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ABSTRACT: Electrodes consisting of plasmonic Al nanohole
arrays (Al-NHAs) were incorporated into organic ultraviolet
(UV) photodetectors that exhibited bias-dependent photo-
response. AI-NHAs were designed by using three-dimensional
finite-difference time-domain (3D-FDTD) simulations to
produce strong UV absorbance in the active layer and enhanced
internal electric field intensity. The nanosphere lithography
fabricated AI-NHAs were incorporated into organic conven-
tional devices, which produced two narrow response peaks
under reverse bias and one broad response peak under forward
bias, while ITO-based control devices can only produce two-
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peak photoresponse spectra. The bias-dependent photoresponse switching achieved by the Al-NHA-based devices is attributed
to the plasmonic-enhanced internal electric field, which acts as a small forward bias and increases the driving force for hole
diffusion. Conventional devices with planar Al electrodes and hole-only devices with both planar Al and an AI-NHA electrodes
were also fabricated and evaluated to confirm the photoresponse mechanism. Plasmonic AI-NHA electrodes provide an
approach for making ITO-free, flexible organic UV photodetectors with improved photoresponse and bias-dependent response

tunability.
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B INTRODUCTION

Metallic nanostructured films incorporated into optoelectronic
devices such as photodetectors have attracted attention for
their ability to support localized surface plasmon polaritons
(LSPPs), which can enhance optical absorbance, internal
electric field, and ultimately device performance.' ™ Such films
can also act as a device electrode, making them a cost-effective,
flexible, high-performance alternative to the commonly used
indium tin oxide (ITO), which is expensive and brittle.*®
Plasmonic enhancements provided by nanostructured electro-
des can be engaged by light of varying wavelengths depending
on the geometry, periodicity, and material of the nanostruc-
tures.”*~'" This provides a mechanism for tuning and
enhancing the spectral photoresponse of optoelectronic
devices, making plasmonic nanostructures attractive for a
wide variety of applications including solar cells, fiber-optic
communications, displays, disk drives, motion sensors, filter-
free imaging, flame and missile detection, environmental
monitoring, and industrial process control.'' ™'

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
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circuit density (Jgc) 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)/TiO,/
CH;NH,Pbl,/2,2’,7,7 -tetrakis(N,N-di-4-methoxy-
phenylamino)-9,9’-spirobifluorene (spiro-OMeTAD)/Au, pro-
duced a Jgc 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 Jc 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]thio-
phenediyl]] (PTB7):phenyl-C,;-butyric acid methyl ester
(PC,;BM)/MoO;/Ag.* The nanostructured electrode im-
proved 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 suboptimal
thickness, offering a potential solution to the trade-off between
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optical absorption and charge extraction that persists in thin
film solar cells.* Plasmonic nanostructures were also
incorporated into the rear electrode of a similar organic solar
cell with a structure of ITO/ZnO/PTB7:PC,;BM/MoO;/Ag
by imprinting into the top surface of the soft polymer active
layer, resulting in Jsc values of 15.17 and 14.01 mA cm™ for
patterned and nonpatterned devices, respectively.'®

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 photo-
detectors, particularly those relying on charge injection and
transport at device electrode interfaces.”” Photodetectors
utilizing plasmonic nanostructures produce improved respon-
sivity (R), which measures the output current compared to the
incident optical power, and improved spectral photoresponse
selectivity.” Imprinting a nanograting pattern directly into the
perovskite (CH,NH,Pbl,) active layer of a lateral metal—
semiconductor—metal photodetector resulted in a 30-fold
increase in R, compared to nonimprinted devices, yielding a
peak value of 58.5 A W™ under 635 nm illumination and a 1 V
bias.”’ Another lateral perovskite (CH;NH;Pbl;) photo-
detector incorporated plasmonic nanostructures into its
multilayered substrate of Au nanosquares/SiO,/Au, compared
to a control substrate of Si/SiO,, which would act similarly to a
rear nanostructured electrode in a vertical device architec-
ture.”’ The nanosquare arrays coupled with incident light to
improve light absorption, resulting in about a 50-fold
photocurrent enhancement under a 0.5 V bias and incident
illumination with wavelengths around both 725 and 800 nm.”!
Nanoparticles have also been incorporated into organic
photodetectors and have yielded significant performance
improvements. A device with a structure of ITO/4,4-N,N’-
bis[ N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)/Cg,/
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 some 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'-spirobifluorene (spiro-TTB)/Al and
improved the photoresponse strength by 2 orders of
magnitude under 830 nm illumination and a § 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, the extension of
plasmonic enhancement mechanisms to UV-selective devices
has been relatively slow because the common plasmonic metals
of Ag and 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
and dielectric function, although oxide formation on the Al
surface can interfere with and cause a red shift in its plasmonic
properties.”* " In 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 and 430 nm by varying the geometry of
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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,O; 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
(AlI-NHA)/poly(3,4-ethylenedioxythiophene):polystyrene-
sulfonate (PEDOT:PSS)/poly(3-hexylthiophene)
(P3HT):PC¢,BM/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 multilayered 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 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 (AI-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-dioctyl-
fluorene-alt-bithiophene) (F8T2), for strong UV absorption
with a cutoff around 515 nm. The active layer was a 350 nm
film consisting of F8T2 and the fullerene-derivative electron
acceptor PC;;BM, combined in a weight ratio of 100:4, based
on previous reports.”” PEDOT:PSS and LiF were used as hole
and electron transport layers, respectively, for an overall device
structure of AI-NHA/PEDOT:PSS/F8T2:PC,,;BM/LiF/AL 3-
dimensional finite-difference time-domain (3D-FDTD) elec-
tromagnetic simulations were conducted to design the AI-NHA
to produce strong UV absorption in the active layer and
enhanced internal electric field intensity. AI-NHA electrodes
were successfully fabricated using nanosphere lithography and
incorporated into photodetectors, which produced two narrow
photoresponse peaks with specific detectivity (D*) values of
40 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 the plasmonic-enhanced internal electric field, which
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
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both planar Al and AI-NHA electrodes. This novel bias-
dependent response switching improves the applicability of UV
photodetectors through the cost-effective, flexible, and
performance-enhancing plasmonic Al-NHA transparent con-
ducting electrodes.

B EXPERIMENTAL SECTION

3D-FDTD Simulations. Three-dimensional, finite-difference time-
domain (3D-FDTD) electromagnetic simulations (Lumerical, Inc.)
were used to study conventional devices based on Al-NHA, AlPlanar
and ITO electrodes. The simulated device structure was Corning
EAGLE XG glass (100 nm)/[Al-NHA (30 nm) or ITO (200 nm)]/
PEDOT:PSS (40 nm)/F8T2:PC,;BM (350 nm)/LiF (0.8 nm)/Al
(100 nm). The NHA had a diameter (D) and pitch (p) defined as the
nanohole diameter and the center-to-center distance, respectively. A
hexagonal array was simulated, so the x and y spans of the simulation
cell were defined as p and py/3, respectively. A continuous
wavelength plane wave light source (300—600 nm) was placed 600
nm below the device. The boundary conditions used in the x, y, and z
directions were antisymmetric, symmetric, and perfectly matched
layer, respectively, simulating a periodic array with free space above
and below. 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 used. Frequency-domain field monitors, which can
capture both transmittance of light and electric field distribution, were
placed throughout the device. Monitors between device layers were
used to capture transmittance, and absorbance in a given layer was
calculated by subtracting the transmittance above and below the
specified layer. Monitors were also placed in vertical cross sections in
the xz- and yz-planes, intersecting at (0,0), to capture the internal
electric field distribution. A specific x—y point was chosen from each
monitor so that the electric field could be plotted against incident
wavelength. The wavelength-dependent optical constants of refractive
index, n, and extinction coefficient, k, for ITO, PEDOT:PSS,
F8T2:PC,,BM, and the glass substrate were experimentally measured
via ellipsometry (Figure S1) and for Al and LiF were obtained from
the Lumerical Materials Database®* and an online database,>>*°
respectively.

AI-NHA Fabrication via Nanosphere Lithography. Carbox-
ylate surface-functionalized polystyrene beads with a diameter of 200
nm were purchased from Polysciences, Inc. (Warrington, PA). The
stock solution (5.68 X 10'* particles mL™") was diluted (1.43 X 10"
particles mL™') before use with ultrapure water (18 MQ).
Poly(ethylene oxide) (molecular weight 1000000 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
cm X 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, S yL of the nanosphere suspension
was dropped onto the substrates, which were then moved in gentle
circular motions, to spread the suspension over the surface, before
being laid flat to dry. Monolayer nanosphere films were etched with
0, and Ar flow rates of 80 and 20 sccm (standard cubic centimeters
per minute), respectively, at 125 W for 90 s using a plasma treatment
system (Yield Engineering Systems, Inc. CV200RF Series). 30 nm of
Al was deposited on 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).
Transmission of AI-NHA was measured with a xenon arc lamp and an
Oriel Cornerstone 130 monochromator, a Newport 1918-R power
meter, and a Newport UV-Si photodiode. A scanning electron
microscope (SEM, FEI Sirion) was used to characterize the
nanostructures in each step.

Device Fabrication and Characterization. ITO-coated Corn-
ing EAGLE XG glass substrates (<10 Q sq~!, Colorado Concept
Coatings LLC, Loveland, CO) were cut into 1.5 cm X 1.5 cm squares
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and cleaned by the same procedure described above. Al-NHA
electrodes were prepared as previously described. AI"™™ electrodes
were fabricated by depositing 10 nm of Al (99.999%, R.D. Mathis,
Long Beach, CA) onto cleaned Corning EAGLE XG glass substrates
via thermal evaporation. All three types of electrodes were exposed to
UVO treatment to improve the hydrophilicity. PEDOT:PSS solution
(Clevios P VP Al 4083, Heraeus, Hanau, Germany) was filtered
through a 0.45 ym 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 29000 g/mol, polydispersity
index of 3.3, American Dye Source, Baie D’Urfe, Quebec, Canada)
and PC,;BM (Nano-C Inc, Westwood, MA) were dissolved
separately in 1,2-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:PC,BM (weight
ratio 100:4) precursor solution, which was stirred for at least an
additional 1 h at 700 rpm and 70 °C before being filtered through a
0.2 um PTFE syringe filter. The active layer was formed via spin-
coating the precursor solution at 1000 rpm for 30 s and then annealed
at 80 °C for 10 min. A thin 0.8 nm layer of LiF (99.995%, Sigma-
Aldrich) or 10 nm MoOj; (99.9995%, Alfa Aesar, Haverhill, MA) for
hole-only devices followed by 100 nm Al was deposited via thermal
evaporation using an Angstrom Engineering Amod PVD platform. LiF
and MoOj; were deposited without the use of any mask; Al electrodes
were deposited with circular masks so that the active area of each
device was 0.03 cm? and 16 devices were on each chip. The
thicknesses of LiF, MoOj;, and Al were controlled by QCM during
evaporation. All device characterization measurements were per-
formed in air. J=V curves, dark current over time, EQE spectra, and
response speed were obtained by using a Keithley 2635B sourcemeter.
Light for these measurements as well as transmission and reflection
measurements was provided using a xenon arc lamp and an Oriel
Cornerstone 130 monochromator. Optical intensity was measured by
using a Newport 1918-R power meter and a Newport UV-Si
photodiode. The response speed was obtained by manually switching
between dark/light conditions. The active layer film thickness was
measured by using a KLA Tencor Alpha-Step 500 profiler, and ITO
and PEDOT:PSS film thicknesses were confirmed during ellipsometry
measurements. Sheet resistance was measured by using a Jandel
cylindrical four-point probe connected with a Keithley 2450
sourcemeter. UV—vis spectroscopy data were collected by using a
PerkinElmer Lambda 900 UV—vis spectrophotometer.

B RESULTS AND DISCUSSION

Design and Evaluation of AI-NHAs via 3D-FDTD
Simulations. An overview of the 3D-FDTD simulation
setup used to design the AI-NHA electrodes is shown in

Figure 1. The bottom-illuminated conventional device with a
structure of AI-NHA (30 nm)/PEDOT:PSS (40 nm)/
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Figure 1. (a) Illustration of a conventional AI-NHA-based device. (b)
A cross-sectional view of a simulation unit cell. (c) A top view of the
hexagonal AI-NHA.
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Figure 2. (a) 3D-FDTD-simulated active layer absorbance spectra for AI-lNHA-based devices and an ITO-based device with experimental UV—vis
absorption spectrum of F8T2:PC,BM thin film superimposed. (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 1c 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 (E,) is 1 V/m.

F8T2:PC,BM (350 nm, 100:4 weight ratio)/LiF (0.8 nm)/Al
(100 nm) is illustrated in Figure la. A cross-sectional view of
the simulation unit cell is shown in Figure 1b, where 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. Optical power monitors,
indicated by light blue lines, were placed between the device
layers to obtain the transmittance. The absorbance within each
layer was calculated by subtracting the transmittance at the
bottom from that at the top. Additional optical power
monitors, indicated by dashed yellow lines, were placed in
vertical cross sections in the x—z and y—z planes, intersecting
at the x—y origin (0, 0) to obtain the internal electric field
distribution throughout the device. A top view of the
hexagonal AI-NHA is shown in Figure lc, indicating the x—y
origin (0, 0), nanohole diameter (D), and unit cell length in
the x- and y-directions, pitch (p) and p\/ 3, respectively.
Devices based on AI-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 Figure 2. The simulated active layer
absorbance for these AI-NHA-based devices, as well as for an
ITO-based device, is shown in Figure 2a. UV—vis measure-
ments were performed on an F8T2:PC,BM film (350 nm
thick, 100:4 weight ratio), and an absorption spectrum is
superimposed in Figure 2a for comparison and to indicate the
photoactive range of the active layer. For all devices, the
simulated active layer absorbance shows a clear cutoff around
530 nm, which aligns relatively well with the cutoft 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 the top
reflective Al electrode. To confirm this, the absorbance of the
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active layer for both AI-NHA- and ITO-based devices without
the top Al layer was simulated, and the results (Figure S2) do
not show this peak at 580 nm. UV-selective plasmon-enhanced
absorbance peaks around 350—400 nm are shown for AI-NHA-
based devices with smaller pitches (100—200 nm). For the
ITO-based device, 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 (Figure S3). This behavior is attributed to
reflectance resulting from the multilayered device structure and
subsequent cavity effects.

The AI-NHA electrode with a diameter/pitch of 50/100 nm
produces the lowest active layer absorbance 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%.
While hole volume fraction alone does not determine the final
magnitude and spectral shape of electrode transmittance,
which is also affected directly by the geometry of the
nanopattern, increasing the hole volume fraction does
correspond to an increase in 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,”*® a red shift 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 Figure 2a. When the pitch is increased from
100 to 200 nm, the plasmon-enhanced absorption peak shifts
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Figure 3. (a) Transmittance spectra for AI-NHA and ITO electrodes. (b) Dark current density—voltage curves for AI-NHA- and ITO-based
devices. (¢, d) EQE and D* spectra for AI-NHA- and ITO-based devices under reverse biases. (e, f) EQE and D* spectra for AI-NHA- and ITO-

based devices under forward biases.

from around 350 nm to around 400 nm, maintaining UV
selectivity despite this red shift. 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. For this
pitch, increasing the diameter also increases the magnitude of
the active layer absorbance produced, particularly in the UV
spectral range between about 300 and 400 nm. Increasing the
pitch further to 300 nm results in a further red shift of
plasmon-enhanced absorbance, and the plasmonic peaks merge
with the active layer absorbance between about 450 and 515
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 of the active layer between
450 and 515 nm hardly changes when the diameter is
increased.

With a few exceptions, the ITO-based control device
produces stronger active layer absorbance than most of the
Al-NHA-based devices due to the relatively high transmittance
of ITO compared to AI-NHAs. Electrodes with a pitch of 300
nm produce higher active layer absorbance values than ITO in
the spectral range between about 425 and 475 nm, and the
electrode with a diameter/pitch of 175/200 nm yields active
layer absorbance values at its peak, around 400 nm, that are
competitive with ITO. In fact, this 175/200 nm electrode
yields stronger active layer absorbance values than any other
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Al-NHA in the spectral range between about 360 and 425 nm.
Therefore, the AI-NHA-based device with a diameter/pitch of
175/200 nm shows clear UV-selective plasmon-enhanced
absorbance and strong active layer absorbance overall, so we
chose this as the optimal geometry for pursuit in further
theoretical investigation and device incorporation.

To provide more insight into device photoresponse
mechanisms related to where within the active layer light of
different wavelengths is absorbed and where the electric field is
most intense, the wavelength-dependent electric field distribu-
tions of AI-NHA- and ITO-based devices were also simulated
by using 3D-FDTD simulations (Figure 2b—e). An AI-NHA
film with a diameter/pitch of 175/200 nm was used for the Al-
NHA-based device. The electric field is mapped along the z
direction of each device, for a specific x—y point, against the
incident illumination wavelength. For the Al-NHA-based
device, 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-dependent electric field distributions at x—y
points of (D/2, 0), (0, D/2), and (0,0) based on the
coordinates defined in Figure lc and marked by green, blue,
and pink stars in Figures 2b, 2¢, and 2d, respectively.
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Because plasmonic enhancement to the internal electric field
is a near-field effect,” any influence of the AI-NHA electrode on
the electric field distribution would occur in the lower portion
of the device, near the PEDOT:PSS interface. Distinct
behavior is observed from the Al-NHA-based device at each
of the three x—y points in Figure 2b—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, as
demonstrated by the red areas along the AI-NHA interfaces
observed at the x- and y-edges of the nanohole, shown in
Figures 2b and 2c, respectively. Notably, the highest electric
field intensities are obtained when incident illumination has
wavelengths between about 300 and 500 nm, which aligns well
with the UV—vis absorbance spectrum and intended spectral
range of photodetection. The ITO-based device, shown in
Figure 2e, produces notable oscillations in the electric field
intensity within the ITO and glass layers in the wavelength
range corresponding to active layer absorption, which is
consistent with the dip observed in the active layer absorbance
for a simulated ITO-based device. The electric field oscillations
observed in the spectral range of 515—600 nm result from
transmitted long-wavelength light penetrating the active layer
and being reflected by the top Al electrode.””** 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 when metallic nanostructured films are incorporated
in devices.

Performance of Organic UV Photodetectors with Al-
NHAs as Transparent Conducting Electrodes. AI-NHAs
were experimentally fabricated and integrated into the
photodiode devices. While nanoimprint lithography has been
used to successfully fabricate NHAs,**> nanosphere lithog-
raphy (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 Figure S4 along with SEM images resulting
from each step. NSL inherently produces a hexagonal NHA
with the pitch determined by the nanosphere diameter and the
diameter controlled by the etch conditions. A critical step in
NSL is the formation of a large area, close-packed monolayer
of nanospheres, and many methods for achieving this have
been reported, including directional rubbing,44746 convective
dragging,47 spin-coating,48 drop-coating,@_51 and the air—
water interface method.” >’

In this work, the monolayer of 200 nm diameter nano-
spheres was formed via drop-coating. After deposition, the
monolayer was exposed to an oxygen plasma to shrink the
spheres and create space between them. Ideally, this etching
step will shrink the spheres minimally, just 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 highly sensitive to etch power, time, and
the flow rate ratio of the two process gases O, and Ar. The
optimization of the etch conditions is summarized in Figure
SS. 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 Figure S4
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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 lift-
of?79%%%! by dissolving the spheres, resulting in the desired
Al-NHA with a thickness of 30 nm.

The fabricated AI-NHAs were then evaluated as electrodes
for device incorporation. For a transparent conducting
electrode, optical transmittance will directly affect the device
photoresponse strength. The transmittance of ITO and Al-
NHA electrodes was measured and is shown in Figure 3a. The
transmittance of the AI-NHA electrode does not exceed 40%
throughout the entire tested spectral range, peaking at 36.8%
under 380 nm illumination. The ITO electrode has around
90% transmittance in the range 380—600 nm, but the
transmittance is lower, between 30 and 90%, in the range
300—380 nm. Another critical characteristic of a transparent
conducting electrode is its sheet resistance, which will prevent
the film from functioning as an electrode if the sheet resistance
is too high. The sheet resistance for an AI-NHA electrode was
measured to be 3.4 Q sq”' by using the four-point probe
method. ITO electrodes, with a thickness of 200 nm, had a
measured sheet resistance of 8.9 Q sq~".

Devices were fabricated with a structure of AI-NHA (30 nm)
or ITO (200 nm)/PEDOT:PSS (40 nm)/F8T2:PC,,BM (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 Figure 3b. The dark current density (Jp) values
produced by AI-NHA- and ITO-based devices are 4.4 X 1077
and 8.3 X 10™° mA cm™?, respectively, under a —2 V bias, and
9.2 X 107® and 5.2 X 107* mA cm™?, respectively, under a 2 V
bias. Low ], values typically correspond to more sensitive
photoresponse and are therefore a desirable attribute of Al-
NHA-based devices.

The external quantum efficiency (EQE) spectra of the Al-
NHA- and ITO-based devices under 0, —1, and —2 V reverse
biases are provided in Figure 3c. 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 photo-
response, the mechanism of which will be discussed in detail
later. This is true for both Al-NHA- and ITO-based devices
and agrees with the simulated electric field distributions
presented in Figure 2b—e, 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, AI-NHA-based devices produce photoresponse that is
more UV-selective than the ITO-based devices, as demon-
strated 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
with the simulated active layer absorbance shown in Figure 2a,
where UV-peaks produced by AI-NHA-based devices were also
blue-shifted from that of ITO-based devices. The other feature
demonstrating the superior UV-selectivity of Al-NHA-based
devices is the relative magnitude of EQE peaks. Under =2 V
bias, AI-NHA-based devices produce a UV-peak that is slightly
higher than the 515 nm peak, while ITO-based devices
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device under any bias.

produce a UV-peak that is slightly lower than the 515 nm peak.
The superior UV-selectivity exhibited by the Al-NHA-based
devices could be due to the relatively high transmittance
between 350 and 400 nm produced by the AI-NHA electrode
(Figure 3a). The lower photoresponse strength produced by
Al-NHA-based devices compared to ITO-based-devices, which
is confirmed by the photocurrent densities (Jpy) produced
under 360 nm illumination (Figure S6), is attributed to the
lower optical transmittance of AI-NHA electrodes compared to
ITO (Figure 3a).

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. The noise
currents, calculated by a fast Fourier transform of the dark
current measured against time>”**> and shown in Table S1,
are lower for AI-NHA-based devices than for ITO-based
devices, enabling Al-NHA-based devices to produce com-
petitive D* values, shown in Figure 3d, despite their relatively
weak photoresponse. The D* values obtained from Al-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 10® 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, Al-
NHA-based devices have a UV-peak that is slightly blue-shifted
from the UV-peak produced by the ITO-based-device. Under a
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—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 illumination, respectively. ITO can
therefore be replaced with an AI-NHA electrode, which utilizes
a cheaper, potentially flexible material, without significantly
diminishing reverse-bias device performance.

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 Figure 3e. 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 maintain-
ing 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 illumination dropped from
0.053% to 0.023%. Increasing the forward bias to 1 V resulted
in further reduced and unstable photoresponse. Because of
both stronger EQE and lower dark (and noise) currents, Al-
NHA-based devices produce superior D* values under forward
bias compared to the ITO-based devices, as shown in Figure
3f. 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 later within the context of the general
photoresponse mechanism, and the D* values produced by the
ITO-based device increased compared to the D* values
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produced without any bias. Detectivity values could not be
obtained at higher biases from ITO-based devices because
instability prevented the reliable calculation of noise current.
As the forward bias applied to AI-NHA-based devices was
increased, the D* values produced also increased, peaking at
8.8 X 10° jones under 450 nm illumination and a 2 V bias.
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.

Investigation of the Bias-Dependent Photoresponse
Mechanism. 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:PC,,BM/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.*® Figures 4a and 4b show band level diagrams for
Al-NHA- and ITO-based devices, respectively, demonstrating
the electrode symmetry introduced by the AI-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 Figure 4c—f,
which provides schematic representations of the dominant
photoresponse mechanisms for AI-NHA-based devices under
reverse bias (Figure 4c), no bias (Figure 4d), and forward bias
(Figure 4e) and for ITO-based devices under any bias (Figure
4f). 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, is hypothesized to correspond to hole drift and
diffusion, respectively.

For Al-NHA-based devices, the spectral shape of the
photoresponse depends on the bias applied. Under reverse
bias (Figure 4c), 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 photo-
generated holes can successfully drift downward 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 upward 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 Figure 4d and
evidenced by the spectral shape observed in Figure 3c—f. The
drift-dominated photoresponse in this case is attributed to the
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presence of the LiF layer, which has two significant effects.
First, LiF has hole-blocking capabilities, so it prevents any
holes diftusing upward 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,*
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.

An applied forward bias enables the AI-NHA-based devices
to produce spectrally distinct, diffusion-dominated photo-
response by effectively inverting the device, as illustrated in
Figure 4e. 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 and 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 upward through the
layer, rather than form a response-suppressing space charge
region. Beyond aiding the upward 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. In
addition, 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 Figure 4f, resulting in behavior
similar to that of an Al-NHA-based device under applied
reverse bias (Figure 4c). 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 (Figures 3c and 3e, 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 Al-
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:PC,,BM/Al were reported to 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. Al-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 Figure 4 can be used
to further explain some of the results presented in Figure 3.
Figure 3b demonstrates that the dark current produced by Al-
NHA-based devices is significantly lower than that produced
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Figure 5. (a) EQE and (b) D* spectra for AI-NHA- and AI"*"-based conventional devices. (c) EQE and (d) D* spectra for AI-NHA- and A"
based hole-only devices with the structure of AI-NHA or AI"**/PEDOT:PSS/F8T2:PC,;BM/Mo0;/Al under no applied bias.

by ITO-based devices, which can be attributed to two factors.
First, as shown in Figure 4a,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 Al-NHA-based devices, likely also contribute to
the superior reverse-bias photoresponse achieved by ITO-
based devices (Figure 3c).

The photoresponse of Al-NHA-based devices under the
small applied forward bias of 0.5 V illustrates the transition
between drift-dominated to diffusion-dominated photores-
ponse described in Figure 4. Its spectral shape, which can be
clearly observed in Figure 3f, has three peaks centered around
350, 450, and 515 nm. The 350 and 515 nm peaks correspond
to the drift-based behavior produced under reverse or no bias,
while the 450 nm peak corresponds to the diffusion-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 response
mechanisms are possible at this small forward bias.

Confirmation of the Photoresponse Mechanism and
the Impact of Plasmonic Al-NHAs. Devices based on 10
nm planar Al electrodes (denoted as AI™*™, having a measured
sheet resistance of 7.3 Q sq™') and devices with a hole-only
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architecture based on both AI™™ and AI-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, an AI™*-based device was
also simulated and evaluated (Figure S7). The AI™*"based
device produces a weaker and slightly blue-shifted active layer
absorbance compared to both the AI-NHA- and ITO-based
devices (Figure S7a), which is attributed to the low
transmittance and slightly blue-shifted peak transmittance of
fabricated 10 nm Al thin films (Figure S7b). The internal
electric field distributions (Figure S7c) clearly show that the
incorporation of the NHA provides an electric field enhance-
ment, as the AI"**_based device produces the weakest internal
electric field intensities throughout the device. Stronger
intensities are produced within the glass substrate because
the reflectance of the AI"™™ electrode is much higher than the
Al-NHA or ITO electrodes (Figure S7d), but electric field
intensity within the substrate has no impact on device
performance. The dark and photocurrent densities produced
by AI™™"based devices are provided in Figure S7e.

AP 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 Figure
Sa. Notably, when the electrode is changed from ITO to Al-
NHA and then to AI*™, the UV-peak blue-shifts and grows in
magnitude relative to the peak at 515 nm. This phenomenon is
summarized in Table S2 and is attributed to a combined effect
of the electrode transmittance (Figure S7b) and the
penetration depth of light into the active layer (Figure S8).
As the wavelength of incident light increases within the UV
spectral range, the transmittance increases while the pene-
tration depth decreases. Both factors are directly proportional
to photoresponse strength, so the trade-off between the two
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determines the position of the UV peak. For electrodes with
decreased transmittance, like the AIP™ electrode, the
penetration depth becomes the primary determinant of peak
position, and the UV peak blue-shifts.

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
and S00 nm before it cuts off at 515 nm (Figure Sa). 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
Al-NHA electrode is hypothesized to act as a small forward
bias within the device, pushing the Al-NHA-based device
toward diffusion-dominated behavior while the AI"*"*-based
device produces drift- and diffusion-based photoresponse
peaks with similar magnitudes. D* spectra for AI-NHA- and
Al based devices are shown in Figure Sb and show the
same trends.

To further confirm the proposed photoresponse mechanism,
hole-only devices were fabricated by replacing the hole-
blocking LiF layer with a hole-transporting MoO; layer.*®
Without the hole-blocking and built-in bias resulting from the
LiF layer, true electrode symmetry and overall device
symmetry were achieved, and the AI-NHA- and AI™*"-based
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.
In addition, the AI-NHA-based device should produce stronger
photoresponse since plasmonic enhancements to the electric
field intensity should improve the hole diffusion driving force.
Indeed, as shown in Figure Sc,d, the AI-NHA-based devices
exhibit stronger EQE and D* values, 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 comparison of Al-
NHA- and Al”*.based devices shown in Figure S indicates
that AI-NHA electrodes positively impact forward-bias photo-
response through plasmonic enhancements to the internal
electric field, as Al-NHA-based devices outperform both
AP and ITO-based devices when evaluated for response
strength and stability.

The response speeds of AI-NHA-, AI"™". and ITO-based
devices were tested under 360 nm illumination and 1 and =1V
biases (Figures 6a and 6b, respectively), further indicating that
device performance benefits from plasmonic enhancements to
the internal electric field of Al-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 photoresponse speed of the AI-NHA-based devices
indicates that the devices benefit from plasmonic enhance-
ments to the internal electric field intensity, which acts as a
small forward bias and improves diffusion-based photo-
response resulting from light absorbed in the lower portion
of the active layer. In Figure 6b, the response speeds 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
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Figure 6. Response speed under 360 nm illumination for (a) Al-
NHA- and AI"™*based devices at 1 V bias and (b) AI-NHA-, Al"#%"
and ITO-based devices at —1 V bias.

the AI-NHA-, AI-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.

B CONCLUSIONS

Plasmonic Al-NHA electrodes have been designed by 3D-
FDTD simulations, fabricated by nanosphere lithography, and
incorporated as transparent conducting electrodes in organic
ultraviolet photodetectors. The hexagonal AI-NHA with a
diameter and pitch of 175 and 200 nm, respectively, exhibits
both strong UV-selective active layer absorbance and enhanced
internal electric field intensity from 3D-FDTD simulations.
This plasmonic-enhanced internal electric field increases the
driving force for hole diffusion, resulting in bias-dependent
response switching. The Al-NHA-based devices produce two
narrow photoresponse peaks with D* values of 4.0 X 10° and
46 X 10° jones under 340 and S15 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, demonstrating spectral photo-
response that is similar under reverse bias and superior under
forward bias compared to ITO-based control devices. 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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