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evaporation under pressure; (a3) Isolated island-type electrode deposition on
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PEDOT:PSS layer is not indispensable to this processing as described in the
text. (b) Roll-to-roll processing for polymer solar cells: (b1) Schematic of roll-
to-roll process for polymer solar cell fabrication; (b2) A schematic to depict
the squeezed flow behavior of solution during dynamic roll-to-roll process.
The thickness of liquid coating is affected by concentration of solution, roller
pressure and rolling speed according to the dynamic elastic contact model; (b3)
A photograph of the roll-to-roll apparatus and process. The inset image is the
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Characteristics of bulk heterojunction structures obtained by different
processing methods. Circle, square, diamond, and triangle represent the
blend films made by spin-casting, thermal annealing, solvent-assisted
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the blend films. The spectra have been normalized to the PCBM peak around
325 nm. (b) Weight ratio of PCBM to P3HT calculated by X-ray
photoelectron spectroscopy results for different processing methods. The error
bars represent standard deviation. (c) Measured log/—log} plots under dark
condition for hole- and electron-only devices. Symbols are experimental data
and lines are the fit to the experimental data by SCLC model showing linear
line with slope = 2 at the log scale. Open symbols and dotted lines represent
further thermally annealed results. The applied bias voltage is corrected for
the built-in potential due to the difference in work function of the two
electrodes. Insets are schematics of the device structures: (cl) hole-only
devices; (c2) electron-only devices. (d) Photoluminescence spectra of blend
films. ESSENCIAL sample was further treated by heat: filled symbols and
lines represent experimental data and their polynomial regressions,
respectively. (e) Atomic force microscope phase images. The images in (el-e3)
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roll-to-roll (Jie = 10.59 mA cm™, Voe = 0.60 V, FF = 67.3 %, Ry = 1.4 Q cm’,
PCE = 4.40 %). The solar cells fabricated by roll-to-roll processing were

prepared without PEDOT:PSS 1ayer.......ccccoeoiiiiiiiiieiieeieeeeeeeece e

The performance of P3HT:PCBM BHIJ solar cells according to the
photoactive layer thickness. Short circuit current of (a) ESSENCIAL and (b)
thermal annealed devices; Fill factor of (c) ESSENCIAL and (d) thermal
annealed devices; Power conversion efficiency of (¢) ESSENCIAL and (f)

thermal ANNEALEA AEVICES .....uueeeeeeeeeeeeeeee e

Photo-CELIV transient of single carrier devices with Cgo layer (triangle) and
without Ceg layer (square): (a) Hole-only devices by ESSENCIAL; (b)
Electron-only devices by ESSENCIAL; (c¢) Hole-only devices by thermal

annealing; (d) Electron-only devices by thermal annealing .............c.cccceveenenen.

(a) The device architecture for contact resistance measurement. (b)
Dimensional parameters of electrodes for contact resistance measurement. L
and W are the distance between Al electrodes and the width of Al electrode,
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3.4 The measured resistances according to the distance between LiF/Al electrodes.

3.5

The intercepts in y-axis mean the contact resistances, R.: (a) ESSENCIAL
without Ceo; (b) ESSENCIAL with Ceo; (¢) thermal annealed devices without
Ceo; (d) thermal annealed device with Ce; (¢) PCBM single layer; (f) P3HT
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The performance of P3HT:PCBM BHIJ solar cells according to the
photoactive layer thickness without Ce (square) and with Ce (triangle): Short
circuit current of (a) ESSENCIAL and (b) thermal annealed devices, fill factor
of (¢) ESSENCIAL and (d) thermal annealed devices, and power conversion
efficiency of (¢) ESSENCIAL and (f) thermal annealed devices; J-V curves of
solar cells showing the best performances in (g) ESSENCIAL (Js. = 14.53 mA
em?, Voo = 0.58 V, FF = 64.8 %, PCE = 5.50 %) and (h) thermal annealed

device (Jsc = 12.55 mA em™?, Vo =0.58 V, FF = 64.6 %, PCE = 4.74 PZ) TS
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DSIMS results of photoactive layers composed of P3HT and deuterated
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(a) The concentration of extracted charge carrier versus delay time between
light pulse and extraction according to the different processing methods. (b)
The calculated bimolecular recombination coefficient versus delay time
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(a) The absorption efficiency in active layer. The parasitic absorption effect
calculated by transfer matrix method was eliminated from the reflection
spectrum of the real device. (b) External quantum efficiency measured by

IPCE. (c¢) Calculated internal quantum efficiency ..........cooceeevieriieriieniieiieeieeee

(a)-(c) J-V plots of solar cell devices according to the different fabrication
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=528 mA ecm™, Voo = 0.51 V, FF = 57.5 %, PCE =

1.55 %); magenta (Jsc = 5.04 mA cm'z, Voe = 049 V, FF = 33.1 %, PCE =

0.82 %); yellow (Jsc

=3.98 mA cm?>, Voo = 0.48 V, FF = 31.2 %, PCE =

0.60 %). The inset image is a schematic of dual-function device showing

photovoltaic property
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ABSTRACT

NANOSTRUCTURED ORGANIC SOLAR CELLS:
TOWARD HIGH EFFICIENCY, LARGE SCALE AND VERSATILITY

by

Hui Joon Park

Chair: L. Jay Guo

This dissertation is devoted to searching for solutions to realize low-cost, high
efficiency and scalable organic solar cells (OSC), and their versatile application. For this
purpose, my research has been focused on various nanostructures, which can be usable to
maximize the performances of OSCs, and the effective fabrication processes to achieve
those nanostructures. Furthermore novel device concepts based on those nanostructures
have been introduced.

First part of dissertation is about controlling the nanostructures in photoactive layers
to develop more efficient OSC devices. A new process, named as ESSENCIAL, inducing
superior bulk heterojunction (BHJ) morphology was developed. Compared with
conventional annealing based-methods, the optimized BHJ morphology showing well-
organized charge transporting pathways with high crystallinity was achieved. Moreover,

by controlling the interface of the photoactive layer, further improvement of power

Xvil



conversion efficiency (PCE) was possible using BHJ structure. A new type of
heterojunction nanostructure based on bilayer concept was also introduced. By
maximizing interdiffusion of electron-donor and -acceptor, the optimized heterojunction
morphology having internal quantum efficiency approaching about 100% was
demonstrated. As another effort to realize the ideal interdigitated donor-acceptor
structures, sub-20 nm scale nanopillars were prepared. Nanopillar and nanohole type
nanoimprint lithography (NIL) molds were fabricated from a self-assembled block
copolymer nanotemplate, and NIL-based nanopatterns are made in organic
semiconductor. All these nanostructures could be realized by advanced processing that
can be extended to high-speed manufacturing toward low-cost and high efficiency OSCs.

Secondly, various nanostructures such as plasmonic nanostructures and light trapping
structures were developed to enhance the absorption of light in OSC devices. NIL-based
plasmonic nanostructures exhibit strong and tunable light extinction, and the enhanced
electromagnetic field induces the increased photocurrent, leading to improved PCE.
Moreover, by introducing periodic nanostructure at the metal electrode working as
reflector in OSC, I could enhance the optical path length across a broad wavelength range
of incident light.

Lastly, the dual-function devices working as color filters and solar cells were
demonstrated by applying photonic nanostructures to OSCs. This new conceptual device
can recycle the wasted energy in color filter to generate the electricity for the

revolutionary energy-saving e-media.
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