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Self-organization of large-area nanoscale patterns employing a single-step inexpensive process can be
crucial in the fabrication of low-cost but high-performance devices. In the present study, we employ
the spin dewetting of a conductive polymer to fabricate an array of micro-to-nanoscale ordered-
heterojunctions (OHJ) to demonstrate the improvements in the key performance indicators of organic
photovoltaic (OPV) devices in ambient conditions. For this purpose, the surface of a hole-collector
polymer film [e.g., (poly-(2,3-dihydrothieno-1, 4-dioxin):poly-(styrene sulfonate) (PEDOT:PSS)], coated
on a transparent conducting substrate, is decorated with physicochemical patterns of a self-assembled
monolayer. Afterward, the electron donor polymer [e.g., poly (3-hexylthiophene-2,5-diyl) (P3HT)] is
spin-dewetted into a large collection of digitized micro- and nanodroplets. A theoretical analysis of the
governing equations with appropriate boundary conditions uncovers that the imbalance of centripetal, cap-
illary, and van der Waals forces plays a major role in deciding the droplet spacing of the spin-dewetted
morphologies. Further, simulations are performed to understand the effect of size and periodicity of
the donor droplets inside the device architecture, which could lead to an enhanced current flow when
compared with a planar heterojunction (PHJ) device composed of thin films. Subsequently, a detailed
experimental analysis is performed to uncover the role of spin speed and the initial loading of the electron
donor polymer into the solvent during spin casting on the size, periodicity, and density of the electron
donor droplets on the hole-collector surface. Capping the optimally discretized P3HT droplet arrays with
the electron-acceptor layer [e.g., ([6,6]-phenyl-Cg; butyric acid methyl ester (PCBM)] led to the forma-
tion of a highly corrugated donor-acceptor interface suitable for higher photon absorption, facile exciton
generation, and improved exciton separation. The self-organized-large-scale-integration (SOLSI) of the
spin-dewetted droplets at the charge-carrier donor-acceptor interface of the OPV-OHJ assemblage enables
the enhancement by approximately 40% as compared to similar OPV-PHJ configurations. The enhanced
photoconversion efficiency takes place via optimal separation of photon absorption and carrier collec-
tion pathways. The study uncovers the importance of developing high-density and large-area nanopatterns
employing spin dewetting to develop process-intensified OPV-OHIJ cells with improved performance at a
lower fabrication cost.
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I. INTRODUCTION

In recent times, the expansive optical, electronic, or
mechanical properties of the dense and discrete nanos-
tructures of diverse materials emerging from the quan-
tum realm have been staging a paradigm shift in the
performance of a variety of cutting-edge applications,
which include portable memory devices, photovoltaic
cells, photocatalysts, lab-on-a-chip instruments, point-of-
care-testing devices, and fuel cells [1-6]. For example,
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the discretization of a single unit of traditional thin-film
solar cells into an array of miniaturized cells can harvest
solar energy more efficiently owing to the availability
of a higher surface-to-volume ratio for the superior pho-
ton absorption, electron-hole pair dissociation, and charge
transport [7,8]. The merit of this proposition arises from
the experimental evidence obtained for the energy har-
vesters with micro- or nanoscale foot-print areas, which
have routinely shown improved efficiency when com-
pared with their macroscopic counterparts. Large-scale
fabrication of such mesoscale units can be one of the
alternative pathways to develop the next-generation high-
performance solar cell technologies [8—10]. However, one
of the major limiting factors in the feasibility of such
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attempts is the cost associated with the existing fabrica-
tion techniques [11]. Certainly, the inventions associated
with the development of simpler and economic method-
ologies for the large-scale fabrication of digitized micro-
or nanoscale solar cells may be one significant step toward
process-intensified solar-energy harvesting.

In this direction, single step, fast, simple, and inex-
pensive soft-lithography techniques have shown enormous
potential in the past few decades [12—14]. For exam-
ple, the self-organized dewetting of thin films has been
employed to disintegrate thin films into the large-area dig-
itized micro- or nanopatterns [15,16]. While a super-thin
film (e.g., less than 20 nm) resting on a homogeneous
surface spinodally dewets to form holes on the film with
the magnification of atmospheric perturbations due to the
van der Waals forces, the dewetting of the thicker films
due to heterogeneous nucleation sets in through the hole-
formation near the physical, or chemical defects present on
a substrate [15-29]. In both mechanisms, the holes grow
to form threadlike interconnected tessellations, which later
undergo Rayleigh-Plateau instability to form randomly
placed droplets on the substrate. The size, periodicity, and
order of the dewetted patterns have been efficiently tuned
when guided by physical or chemical patterns decorated
on the substrates [30—38]. A number of recent studies
have shown that apart from these conventional routes, the
spin-dewetting of a macroscopic droplet can be another
simple but inexpensive avenue to develop large-area digi-
tized micro- and nanoscale patterns [39—41]. In the present
study, we show that the self-organized spin-dewetting of
conducting polymers (CPs) can indeed lead to an array
of process-intensified micro- or nanoscale solar cells with
improved performance.

The spin-dewetting phenomenon is found to happen
conditionally during the spin coating of a thin film on a
substrate. Typically, at the lower spin speed during the
casting, the centripetal force together with the stabilizing
capillary force help in spreading a droplet on a solvophilic
flat surface to form a uniform film [42]. However, when the
spin casting is performed on a solvophobic or a patterned
surface with periodic topographic or chemical patterns,
formation of the discrete miniaturized droplets is observed
at relatively higher spin speeds [39—41]. The spin-dewetted
discrete droplets originate from the combined influence of
the solvophobicity, wettability gradients on the underlying
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substrate, centripetal force, van der Waals interactions, and
the destabilizing component of the capillary force [39—41].
In the present study, macroscopic CP droplets are spin-
dewetted on the chemically patterned surfaces to develop
self-organized-large-scale-integration (SOLSI) of micro-
or nanoscale organic photodetectors and solar energy har-
vesters having improved efficiency.

Figure 1 schematically shows some of the common
assemblage of solar cells, namely the planar (PHJ), bulk
(BHJ), and ordered (OHJ) heterojunctions. It is now
well established that the performance of a solar cell pri-
marily depends on the efficiencies of light absorption,
electron-hole pair (exciton) generation and separation,
carrier diffusion and charge transport, and charge collec-
tion [43,44]. Previous studies indicate that while the PHJ
configurations are very often limited by inefficient exciton
separation and diffusion near the heterojunction, the ran-
dom networks in BHJ can produce dead ends and isolated
domains to trap charge carriers and prevent them from
being extracted efficiently [45]. Interestingly, the OHJ
configuration allows the structuring of one of the active
components into vertically aligned structures with the size
and periodicity of the order of the exciton-diffusion length,
which leads to an orthogonality in the light-absorption and
exciton-diffusion steps of the photovoltaic process [44,46].
In such a scenario, the photons are absorbed along the
periodic patterns decorated on the donor layer, generat-
ing a high number of excitons before optimally diffusing
across the patterned heterojunctions of optimal width to
the acceptor layer.

In the present study, we employ spin dewetting to
develop an array of micro- or nanoscale OHJ configura-
tion targeting an improved efficiency as compared to a
PHIJ configuration. For this purpose, we have deliberately
chosen the organic photovoltaic (OPV) devices owing to
their facile assemblage, mechanical flexibility, fast energy
payback time, and low cost [47—49]. The SOLSI of digi-
tized OPV-OHIJ devices developed with the spin-dewetted
methodology is expected to provide higher efficiency, sta-
bility, and performance suitable for the development of
diverse portable technologies such as flexible electron-
ics, organic displays, and sensors. In order to fabricate
the OPV-OHJ, initially, a glass-ITO (Indium-Tin Oxide)
electrode is coated with a transparent hole-collector CP
before a physicochemical pattern of the self-assembled

FIG. 1. Schematic diagram of

Electron acceptor (PCBM) . .
polymeric solar cell heterojunc-

Cathode (Al) tions. Image (a) shows the bilayer
PHJ, image (b) shows a BHJ, and
(©) OHJ image (c) shows an OHJ [43].
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monolayer (SAM) is decorated on the same. Thereafter, the
donor CP is spin-dewetted on the patterned surface before
coating the acceptor and the electrodes on the digitized
donor droplets. The combination of a strong centripetal
force during spin casting of the donor CP solution followed
by evaporation of the solvent could create miniaturized
ordered droplets with micro- or nanoscale size, periodic-
ity, and spacing on the physicochemically heterogeneous
hole-collector surface. The study uncovers the importance
of developing high-density and large-area nanopatterns
employing a self-organization method for improving the
performance of the solar cells at a lower cost for fabrica-
tion.

The underlying physics associated with the spin-
dewetting to obtain the large-area discrete patterns is also
uncovered with the help of a linear stability analysis of the
governing equations with the appropriate boundary con-
ditions. The results obtained from the theoretical model
suggest that the imbalance of centripetal, capillary, and van
der Waals forces play a crucial role in the spacing of the
spin-dewetted droplets on the hydrophilic and hydrophobic
zones of the substrate. A comparison between the experi-
mental and theoretical droplet spacing shows that, while
the balance of the capillary forces decides the droplet spac-
ing on the hydrophilic patches, the combined influence of
capillary and van der Waals forces regulate the droplet
spacing on the hydrophobic zones. Further, a series of com-
putational simulations is performed to unveil the effects of
device geometry and droplet arrangements on the overall
current-voltage (/-V) characteristics of the PHJ and OHJ
systems. The simulations demonstrate the advantages of
the discretized geometry of the active layer over its planer
arrangement.

The basic objective of constructing an OHJ-based pho-
tovoltaic device is to utilize the highly advantageous char-
acteristics of a nano- to microscale-patterned donor CP
phase. These structures possess desirable qualities such as
efficient separation of electron-hole pair near the donor-
acceptor junction that takes place due to the controlled
size and position of poly-3hexylthiophene-2,5-diyl (P3HT)
droplet phases such that they are within the exciton diffu-
sion length of an interface, the generated charge carriers
have uninterrupted pathways to their respective electrodes
thereby insuring quick exit of the formed charges while
avoiding dead-ends, it becomes possible to align the donor
and acceptor CP phases in these kinds of architectures such
that their electron and hole mobilities are enhanced, and
these kind of architectures are easier to model and analyze
for better understanding [43,50,51].

Importantly, the experimental results obtained from the
SOLSI of the spin-dewetted discrete solar-energy har-
vesters are then compared and contrasted with the con-
ventional thin-film-based polymer devices for a couple of
applications such as for photodetection and solar cells.
Consequently, the formed OHJ do indeed increase the

shunt resistance, i.e., improve the short-circuit current,
besides increasing the driving force for charge separation,
i.e., improve the open-circuit voltage. The corresponding
results obtained highlight the importance of the proposed
way of fabrication of the active-layer morphology, which
can be further utilized in solar cells for a better perfor-
mance. It may be noted that, in this study, in order to
show a proof-of-concept of the phenomenon discussed,
the solar energy harvesters are fabricated in air rather
than in a glovebox with an inert atmosphere. Further, the
use of spin dewetting for the fabrication of the OPV-
OHJ is found to be much simpler and more economical
than the previously employed costly and complex fabri-
cation techniques [48,52,53]. The results reported can be
of significance in the development of the next-generation
high-performance solar-energy harvesters at an optimal
cost employing SOLSI.

II. EXPERIMENTAL SECTION

A. Materials

Conducting  polymers PEDOT:PSS  [poly-(2,3-
dihydrothieno-1, 4-dioxin):poly-(styrene sulfonate)] (1.3 wt
% in water), regioregular P3HT [poly (3-hexylthiophene-
2,5-diyl)] (avg. Mw 15000—45000 gm/mol, RR > 95%)
and PCBM ([6,6]-phenyl-C¢; butyric acid methyl ester)
(Mw 910.88 gm/mol) are purchased from Sigma-Aldrich.
The Indium Tin Oxide (ITO)-coated glasses are purchased
from Global Nanotech (15 ohm/sq, >85% transmittance,
75 x 25 x 1.1 mm?). The quartz glass slides are pur-
chased from Perkin-Elmer, and Cu Transmission Electron
Microscopy (TEM) grids (300 mesh, 83-m pitch) are pur-
chased from Sigma-Aldrich. The solvents and other chemi-
cals such as chloroform, octadecyl-trichloro-silane (OTS),
toluene, and dichloromethane (DCM) are procured from
Merck, India. The Analytical Reagent (AR)-grade chemi-
cals are directly used for experiments without any further
purification.

B. Characterization

Imaging ellipsometer (EP3, Nanofilm, Accurion Scien-
tific Instruments Pvt. Ltd) is employed to measure the
film thicknesses. The surface morphologies are character-
ized by the field emission scanning electron microscope
(FESEM, Jeol India Pvt. Ltd), atomic force microscopy
(AFM, Bruker, Innova series), and optical microscope
(Leica, DM 2500 upright microscope). Raman spec-
troscopy characterization is performed by Laser micro-
Raman system (Horiba Jobin Vyon, LabRam HR) with
a 532-nm laser. One hundred mg aluminum of 99.997%
purity is thermally evaporated onto the substrates. Keith-
ley 2400 Source meter in connection with TS2 software
is used for potentio-amperometry (/-V) and chronoamper-
ometry (/-f) characterizations. An Oriel 200 W Xe lamp
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source with an Air Mass (AM) 1.5 G filter is used for solar
cell characterization, calibrated to 1 sun with a standard
silicon photovoltaic cell. A 2-mW green laser excitation
(532 nm) is used for photodetector characterization.

C. Methods

Figures 2(a)-2(h) show the steps employed to assem-
ble a SOLSI of OPV-OJH employing spin dewetting. In
the beginning, the ITO substrates are cut into pieces of
dimensions 1.5 x 1.5 cm? and are then etched to cre-
ate active regions of desired dimensions. They are then
cleaned according to a standard protocol as mentioned
in the Sec. SI of the Electronic Supporting Information
(ESI) [54]. The ITO substrates are then spin coated with
a 1.3% (wt./vol) aqueous solution of PEDOT:PSS fil-
tered through a 0.2-pum poly-vinylidene difluoride (PVDF)
membrane at 2000 revolutions per minute (rpm) for 30 s.
The coated substrates are heated at 140°C for 15 min
to evaporate the excess water, leading to thin-film for-
mation of PEDOT:PSS as shown in Figs. 2(a) and 2(b).
The typical thickness of the PEDOT:PSS is found to be
around 120 & 15 nm. Following this, PEDOT:PSS-coated
ITO substrates are submerged in 10 mM (0.4 wt %) OTS
in toluene solution for 7 min to form an OTS-SAM on the
PEDOT:PSS surface, as shown in Fig. 2(c).

The sample is then thoroughly washed with toluene and
dried employing the N, gas. After that, a 300-mesh TEM
grid is placed on the OTS-SAM surface and covered with
a quartz glass slide before exposing the TEM-grid-masked
OTS-SAM surface to the UV-Ozone (UV-O) exposure
for 30 min, as shown in Fig. 2(d) [48,55]. Due to UV-
O exposure, the OTS-SAM layer is chemically converted
at the uncovered patterns of the TEM grid, which was
cleaned later with toluene before drying the sample with

N, gas. It may be noted here that there is a probability that
the OTS-SAM layer will also dissolve with this toluene
wash, which is minimized by minimizing the washing
time. Consequently, the PEDOT:PSS surface is covered
with physicochemically heterogeneous patterns in which
the areas not exposed to UV-O had patches of solvophobic
OTS-SAM while those exposed to UV-O had patches of
solvophilic PEDOT:PSS, as shown in Fig. 2(e).

Following this, a P3HT in chloroform solution
is spin casted on the physicochemically patterned
PEDOT:PSS/OTS-SAM surface, as shown in Fig. 2(f). For
studying the spin-dewetting behavior of P3HT, its con-
centration is varied from 0.5 to 3 mg/ml and the spin
speed is varied from 1000 to 5000 rpm while the spinning
duration is kept constant at 30 s. Finally, for solar-energy
harvesters, a concentration of 5 mg/ml with a spin speed
of 5000 rpm is used. The samples are then vacuum dried
for 1 h to remove excess solvent. The spin casting of
the P3HT solution on the patterned PEDOT:PSS/OTS-
SAM surface led to the formation of spin-dewetted pat-
terns owing to the presence of the lateral wettability
gradient. A large collection of the P3HT droplets on the
PEDOT:PSS/OTS-SAM patterned surface led to the for-
mation of a collection of micro- or nanobatteries, which are
then immediately capped off with electron-acceptor PCBM
solution in dichloromethane (5 mg/ml) through spin cast-
ing at 2500 rpm for 25 s, as shown in Fig. 2(g). The excess
solvent is again evaporated through rigorous vacuum dry-
ing. A 100-nm layer of Al is thermally evaporated onto the
PCBM layer as the counter electrode. Figure 2(h) shows
the measurement set up where the device is exposed to
simulated sunlight of intensity 100 mW/cm? (Oriel 200 W
—Xe lamp light source fitted with AM 1.5 G filter, intensity
calibrated against a standard calibration Si solar cell), and
the /-V characterization is done via the source meter.

FIG. 2. Schematic diagram

(a) /,) (b) (c) showing the steps to fabricate
ITO ’ OTS in toluene spin-dewetted conducting poly-

- == 140 °C (0.2 wt %) OTS monolayer mer energy-harvesting droplets

( ) » PEDOT:PSS * PEDOT:PSS on an ITO substrate. (a) spin coat-

: womin OR— I ITO ing of PEDOT:PSS on an ITO

PEDOT:PSS in water % UV-Ozone substrate, (b) film of PEDOT:PSS

(1.4 Wt %) spin casted ’ 30 min on ITO, upon heating, (c) deposi-

tion of thin OTS layer, (d) UV-O

® P3HTdroplets © treatment of '[hey OTS-coated
00 ° 00° 00° 00 - surface after placing a TEM grid,

PEDOT:PSS ‘ |
| 1TO | L

P3HT in chloroform
PCBM in DCM

(0.5 wt %) spin casted
(0.5 wt %) spin casted

® (h)
-

Al electrode |
deposition

110 |

(150 W)
PCBM film

| PEDOT:PS

| PEDOT:PSS
[ ITO |

110

Xenon lamp

(e) patterned OTS layer on the
PEDOT:PSS-ITO substrate, (f)
spin casting of the P3HT layer,
(g) ordered spin casting of PCBM
via gap filling, (h) schematic of
spin-dewetted micro- nanoenergy
harvester.

064012-4



SELF-ORGANIZED VLSI OF SOLAR CELLS...

PHYS. REV. APPLIED 10, 064012 (2018)

All the spin-coating steps are performed in a typical lab-
oratory fume hood, with average ambient relative humidity
of approximately 60%. The coated layers are dried on
a hotplate with a constant flow of N, gas over the sub-
strates. In order to find out the change in current detection
capabilities of the PHJ and OHJ, we perform a visible-light
detection experiment. The heterojunction devices are kept
under a negative bias of 3 V and illuminated with a 2-mW
laser source for a defined period of time up to 100 s. The
laser illumination is “chopped” at a frequency of 0.1 Hz,
i.e., the devices are illuminated for five seconds and kept
in the dark for the next five seconds successively. The
timestamps are collected during the potentio-amperometric
scans, enabling simultaneous chronoamperometry.

III. PROBLEM FORMULATION

A. Linear stability analysis

In this section, a theoretical model is discussed to
explain the underlying physics associated with the SOLSI
through spin dewetting. Images (a)—(c) in Fig. 3 schemat-
ically describe the steps of the spin-coating process, (i)
dispensing of the droplet on the substrate, (ii) rotation of
the droplet, and (iii) transition of a droplet to a film, respec-
tively. It is important to note here that modelling of the
entire spin-dewetting process is cumbersome. Importantly,
the experiments suggest that the droplet undergoes a large
mass loss at the initial stages of rotation owing to the strong
centripetal force exerted on the droplet after its placement
on the spin coater, as schematically shown in images (a)
and (b). However, following this incident, a film of thick-
ness A; is formed, which is taken as the initial thickness
in this theoretical model of the spin-dewetting process. We
assume that this initial film thickness is a log function of

£

(@) (b)
. Mass loss
Q9 ‘i: P
o e *

[ Substrate == | Substrate

c Qi :’ )

( ) zi: Air :

Film formation C
=
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FIG. 3. Images (a)Hc) schematically describe the steps of the
spin-coating process. Image (a) shows the dispensing of the
droplet on the substrate, image (b) shows the rotation of the
droplet, and image (c) shows the transition of a droplet to a film.
The reference frame and the variables mentioned on image (c)
are employed in the problem formulation. For example, a film of
variable (average) film thickness, A(7,f) [ho (7)], is obtained when
the droplet is spin cast at a spin speed of €2 on the substrate.

the spin speed, 4;(r,f) = A 4+ Blog €2, based on the experi-
mental observations not shown here. After the initial mass
loss, the remaining liquid on the substrate of the spin coater
is converted into a film, as shown in image (c), before the
film spin dewets into the droplets on the substrate.

In order to develop the theoretical model of such a sys-
tem, an axisymmetric cylindrical coordinate system with
radial, », and axial, z, directions is considered, as shown
in the Fig. 3(c). In the formulation, a variable in bold
describes a vector while a bold-variable with double over
bar represents a tensor. The components of a vector are
represented within a curly bracket after the bold vari-
able. An over-dot on the variable represents a partial time
derivative whereas a variable after a comma as a subscript

denotes a derivative. The symbols T, u{v,, vg,v.}, i, p,
v, @, 4., po, and P(=p — m) denote the stress tensor,
velocity vector, viscosity, density, surface tension, angu-
lar velocity, effective Hamaker constant, external pressure,
and the excess pressure due to the intermolecular force,
respectively. Material derivative and gradient operator are
represented by the symbols D and V, respectively, while
V, represents the surface gradient operator, I represents
the identity tensor, and ¢ represents time.

We assume the working fluid of approximately
0.1-0.4% (w/v) solution of P3HT in chloroform to
be incompressible and Newtonian following the con-
stitutive relation, T = (Vu + Vu’). The equations of
motion, pDu/Dt = —VP + V - T, along with the conti-
nuity equation , V-u =0, can describe the motion of
a droplet or a film rotating under a centripetal force
on the spin-coater unit, as shown in the Fig. 3(c). No
slip and impermeable (u = 0) boundary conditions are
enforced at the liquid-solid interface on the substrate

while the tangential (n - T,-T—n- T_- 7 = 0) and nor-
mal (n - (—pol + T, -n—n- (=pl+ T) - n = y«) stress
balances are enforced as the boundary conditions at the
free liquid-air surface. Here, n [(—h,,, 1)/./1 —|—h?,] and

T [(1,h,,) /i1 +h?r] represent the unit outward normal

and tangent vectors at the free surface while the curvature
of the deforming free surface is k¥ = V; - n. In this formu-
lation, the notation, A(r, f), denotes the film thickness and
the notation, A¢(?), signifies the mean film thickness while
the film is under rotation. The kinematic condition at the
interface is expressed as h+u-Vh=uv..

The governing equations and boundary conditions are
then simplified under the lubrication approximation. Thus,
the momentum equations reduce to the forms, P, —
p Qr = Uz, and P, =0, in the » and z directions,
respectively, while the continuity equation remains as
V./F + vp + v, = 0. The reduced forms of tangential
and normal stress balances are v,, =0 and P —pg —
A./67h® + yh,. — y/h = 0. The long-wave equations of
motion, continuity equation, and boundary conditions
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provide analytical solutions for v, and v,, which are then
replaced in the kinematic equation to obtain the evolution
equation for the free surface as

h—={[rh*(P, — p Q*1)],}/3ur = 0. (1)

Equation (1) is then linearized using normal lin-
ear modes, h(r,7) = ho(t) + h(r)e” ™ and P =P+
P(r)e®* Here, the symbols w and k represent the
growth coefficient and wavenumber of perturbation and
the over-tilde symbols are the perturbed variables. The
base-state terms of this equation provide the relationship
between the mean film thickness and the centripetal force
as hy + 2,oh3 Q?/311 = 0, which has an analytical solution,

hy = \/1/[(4,0 Q2/3u)t+ 1/h?]. The equation is solved
under the initial condition 4y =~h; at t=0. The analyti-
cal expression for the base-state thickness shows that the
variation of the unperturbed film thickness before spin
dewetting is a function of the time of rotation, spin speed,
and initial film thickness as iy = f (€2, ¢, ;), which is often
observed in the experiments. The expression 4;(r, ) = A +
B log €2 and a spin time of 30 s are employed with the vari-
ation in 2 to obtain the results associated with the initial
film thicknesses shown here. Further, this variable base-
state thickness with the spin speed has been employed to
obtain the time and length scales of the spin-dewetted mor-
phologies from the following dispersion relation, which
is obtained from the perturbed-state expression of the
Eq. (1) as

® = Ig[(de/2n DI + (v /I — y k3. (2)

The equation suggests that after thinning, the film
broke down into miniaturized droplet patterns under
the combined influence of the van der Waals force
[first term in Eq. (2)] and capillary forces [second and
third terms in Eq. (2)]. The theoretical spacing (X,)
between the spin-dewetted droplets is obtained by eval-
uating w,,, the dominant growth coefficient, by set-
ting the condition, dw/dk =0, and then determining

A = 2\/§n/\/(Ae/27rhé +y/h)/y, for the dominant
wavelength.

B. Computational simulations

In order to comprehend the experimental variations in
the current-voltage (/-V) characteristics with the change
in the film or droplet arrangements at the active layer,
a series of simulations are performed. In particular, we
simulate a part of the proposed OPV-OHJ device struc-
ture to understand and optimize the effects of the active
layer geometry on the generated electric current (7). The
I-V characteristics are computationally obtained by solv-
ing the continuity equation V - J = 0, the stationary form

of Ohm’s law, J = o E + J., and the equation for the irro-
tational electric field, E = —VV, where J is the current
density, J. is the externally generated current density, o
is the electrical conductivity, E is the electric field, and
V" denotes the electric-field potential. In the computations,
the top and bottom boundaries of the geometry are consid-
ered as terminal and ground, respectively. Left and right
boundaries are assumed to be electrically insulated. The
commercially available COMSOL Multiphysics software
is employed to solve the aforementioned set of governing
equations and boundary conditions. The typical physical
properties employed for the CP layers and SAM are tab-
ulated in Table SI [56—62], Sec. SIII of the ESI [54]. The
optimal size and spacing obtained from the simulations are
employed for the applications discussed later.

IV. RESULTS AND DISCUSSION
A. Morphological analysis

In order to develop an array of the self-organized solar
energy harvesters with the help of spin dewetting, we
employ the typical electrode configuration needed for
CP-based OPV devices, as shown in Fig. 2. For this
purpose, the ITO-coated glass substrates are first coated
with the hole collector PEDOT:PSS. Following this, a
physicochemical pattern of the OTS-SAM is deposited
on the PEDOT:PSS layer before a large collection of
discrete micro- or nanodroplets of the donor P3HT is spin-
dewetted. Figures 4(al)—4(ad4) and 4(b1)4(b4) in rows
(D) and (I) show the optical microscopic and FESEM
images, respectively, of the spin-dewetted P3HT droplets
on the patterned PEDOT:PSS/OTS-SAM substrate. In
these images, the P3HT loading in chloroform (Cpsgr)
is varied from 1 to 2.5 mg/ml while keeping the spin
speed (2) fixed at 2000 rpm. The optical micrographs,
FESEM images, and the AFM images in Figs. 4(Illa)
and 4(I1Ib) together corroborate a morphological transition
from macro- to micro- to nanoscopic droplets with the help
of spin dewetting when Cpsyt is reduced.

Importantly, the OTS-SAM deposition on the
PEDOT:PSS substrate can create three distinct zones of
wettability, namely, the hydrophilic, hydrophobic, and
boundary zones, as depicted in the FESEM images
Figs. 4(IVa) and 4(IVb). The “box” patterns at the center
have the UV-O expose the PEDOT:PSS substrate, which
ensures the formation of a hydrophilic patch with larger
wettability. In comparison, the peripheral area enclosing
the box is hydrophobic owing to the presence of the
OTS-SAM patches. A boundary zone with a gradient sur-
face is also created in the portions where hydrophilic and
hydrophobic zones merge. Spin dewetting of P3HT on
the aforementioned patterned PEDOT:PSS surface leads to
the formation of droplets of different sizes and spacing in
the hydrophilic, hydrophobic, and boundary domains. The
FESEM images in Fig. 4(IVa) show different wettability
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FIG. 4. Optical micrographs (I) (al—a4) and FESEM images (II) (b1-b4) of spin-dewetted P3HT droplets at a fixed spin rate of
2000 rpm and at varying concentrations from 1 to 2.5 mg/ml. AFM images (III a) and (III b) show the topography profile of a
particular case wherein P3HT concentration is fixed at 2 mg/ml and spin rate is 2000 rpm. Optical micrographs (IV a) and (IV b)
shows the different zones (hydrophilic, boundary, and hydrophobic) present on the spin-dewetted P3HT patterned substrate. Plot (V)
showing the variation of the average droplet diameter (Ds) and average droplet spacing (Sp) with increasing P3HT concentration.

Scale bar for all the images is 20 um.

zones at the substrate where 2 mg/ml P3HT is spin dewet-
ted at 2000 rpm on the PEDOT:PSS/OTS-SAM substrate.
Figure 4(IVb) shows the symmetric arrangements of wet-
tability zones, namely, the hydrophilic, hydrophobic, and
boundary zones, respectively, confirming SOLSI of micro-
or nanodroplets increasing the overall fill factor of the
same sample. Plot (V) shows the variations in the average
diameter (Dy, y axis on the left-hand side) and spacing (Sp,
y axis on the right-hand side) of the spin-dewetted P3HT
droplets on the hydrophilic boxes with the change in the
Cpsut. The plot suggests a reduction in size and increase
in density of the spin-dewetted droplets with the reduction
in Cp3pt.

In order to uncover the particulars of the nanostructures
formed during the spin dewetting of P3HT, we perform a
detailed analysis based on optical microscopy and FESEM.
The optical micrographs in Figs. 5(al)-5(a5) of row (I) and
the FESEM images in Figs. 5(b1)-5(b5) of row (II) show
that with the increase in 2, Dg, and Sp are both reduced on
the hydrophilic and hydrophobic patches. Figures 5(1Va)
and 5(IVb) show the variations in the average diameter
(D1a, Doa) of the spin-dewetted P3HT drops in the inner
and outer areas of the hydrophilic patch with €2, obtained
from the FESEM images. The selection of the inner and
the outer areas are depicted in Fig. S(III). The plots suggest
that, at higher spin speeds, Do can be reduced to 1 from

3 um on the hydrophilic patches, whereas Dpa reduces
from 150 to 100 nm on the hydrophobic ones. In a way,
a higher spin speed helps in achieving smaller droplets
with increased densities. While the miniaturization is at
the microscale on the hydrophilic patches, the same is at
the nanoscale on the hydrophobic ones. In fact, at higher
Q, the droplets on the images are almost invisible through
optical microscopy, which indicates the formation of the
nanostructures.

In order to verify the presence of the material P3HT
in these micro- nanodroplets decorated on the patterned
PEDOT:PSS/OTS-SAM substrate, we perform Raman
spectroscopy of the samples shown in Fig. 5. Figure S1
in Sec. SII of the ESI [54] confirms that the micro- nan-
odroplets on the patterned PEDOT:PSS/OTS-SAM sub-
strate are indeed composed of P3HT [47,63,64]. The
details of the materials’ characterization have been pre-
sented with Fig. S1. The other details of the Raman
spectroscopy of the different layers of organic solar cells
(OSC) [65] have also been performed and the characteriza-
tion results have been discussed in Sec. SII of the ESI [54].

Concisely, Figs. 4 and 5 together suggest a simple
but effective way to develop an ordered array of micro-
or nanoscale conducting polymer droplets on a physico-
chemically patterned surface, which we call SOLSI. In
SOLSI, the droplet size and periodicity can be tuned

064012-7



SIDDHARTH THAKUR et al.

PHYS. REV. APPLIED 10, 064012 (2018)

4000 rpm

2000 rpm 3000 rpm 5000 rpm
4
IV a) —®— Inner area (IV b) 025 —8—Outer area
Drop diameter ol ) Drop diameter
= 3 &
A~
g \i E ousy
Qt—( o 0.10 -=5=
| = 0.051
1000 2000 3000 4000 5000 0.00

Q (rpm)

FIG. 5.

1000 2000 3000 4000 5000
Q (rpm)

Optical micrographs (I) (al—a5) and FESEM images (II) (b1-b5) show the spin-dewetted P3HT droplets on the chemically

patterned PEDOT:PSS/OTS-SAM substrate when P3HT loading in chloroform (Cpsyr) is fixed at 2 mg/ml and the spin speeds (£2)
are 1000, 2000, 3000, 4000, and 5000 rpm, respectively. FESEM image (III) shows the different zones for which droplet parametric
variation has been studied. Plots (IV a) and (IV b) show the variations in the avgerage droplet diameter (Dja, Doa) of spin-dewetted
P3HT drops, in the inner areas and outer areas, with €2, respectively, obtained from the FESEM images. Scale bar for all the inner area
plot images is 20 um. Scale bar for the outer area plot images is 100 nm.

efficiently by modulating the initial-donor CP loading and
the strength of the applied centripetal force. It may be
noted here that eventually, the droplets generated through
SOLSI are employed as a part of the active layers of OSC
devices, which is discussed in the application section of
this manuscript.

B. Theoretical outlook of spin-dewetting

In the experiments, we always dispense a 100-uL
droplet on the substrate before spinning the same at dif-
ferent speeds for 30 s to obtain the spin-dewetted mor-
phologies. The experiments show that the droplets initially
undergo a mass loss due to the centripetal force before
converting into a film. As stated earlier in the theoretical
section, a film of thickness %; is assumed to form after an
initial mass loss, which follows a log relation with spin
speed h;(r,t) = A + B log 2, based on the experimental
observations. In the results discussed here, the constants A
and B have two different set of values for thin films on the
hydrophobic surfaces (4 =61.22 nm and B=—6.5nms)
and thick films on the hydrophilic surfaces (4 =1.869 um
and B=—0.207 ums). The film thus formed spreads on
the substrate with the rotation of the spin coater before
the same is spin dewetted under the influence of capillary
and van der Waals forces. The experiments suggest that

the films become thinner with the increase in the spin
speed of the coating unit before getting spin dewetted.
This observation can be theoretically explained by the
base-state-governing equation of the average film thick-

ness ho = f (1) = /1/[(4p Q2 /3yt + 1/7], where
hi(r,t) = A+ BlogQ, t=30 s, and Q varies with the
change in the rotational speed of the spin coater. The plots
(a) and (b) in Fig. 6 show that the base-state film thickness
reduces monotonically with the increase in €2, as observed
in the experiments. The plots also suggest that while the
average film thickness is about a few microns thick on the
hydrophilic zones, the same shifts toward the nanoscopic
regime on the hydrophobic zones.

As stated earlier, we employ different initial thicknesses
in the dispersion relation to obtain the A, vs € shown in
plots (¢) and (d) of Fig. 6. The plots suggest that the thicker
films on the hydrophilic surface undergo capillary insta-
bility during the thinning process to form spin-dewetted
droplets having an average periodicity ranging from 1
to 5 um. In this situation, normalization of the domi-
nant wavelength, A,,/ho, shows a constant value, 8.85,
with the variation in €2, a typical signature of Plateau-
Rayleigh instability, as shown in plot (c). Note that in the
microdomain, the van der Waals force becomes insignifi-
cant and hence we get a Plateau-Rayleigh dominant length
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FIG. 6. The solid lines in plots
(a) and (b) show the variations
of the initial film thickness (%;)
with Q. The plots (c) and (d)
show a comparison between the
experimentally obtained average
droplet spacing in the hydrophilic
and hydrophobic zones (triangular
symbols) with the theoretical one
(A, broken line with square sym-
bols) when the spin speed (£2) has
been varied. The plots also show
the variation of parameter A,,/h
(solid line with square symbols)
with € in the two different zones.
The typical parameters employed
to calculate the theoretical val-
ues in the plots are 4 =0.038 Pas,
= 1490 kg/m?, y =26.1 mN/m,
A4,=17x107217.

scale. In comparison, the hydrophobic zones allow a thin-
ner precursor film to form before the spin dewetting
takes place. In a way, the combined influence of the van
der Waals interaction and capillary forces act together to
develop droplets of periodicity ranging from 40 to 150 nm,
as shown in plot (d). The plot also shows that, in this
case, the parameter A, /hy varies from 8.85 to 7.3 with
the increase in €2, signifying the increasing influence of
van der Waals interaction with the thinning for the film,
as is evident in plot (d). The experimental results superim-
posed as triangular symbols on the theoretical predictions
in plots (¢) and (d) show a good agreement on the spac-
ing of the spin-dewetted droplets. The results shown in the
Fig. 6 suggest that the theoretical model is capable of pre-
dicting some of the underlying physics associated with the
film formation during the spin casting of CPs and then pre-
dicting the spacing between the droplets formed after the
film spin dewets following two different mechanisms on
the hydrophobic and hydrophilic zones.

C. Computational outlook on OPV

Figure 7(a) shows the geometry with the typical dimen-
sions of the simulated device, which is very similar to
the proposed experimental OPV-OHJ configuration. The
I-V characteristics are computationally obtained by solv-
ing the equations, which is discussed in the problem
formulation section above. In particular, the effects of
device geometry and droplet spacing on the hydrophilic or
hydrophobic zones are understood with the help of these
simulations.

Cases 1-4 shown in Fig. 7 summarize the performance
of the simulated planar to discrete solar cell architectures.
Figure 7(b) shows the variations in the electric current
for cases 1-4. For example, case 1 corresponds to a typ-
ical OPV with a thin-film configuration, while case 2
corresponds to a thin-film OPV with an OTS-SAM on
the PEDOT:PSS layer. Cases 3 and 4 correspond to the
different combinations of the P3HT droplets placed on the
PEDOT:PSS hydrophilic patch and OTS-SAM hydropho-
bic patch. The number of droplets on the hydrophobic («
sites) and hydrophilic (B8 sites) patches, respectively, are
varied to study the effect of droplet position. It may be
noted here that in the simulations, the discrete structures of
the number of droplets on the hydrophilic and hydrophobic
patches are varied after keeping the total mass of the P3HT
layer the same as in the planar architecture. The simula-
tions help in deciding the required size and spacing of the
P3HT droplets for optimal /-V characteristics.

Since we are striving to show the advantages of the dis-
crete active-layer geometry over the planar one, we choose
the interface region between the layers to be ohmic for two
reasons. First, since this is an ideal condition, the differ-
ences in the output current are only dependent on the over-
all interface area (interaction/exchange area) hence, the
results give a clearer perspective of the better active-layer
geometry. Second, models such as Richardson-Schottky
and exponential trap distribution have been utilized to
understand the charge transport properties in the active
layer bulk. Therein, studies have reported that for lower
voltages, the resistances between the layers are ohmic
[66,67].
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Image (a) shows the configuration of the solar cell architecture, which was analyzed with help of numerical simulations.

Image (b) shows the variations in the electric current for four different cases as shown in the plot. Case 1 corresponds to a thin-
film configuration, case 2 corresponds to a thin-film configuration with an OTS-SAM layer on the PEDOT:PSS surface, and cases 3—4
correspond to the different combinations of the P3HT droplets placed on the PEDOT:PSS solvophilic patch and OTS-SAM solvophobic
patch. Droplets’ quantities are varied on the hydrophobic (« sites) and hydrophilic (8 sites) patches, respectively. Case 3 incorporates

a 0-10-0 configuration, which means zero P3HT droplets on the

solvophobic OTS layer and 10 P3HT droplets on the solvophilic

PEDOT:PSS layer and similarly for Case 4, there is a 4-6-4 configuration. Image (c) shows the AFM profile for the P3HT droplets, in
the hydrophilic region, wherein the concentration is 5 mg/ml and the spin speed is 5000 rpm. Line profile displays the average droplet

height across the selected white line on the AFM image.

However, for our case, we are assuming here that
charges injected into the system have a negligible effect
at the working voltages. The charge transport mechanism
in the bulk heterojunctions of OSC is studied extensively.
Studies show that major losses which contribute to the
charge trapping and exciton recombination are caused due
to random networks and bottlenecks present in the active
layer. Hence, in order to understand the significance of an
ideal system wherein charges form after separation and can
directly travel to their respective electrodes, studies have
modeled systems which consist of ordered columnar net-
works for efficient charge separation and travel. Kumar
et al. have modeled a P3HT-PCBM system, wherein they
have taken an ideal system comprised of networks of P3HT
for hole transport and PCBM for electron transport. They
have chosen this system for its simplistic nature, which
inherently also suppresses the electron-hole recombina-
tion [68].

Our system configuration resembles the one mentioned
above and hence validates the potential benefits of this kind
of architecture. We perform a simple simulation wherein
we assume the resistances between the layers and with the
electrodes to be ohmic and study the significance of the
change in and subsequent effect of active layer geometry
on the device performance.

Hence, in order to understand the significance of
the interface architecture, we perform the simulation at

a low voltage value, wherein the background charge
carriers dominate the conduction compared to carriers
injected by the electrodes. Although we utilize a simpli-
fied model wherein the electrical conductivity and relative
permittivity of the materials determine the amount of cur-
rent passing through it, our model still shows the broader
picture of an active-layer interface effect on the /- charac-
teristics of the device or rather the model emphasizes the
difference and significance of OHJ and PHJ.

The simulated results show that the current generated
from the planar configuration in case 1 is almost 3 times
less than the most efficient digitized configuration in case
3 as is evident in Fig. 7(b). This enhancement can be
attributed to higher surface-to-volume-ratio of digitized
P3HT droplets in case 3. For example, in case 1, the
planar configuration shows a current of 8 wA, which
increases to about 22.8 uA as the number of droplets
are increased on the hydrophilic PEDOT:PSS patches.
Previous literature suggested that the lengths for photon
absorption and charge-carrier collection of the P3HT layer
are approximately 300 and 10—100 nm, respectively [69].
Thus, the simulations show that the optimal height of
the P3HT droplets after complete fabrication is supposed
to be approximately 200-300 nm. Figure 7(c) shows the
AFM image of the case of P3HT droplets with an aver-
age height of approximately 285 nm, which are obtained
on the hydrophilic patch under the optimal conditions of
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P3HT loading of 5 mg/ml during spin casting at 5000 rpm.
The line profile provided shows the average droplet distri-
bution with diameters having nearly equivalent values to
the ones used in the simulation.

D. Applications

In order to effectively utilize these structures for real-
life applications, we employ the modified structures in
active-layer regions to develop a photodetector and a solar
cell. Initially, the devices are tested for their comparative
efficiency in photonic detection [70]. Figure 8(a) shows the
schematic set up of the device under test in the photodetec-
tor mode. As the photodetector response is measured under
the third quadrant of the /-V curve, the device is held at a
bias of -3 V. The 532-nm-laser radiation incident on the
device is chopped at a frequency of 0.1 Hz for measuring
the quality of the photodetection response of the device.
The bar chart in Fig. 8(b)(I) indicates the average reso-
lution of light detection from the “current ratio” [70,71],
which is the measure of the difference between the current
produced by the device when the laser is turned on to the
situation when it is turned off. The results suggest that the
discretized photodetector labeled as “OHJ” gave a better
current ratio, i.e., better resolution, compared to the planar
photodetector. The bar-chart in Fig. 8(b)(II) highlights the
instability of the photodetectors with the variation in the
starting current value in the beginning of detection until
the last cycle. It is clearly seen that the OHJ configuration
is able to hold the “current ratio” stable for much longer
times, i.e., it is much more temporally stable than the PHJ
configuration.

The considerable difference between the two can be cor-
related with the variation in the thin-film morphologies
between the two different architectures. For OHJ, path-
ways for electron movement do not significantly inhibit

() ©

their overall transition from the active layer to the elec-
trodes. However, there are bottlenecks and dead-ends due
to absence of any ordered structure in the PHJ, which
harbors residual charges leading to unwanted charge trans-
fer between the source and drain. Figure 8(c) indicates
the decrease in the photocurrent over a period of 100 s,
which confirms that the digitized photodetector has long-
term stability and outperforms the planar architecture. The
photocurrent seems to decrease over the given time period
at a slightly faster rate. However, this can be understood
by addressing the fact that all solar cell devices in this
study are fabricated under ambient conditions. Under these
conditions, charge-carrier extraction is not efficient due to
the quick degradation of the top aluminum contact, which
leads to the low fill factor (i.e., quick degradation of the
photocurrent). However, as both the control (PHJ) and the
OH]J devices are fabricated under identical conditions, the
comparison between their overall efficiencies, short-circuit
currents, and open-circuit voltages is still meaningful. The
dark current profiles as shown in Fig. S2, Sec. SIV of the
ESI [54] are quite different than the photocurrent profiles,
and show the behavior expected from organic PV cells.

The experiments suggest that the discrete donor-
acceptor junctions inhibit the decay of exciton scattering
leading to a more stable photocurrent for a longer duration.
The experiments shown in the Fig. 8 confirm the util-
ity of the spin-dewetted OHJ assemblage for an efficient
photodetection.

Since the new morphology of the dewetted structures
presents an improved performance over its planar coun-
terpart for light-detection phenomena, we further extend
the utility of this discovery to applications in solar cells.
Here, it may be pertinent to note that we perform an exper-
iment in order to show the change in resistance across the
active and nonactive regions of the device under different
conditions in order to address the issue of the usage of

FIG. 8. Image (a) describes the
schematic of the photodetector set
up. Image (b) displays the chart
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(a) Schematic diagram of the solar cell measurement with the break-up of layers presented in the inset. The P3HT sublayer is

disintegrated into a SOLSI of the micro- or nanoscale droplets. Plot (b) shows the typical /-V characteristics of solar cells comprising
PHJ and discrete OHJ morphologies of the P3HT sublayer, obtained under simulated solar radiation of 1 sun (100 mW/cm?) intensity.
The fabrication and measurement of all cells are obtained outside a glovebox, under ambient conditions. Image (c) displays the average
values of different characteristics of the solar cells with varying morphologies from PHJ to discrete OHJ P3HT sublayer profiles. Plots
correspond to the open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and efficiency (n), respectively. In all
the cases, the initial P3HT loading before spin dewetting is 5 mg/ml and the spin speed during spin casting is 5000 rpm.

nonconducting OTS monolayers and its subsequent effect
on the overall device performance. The results have been
presented in Table SII, Sec. V of the ESI [54]. Herein,
as can be observed from the table, the different layers
give different resistances, although their values do not
differ by much. However, the OTS-covered PEDOT:PSS
layer presents the highest resistance value within the given
system of materials. This is likely due to its nonconduct-
ing nature, although the resistance is improved to some
extent after being treated by UV-O. The difference between
the UV-O-treated OTS layer and the bare PEDOT:PSS-
covered substrate is not much. Hence, the resistance of the
nonactive regions is higher than that the active region, but
the difference in values is not great.

The schematic diagram of the proposed solar cell assem-
blage is described in Fig. 9(a). It may again be noted here
that, in order to show a proof-of-concept, the solar-energy
harvesters reported here are fabricated in air rather than in
a glovebox with an inert atmosphere. Therefore, the abso-
lute values of key characteristics such as efficiency and
fill factor are similar to those obtained during the early
stages of development of OPV [72,73]. The variations in

I-V characteristics of the planar (PHJ) and discrete (OHJ)
solar cells are shown in Fig. 9(b). Images (a) and (b) in Fig.
S2, Sec. SIV of the ESI [54] show the typical I-V curves
obtained for the OHJ and PHJ samples under dark con-
ditions and also the best performing ones under the light
exposure.

The I-V plot helps in obtaining the maximum power
(Pw = Viudm), which is the limit of electrical power to be
obtained from the solar cells when connected to an exter-
nal load for the planar (PHJ) and discrete (OHJ) solar cells.
Thereafter, the fill factor, ,FF = 100[(V;uln)/ (Voclsc)]
and efficiency, n = VoclscFF/ Py, of the planar (PHJ) and
discrete (OHJ) solar cells are calculated with the help of the
above formulas wherein Py, is the incident radiant power,
as shown in Fig. 9(c). The figure suggests that the SOLSI
of the OHJ morphologies of P3HT-PCBM layers exhibit a
marked increase in the short-circuit photocurrent (Jsc) as
compared to PHJ. This is because the patterned OPV-OHJ
morphology causes an overall improvement in charge-
carrier extraction as expected from the architecture. An
enhancement in the open-circuit photovoltage (Vo) of the
discrete OPV-OHIJ as compared to the planar OPV-OHJ
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points toward a higher driving force for spatial separation
of the charge carriers in the SOLSI of spin-dewetted dis-
crete solar cells [74]. This feature might also arise from the
patterning enforced on the PCBM layer during spin casting
owing to the presence of an array of spin-dewetted P3HT
islands. The overall lower values of the efficiencies of the
devices can be attributed to the fabrication and character-
ization of the cells under ambient conditions. However,
even under this scenario, a 40% increase in the solar cell
efficiency is obtained for the OPV-OHJ configurations as
compared to OPV-PHJ.

V. CONCLUSIONS

We show here a facile and economic top-down path-
way to fabricate an array of high-density spin-dewetted
conducting polymer patterns suitable for photodetection
and photovoltaic applications. In order to show a proof-of-
concept, initially the surface of a hole-collector conducting
polymer (e.g., PEDOT:PSS) is coated with the pattern of a
self-assembled monolayer before spin dewetting an array
of ordered micro- or nanoscale droplets of an electron-
donor conducting polymer (e.g., P3HT). The configuration
is chosen to develop patterned active-layer morphologies
for preparing OHJ organic solar cells. Droplet size, spac-
ing, and density are tuned by altering the initial P3HT
loading during spin dewetting and the strength of the
applied centripetal force. We establish a simple theoreti-
cal model for spin dewetting of the donor CP solution to
determine the experimental spacing between the droplets
on hydrophobic and hydrophilic surfaces. A computa-
tional study is performed to understand the significance
of droplet geometry and its morphological density with
respect to the active-layer morphology. The P3HT micro-
or nanodroplets are then utilized for a light-detection appli-
cation wherein OHJ morphologies perform comparatively
better against PHJ with lower instability and matching
light-detection resolution. The OHJ of P3HT layer is fur-
ther applied as a part of the active layer of an OSC, which
shows a superior performance when compared against the
PHJ. A significant increase in the active area and much
reduced effective charge-transfer pathway are attributed to
this enhanced performance. The difference in the results
in the plain to discrete morphologies of OSCs provides
a cue on the usage of the highly dense and ordered
active layers in improving the performance of the various
thin-film-based photovoltaic applications.
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