectral range. Unlike the common plasmonic metals of Ag and Au, which work well in
the visible and near infrared spectral ranges, Al is well-suited to support and tune SPPs in the UV
spectral range due to its carrier concentration and dielectric function.’> 398385 131 Organic UV
photodetectors with a conventional device structure typically have Al as the top electrode,
deposited by thermal evaporation. Therefore, incorporating nanostructures at the rear surface of
the active layer inherently produces an Al nanostructure array that can utilize the unique UV
plasmonic properties of Al and enhance UV photodetector performance.

In this work, nanohemisphere arrays (NHSAs) were imprinted into the top active layer surface
in conventional organic UV photodetectors and were transferred to the top Al cathode to generate
plasmonic Al nanostructures. The impact of plasmonic NHSA on device performance was
investigated using both 3-dimensional finite-difference time-domain (3D-FDTD) electromagnetic
simulations and experimental methods. The wide band gap polymer poly(9,9-dioctylfluorene-alt-

bithiophene) (F8T2) was blended with PC7:BM in a weight ratio of 100:4 and used as the active
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layer. Conventional UV photodetectors with this weight ratio demonstrated photomultiplication
under large reverse biases.’! The active layer thickness, which has a significant impact on device

33, 52123 strength,®® and photoresponse

performance with regards to the spectral selectivity,
stability,’! was varied between 125-470 nm. For comparison, devices with flat top active layers
and electrodes were also investigated. 3D-FDTD simulations revealed that the devices with
plasmonic NHSA top electrodes, referred to in this work as NHSA-top devices, exhibit stronger
UV absorption in the active layer and enhanced electric fields at the interface of the top of the
active layer and the Al electrode, especially for devices with thinner active layers. NHSA-top
devices were fabricated by imprinting nanostructured molds into the top surface of the active layer,
followed by thermal evaporation of the LiF electron transport layer and Al electrode, and evaluated
alongside flat-top control devices whose active layers were imprinted with flat molds. The
inclusion of a NHSA was found to improve the photoresponse strength, sensitivity and speed
through increased UV absorption and enhanced electric fields resulting from angular reflection of
light in the active layer and the plasmonic effects of the Al NHSA electrode. This work
demonstrates that imprinting an NHSA into the top of the active layer, thus structuring the top

metal electrode, is an effective approach for incorporating performance-enhancing plasmonic

nanostructures into organic UV photodetectors.

5.2 EXPERIMENTAL

5.2.1  Finite-Difference Time-Domain Unit Cell Setup

Three-dimensional, finite-difference time-domain (3D-FDTD) electromagnetic simulations
(Lumerical, Inc®) were used to investigate the incorporation of NHSA-tops on the light absorption

in the active layer and the internal electric field distribution throughout the device, and an overview
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of the simulations is provided in Fig. 5-1. The simulated device structure was Corning XG EAGLE
glass (100 nm)/ITO (200 nm)/PEDOT:PSS (40 nm)/F8T2:PC71BM (100:4, w:w, varied
thickness)/LiF (0.8 nm)/Al (100 nm) (Fig. 5-1a). The active layer is composed of a planar bulk
portion with a hexagonal array of nanohemispheres, 200 nm in diameter (D), incorporated at its
top surface. The thicknesses of the planar portion of the active layer were 100, 205, 355 and 445
nm, and a detailed discussion of the determination of these thicknesses and the comparison to the
flat-top active layer thicknesses is provided in Section 5.3.2. The hexagonal array of
nanohemispheres was subsequently incorporated into the LiF and Al layers. A cross-sectional and
top-view of the simulation unit cell are provided in Fig. 5-1b and c, respectively. The simulation
unit cell is defined by the blue border in Fig. 5-1b and ¢ and has the x- and y-lattice constants of
D and D3, respectively. The light source was placed 600 nm below the glass substrate and
impinged normally with polarization in the x-direction. For comparison, flat-top devices were
simulated with the same configuration and unit cell with active layer thicknesses of 125, 230, 380
and 470 nm. The wavelength-dependent refractive index (n) and extinction coefficient (k) of each
material and other simulation details were the same as those provided in Section 4.2.1.

Vertical frequency-domain field monitors (dashed yellow lines in Fig. 5-1b and c) were placed
in the x-z and y-z planes of the device, intersecting at the origin (0,0), which corresponds to the
center of the central nanohemisphere in the unit cell, to obtain the electric field distribution
throughout the device under 330 nm monochromatic illumination. Electric field distributions were
also mapped along the z-axis at individual x-y points and plotted against incident wavelength. For
NHSA-top devices, three x-y points were used to accurately represent the electric field, since both
the device geometry and internal electric field vary along x and y. These points, corresponding to

the center of a nanohemisphere (0,0), the x-edge of a nanohemisphere (D/2, 0), and the y-edge of
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a nanohemisphere (0, D/2) are marked in Fig. 5-1¢ by pink, green, and blue stars, respectively. For

flat-top devices, one x-y point was plotted (0,0) since all x-y points are identical.

; 1 | Light
S

ource

Figure 5-1. (a) 3D schematic of the device structure with NHSA incorporated into the active layer
and subsequent layers. (b) Cross-sectional view of a simulation unit cell for a sample NHSA-top
device. (c) Top-view schematic of an NHSA-top electrode showing the unit cell, the origin and
the locations for vertical frequency-domain field monitors.

5.2.2  Active Layer Absorbance Calculation

Horizontal frequency-domain field monitors (light blue lines in Fig. 5-1b) were placed
throughout the device between planar layers, at the top of the device, and below the light source
to calculate the absorbance in planar layers, device transmittance, and device reflectance,
respectively. Absorbance in planar device layers was calculated by subtracting the transmittance
above the layer from the transmittance below it. In NHSA-top devices, the relative absorbance
within device active layers was determined from the device reflectance, transmittance, and

absorbance in the layers below the active layer, by Eq. 5.1:

AACTIVE =1-R-T- AITO - APEDOT:PSS - AGLASS (51)
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where AacTive is the absorbance of the device active layer, R is the total reflectance from the
device, T is the transmittance through the top of the device, and Airo, ApepoT-pss, and Agrass are
the absorbance in the ITO electrode, PEDOT:PSS layer and glass substrate, respectively. As
demonstrated in Fig. 5-2a-b, the absorbance in the layers below the active layer, ITO and
PEDOT:PSS, used to calculate Aactive does not vary significantly between NHSA- and flat-top
devices. It should be noted that device transmittance and glass absorbance (Agrass), which are

also used to calculate AacTive, are negligibly small.
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Figure 5-2. 3D-FDTD-simulated absorbance in ITO and PEDOT:PSS layers, Airo and Apeporpss,
respectively, in NHSA- and flat-top devices with active layer thicknesses of (a) 125 and 470 nm,
and (b) 230 and 380 nm.

5.2.3  Nanohemisphere Array Fabrication and Incorporation into Active Layer

To fabricate the mold for NHSA imprinting, nanosphere monolayers were first deposited on
glass substrates, as described in Section 4.2.2. To aid in the eventual mold separation, the anti-
adhesive material trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma-Aldrich, St. Louis,
MO) was deposited on the hexagonal nanosphere monolayers by placing glass substrates covered
with the monolayers and a separate dish containing 200 uL silane in a vacuum dessicator for 2 h.
Polydimethylsiloxane (PDMS, Sylgard 184, Thermo Fisher Scientific, Waltham, MA) was poured

over the treated nanosphere monolayers, degassed in a dessicator for 15 min, and cured at 70°C

for 5 h on a hot plate. After curing, the PDMS was separated from the nanosphere monolayer,
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producing a mold with a hexagonal array of 200 nm diameter hemispheric dimples. Flat molds
were prepared by pouring PDMS on a silane-treated bare glass substrate. To imprint the NHSA
onto the top surface of the active layer, the NHSA PDMS molds, wetted with 20 uL of 1,2-
dichlorobenzene (anhydrous, 99.9% purity, Sigma-Aldrich, St. Louis, MO), were placed on
F8T2:PC71BM films immediately after they were annealed at 80°C for 10 min, remained on the
hot plate at 80°C for 5 min, and were then removed. The flat PDMS mold was imprinted onto the
top of active layers by the same method to produce flat-top active layers for control devices. A

scanning electron microscope (SEM, FEI Sirion) was used to evaluate each fabrication step.

52.4 Device Fabrication and Characterization.

ITO coated glass substrates (< 10 QQ/sq, Colorado Concept Coatings LLC, Loveland, CO) were
cleaned and coated with a PEDOT:PSS (Clevios P VP Al 4083, Heraeus, Hanau, Germany) hole
transport layer as in Section 4.2.3. In a nitrogen-filled glovebox, F8T2 (molecular weight of 29,000
g/mol, polydispersity index of 3.3, American Dye Source, Baie D’Urfe, Quebec, Canada) and
PC71BM (Nano-C Inc., Westwood, MA) were each dissolved in 1,2-dichlorobenzene and stirred
at 700 rpm and 70°C for at least 12 h. The equal concentration F8T2 and PC71BM solutions were
mixed in a F8T2:PC71BM weight ratio of 100:4 to yield precursor solutions with total
concentrations of 20, 30 and 40 mg/mL, which were stirred at 700 rpm and 70°C for at least 1 h
and then filtered through a 0.2 pm PTFE syringe filter. Active layers with the target film
thicknesses of 125, 230, 380, and 470 nm were produced by spinning 20, 30, 40, and 40 mg/mL
precursor solutions at 1000, 1000, 1000, and 800 rpm, respectively for 30 s, and annealing at 80°C
for 10 min. A NHSA or flat PDMS mold was imprinted on the top surface of each active layer

following the method described above. UV-Vis absorption spectra were collected using a Perkin
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Elmer Lambda 900 UV-Vis spectrophotometer. Film thickness was measured using a Bruker OM-
DektakXT Profilometer. A thin 0.8-1.0 nm layer of LiF (99.995%, Sigma-Aldrich) was then
deposited via thermal evaporation, without the use of any mask. Finally, 100 nm Al electrodes
were deposited via thermal evaporation through a mask with 16 circular holes to generate 16
devices per substrate with each having an 0.03 cm? active area. Both LiF and Al were deposited
using an Angstrom Engineering PVD Platform, with stage rotation turned on to avoid any
shadowing effects on the NHSA-tops, and thickness was monitored by a quartz crystal

microbalance.

All device and film characterizations were performed in air. Current density-voltage (J-V)
curves, dark current over time, external quantum efficiency (EQE) spectra, and response speed
were measured using a Keithley 2635B sourcemeter. Light was provided using a Xenon arc lamp
(150 W) and Oriel Cornerstone 130 Monochromator. Optical intensity was measured using a
Newport 1918-R Power Meter and Newport UV-Si Photodiode. The optical power intensity was
the same as that shown in Section 3.2.3 (Fig. 3-1). The response speed was obtained by manually
switching between dark and light conditions. Matlab was used to perform Fast Fourier Transforms

on dark current over time data to obtain noise currents.

5.3 RESULTS AND DISCUSSION

5.3.1  Anticipated Performance Enhancements Provided by a NHSA-Top

3-dimensional finite-difference time-domain (3D-FDTD) electromagnetic simulations were
performed to evaluate the impact of NHSA-tops on the absorbance and electric field distribution
in the active layers of conventional UV photodetectors with the configuration shown in Fig. 5-1a.

NHSA-top devices have active layers composed of a planar portion with a NHSA incorporated
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into the top surface. The thicknesses of the planar portions were 100, 205, 305 and 455 nm and the
diameter of the nanohemispheres was 200 nm. Accounting for the topography of nanohemispheres
in the overall film thickness, corresponding flat-top active layer thicknesses of 125, 230, 380 and
470 nm, respectively, were used. Details regarding the simulated and experimental active layer
structure and thickness can be found in Section 5.3.2. To simplify the discussion throughout, we
use the flat-top active layer thickness to indicate the active layer thickness for both flat- and NHSA-
top devices and refer to 125 and 470 nm active layers as thin and thick devices, while 230 and 380

nm active layers are referred to as intermediate devices.

The active layer absorbance (Aactive) and device reflectance (R) for devices with both NHSA-
and flat-tops were calculated and are shown in Fig. 5-3. The oscillations exhibited in the AacTive
and R spectra are attributed to the reflectance between layers and nanocavity effects that exist in
any device composed of multiple thin layers, and to the mismatch in refractive index between the
glass substrate (n = ~1.5) and air (n = ~1). These could be minimized by adding anti-reflection
coating on the glass substrate or at the rear of the active layer, or by manipulating the substrate
refractive index and device layer thicknesses.!*¢

The results in Fig. 5-3a show that the thin device is significantly affected by NHSA-top
incorporation, and Fig. 5-3b-d demonstrates that the influence of NHSA-top on active layer
absorbance gradually diminishes with increasing active layer thickness. For the 125 nm active
layer (Fig. 5-3a), NHSA- and flat-top devices produce reflectance values of 0.11 and 0.25,
respectively, under 330 nm illumination, demonstrating that the NHSA-top provides a significant
reflectance reduction. Consequently, the NHSA-top device has a higher absorbance of 0.63
compared to the flat-top device, which has an absorbance of 0.50, under 330 nm illumination. For

the intermediate devices with a 230 nm active layer (Fig. 5-3b) a reduction in reflectance under
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UV illumination is observed upon NHSA incorporation, so the NHSA enhancement to active layer

absorbance is present but less significantly than in the thin device in Fig. 5-3a. As is observed for

the thicker device in Fig. 5-3c, with a 380 nm active layer, the reflectance and active layer

absorbance are nearly unchanged by the incorporation of the NHSA-top. For the thick device (Fig.

5-3d), the impact of NHSA-tops on active layer absorbance virtually disappears, and the simulated

absorbance and reflectance of NHSA- and flat-top devices are identical except for minor

differences under long-wavelength illumination.
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To confirm that the structuring of the active layer/LiF/Al interface causes the enhanced UV
absorption observed in Fig. 5-3, rather than the structuring of the polymer film itself, UV-Vis
absorption spectra were obtained for thin NHSA- and flat-top films without the subsequent layers
deposited, and these are shown in Fig. 5-4. Clearly, NHSA incorporation does not impact the
absorption of the active layer film by itself, so the impact observed in Fig. 5-3 must result from
the structuring of the active layer/LiF/Al interface. Additionally, enhanced absorbance for NHSA-
top devices was observed under long-wavelength incident illumination, in addition to UV
illumination, because the behavior in the spectral region beyond ~530 nm is dominated by
reflectance of the top electrode. As demonstrated by the experimentally measured UV-Vis
absorption spectrum of F8T2:PC71BM (100:4, w:w) in Fig. 5-4, the active layer does not have

significant absorption in this spectral region.
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Figure 5-4. UV-Vis absorption spectra for NHSA- and flat-top active layer films with an average
thickness of ~125 nm.

The electric field distribution under 330 nm illumination, which corresponds to a peak in active
layer absorbance, is mapped in the x-z and y-z cross-sections of NHSA-top devices and the x-z
cross-section of flat-top devices. Figure 5-5 shows the electric field distributions in the active

layers and subsequent top layers for all simulated devices. The LiF electron transport layer was
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included in the simulations but is too thin (0.8-1.0 nm) to be seen clearly in Fig. 5-5. Again, the
impact of the NHSA-top on the electric field distribution is most significant for the thin device and

gradually decreases as active layer thickness increases.
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Figure 5-5. 3D-FDTD simulated electric field distributions, under 330 nm illumination, of the x-
z cross-section (y = 0) and y-z cross-section (x = 0) in NHSA-top devices and the x-z cross-section
(y =0) in flat-top devices with active layer thicknesses of (a) 125 nm, (b) 230 nm, (c) 380 nm, and
(4) 470 nm. The color scale is consistent for all plots and represents the ratio of the electric field
intensity (E) to the incident field (Eo), which has an intensity of 1 V/m.
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Figure 5-5a shows that strong electric fields are confined in the nanohemispheric region of the
active layer in the thin device and extend to the edge of the active layer/LiF/Al electrode interface
in the x-z cross-section, because incident light is polarized in the x-direction. Although the flat-
top thin device shows a similar electric field intensity, the high-intensity region is more
concentrated toward the middle of the active layer, away from the Al interface. As shown in Fig.
5-5b and c, the intensity of the confined electric field in the nanohemispheric active layer region
deceases gradually with increasing active layer thickness. For the thick device (Fig. 5-5d), this
confinement is almost completely diminished, and the electric field distribution for the thick
NHSA-top device is very similar to that of the flat-top device. Clearly, NHSA-tops provide a
plasmonic enhancement to the electric field intensity at the active layer/LiF/Al electrode interface,
especially for thinner devices. The enhanced electric field could improve charge separation,
transport, and injection at the top of device active layers, and subsequently improve the
photoresponse strength and speed.

Electric field distributions were also mapped along the z-axis, at individual x-y points, and
plotted against incident wavelength in the spectral range of 300-600 nm. The resulting plots are
shown in Fig. 5-6 for all simulated devices, at three distinct points for NHSA-top devices, and at
a single point for flat-top devices, because both the geometry and electric field distribution vary
across the NHSA-top devices while they are uniform in flat-top devices. The three points plotted
for NHSA-top devices correspond to the center (0,0), x-edge (D/2, 0), and y-edge (0, D/2), of the
central nanohemisphere, according to the coordinate system defined in Fig. 5-1c and marked by
pink, green, and blue stars, respectively, in Fig. 5-1c. These stars are also included in the relevant

electric field distributions in Fig. 5-6 so that the corresponding x-y points can be easily discerned.
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Figure 5-6. 3D-FDTD-simulated electric field distributions at a single x-y point, mapped along
the z-axis against incident wavelength for both NHSA- and flat-top devices with active layer
thicknesses of (a) 125 nm, (b) 230 nm, (¢) 380 nm, and (d) 470 nm. From left to right across each
panel, electric field distributions are shown at the center ((0,0), marked by a pink star), x-edge
((D/2,0), marked by a green star), and y-edge ((0,D/2), marked by a blue star) of the central
nanohemisphere in NHSA-top devices, and at any x-y point in a flat-top device. The color scale is
consistent for all plots, and represents the ratio of the electric field intensity (E) to the incident
field (Eo) which has an intensity of 1 V/m.

As observed in Fig. 5-6a, the thin device exhibits a stronger electric field than the thick device,

especially in the top portion of the active layer in the spectral ranges of 300-350 nm and 530-600
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nm. The fringes in the electric field intensity observed in the spectral range between 530-600 nm
occur because this light is beyond the absorption range of the active layer (Fig. 5-4), so it penetrates
the active layer and reflects off the top electrode, establishing an interference pattern throughout
the active layer. Because this light will not contribute to the photoresponse of fabricated devices,
our discussion focuses on the UV spectral range, which is more relevant for understanding and
predicting experimental results. In the center of the nanohemisphere of the thin device, marked by
a pink star in Fig. 5-6a, the highest intensity area is located near the middle of the nanohemispheric
region of the active layer, between z values of about 100-200 nm, and the intensity decreases
towards the active layer/LiF/Al electrode interface under incident illumination between about 300-
350 nm. The thin flat-top device exhibits a similar electric filed distribution. However, at the x-
and y-edges of the nanohemisphere, marked by green and blue stars, respectively, the strongest
electric field occurs directly at the active layer/LiF/Al electrode interface under incident
illumination with wavelengths between about 330-350 nm, indicating UV-selective plasmonic
enhancements to the local electric field. The strong local electric fields at the x- and y-edges of the
nanohemisphere at the active layer/LiF/Al electrode interface can be seen in Table 5-1, which
summarizes the ratios of E/Eo, under 330 nm illumination, for each device at three x-y points for
NHSA-top devices and a single x-y point for flat-top devices.

With increasing active layer thickness, the electric field intensity decreases under illumination
with wavelengths between about 300-350 nm as shown in Fig. 5-6b and c¢ and Table 5-1 for the
intermediate devices with the active layer thickness of 230 and 380 nm, respectively. For the thick
devices shown in Fig 5-6d, the electric field intensities at the active layer/LiF/Al electrode interface
for the NHSA-top device at three x-y points and for the flat-top device at one x-y point are

relatively weak under illumination with wavelengths between about 300-350 nm. Similar to thin
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and intermediate devices, the electric field at the center of the nanohemisphere exhibits similar
behavior to flat-top devices, but the electric field at the edges of the nanohemisphere is enhanced
due to localized surface plasmon resonance induced by the NHSA Al top electrodes, which can be
seen in Table 5-1.

Table 5-1. Summary of the ratios of E/Eo at the active layer/LiF/Al electrode interface for all

simulated devices under 330 nm illumination at three x-y points for NHSA-top devices and a single
x-y point for flat-top devices.

Average Active E/Eo under 330 nm illumination
Layer Thickness Center of x-edge of y-edge of Flat-To
(nm) Hemisphere  Hemisphere  Hemisphere P
125 0.17 0.44 0.53 0.27
230 0.12 0.28 0.33 0.17
380 0.063 0.14 0.17 0.091
470 0.042 0.095 0.11 0.060

5.3.2  NHSA Fabrication and Incorporation

3D-FDTD simulation results clearly show the plasmonic effect of the NHSA top Al electrode in
the increase of UV absorption in the active layer and the enhancement of the electric field at the
active layer/LiF/Al electrode interface under UV illumination, especially for the thin device. We
therefore fabricated photodetectors with both NHSA- and flat-top active layers, inherently
incorporating the NHSA into the subsequent LiF and Al layers, and evaluated their performance.
The procedure for fabricating and imprinting NSHA molds into device active layers to produce
NHSA-top devices is summarized in Fig. 5-7. It has been reported that the imprinting procedure
alone, regardless of whether a flat or patterned mold is used, can have an impact on the active layer
morphology and thus affect the device performance,’ so control flat-top devices in this work were

imprinted with a flat mold by the same procedure that is illustrated in Fig. 5-7.
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LiF and Al deposited via thermal NHSA-imprinted F8T2:PC,;BM active PDMS moldimprinted
evaporation layer film onto F8T2:PC,,BMfilm

Figure 5-7. Schematic of the procedure for making NHSA PDMS molds, imprinting into the top
surface of active layers, and transferring to LiF and Al top electrodes. The SEM images of the
NHSA-top active layer and the NHSA-top Al electrode are included in the bottom panel.

Many previous works have realized pattern transfer to the top surface of the active layer by
applying temperature and pressure during imprinting.”* !36- 157 Because the active layer in this work
was composed of a 100:4 weight ratio blend of the soft polymer F8T2 and organic molecule
PC71BM, the film could be imprinted by wetting the PDMS mold with the same solvent used for
dissolving the active layer components and placing the mold on the film without applying pressure
or any additional temperature beyond the annealing temperature. The NHSA, consisting of

hexagonally arranged 200 nm diameter nanohemispheres, was successfully incorporated into the
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top surface of the active layer and transferred to the thermally deposited LiF electron transport
layer and top Al electrode, as shown in the SEM images included in Fig. 5-7.

Since active layer film thickness is known to impact device performance,®® 3% °1:52. 123 the NHSA-
and flat-top active layers with target thicknesses of 125, 230, 380 and 470 nm were fabricated and
the thickness of NHSA- and flat-top films were measured by profilometry and compared. The
device structure and the active layer for 3D-FDTD simulations were built to match the
experimental device structure and active layer thicknesses, and Fig. 5-8 illustrates how the NHSA-
top active layer film thickness was measured and accounted for in 3D-FDTD simulations and
includes all relevant film thickness data. The average NHSA-top film thickness was obtained by
measuring the height difference between multiple hemispheres (marked by a yellow panel in Fig.
5-8a and yellow line in Fig. 5-8d) and the scratched bottom (marked as a yellow line to the left in
Fig. 5-8a). The thickness corresponding to the top of hemispheres was measured from the
hemisphere peaks to the scratched bottom (marked as blue lines in Fig. 5-8a). The thickness
corresponding to the area between hemispheres was measured from the dips between hemispheres
to the scratched bottom (marked as green lines in Fig. 5-8a). At least three different locations on
each film were measured to calculate the film thicknesses reported in Fig. 5-8b. Notably, the
measured average film thickness of the NHSA-top films is very similar to that of the flat-top films,
as demonstrated in Fig. 5-8b. As shown in Fig. 5-8b, the average thicknesses of NHSA-top films
are very close to the flat-top target film thicknesses, so film thickness will not be considered as
contributing to any difference in performance between NHSA- and flat-top devices.

Figure 5-8c and d provide cross-sectional and top-view illustrations, respectively, to
demonstrate how the experimental film thickness was used to build NHSA-top active layers

in simulations. Generally, the thickness in the area between nanohemispheres was used to
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build the planar portion of the active layer and then 200 nm diameter nanohemispheres
were added on top. Fig. 5-8c shows a sample 3D-FDTD-simulated active layer that mimics

the experimental NHSA-top active layer with a measured average thickness of 125 nm.

Wm

X Position (a.u.)

a)

Height (a.u.)

b)
Flat-top Films NHSA-top Films

Measured | Simulated Measured | Measured | Simulated | Measured | Simulated
(Average) (Top) (Top) (Between) | (Between)

1247+ 14 125 127.1+£4.0 | 183.8+6.0 200 989+1.2 100

2297+72 230 2440+59|3043+52 305 2075+ 54 205

379.6+39 380 3802+1.7|4277+6.6 455 3237+ 6.7 355
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Figure 5-8. (a) Sample profilometry data for an NHSA-top film. (b) The thickness of NHSA- and
flat-top films fabricated and simulated in this work. Thickness of each film was measured from at
least three locations via profilometry. All values are reported in nm. (c-d) Schematic drawings of
(c) cross-sectional and (d) top views of the NHSA. Film thicknesses, for a sample film with an
average thickness of 125 nm, are marked in (¢).

5.3.3  Impact of NHSA-Tops on Device Performance

NHSA- and flat-top devices, with an overall device structure of

ITO/PEDOT:PSS/F8T2:PC71BM (100:4)/LiF/Al were fabricated with the four target active layer
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thicknesses. Since the 3D-FDTD simulations show that the active layer absorbance and electric
field behavior gradually change with increasing active layer thickness, we focused the evaluation
on the thin (125 nm) and thick (470 nm) devices with both NHSA- and flat-tops, and the
photoresponse data is provided in Fig. 5-9. Current density-voltage characteristics for thin and
thick devices are provided in Fig. 5-9a and b, respectively, both in the dark and under
monochromatic 330 nm illumination. For thin devices (Fig. 5-9a), the magnitude of the
photocurrent density produced by NHSA- and flat-top devices are similar, but NHSA-top devices
produce lower dark current density. As observed in Fig. 5-9b, the dark current density of thick
devices is about one-two orders of magnitude lower than that of thin devices, because the series
resistance and charge extraction difficulty increase with increasing active layer thickness.! Dark
and photocurrent densities of thick NHSA-top devices are slightly higher than those of flat-top
devices. For both thin and thick devices, incorporating the NHSA-top results in shifts in the
voltages where the minimum dark and illuminated current are obtained, referred to as Vo and open-
circuit voltage (Voc), respectively. For thin devices (Fig. 5-9a), NHSA- and flat-top devices
exhibit Voc values of 0.76 and 0.24, respectively, while the V¢ values are both close to 0 V, and
for thick devices (Fig. 5-9b) NHSA- and flat-top devices exhibit Vo values of -0.48 and -0.08,
respectively, and similar Voc values of 0.20 and 0.32 V, respectively. These shifts may be
indicative of an additional built-in bias related to the electric field enhancements provided by
plasmonic NHSA-tops. It is also hypothesized that these shifts could be related to changes in the
microstructure and morphology at the top interface of the active layer, because the Voc in organic
photodiodes is known to depend on the active layer materials and morphology, interfacial layers,

and the nature of the electrode contacts.'**1%1
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Figure 5-9. (a-b) Current density-voltage characteristics, (c-d) EQE spectra, (e-f) D* spectra for
thin (a, ¢, e) thin and (b, d, f) thick devices.

External quantum efficiency (EQE) spectra of thin and thick devices are shown in Fig. 5-9¢

and d, respectively, and represents the ratio of charge carriers produced by a device to photons
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incident on the device, thereby indicating the photoresponse strength. The spectra in Fig. 5-9¢c and
d exhibit a consistent spectral shape with peaks around 330 and 515 nm, corresponding to the
edges of the active layer absorption peak (Fig. 5-4). Light at these wavelengths is absorbed weakly,
enabling it to penetrate the active layer and be absorbed at the top of the device. Since PC71BM
clusters are known to be more concentrated at the top of the active layer, light absorbed in this
physical region can most effectively engage the reverse-bias photoresponse mechanism.>! For
thick devices, a pronounced dip corresponding to the active layer absorbance peak, between about
400-500 nm, is observed in the EQE spectra in Fig. 5-9d. Light within this spectral region is
absorbed quickly and therefore has a low penetration depth, precluding it from reaching the top of
the active layer and contributing significantly to photoresponse as previously observed.*® 3! This
agrees with the 3D-FDTD-simulated electric field distributions shown in Fig. 5-6, which
demonstrate that the electric field in the spectral range between about 400-500 nm is strong at the
bottom of the active layer and decays quickly with depth into the active layer.

For both NHSA- and flat-top devices, EQE increases with increasing reverse bias. Regardless
of the active layer thickness and the bias applied, NHSA-top devices produce higher EQE values
than flat-top devices, indicating that the nanostructures achieve the desired performance
enhancement. Under a -1 V bias and 330 nm illumination, thin NHSA- and flat-top devices
produce peak EQE values of 1.8 and 0.86%, and thick NHSA- and flat-top devices produce EQE
values of 0.25 and 0.13%, respectively. The photoresponse strength is diminished for thicker
devices due to the increased difficulty of charge extraction from thicker active layers.! It should
be noted that the significant increase in EQE values produced by the thin NHSA-top device under
a -1V bias and illumination with increasingly short wavelengths is an indication that the device is

approaching unstable behavior, because the lamp power in this spectral region (Fig. 3-1) is very
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weak. The spectrum levels off at a reasonable value, so this data is still reliable, but this is
considered the reverse-bias limit of device stability for the thin device. Devices with the same
structure but thicker active layers were previously shown to be stable under reverse biases as strong
as -40 V,>! so it is anticipated that the thick devices in this work would maintain stable behavior
under strong reverse biases. However, increasing the reverse bias was found to diminish the
NHSA-top impact because the strong applied bias overwhelmed the plasmonic enhancements to
the internal electric field. Therefore, in the interest of maintaining stable behavior for all evaluated
devices and examining the impact of NHSA-tops, our discussion focuses on device behavior under

small applied reverse biases.

Specific detectivity (D*), which accounts for the noise within devices and therefore provides
an indication of photoresponse sensitivity, is provided for thin and thick devices in Fig. 5-9¢ and
f, respectively. Noise currents for thin and thick devices with NHSA- and flat-tops were obtained
by performing a Fast Fourier Transform on measured dark current over time and are reported in
Table 5-2. As shown in Fig. 5-9e, thin NHSA-top devices exhibit consistently higher D* values
than flat-top devices, achieving peak D* values of 4.2 x 10'° and 3.0 x 10'° Jones, respectively,
under 0 V bias and 330 nm illumination, which are competitive with those reported for other
organic UV photodetectors.!®?1%4 In this case, the maximum D* value is obtained without any
applied bias because the noise current is minimized in this condition. For thick devices, NHSA-
top devices exhibit a higher D* values than flat-top devices under 0 and -1 V biased, with peak D*
values of 8.9 x 10° and 3.2 x 10° Jones, respectively, under -1 V bias and 330 nm illumination.
However, NHSA-top devices exhibit lower D* values than flat-top devices under -0.5 V bias due
to a higher noise current (Table 5-2). Thick flat-top devices achieve the maximum D* value of 1.4

x 10'° Jones under -0.5 V bias and 330 nm illumination.
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Table 5-2. Dark and noise currents of thin and thick NHSA- and flat-top devices under varied

applied biases.

Device Bias (V) Dark current (A) FFT noise (A/\/Hz)

N 1 1.7x 10710 3.1x 107

TFl;‘; 0.5 33x 101 3.7x 1072

0 -1.5x 10" 41x 108

N -1 1.6x 107 1.1x 10"

IEHISHA 0.5 5.8x 101 9.9x 1073

0 2.6x 107! 3.8x 10713

. -1 47x 10712 1.9x 102

Tlﬁ;’f 0.5 4.1x 107" 2.7x 1013

0 4.4x 10712 2.4% 102

. -1 44x 101 1.3x 10"

15111{132 0.5 4.4x 10 3.4x 1072

0 49x 10" 2.1x 1072

EQE spectra for NHSA- and flat-top devices with intermediate active layers are shown in Fig.
5-10. Devices with a 230 nm active layer are represented in Fig. 5-10a-b. Without any applied
bias, NHSA-top devices exhibit slightly stronger photoresponse compared to flat-top devices,
producing EQE values of 0.19 and 0.16%, respectively, under 330 nm illumination, but when a
reverse bias is applied the NHSA enhancement diminishes and disappears. Under -0.5 V, NHSA-
and flat-top devices produce similar photoresponse, with peak EQE values of 0.34 and 0.40%,
respectively, under 350 and 330 nm illumination, respectively, and under -1 V bias NHSA-top
devices produce inferior photoresponse throughout the entire spectral range. It should be noted
that the photoresponse of flat-top devices is unstable, as is indicated by the dramatic increase in
EQE values exhibited under incident illumination with increasingly short wavelengths, which is
shown more clearly in Fig. 5-10b. The optical intensity of the incident light is very weak in the
spectral range between about 250-360 nm, and unlike the spectrum for the NHSA-top thin device
in Fig. 5-9c¢, the spectrum in Fig. 5-10b does not level off but continues to increase dramatically

in this spectral range for increasingly short wavelengths, indicating unreliable device behavior.
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This instability has been previously observed in similar devices, and is thought to occur through a

mechanism similar to avalanche breakdown.>!
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Figure 5-10. EQE spectra for NHSA- and flat-top devices with active layer thicknesses of (a-b)
230 nm and (c) 380 nm. Spectra for devices with 230 nm active layer are shown for an extended
range of short wavelength illumination to demonstrate the relative instability of this data.

600

EQE Spectra for devices with active layer thicknesses of 380 nm are provided in Fig. 5-10d.

For these devices, with and without an applied reverse bias, NHSA-top devices produce higher

EQE values than flat-top devices, achieving peak EQE values of 0.27 and 0.17%, respectively,

under -1 V bias and 330 nm illumination.

The on-off response speed of thin and thick devices with NHSA- and flat-tops were collected

under 0 and -0.5 V bias and 330 nm illumination and are shown in Fig. 5-11 along with calculated



155
rise and fall times for each device and testing condition. As shown in Fig. 5-11a, without any
applied bias, thin NHSA-top devices respond faster than flat-top devices, with rise (fall) times of
0.34 5 (0.54 s) and 0.36 s (0.77 s), respectively. The rise times are similar in magnitude, while the
fall time is significantly shorter for the NHSA-top device than the flat-top device. The faster
photoresponse might be attributed to the plasmonic enhancements to the electric field (Figs. 5-5a
and 5-6a), which acts as a small built-in bias. Increasing the bias applied to a device improves its
response speed, due to faster charge carrier transport and decreased capacitance.! In fact, when a -
0.5 V bias is applied (Fig. 5-11b), the overall response speed increases and NHSA- and flat-top
devices exhibit rise (fall) times of 0.31 s (0.44 s) and 0.23 s (0.28 s), respectively.

For thick devices, the plasmonic enhancement to the response speed is not clearly observed.
Without any applied bias, shown in Fig. 5-11c, NHSA- and flat-top devices exhibit similar rises
times of 0.35 and 0.30 s, respectively, while the NHSA-top device fall time of 0.52 s is slower
than the 0.34 s fall time of the flat-top device. When the bias is increased to -0.5 V (Fig. 5-11d),
the response speed is very similar for both NHSA- and flat-top devices, which exhibit rise (fall)
times of 0.33 s (0.46 s) and 0.30 s (0.41 s), respectively. It is hypothesized that the similarity of
the response speeds for thick NHSA- and flat-top devices is related to the internal electric field
distributions, which were relatively similar for thick NHSA- and flat-top devices (Figs. 5-5d and

5-6d), so the response speed of NHSA-top devices does not benefit from this plasmonic effect.
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Figure 5-11. On-off response speed for (a,b) thin and (c,d) thick devices with both NHSA- and
flat- tops. The response speed was measured under 330 nm illumination and (a,c) 0 V bias and
(b,d) -0.5 V bias. The calculated rise and fall times are included as an inset in each plot.

The performance enhancement that the NHSA-tops provide can be attributed to two main
factors. The first is angular light reflection that occurs when light that penetrates the active layer
reflects off the NHSA nanostructured active layer/LiF/Al electrode interface at the top of the
devices. Instead of reflecting straight back, as it does in flat-top devices, light is reflected at an
angle, increasing its path length within the active layer and thereby improving light absorption
within the active layer, as is demonstrated for the 3D-FDTD-simulated thin NHSA-top devices
compared to the flat-top devices in Fig. 5-3a. The second performance-enhancing effect of the
NHSA-tops is provided through SPPs that occur at the nanostructured active layer/LiF/Al
electrode interface. These localized surface plasmon resonances confine and enhance the local

electric field in the nanohemispheric region of the active layer, as demonstrated in Figs. 5-5 and
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5-6. The enhanced electric field acts as a small, additional built-in bias, which improves both the

photoresponse strength and sensitivity (Figs. 5-9 and 5-10) and the response speed (Fig. 5-11).

5.4 CONCLUSION

Nanohemisphere arrays were incorporated into organic UV photodetectors by imprinting into
the top surface of the active layer, and the pattern was then transferred to the LiF electron transport
layer and top Al electrode. 3D-FDTD simulation results showed that NHSA-top devices with thin
active layers exhibit a clear UV absorbance enhancement and strong confined electric fields in the
nanohemispheric region of the active layer upon NHSA incorporation, in comparison to flat-top
control devices. The impact of NHSA-tops on the absorbance and electric field in device active
layers diminishes with increasing active layer thickness. NHSA molds were fabricated by
nanosphere lithography and imprinted into device active layers, and devices with varied active
layer thicknesses were fabricated and evaluated. Thin NHSA-top devices demonstrated superior
performance compared to flat-top devices, producing peak D* values of 4.2 x 10'° and 3.0 x 10'°
Jones, respectively, under 0 V bias and 330 nm illumination, and faster on-off response speed.
This work demonstrated that imprinting an NHSA into the top surface of the active layer is an
effective method for incorporating plasmonic nanostructures into the top electrodes of organic
ultraviolet photodetectors for improved photoresponse. This method can also be applied to
incorporate plasmonic nanostructures into other optoelectronic devices to enhance device

performance.
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Chapter 6. CONCLUSIONS AND OUTLOOK

6.1 CONCLUSIONS

The research presented here has focused on developing and improving the performance of
organic ultraviolet photodetectors by optimizing the active layer materials, morphology and
thickness to extend established photoresponse mechanisms into the UV spectral range and by
incorporating plasmonic nanostructures for optical and electronic performance enhancements. The
overarching goal of the work has been to improve the photoresponse strength, selectivity, and
tunability while maintaining stable, controllable, predictable device behavior. The conclusions and
insights obtained contribute to the ever-expanding field of photodetection, expediting the design
process and improving the performance and applicability of photodetectors that employ novel and
emerging technologies.

Photodetection is an essential component of modern technology, with applications in consumer
products, communications, imaging, scientific research, environmental monitoring, industrial
process control, missile detection, and many other fields. The technology has advanced alongside
other optoelectronic devices, such as solar cells, LEDs, and lasers. One such advancement was the
utilization of organic active materials, which offer flexibility and solution processability, and are
more cost-effective and tunable compared to inorganic materials. In photodetection, new
technologies are often introduced in the visible-infrared spectral region and are slow to extend to
ultraviolet devices, despite the applicability of photodetectors with UV-selective response in fields
including imaging, flame and missile detection, environmental monitoring, and scientific research.

The first portion of my work therefore focused on optimizing the active layers of conventional

organic photodiode photodetectors to extend the established photoresponse mechanisms of
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photomultiplication and charge collection narrowing into the UV spectral region. These
mechanisms were first reported in devices with strong visible and infrared detection but had not
yet been applied in UV photodetectors. We started with active layers composed of the polymer
electron donor poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2) and the fullerene-derivative
electron acceptor [6,6]-phenyl-C7i-butyric acid methyl ester (PC7:BM). F8T2 was chosen because
of its wide bandgap, yielding strong UV absorption and ensuring UV-selective photoresponse in
the resulting device. F8T2 and PC71BM were blended in 100:1 and 100:4 weight ratios, so that the
PC71BM formed isolated clusters within the F8T2 layer. During the photomultiplication process,
photogenerated excitons are separated at the F§T2-PC71BM interface, and the electrons transfer
into PC71BM and become trapped. The accumulation of trapped charges bends the active layer
energy bands and enables charges to be injected from the cathode, transported through the active
layer, and collected at the anode. In this way, multiple charge carriers can be collected per incident
photon and external quantum efficiency EQE values over 100% can be achieved.

In this case, because of the active layer morphology and thickness, the photoresponse spectra
exhibited two peaks at either edge of the active layer absorption peak with a dip in between. These
photodetectors therefore produced one UV-selective response peak and one that was not UV-
selective. Typically, photodetectors are operated under an applied reverse bias to minimize noise
and improve photoresponse sensitivity. Increasing the reverse bias increases the strength and speed
of the photoresponse produced, but in these devices an additional benefit was observed. We found
that the UV-selective response peak was more sensitive to the applied bias than the non-UV-
selective peak, so increasing the applied reverse bias improved the UV-selectivity in addition to

improving response strength and speed.
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We next explored an organic-inorganic hybrid active layer utilizing the polymer donor
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), which also has strong, UV-selective
absorption, with embedded ZnO nanoparticles acting as electron acceptors and traps. Because
PTAA has superior hole mobility to F8T2 and ZnO has significant UV-selective absorption, while
PC71BM does not, these devices produced overall stronger photoresponse compared to the
F8T2:PC71BM system. With this PTAA:ZnO active layer, the charge collection narrowing (CCN)
mechanism was investigated and successfully employed in UV-selective photodetection after
being first established in visible-infrared detection. Charge collection narrowing utilizes the active
layer thickness as a control handle for tuning photoresponse between broad- and narrowband.
When the active layer is thin, all absorbed light contributes to the photoresponse, and broadband
photomultiplication is achieved. When the thickness is increased, light within the active layer
absorption peak is absorbed quickly and therefore cannot penetrate the entire active layer. It only
generates excitons in the lower portion of the active layer, which produces a response-suppressing
space charge region. Light at the short-wavelength edge of the absorption peak produces the same
result due to its inherently low penetration depth. Only light at the long-wavelength edge of the
absorption peak can penetrate the active layer. This light reflects off the top electrode and
establishes an interference pattern within the layer that enables it to be absorbed and generate
excitons throughout the layer, resulting in bulk exciton generation and a significant contribution
to photoresponse.
Thus, increasing the active layer thickness effectively narrows the spectral photoresponse to a
single peak at the long-wavelength edge of the active layer absorption peak. For the PTAA:ZnO
system, this corresponded to about 420 nm, yielding UV-selective photoresponse that could be

tuned between broad- and narrowband simply by changing the active layer thickness. This is a
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relatively easy parameter to adjust during device fabrication, so this response-tuning mechanism
of CCN could enable easy fabrication of multiple devices with distinct spectral photoresponse.

In addition to exploring different UV-selective active layer materials and optimizing them for
strong, selective, tunable UV photodetection, we also incorporated plasmonic nanostructures into
device electrodes. While this is a popular approach for improving optoelectronic device
performance, there are relatively few instances of plasmonic enhancements utilized in UV-
selective systems. Al was chosen as a plasmonic material because it is abundant, cost-effective,
easily processable, and is well-suited to support surface plasmon polaritons (SPPs) that are excited
under UV illumination. Two types of nanostructure incorporation were pursued, including an Al
nanohole array (AI-NHA) used as a transparent conducting electrode and a nanohemisphere array
(NHSA) imprinted into the top active layer/electrode interface. Both nanopatterns provided
plasmonic enhancement to the local electric field intensity and subsequently device performance.

An Al-NHA was employed as a transparent conducting bottom electrode in conventional
organic devices, using the F8T2:PC71BM active layer investigated in our early work. 3-
dimensional finite-difference time-domain (3D-FDTD) electromagnetic simulations were used to
evaluate the electric field intensity and active layer absorbance strength and UV-selectivity, and
AI-NHAs were found to provide a significant enhancement to the electric field intensity in the
lower portion of devices, compared to control devices based on ITO. The pattern geometry of the
AI-NHAs was varied, within reasonable fabrication constraints, and the optimal pattern was found
to be a hexagonal NHA with a hole diameter of 175 nm and a pitch (center-to-center distance) of
200 nm. These NHAs were fabricated by nanosphere lithography, where 200 nm diameter spheres
were deposited by drop-coating and then exposed to plasma etch, Al deposition, and liftoff steps

to produce AI-NHAs with a diameter, pitch, and thickness of 175, 200, and 30 nm, respectively.
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Devices based on both AI-NHA and control ITO electrodes were then fabricated and evaluated,
with device structures of [ITO or AI-NHA]/PEDOT:PSS/F8T2:PC7:BM/LiF/Al. Due to the
relatively low transmittance of Al-NHAs, the photoresponse strength of the AI-NHA-based
devices was lower than ITO-based device under the typical reverse bias testing conditions. The
spectral behavior, however, was unaffected by the AI-NHA and matched that observed in our early
work. Notably, AI-NHA-based devices benefitted from low dark and noise currents, enabling them
to produce similar specific detectivity (D*) values to ITO-based devices despite having weaker
photoresponse. The most notable feature of the AI-NHA-based devices was observed under
forward bias. While ITO-based devices produced increasingly unstable two-peak spectra under
forward bias, the electrode symmetry of AI-NHA-based devices unlocked a distinct photoresponse
spectra under forward bias containing a single peak that corresponds to the active layer absorbance
peak. This spectral behavior results from hole diffusion, which is aided by applied forward bias.
AI-NHA-based devices exhibited this behavior more strongly and clearly than devices based on
planar Al electrodes, indicating that the NHAs support a plasmonic enhancement to the local
electric field that acts as an additional forward bias, increasing the driving force for hole diffusion
and enabling a bias-dependent photoresponse tunability. This yields a device that, depending on
the operating conditions, could be used in multiple photodetection applications.

Nanosphere lithography was also used to incorporate NHSAs into the top electrode of ITO-
based devices with the same conventional organic photodiode structure. In this case, the
nanosphere monolayer was used to produce a PDMS mold that was then imprinted into the top
surface of the active layer, producing a hexagonal array of 200 nm diameter hemispheres. The
impacts of these NHSA-tops were evaluated through 3D-FDTD simulations and were found to

enhance both the UV absorbance of the active layer and the electric field intensity at the top active
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layer interface in simulated devices. The enhanced electric field intensity acts as an additional
reverse bias, improving both the strength and speed of the resultant photoresponse. In addition to
this plasmonic enhancement, incorporating NHSAs also improved the photoresponse strength
through optical light scattering, where light is reflected off the top device interface at an angle and
therefore follows an extended path through the active layer, improving its absorption. Two distinct
arrays of plasmonic nanostructures have thus been successfully incorporated into organic
ultraviolet photodetectors, yielding improvements to the photoresponse strength, speed, and
tunability while maintaining good UV-selectivity due to the selection of both the active layer

material and the plasmonic metal Al.

6.2 OUTLOOK

My work has played a significant role in extending both established photoresponse
mechanisms, such as photomultiplication and charge collection narrowing, and emerging
plasmonic enhancements, through AI-NHA and NHSA incorporation, into the UV spectral range
of photodetection. This contributes to the advancement of photodetector research, which
continually reaches toward new technologies and applications, such as fully flexible, stretchable,
conformable devices, low-driving voltages, increasingly strong, sensitive, and fast photoresponse,
and devices utilizing double-sided illumination. In general, photodetectors have a wide variety of
applications, which complicates the device design process. For some applications, such as
communications, response speed is the most important performance criterion. For applications like
imaging and color spectroscopy, wavelength-selectivity is the highest priority. For other
applications, such as environmental monitoring and missile detection, device sensitivity and

specificity are the most critical features.
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This variety in applications and performance criteria makes designing photodetectors a
complex and difficult problem, as it is nearly impossible to optimize a device without a specific
application in mind. Therefore, it is critical that the field have a strong “toolbox” at hand to
expedite the design and optimization process. The tools would include the material selection,
device architecture, and controllable physical parameters of the device structure and operation,
including layer thicknesses and morphology, operating voltage, etc. For this toolbox to be useful,
each tool must be well understood. The individual impact on device performance, relevant
underlying device physics and response mechanisms, reasonable working ranges, processability,
and competitive and/or constructive interactions with other device parameters must be thoroughly
investigated and understood. The response mechanisms that these tools engage, such as
photomultiplication, CCN, electric field enhancements, and light scattering, and the observable
device performance that they produce, must be equally well understood. When this is
accomplished, the perfect photodetector for any selected application can be designed and produced
quickly, easily, and cost-effectively.

My work has focused on improving our understanding of these relationships between physical
parameters, device working mechanisms, and device performance, particularly within the UV
spectral range. Active layer material, morphology, and thickness each impact the working
mechanisms that devices can engage and the photoresponse that is produced, and the extent to
which each parameter can influence the photoresponse depends on the other parameters. The
material determines whether UV-selective response is possible, while the morphology and
thickness together determine whether response mechanisms like photomultiplication and CCN can
be achieved. All three parameters, together, ultimately determine what mechanisms will be utilized

and what the resulting photoresponse strength and spectral selectivity will be. Plasmonic
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nanostructures are another physical parameter that we can control and utilize to unlock new
photoresponse behavior, such as bias-dependent response switching, in addition to enhancing
existing working mechanisms within devices through light scattering and electric field
improvements. The extent to which these effects are felt, however, depends on the active layer
thickness and morphology, the device structure, and the applied bias. Additionally, other aspects
of device architecture, including electrode materials and interfacial layers, must be selected with a
full understanding of their impact on photoresponse mechanisms and device stability.

Photodetection is an essential component in modern technology, and while the field has
advanced along with the general field of optoelectronics, the efficient design of these devices
depends on a constantly expanding knowledge of the relationship between material properties,
physical parameters, working mechanisms, and device performance. The wide variety of
technologies and photodetection solutions available within the field, and our thorough
understanding of how they can be engaged and utilized, mean that we will continuously improve

our ability to meet the ever growing and changing photodetection needs of modern technology.
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