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ABSTRACT: Aluminum nanostructures, which support sur-
face plasmon resonances in the UV spectral range, were
incorporated into conventional organic UV photodetectors
with a structure of indium tin oxide (ITO)/poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/poly-
(9,9-dioctylfluorene-alt-bithiophene) (F8T2):[6,6]-phenyl-
C.,-butyric acid methyl ester (PC,;BM)/LiF/Al Nanohemi-

sphere arrays (NHSAs) were imprinted into the top surface of

the soft organic active layer, thus transferring the pattern to the
subsequently thermally deposited layers of LiF and Al. NHSA-
top devices and flat-top control devices were investigated by 3-
dimensional finite-difference time-domain (3D-FDTD) elec-
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tromagnetic simulations. Improved UV active layer absorbance and enhanced electric fields in the nanohemispheric region at
the top of the active layer were shown for devices with the NHSA-top. The impact of the NHSA-top was found to be more
significant for devices with thin active layers and to gradually decrease with increasing active layer thickness. Fabricated NHSA-
top devices with thin active layers exhibited improved photoresponse in terms of external quantum efficiency, specific detectivity
and on—off response speed compared to flat-top devices under 330 nm illumination and 0 to —1 V bias. The method developed
in this work provides a versatile and effective way to incorporate plasmonic nanostructures into optoelectronic devices to

enhance device performance.

KEYWORDS: aluminum plasmonic nanostructures, enhanced photoresponse, organic photodetectors, ultraviolet photodetectors,

nanoimprinting

B 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."”” Nanostruc-
tures 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.””® 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 nanostruc-
tures 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 photo-
response produced by conventional organic photodiode
photodetectors,™'" so nanostructures incorporated in the
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rear surface of the active layer could be an effective way to
improve device performance. This method for enhancing
photoresponse is also being actively pursued in photodetectors
based on perovskite active layers, in addition to organic
devices."'

Inspired by the structure of insect eyes and designed for
green light detection, a multipattern 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-C,-butyric acid methyl
ester (PC,;BM), which was included in a conventional vertical
photodiode photodetector with a flexible device structure of
polyethylene naphthalate (PEN)/ITO/poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
P3HT:PC,,BM (1:1, w:w)/AL'> The performance of the
pattermed devices was compared to that of nonpatterned
devices, and under 1 V bias and 532 nm illumination
multipatterned devices exhibited a responsivity (R) of 7.95
A/W and a specific detectivity (D*) of 11.4 X 10" jones,
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Figure 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.

compared to R and D* values of 1.48 A/W and 1.6 X 10"
jones achieved by nonpatterned devices.'"> 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):PC;,BM, so that the pattern transferred to the MoO,
hole transport layer and Ag top electrode in inverted organic
solar cells."”” The power conversion efficiency (PCE) was
increased from 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 (Jgc). 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."* Patterned devices
produced an average Jsc of 27.8 mA/cm? compared to 25
mA/cm® from 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.'’”*
Organic UV photodetectors with a conventional device
structure typically have Al as the top electrode, deposited by
thermal evaporation. Therefore, incorporating nanostructures
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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 meth-
ods. The wide band gap polymer poly(9,9-dioctylfluorene-alt-
bithiophene) (F8T2) was blended with PC,;BM in a weight
ratio of 100:4 and used as the active layer. Conventional UV
photodetectors with this weight ratio demonstrated photo-
multiplication under large reverse biases.® The active layer
thickness, which has a significant impact on device perform-
ance with regards to the spectral selectivity,”*~>° strength,” and
photoresponse stability,” was varied between 125 and 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 nano-
structured 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.
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B EXPERIMENTAL SECTION

3-D FDTD Simulation. 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. The simulated device structure
was Corning XG EAGLE glass (100 nm)/ITO (200 nm)/
PEDOT:PSS (40 nm)/F8T2:PC,BM (100:4, w:w, varied thick-
ness)/LiF (0.8 nm)/Al (100 nm) (Figure la). 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, 35S, and 44S nm (see Figure SI for details about the
determination of these thicknesses and the comparison to the flat-top
active layer thicknesses). 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
Figures 1b and lc, respectively. The simulation unit cell is defined by
the blue border in Figures 1b and lc and has the x- and y-lattice
constants of D and D+/3, 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 (1) and extinction coefficient (k) of each material,
and other simulation details were the same as those used in our
previous work.”®

Horizontal frequency-domain field monitors (light blue lines in
Figure 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 1:

(1)

where Ajcrpvg 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 A;1o, Apgporipssy and Agpags are the absorbance
in the ITO electrode, PEDOT:PSS layer and glass substrate,
respectively.

Vertical frequency-domain field monitors (dashed yellow lines in
Figure 1b,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 a nanohemisphere (0,
D/2) are marked in Figure lc by pink, blue, and green stars,
respectively. For flat-top devices, one x—y point was plotted (0, 0)
since all x—y points are identical.

NHSA Mold Fabrication and Imprinting into the Top
Surface of the Active Layer. To fabricate the mold for NHSA
imprinting, nanosphere monolayers were first deposited on bare glass
substrates, by the same procedure described in our previous work.>®
To aid in the eventual mold separation, the antiadhesive 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 yL silane in a vacuum desiccator
for 2 h. Polydimethylsiloxane (PDMS, Sylgard 184, Thermo Fisher
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Scientific, Waltham, MA) was poured over the treated nanosphere
monolayers, degassed in a desiccator 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, 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:PC,,BM
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.

Device Fabrication and Characterization. ITO-coated glass
substrates (<10 Q/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.28 In a
nitrogen-filled glovebox, 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
each dissolved in 1,2-dichlorobenzene and stirred at 700 rpm and 70
°C for at least 12 h. The equal concentration F8T2 and PC,BM
solutions were mixed in a F8T2:PC,;BM 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 ym 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 PerkinElmer
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 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.

B RESULTS AND DISCUSSION

Investigating the NHSA-Top Impact in 3D-FDTD-
Simulated Devices with Varied Active Layer Thickness.
Three-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 photo-
detectors with the configuration shown in Figure la. NHSA-
top devices have active layers composed of a planar portion
with a NHSA incorporated 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
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used. Details regarding the simulated and experimental active
layer structure and thickness can be found in the Supporting
Information (Figure S1). To simplify the discussion through-
out, 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,
respectively, while 230 and 380 nm active layers are termed
intermediate devices.

The active layer absorbance (A crve) and device reflectance
(R) for devices with both NHSA- and flat-tops were calculated
and are shown in Figure 2 for thin and thick devices and in
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Figure 2. 3D-FDTD-simulated active layer absorbance (A crvg) and
total device reflectance (R) for NHSA- and flat-top devices with (a)
thin and (b) thick active layers. An experimentally obtained UV—vis
absorption spectrum is superimposed in ().

Figure S2a,b for intermediate devices. The simulated
absorbance in the device layers below the active layer,
PEDOT:PSS and ITO, is shown for all devices in Figure
S2¢,d. The peaks and dips exhibited throughout both the
Ajcrive and R spectra are attributed to the reflectance between
layers and nanocavity effects that exist in any device composed
of multiple thin layers, as some portion of light is reflected at
each interface between layers and these reflections create
optical interference throughout the device. These could be
minimized by adding antireflection 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 Figure 2 show that the thin device is more
significantly affected by NHSA-top incorporation than the
thick device, and Figure S2a,b demonstrates that the influence
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of NHSA-top on active layer absorbance gradually diminishes
with increasing active layer thickness. For the 125 nm active
layer (Figure 2a), 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. The enhanced absorbance for NHSA-top devices
was also observed under long-wavelength incident illumination
because the behavior in the spectral region beyond ~530 nm is
dominated by reflectance of the top electrode. As demon-
strated by the experimentally measured UV—vis absorption
spectrum of F8T2:PC,BM (100:4, w:w) included in Figure
2a, the active layer does not have significant absorption in this
spectral region. To confirm that the structuring of the active
layer/LiF/Al interface causes the enhanced UV absorption
observed in Figure 2a, 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 Figure S3. Clearly,
NHSA incorporation does not impact the absorption of the
active layer film by itself, so the impact observed in Figure 2a
results from the structuring of the active layer/LiF/Al interface.
For the thick device (Figure 2b), 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.

To better explain and understand the impact that NHSA
incorporation may have on device performance, the internal
electric field distributions in simulated NHSA- and flat-top
devices were evaluated and are presented in Figures 3 and 4. In
Figure 3, 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. Figures 3a and 3b show the electric field distributions
in the active layers and subsequent top layers for thin and thick
devices, respectively. The LiF electron transport layer was
included in the simulations but is too thin (0.8—1.0 nm) to be
seen clearly in Figure 3. The electric field distributions under
the same conditions for the intermediate devices are shown in
Figure S4a,b. 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.

Figure 3a 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 Figure S4ab, the
intensity of the confined electric field in the nanohemispheric
active layer region deceases gradually with increasing active
layer thickness. For the thick device, 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
interface, especially for thinner devices. The enhanced electric
field could improve charge separation, transport, and injection
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the electric field intensity (E) to the incident field (E,), which has an intensity of 1 V/m.

at the top of device active layers and subsequently improve the
photoresponse strength and speed.””

Internal 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 so that the
relationship between electric field intensity and the wavelength
of incident light could be investigated. The resulting plots are
shown in Figures 4a and 4b for thin and thick devices,
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respectively. Because both the geometry and electric field
distribution vary across the NHSA-top devices, while they are
uniform in flat-top devices, three distinct points are included
for NHSA-top devices while a single point is used for flat-top
devices. The three points plotted for NHSA-top devices
correspond to the center, x-edge, and y-edge of the central
nanohemisphere and are marked by pink, blue, and green stars,
respectively, in Figures 1c and 4. These center, x-edge, and y-
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edge points correspond to the coordinates of (0, 0), (D/2, 0),
and (0, D/2) based on the coordinate system defined in Figure
Ic. The same plots, marked in the same way, are shown in
Figure S4c¢,d for intermediate devices.

As observed in Figure 4, 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 and 530—
600 nm. The fringes in the electric field intensity observed in
the spectral range between 530 and 600 nm occur because this
light is beyond the absorption range of the active layer (Figure
S3), 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 under-
standing and predicting experimental results. In the center of
the nanohemisphere of the thin device, marked by a pink star
in Figure 4a, the highest intensity area is located near the
middle of the nanohemispheric region of the active layer,
between z values of about 100 and 200 nm, and the intensity
decreases toward the active layer/LiF/Al electrode interface
under incident illumination between about 300 and 350 nm.
The thin flat-top device exhibits a similar electric field
distribution. However, at the x- and y-edges of the nanohemi-
sphere, marked by blue and green stars, respectively, the
strongest electric field occurs directly at the active layer/LiF/Al
electrode interface under incident illumination with wave-
lengths between about 330 and 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 1, which summarizes the ratios of E/E,,
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.

Table 1. Summary of the Ratios of E/E, 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

E/E, under 330 nm illumination

average active layer center of x-edge of y-edge of
thickness (nm hemisphere  hemisphere = hemisphere flat-top
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

With increasing active layer thickness, the electric field
intensity decreases under illumination with wavelengths
between about 300 and 350 nm as shown in Figure S4c,d
and Table 1 for the intermediate devices with the active layer
thickness of 230 and 380 nm, respectively. For the thick
devices shown in Figure 4b, 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 and 350 nm. Similar to thin 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
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enhanced due to localized surface plasmon resonance induced
by the NHSA Al top electrodes, which can be seen in Table 1.

Fabrication of NHSA- and Flat-Top Devices by
Nanoimprinting. 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 Figure 5. 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 Figure 5.

Many previous works have realized pattern transfer to the
top surface of the active layer by applying temperature and
pressure during imprinting.”"~*> Because the active layer in
this work was composed of a 100:4 weight ratio blend of the
soft polymer F8T2 and organic molecule PC,; BM, 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 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 Figure S.

Because active lazfer film thickness is known to impact device
performance,®”**~*° the NHSA- and flat-top active layers with
target thicknesses of 125, 230, 380, and 470 nm were
fabricated, and the thicknesses of NHSA- and flat-top films
were compared. As shown in Figure S1b, 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.

Evaluating the Performance of NHSA- and Flat-Top
Devices with Thin and Thick Active Layers. NHSA- and
flat-top devices, with an overall device structure of ITO/
PEDOT:PSS/F8T2:PC,,BM (100:4)/LiF/Al were fabricated
with the four target active layer thicknesses. Because 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. Current density—voltage characteristics for thin and thick
devices are provided in Figures 6a and 6b, respectively, both in
the dark and under monochromatic 330 nm illumination. For
thin devices (Figure 6a), the magnitudes 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 Figure 6b, the dark current density of thick devices
is about 1—2 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
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Figure S. 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.

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, termed V, and open-circuit voltage (Voc),
respectively. For thin devices (Figure 6a), NHSA- and flat-top
devices exhibit V¢ values of 0.76 and 0.24, respectively, while
the V; values are both close to 0 V, and for thick devices
(Figure 6b) NHSA- and flat-top devices exhibit V, values of
—0.48 and —0.08, respectively, and similar V¢ 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 enhance-
ments 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 V¢ in organic photodiodes is known
to depend on the active layer materials and morphology,
interfacial layers, and the nature of the electrode contacts.>> ¢

External quantum efficiency (EQE) spectra of thin and thick
devices are shown in Figures 6¢ and 6d, respectively, and
represent the ratio of charge carriers produced by a device to
photons incident on the device, thereby indicating the
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photoresponse strength. The spectra in Figures 6¢ and 6d
exhibit a consistent spectral shape with peaks around 330 and
515 nm, corresponding to the edges of the active layer
absorption peak (Figure S3). Light at these wavelengths is
absorbed weakly, enabling it to penetrate the active layer and
be absorbed at the top of the device. Because PC,;BM 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 and 500 nm, is observed
in the EQE spectra in Figure 6d. 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.*” This agrees with the 3D-FDTD-simulated electric
field distributions shown in Figure 4b, which demonstrate that
the electric field in the spectral range between about 400 and
500 nm is strong at the bottom of the active layer and decays
quickly with depth into the active layer.
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Figure 6. (a, b) Current density—voltage characteristics, (c, d) EQE spectra, and (e, f) D* spectra for (a, ¢, e) thin and (b, d, f) thick devices.

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 —1 V bias and illumination with
increasingly short wavelengths is an indication that the device
is approaching unstable behavior, because the lamp power in
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this spectral region (Figure SS) is very 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.
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Figure 7. On—off response speed for (a, b) thin and (¢, d) thick devices with both NHSA- and flat-tops. The response speed was measured under
330 nm illumination and (a, ¢) 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 specific detectivity (D*), which accounts for the noise
within devices and therefore provides an indication of
photoresponse sensitivity, was calculated by eq S1 and is
provided for thin and thick devices in Figures 6e and 6f,
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 S1. As shown in Figure 6e, 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.”” " 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 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 S1). Thick flat-top devices achieve the
maximum D* value of 1.4 X 10" jones under —0.5 V bias and
330 nm illumination.

The on—off response speeds 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 Figure 7 along with
calculated rise and fall times for each device and testing
condition. In general, the response times exhibited by these
devices are relatively slow compared to the broader field of
photodetection, primarily because of the multistep photo-
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response mechanism, relying on an initial, slow step of charge
trapping that these devices employ.”” The response speed
could be improved by increasing the bias applied during
operation, but in these devices the plasmonic effects of the
NHSA-tops were overwhelmed when strong biases were
applied, and as the primary objective of this work was to
investigate the impact of NHSA incorporation, stronger biases
were therefore avoided. As shown in Figure 7a, without any
applied bias, thin NHSA-top devices respond faster than flat-
top devices, with rise (fall) times of 0.34 s (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 (Figures 3a and 4a), 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 (Figure
7b), 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 Figure 7c, 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 (Figure 7d), the response speed is very similar for both
NHSA- and flat-top devices, which exhibit rise (fall) times of
0.33 s (046 s) and 030 s (0.41 s), respectively. It is
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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 (Figures 3b and 4b), so the
response speed of NHSA-top devices does not benefit from
this plasmonic effect.

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 Figure
2a. 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 Figures 3 and 4. The enhanced electric field
acts as a small, additional built-in bias, which improves both
the photoresponse strength and sensitivity (Figure 6) and the
on—off response speed (Figure 7).

B CONCLUSIONS

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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