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Abstract

INVESTIGATING THE EFFECTS OF NANOSTRUCTURED DIELECTRIC LITHIUM
FLUORIDE AND PLASMONIC GOLD INTERLAYERS IN ORGANIC
PHOTOVOLTAICS, INCLUDING THE USE OF IN-SITU IMPEDANCE

SPECTROSCOPY

HASAN KURT
PhD Dissertation, August 2016

Dissertation Supervisor: Assoc. Prof. Cleva W. Ow-Yang

Keywords: organic photovoltaics, interface engineering, impedance spectroscopy, charge

carrier dynamics, functional interfaces, plasmonic field enhancement

Organic solar cell performance can be limited by the problematic organic-inorganic
interfaces between the active layer and the electrodes. One solution is the incorporation of
nanostructured functional interlayers, which enable additional engineering control of these
interfaces to improve photovoltaic performance. Herein we demonstrated that solution-
processed dielectric LiF (sol-LiF) and plasmonic Au (sol-Au) nanostructuring on the
indium tin oxide (ITO) anode can be used to improve bulk heterojunction (BHJ) organic
photovoltaic (OPV) device performance. We show that the surface work function of ITO
thin film anodes can be tuned via the areal density of sol-LiF nanoparticles and enables the
optimization of energy level alignment between the organic layers and ITO. In addition, we
show that the electric field component of incident light is strongly enhanced at the edges of

sol-Au nanoparticles, due to the excitation of localized surface plasmon resonances



(LSPR). When incorporated into BHJ OPV devices, these sol-Au nanoparticles improved
the efficiency of BHJ absorption by acting like antennas, enhancing charge carrier
generation. Each of these interlayer types contribute to increased photocurrent generation.
In order to distinguish the root cause of improvement, impedance spectroscopy (IS)
analysis was applied to the modified OPVs in-operando. In the case of sol-LiF, more
favorable energy level alignment engenders better charge collection. In the case of sol-Au,
the improved charge generation rate occurs without perturbing the carrier extraction. Thus
instead of tracking the multivariate OPV device characteristics, 1S enables more detailed
analysis of the underlying operating mechanisms to elucidate the specific contributions of

nanostructured interlayers.



Ozet

NANOYAPILANDIRILMIS DIELEKTRIK LITYUM FLURUR VE PLAZMONIK
ALTIN ARATABAKALARIN ORGANIK FOTOVOLTAIKLER UZERINDEKI

ETKILERININ IN-SITU IMPEDANS SPEKTROSKOPISi DE DAHIL INCELENMESI

HASAN KURT
Doktora Tezi, Agustos 2016

Tez Danigsmant: Dog. Dr. Cleva W. Ow-Yang

Anahtar Kelimeler: organic fotovoltaik, araylizey miihendisligi, impedans

spektroskopisi,yiik tastyict dinamikleri, fonksiyonel yiizeyler, plazmonik alan arttirilmasi

Organik giines hiicrelerinin verimleri, aktif tabaka ve elektrotlar arasinda yer alan organik-
inorganik ara tabakadaki sorunlar nedeniyle kisitlidir. Bu ara tabakalara, nano olgekte
yapilandirilmis fonksiyonel ara tabakalarin entegrasyonu fotovoltaik verimin arttirilmasina
yonelik bir ¢dziim sunmaktadir. Sunulan c¢alismada, soliisyon prosesli dielektrik LiF (sol-
LiF) ve plazmonik altin (sol-Au) nanoyapilarla dekore edilmis indiyum kalay oksit (ITO)
anot ylzeylerin, “bulk heteroeklem” (BHJ) tipi organik fotovoltaiklerin (OPV)
performansimni arttirdign  goriilmiistiir. Ince film ITO anotun yiizey is fonksiyonunun,
organik tabakalar ile ITO anot arasindaki enerji diizeyi uyumunu iyilestirmeye olanak
saglayacak sekilde, sol-LiF nanoparcaciklarinin yiizeyde kapladigi alana bagli olarak
kontrollii bir sekilde ayarlanabildigi gozlemlenmistir. Bunlara ilaveten; gelen 1s181n
elektrik alan komponenti, lokalize yiizey plazmon rezonanslarin (LSPR) uyarilmasi
sebebiyle sol-Au nanopargaciklarin kenarlarinda giiglii bir sekilde yogunlasmistir. Bu ara

tabakalar BHJ OPV giines hiicrelerine entegre edildiklerinde, sol-Au nanoparcaciklar anten
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gibi davranarak BHJ’nin 151k emilimini arttirmig ve bu suretle yiikk tasiyicilarin
olusturulmasini gli¢lendirmistir.

Sonug olarak kullanilan her iki ¢esit nanaoparcacik ara tabakasi da, fotoakim {iretimininin
artmasina katkida bulunmustur. Bu artisin altinda yatan nedenleri arastirmak {iizere,
nanoyapilandirilmis anotlara sahip OPV giines hiicreleri ¢alisir durumda iken, impedans
spektroskopisi (IS) kullanilarak analiz edilmislerdir. Elde edilen bulgulara gore; sol-LiF
nanopargaciklar enerji diizeyi uyumunun iyilestirilmesi sayesinde yiik toplama verimini
arttirmiglardir. Sol-Au nanopargaciklarin ise, yiik toplama proseslerini etkilemeden yiik
olusum verimini yikselttikleri goriilmiistiir. IS ¢alismalari; ¢ok degiskenli OPV aygit
karakteristikleri yerine, kullanilan spesifik nano yiizeylerden kaynakli performans artisinin

altinda yatan mekanizmalarin detayli bir sekilde tanimlanmasina olanak saglamistir.
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CHAPTER 1: INTRODUCTION

Organic photovoltaics (OPV) remain a competitive niche alternative for solar harvesting,
based on their adaptability for low-cost roll-to-roll production and suitability for
lightweight portable devices.? The targets set for the commercialization of polymer-based
bulk heterojunction (BHJ) OPV devices have been met recently by the development of new
active layers®*! and device architectures.® However further performance enhancement and
stability can still be realized by engineering the interfaces between the different functional
layers, such as at the electrode,® for reduced trap state density, better energy level
alignment, improved charge collection, superior wettability, interfacial compatibility and
light management./”! While considerable effort has been exerted into the development of
state-of-art OPV devices, their success heavily depends on expanding our understanding of
i) the operational dynamics of the devices and ii) how functional interlayers affect device

operation in particular.

Owing to the limited compatibility between OPV constituent interlayers of intrinsically
different structures at the molecular level, organic-inorganic interfaces often result in poor
device performance through recombination losses, which result in low charge collection
efficiency, inefficient charge separation and poor light management within the devices.™
By improving the compatibility of the electronic structure at the low work function (®)
electrode interfaces, mobile hole extraction efficiency and charge separation efficiency can
be increased, thereby lowering recombination losses and enhancing the electronic hole
contribution to the current density. In this context, the surface energy and @ of the
electrode, typically of tin-doped indium oxide (ITO) in conventional BHJ OPV device
architectures, are key factors determining the overall device performance. By engineering
these physical properties of the ITO film surface, one can amplify the level of interaction
between the incident light and the active layer, consequently increasing the internal
quantum efficiency and hence the charge generation rate. In this perspective, plasmonic
nanostructures that can manipulate light below sub-wavelength regime are under the spot
light since the active layer thicknesses are well below wavelength of the solar radiation

spectrum.



To tune the properties of the electrode/active layer interface, a panoply of approaches have
been adopted!®—self-assembled monolayers,™®*? and chlorine surface modification;™
organic layers;**?*®! carbon-based nanomaterials;™"*® transition-metal oxides;"***! and
alkali halides such as CsF and LiF.**! Interlayer engineering (IE) enables not only the
tuning of charge collection efficiency and charge selectivity on both electrodes, but also
control over OPV stability and durability. An additional parameter for tuning at the high ®
electrode is PEDOT:PSS, which is commonly used as an electronic hole transport/electron-
blocking layer. Considering the low electronic homogeneity®® and the low-pH nature of
PEDOT:PSS, the interface it forms with ITO offers limited electron-blocking capability,*®!
as well as chemical instability leading to Indium diffusion into active layers.?” In the light
management perspective, noble metal nanostructures!” between the interlayers of OPV
devices were employed®® unfortunately the effects of them were not thoroughly

investigated.

The hypothesis that forms the premise of this dissertation study was that solution-processed

nanostructured interlayers at the low work function electrode can be used to optimize the

performance of BHJ OPVs. More specifically we investigated two different strategies in

parallel. Firstly, solution processed dielectric LiF (sol-LiF) nanostructuring on the 1TO
anode can be used to increase hole charge collection, by allowing tuning the energy level
alignment between the ITO anode and the organic interlayers. Secondly, solution-processed
plasmonic Au (sol-Au) nanostructuring on the ITO anode can enable increasing the
generation rate, by enhancing light absorption and consequently photoconversion rates

within the active layers.

In order to test our hypothesis, we had to obtain uniform dispersions of LiF and Au
nanoparticles. We have used the reverse diblock copolymer micelle reactor method to
obtain size monodisperse sol-LiF and sol-Au nanoparticles that can be deposited with
controllable areal density. We then prepared sol-LiF and sol-Au nanostructured ITO anodes
using spin coating. The surface physical properties were analyzed by scanning electron
microscopy, atomic force microscopy, wetting contact angle measurements, absorption
spectroscopy, and photoelectron spectroscopy in air (PESA). In order to evaluate the

performance of these nanostructured ITO anodes, we have incorporated them into BHJ



OPVs consisting of two different types of BHJ polymer blends, chosen due to their
significantly dissimilar highest occupied molecular orbital (HOMO) levels. The J-V device
characteristics were measured, and the device parameters were extracted and compared. To
rule out optical effects of sol-LiF and confirm the sol-Au interlayer induced field
enhancement, the external quantum efficiency (EQE) profiles were evaluated. Additionally,
we had investigated the induced electric field enhancement by LSPR in sol-Au investigated
by implementing finite difference time domain (FDTD) simulations, and compared the
results with the experimentally obtained EQE profiles for both types of BHJ polymer
blends. Finally, to elucidate the underlying mechanisms for improving device performance
in sol-LiF and sol-Au interlayers in the both types of BHJ polymer blends, in-situ
impedance spectroscopy was implemented. This work was the first in-depth IS analysis
targeting the role of the anode interface and was developed in this dissertation to provide
more detailed insight on photophysical BHJ OPV dynamics of buried interfaces, well
beyond what can be obtained from analyzing J-V characteristics. Herein we have used IS to
distinguish the effects of two different nanostructured interlayers—quasi 2-D arrays of sol-
LiF and sol-Au nanostructures—on the charge generation/recombination and charge

transport/collection kinetics in bulk heterojunction organic solar cells in detail.



CHAPTER 2: NANOSTRUCTURED INDIUM TIN OXIDE
TRANSPARENT CONDUCTORS

2.1. Introduction

The hypothesis that we had addressed in the focused study in this chapter was the tunability
afforded by modifying the 1TO anode surface with size monodisperse nanostructures. To
this end, we produce 2-D dispersions of sol-LiF and sol-Au of different surface coverages.
The nanostructuring enables tuning of the surface work function, in the case of sol-LiF, and
tuning the overlap between the spectral region of LSPR response to BHJ absorption, in the

case of sol-Au.

We used the reverse diblock copolymer micelle technique to deposit on 1TO surfaces,”” a
2-D dispersion of solution-processed, size mono-disperse nanoparticles; of these we
considered separately either dielectric LiF (sol-LiF) or plasmonic Au nanoparticles (sol-
Au). The solution-processed nanoparticle dispersions are compatible with roll-to-roll
fabrication techniques and provide a low-cost alternative to vacuum-based deposition
techniques. Reverse diblock copolymer micelles were used in apolar solvents to load the
hydrophilic precursor chemicals into the micelle nanoreactor in a controlled manner. The
resulting nanoparticle dispersion was deposited on substrates by spin coating. We
investigated the surface morphology of the nanostructured surfaces with scanning electron
microscopy. For sol-LiF nanoparticles, the change in the surface work-function of the
modified ITO surface was tracked with photoelectron emission spectroscopy in air (PESA)
and correlated with surface coverage obtained by quantitative analysis of processed SEM
images. For sol-Au nanoparticles, finite difference time domain simulations and UV-visible

absorption spectroscopy were used to evaluate the plasmonic response.

This chapter of the thesis is mainly based on our previously published work.E% Reprinted
and adapted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency
in polymer photovoltaics by optimizing the work function of indium tin oxide electrodes
with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y.
& Ow-Yang, C. W. with permission of Springer.



2.2. Experimental

2.2.1. Materials

Poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP) and poly(styrene-b-4-vinyl pyridine) (PS-b-
P4V/P) diblock copolymers were purchased from Polymer Source Inc. (Montreal, Quebec,
Canada). The chemical structure of diblock copolymers were shown in Figure 1 and Figure
2. The molecular weight (M,) and the polydispersity index (PDI) of polymers used are

listed in Table 1.

Figure 1. Poly(styrene-b-2-vinyl pyridine) copolymer

Figure 2. Poly(styrene-b-4-vinyl pyridine) copolymer

Table 1. List of copolymers used in this study.

Polymer Product ID M., PDI
PS-b-P2VP P1330-S2VP 48500-b-70000  1.13
PS-b-P2VP P10491-S2VP 183000-b-52000 1.13
PS-b-P2VP P4556-S2VP 180000-b-77000 1.09
PS-b-P4VP P3910-S4VP 109000-b-27000 1.12




Lithium hydroxide (LiOH, 99.9%, Merck), hydrogen fluoride (HF, 40%, Merck), gold
chloride hydrate (HAuUCl,sxH,O, 99.999%, Aldrich), hydrazine monohydrate
(NH,NH,*H,O, 99.9%, Merck), hydroxylamine hydrochloride (NH,OHeHCI, 98.0%,
Aldrich), toluene (99.9%, Merck), tetrahydrofuran (THF, 99.9%, Merck), hexane (99.9%,
Merck), acetone (99.8%, Sigma), methanol (99.8%, Sigma) and ethanol (99.8%, Sigma)

were used as received.

Occasionally inconsistent high polydisperse micelles formed, indicating that the PS-b-

P2VP copolymer has aged and requires purification by the following procedure:

1. 200 mg of the PS-b-P2VP copolymer was dissolved in 6 ml THF using an
ultrasonication bath.

The PS-b-P2VP copolymer was poured into glass wool-filled glass pipette.

100 ml of hexane was vigorously mixed in a beaker underneath the glass pipette.

The PS-b-P2VP copolymer was precipitated dropwise in its non-solvent hexane.

o ~ w DN

The precipitated copolymer was collected and dried by vacuum filtration, using a
porcelain Buchner funnel, Grade 2 filter paper with 8 um pore size, and a suction
flask.

6. The precipitated copolymer was further rinsed in hexane on the funnel filter.

7. The PS-b-P2VP copolymer was collected on a filter paper and dried in furnace
overnight at 70°C

Indium tin oxide (ITO) thin film-coated substrates (ultrasmooth, 1 cm x 1 c¢cm, ~40 Q/0)
were purchased from TFD Inc (Thin Film Devices Eagle XG, Anaheim, CA, USA). Si
substrates were purchased from University Wafer (#444, University Wafer, Boston, MA,
USA).

2.2.2. Synthesis of Lithium Fluoride Nanoparticles in PS-b-P2VP copolymer

The following reaction amounts are optimized values in the experiments.

e 15 mg of PS(48500)-b-P2VP(70000) was dissolved in 5 ml of toluene under

vigorous stirring for 24 hours at RT.



e 1.2 mg of LiIOH was added to the micelle solution under vigorous stirring for 94
hours at RT.

e The solution was centrifuged at 4500 rpm for 40 minutes, in order to allow the
undissolved LiOH crystals to sediment.

e Undissolved crystals were precipitated to bottom of the falcon tube. The supernatant
solution was extracted for further reaction.

e 2.8 ul of HF was added to the LiOH loaded micellar solution under continuous
stirring for 24 hours at room temperature (RT).

DIBLOCK COPOLYMER MICELLE FORMATION  SALT LOADING REDUCING AGENT
SOLVATION ADDITION

) §

Figure 3. Loading and reduction of LiOH and HAUCI4 in diblock copolymer micelles.!*!
Reprinted from Thin Solid Films, 559, Ow-Yang, C.W., Jia, J., Aytun, T., Zamboni, M.,
Turak, A., Saritas, K., and Shigesato Y. Work function tuning of tin-doped indium oxide
electrodes with solution-processed lithium fluoride, 58-63, Copyright 2014, with
permission from Elsevier.

2.2.3. Synthesis of Gold Nanoparticles in PS-b-P2VP and PS-b-P4VP

copolymers

The following reaction amounts are optimized values and reagents in the experiments.
Three different diblock copolymers were used for gold precursor-loaded diblock copolymer

micelles as listed in Table 1.

e 25 mg of PS(180000)-b-P2VP(77000) was dissolved in 5 ml of toluene under

vigorous stirring for 24 hours at RT.



e HAUCI, gold precursor was added to the micelle solution with loading ratio of 0.5
(molar ratio of gold precursor to 2-pyridine in PS-b-P2VP under vigorous stirring
for 48 hours at RT.

e Centrifugation was not used since the gold precursor had dissolved completely

e Reduction of gold precursor was realized by either oxygen plasma processing after
depositing a monolayer of the loaded micelles onto surfaces or using hydrazine in

solution.

2.2.4. Deposition of sol-LiF and sol-Au and etching of polymeric micelles

SPIN COATING DRYING PLASMA ETCHING FINAL PARTICLES

Figure 4. Deposition and etching of loaded micelles on surfaces.®™ Reprinted from Thin
Solid Films, 559, Ow-Yang, C.W., Jia, J., Aytun, T., Zamboni, M., Turak, A., Saritas, K.,
& Shigesato Y. Work function tuning of tin-doped indium oxide electrodes with solution-
processed lithium fluoride, 58-63, Copyright 2014, with permission from Elsevier.

Silicon and ITO-coated glass substrates were used in the formation of nanoparticle arrays.
Prior to usage, the substrates were cleaned with acetone, methanol and ethanol successively
in an ultrasonication bath 15 minutes each at RT. Substrates were dried using a N, stream
initially and further dried at 70°C in a furnace for 4+ hours. In the cleaning procedure, the

substrates were placed in substrate racks to prevent surface damage.



10-15 pl of LiF and gold precursor-loaded micelle solutions were spin-coated on 1.0 x 1.0
cm? substrates at 2000 and 5000 rpm respectively for 40 seconds. The spin coating speed
was optimized for ensuring a close-packed monolayer coverage of micelles on the
substrates. Gold precursor loaded micelle coated substrates were further annealed under a
toluene vapor at RT for 24 hours in a desiccator, in order to improve the ordering of
micelles, i.e., to achieve close-packing. Gold precursor-loaded micelle coated substrates
were exposed to 6 W UV-light (365 nm) for 30, 60 and 90 minutes prior to oxygen plasma
etching procedure.

In order to remove the polymeric micelles surrounding the nanoparticles, an O, plasma etch
was used. The oxygen plasma etching parameters were optimized to ensure complete
removal of polymeric matter and complete reduction of gold precursor to elemental gold. In
order to prevent physical etching of LiF and Au nanoparticles, relatively high pressure and
low power plasma conditions yielded optimal results. Specifically, for both nanoparticle
species, plasma etching was performed using a Harrick Plasma PDC-002 with parameters

of 29.6 W and 900 mTorr O, gas pressure for 90 minutes.
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Figure 5. Etching of polymeric micelles.?® Reprinted with permission from Aytun, T.,
Turak, A., Baikie, 1., Halek, G. & Ow-Yang, C. W. Nano Lett. 12, 39-44 (2012). Copyright
2012 American Chemical Society.



The gold precursor-loaded micelles were spin-coated on the substrates with previously
defined parameters. The substrates were exposed to O, plasma etching for 45 minutes (half
of the usual duration). While the oxygen plasma procedure removed a portion of the

polymeric content, the lower part of the micelles had remained intact.

HAuCI,——r@ f .s: fﬂf ),
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Figure 6. Growth of gold precursor loaded polymeric micelles. The scale bar represents
length of 30 nm. Adapted with permission from Aytun, T., Turak, A., Baikie, 1., Halek, G.
& Ow-Yang, C. W. Nano Lett. 12, 39-44 (2012). Copyright 2012 American Chemical
Society.

2 M hydroxylamine stock solution and 1 wt. % of HAuCI, were prepared in milli-Q
water. The plasma treated spin-coated substrates were immersed into 1 wt. % of HAuCI, /
0.4 mM hydroxylamine mixture for 15, 30, 45 and 60 seconds. The substrates were rinsed
after the procedure using Milli-Q water and dried with slow N, stream. The remaining
polymeric content was completely removed upon expose to oxygen plasma etching for 45

minutes.

LiF and Au NP deposited substrates were cleaned with acetone, methanol and ethanol

successively 10 minutes each in an ultrasonication bath at RT for device fabrication.

2.2.5. Finite Difference Time Domain (FDTD) Simulations

In order to evaluate the plasmonic field of the gold nanoparticle interlayers when excited by
incident solar irradiation, full-field electromagnetic simulations were implemented using a
commerical FDTD software (Lumerical FDTD Solutions). The array of sol-Au
nanoparticles were simulated as hemispheres with a radius of 10 nm and in 2-D hexagonal

ordering with an interparticle distance of 60 nm. In order to evaluate the substrate effects,

10



the array of sol-Au nanoparticles were also simulated on a soda-lime glass substrate. The
optical constants of other components—soda lime glass,*? 17O, LiF,B4 AP and
Aul—were obtained through the website, http://refractiveindex.info. The material data
was prefitted into the FDTD model prior to implementation in the simulations in Lumerical

Material Explorer, as shown Figure 7.

The simulated light source was s and p polarized plane wave in the 300-900 nm wavelength
range with a pulse length of 1.9947 femtoseconds and positioned in z = 10 nm and
propagating in the -z direction. In order to simulate the unpolarized nature of solar
irradiance, the simulations with s and p polarized excitations were averaged. The X-y cross-
sectional simulation area was set to 60 nm x 103.923 nm with a depth of 60 nm in the z
direction, as shown in Error! Reference source not found. and Figure 9; the hexagonal
array was defined with an interparticle distance of 60 nm and angle of 60° between the axis.
The array was positioned in the plane of z = 5 nm. The boundary conditions used were
perfectly matched layers (PML) along the propagation axis, z, and periodic boundary
conditions in the x and y directions in order to simulate a collective response of the surface.
A maximum mesh size of 0.5 nm was set in all spatial directions of the simulation region to

ensure the highest resolution for the simulation.
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Figure 7. The FDTD model of gold used in the study.
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Figure 8. FDTD model of the gold hemisphere array in vacuum. The excitation source was
placed beneath the base of the sol-Au hemispheres, simulating the illumination
configuration of the nanostructured OPVs. The propagation direction of excitation is
indicated by the magenta arrow. The polarization of the excitation is represented by the
blue arrows.

Figure 9. FDTD model of the gold hemisphere array on soda lime glass (teal-colored
layer). The excitation source was position at the base of the sol-Au hemispheres. The
propagation direction of excitation is indicated by the purple arrow. The polarization of the
excitation is represented by the blue arrows.
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2.3. Results

2.3.1. SEM micrographs and image analysis

Processed

Figure 10. Raw and processed SEM micrograph of 1x sol-LiF deposition, 2% surface
coverage.®) The scale bar represents 200 nm. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 11. Raw and processed SEM micrograph of 1x sol-LiF deposition, 5.6% surface
coverage.*”! The scale bar represents 200 nm. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 12. Raw and processed SEM micrograph of 5x sol-LiF deposition, 8.7% surface
coverage.*”! The scale bar represents 200 nm. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.

Processed

Figure 13. Raw and processed SEM micrograph of 7x sol-LiF deposition, 10.1% surface
coverage.®) The scale bar represents 200 nm. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 14. Raw and processed SEM micrograph of 10x sol-LiF deposition, 13.2% surface
coverage.*”! The scale bar represents 200 nm. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 15. Single deposition, sol-LiF nanoparticle size histogram (@), normalized
autocorrelation function between centers of the sol-LiF nanoparticles (b), normalized radial
distribution function of sol-LiF nanoparticles (c). Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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A single deposition of sol-LiF nanoparticles yielded a highly monodisperse array of
nanocrystals with an average radius of 8.6+0.8 nm, as shown in Figure 15a. A number of
larger sol-LiF nanoparticles were also observed, although they remain as precursor loading
anomalies, due to the hygroscopic nature of lithium hydroxide precursor. In Figure 15b, the
normalized autocorrelation revealed a highly ordered arrangement of nanostructures, up to
5™ nearest neighbor. Since autocorrelation reveals the ordering by using the mass centers of
the nanostructures, the radial distribution function (RDF) method was also employed and
confirmed the highly ordered arrangement of sol-LiF nanoparticles shown in Figure 15c.

The average distance between centers of sol-LiF nanoparticles were 69-70 nm.

Sequential spin-coating deposition of sol-LiF nanoparticles on substrates showed increasing
surface coverage. A single deposition of sol-LiF yielded a surface coverage of 2%. Three
sequential depositions increased the coverage to 5.3%. The trend continued quasi-linearly
up to 10.8% surface coverage with 7 deposition cycles (Figure 16). However, the linearity
between sequential spin-coating cycles and surface coverage started to diminish at a surface

coverage of 13.2% for 10 deposition cycles.
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Figure 16. Number of sequential spin-coating versus LiF surface coverage. Reproduced
from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in polymer
photovoltaics by optimizing the work function of indium tin oxide electrodes with solution-
processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang,
C. W. with permission of Springer.
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Sol-Au on Si _ - ok ' Sol-Au on ITO.

Figure 17. SEM micrographs of sol-Au nanoparticles on Si wafer (left) and sol-Au
nanoparticles on ITO coated glass (right) after a single deposition. The scale bar represents
200 nm. H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the
photophysical dynamics due to the nanostructuring of anode interlayers in organic
photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.
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Figure 18. Single deposition, sol-Au nanoparticle size histogram (a), normalized
autocorrelation function between centers of the sol-Au nanoparticles (b), normalized radial
distribution function of sol-Au nanoparticles (c).

In the case of sol-Au deposition, sol-Au nanoparticles have a higher monodispersity in the
size distribution on Si wafer and ITO surface with a quasi-ordered dispersion as shown in
Figure 17. Image analysis revealed that the nanoparticle size distribution was
monodisperse, with an average radius of 8.7+0.6 nm in Figure 18a. Both the autocorrelation
and the radial distribution function showed the average distance between nanoparticles to
be 60 nm in Figure 18b and c. The short-range of order was observed up to 3" nearest

neighbor.
17



2.3.2. AFM images and image analysis
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Figure 19. AFM line profile of bare ITO substrate. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 20. 3D AFM image of 1x sol-LiF deposition on ITO, with 2% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.
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Figure 21. AFM line profile of 1x sol-LiF deposition on ITO, with 2% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.

Figure 22. 3D AFM image of 3x sol-LiF deposition on ITO, with 5.6% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.
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Figure 23. AFM line profile of 3x sol-LiF deposition on ITO, with 5.6% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.

Figure 24. 3D AFM image of 5x sol-LiF deposition on ITO, with 8.7% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.
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Figure 25. AFM line profile of 5x sol-LiF deposition on ITO, with 8.7% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.

Figure 26. 3D AFM image of 7x sol-LiF deposition on ITO, with 10.1% surface coverage.
Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in
polymer photovoltaics by optimizing the work function of indium tin oxide electrodes with
solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. &
Ow-Yang, C. W. with permission of Springer.
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Figure 27. AFM line profile of 7x sol-LiF deposition on ITO, with 10.1% surface
coverage. Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection
efficiency in polymer photovoltaics by optimizing the work function of indium tin oxide
electrodes with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J.,
Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.

Figure 28. 3D AFM image of 10x sol-LiF deposition on ITO, with 13.2% surface
coverage. Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection
efficiency in polymer photovoltaics by optimizing the work function of indium tin oxide
electrodes with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J.,
Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 29. AFM line profile of 10x sol-LiF deposition on ITO, with 13.2% surface
coverage. Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection
efficiency in polymer photovoltaics by optimizing the work function of indium tin oxide
electrodes with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J.,
Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 30. RMS Roughness of the sol-LiF modified ITO-coated glass versus the number of
sequential spin-coating of sol-LiF dispersion. Reproduced from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.

23



The sequential spin coating of sol-LiF on ITO coated substrates increased the root mean
squared roughness from 1 nm up to 7 nm. Initial single deposition increased the RMS
roughness over 2 nm directly. However, follow up depositions show a linear increase with
lower slope than the initial deposition as shown in Figure 30. In the case of sol-Au

deposition, the roughness increased to 2 nm level with a single deposition.

Figure 31. AFM image of sol-Au deposition on Si.

2.3.3. PESA measurements of sol-LiF modified ITO surfaces

Photoelectron emission yield spectroscopy was implemented to determine the surface work
function of the sol-LiF modified ITO substrates. Since ITO is a degenerate n-type
semiconductor owing to its highly doped nature, the electron band structure can be
modelled as a metal. In order to analyze the photoelectron yield, square root of the yield
was linearly fitted against the surface work function energy (the difference between energy
of incident photons and kinetic energy of the electrons escaped from the surface).l*®!
Extrapolated onset of the linear fit represents the energy needed for an electron to escape

from the surface of the substrate.

Unlike photoelectron spectroscopy, PESA measurements can be carried out in ambient air
conditions rather than high and ultra-high vacuum conditions. Surface work function
measurements yield different results in vacuum conditions due to higher surface specific
electron distributions. PESA provides a suitable characterization option to evaluate the
work function of the relevant surfaces for ambient air conditions where they are fabricated
and operated.
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PESA measurements showed that unmodified ITO surface has a surface work function of
4.87 eV. Single deposition of sol-LiF nanoparticles increased the surface work function to
4.96 eV. Sequential depositions linearly increased the surface work function up to 5.30 eV

at 10 deposition cycles.
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Figure 32. Photoelectron emission yield vs energy diagram for bare ITO surface.
Reproduced from J. Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency
in polymer photovoltaics by optimizing the work function of indium tin oxide electrodes
with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y.
& Ow-Yang, C. W. with permission of Springer.
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Figure 33. Photoelectron emission yield vs energy diagram for 1x sol-LiF (2% surface
coverage) modified ITO surface. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function
of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 34. Photoelectron emission yield vs energy diagram for 3x sol-LiF (5.6% surface
coverage) modified 1TO surface. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function
of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 35. Photoelectron emission yield vs energy diagram for 5x sol-LiF (8.7% surface
coverage) modified ITO surface. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function
of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 36. Photoelectron emission yield vs energy diagram for 7x sol-LiF (10.1% surface
coverage) modified ITO surface. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function
of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.
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Figure 37. Photoelectron emission yield vs energy diagram for 10x sol-LiF (13.2% surface
coverage) modified 1TO surface. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function

of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.

2.3.4. Sheet resistance measurements of sol-LiF and sol-Au modified 1TO

surfaces

The sheet resistance of the modified and unmodified ITO surfaces was evaluated using a 4-
point probe equipped with a Keithley 6220 current source and a Keithley 2182A

nanovoltmeter.

A significant change in sheet resistance of ITO-coated substrates was not observed for all
sol-LiF and sol-Au nanoparticle depositions as shown in Table 2. Single depositions of sol-

LiF and sol-Au induced a minor drop in the sheet resistance of the ITO thin film.
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Table 2. Sheet Resistance of sol-LiF and sol-Au modified ITO surfaces. Reprinted from J.
Mater. Sci. Mater. Electron. Tuning hole charge collection efficiency in polymer
photovoltaics by optimizing the work function of indium tin oxide electrodes with solution-
processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang,
C. W. with permission of Springer.

LiF NP Surface Sheet Resistance of

Coverage (%) Nanostructured ITO Surface (Q/0)
0 44.8

2.0 42.1

5.3 45.3

7.6 45.3

10.8 42.3

13.2 44.5

Sol-Au 43.1

2.3.5. Contact angle measurements of sol-LiF and sol-Au modified ITO

surfaces

Water droplet contact angles of modified and unmodified ITO surfaces were investigated to
evaluate the relative surface energy and hydrophobicity of the surfaces. Hydrophobicity is a
crucial factor in the integrity and quality of overlaying interlayers, especially for the hole
transport layer, PEDOT:PSS. All surfaces were subject to a UV-ozone treatment for
cleaning and improving the hydrophilic nature of the ITO surfaces in device fabrication
procedures. However, it is essential to evaluate the surface prior to the highly energetic
UV-ozone treatment. Prior to UV-ozone treatments, bare ITO surface exhibits a contact
angle of 75.08+0.08". Sequential deposition of sol-LiF nanoparticles increases the water
droplet contact angle above 92" level up. However, contact angle dropped to 87.860.17  as
the surface coverage reached 13.2%. In the case of single sol-Au deposition, the water
contact angle showed a similar behavior to that of the single sol-LiF deposition and reached
96.13+0.36.
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Table 3. Water Droplet Contact Angle of sol-LiF and sol-Au nanostructured ITO surfaces
before and after 30 minute of UV-ozone treatment. Reprinted from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.

Before Ozone Treatment After Ozone Treatment
) Water Droplet Water Droplet

LiF NP Surface Error

Contact Angle Contact Angle Error (deg)
Coverage (%) (deg)

(deg) (deg)
0 75.08 0.08 12.64 0.05
2.0 97.82 0.20 27.33 0.05
53 92.59 0.99 24.37 0.05
7.6 92.95 0.29 19.31 0.10
10.8 94.33 1.54 14.59 0.04
13.2 87.86 0.17 10.43 0.04
sol-Au 96.13 0.36 15.12 0.06

Even though we had observed an increased hydrophobicity of the modified ITO surface
prior to the UV-ozone treatment, 30 min of UV-o0zone treatment significantly improved the
hydrophilic nature of the surfaces. In particular, the surface coverage of 13.2% of sol-LiF
nanoparticles showed a more hydrophilic nature than the unmodified ITO surfaces and lead
to a contact angle of 10.43+0.04". Modified ITO surfaces with sol-LiF surface coverage
below 10% showed relatively high contact angles. Despite the relatively high contact angle
after the UV-ozone treatment, the modified surfaces were sufficiently hydrophilic to enable
high quality coverage by PEDOT:PSS overlay thin film since the contact angle values were

still well below 40’
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2.3.6. FDTD Simulations of sol-Au nanostructures

An incident electric field induces collective oscillation of the free electrons on the surface
of noble metals. In the case of subwavelength nanostructures like sol-Au, these collective
oscillations induce a standing wave on the surface of the nanostructure. In particular, the
edge or edge-like features of these nanostructures act as nodes for this standing waves and
transform into poles of a dipole which can perturb and strongly focus incoming light in
their vicinity.®? The dipoles formed can focus the incoming electric field in the near-field
and also emit into the far-field like a dipole antenna.l’? This type of strong field
enhancements and antenna like behavior is desirable particularly in thin film photovoltaics

with limited absorption.

FDTD simulations of sol-Au nanoparticles as hemispheres in vacuum revealed that incident
plane-wave excitation was focused on the edges of the sol-Au hemispheres. As the
propagation direction of the incident plane wave is oriented in the +z direction, only s and p
polarizations can be induced, as they are perpendicular to the propagation axis. Since the
nanostructures are symmetrical along the x- and y-axes, only a single localized surface
plasmon resonance (LSPR) wavelength was identified, at 532 nm. At this LSPR
wavelength, the electromagnetic response field was focused on the edges of hemisphere
strongly due to polarization of the free electron oscillations in the sol-Au by the polarized
incident electric field. In fact, the field enhancement response amplitude was more than 10
times greater than the electric field intensity of incoming plane wave, as shown in Figure
38. The dipole formed thus simultaneously focuses the incoming electric field in the near-

field and emits into the far-field like a dipole antenna.

Due to the orientation of hemisphere array (in the x-y plane) to the incoming plane wave
propagating in +z direction, the LSPR response was not angle-dependent. Both p-polarized
and s-polarized plane waves were used for simulating nano-optical behavior resulting from

unpolarized solar irradiation.
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|E| at x = 0 nm / p-polarized

-

Figure 38. Electric field intensity, |E|, profile of sol-Au nanoparticle array at x = 0 (1
column), y = 0 (2™ column) and z = -5 planes (3 column) under p-polarized (1* row), s-
polarized (2" row) and unpolarized (3 row) 532 nm plane wave illumination in vacuum.
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Figure 39. Extinction cross section, Qex;, profile of sol-Au nanoparticle array under s-
polarized (left), p-polarized (middle) and unpolarized (right) plane wave illumination in
vacuum.
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The combined results of s- and p-polarized plane wave excitation showed a field

enhancement of 6-8 times of the electric field intensity of the incoming wave.

The next experiment in the simulation study was focused on the sol-Au hemispheres on a
solid substrate, like soda lime glass. Change in the edge neighboring refractive index of sol-
Au hemisphere array red-shifted the LSPR wavelength from 532 nm to 555 nm. The
incoming plane wave excited the sol-Au hemisphere array from the soda lime glass side.
Remarkably, the electric field enhancement surpassed 25 times with respect to the

incoming s-polarized plane wave as shown in Figure 40.

|E| at x = 0 nm / p-polarized

Figure 40. Electric field intensity, |E|, profile of sol-Au nanoparticle array at x = 0 (1
column), y = 0 (2™ column) and z = -5 planes (3" column) under p-polarized (1% row), s-
polarized (2" row) and unpolarized (3" row) 532 nm plane wave illumination on soda-lime
glass.
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Figure 41. Extinction cross section, Qex;, profile of sol-Au nanoparticle array under s-
polarized (left), p-polarized (middle) and unpolarized (right) plane wave illumination on
soda-lime glass substrate.
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Figure 42. Absorption spectra showing the sol-Au nanoparticle response on soda lime glass
substrate. H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the
photophysical dynamics due to the nanostructuring of anode interlayers in organic
photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

The combined results of s- and p-polarized plane wave excitations showed the LSPR
wavelength of 555 nm and field enhancement on the edge of sol-Au up to 15 times. In
Figure 42, the FDTD simulations of sol-Au hemisphere arrays were consistent with the
absorption spectra of fabricated sol-Au arrays on soda lime glass in terms of LSPR
wavelength, but the absorption spectra showed a larger full-width-half-maximum (FWHM)

due to the size distribution of sol-Au nanoparticles.
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2.4. Discussion

A single layer of sol-LiF deposited on ITO substrates showed quasi-hexagonal ordering in
the nanoparticle dispersion, due to a highly monodisperse DBCP micelle size, as shown in
Figure 10. The average sol-LiF diameter was 9 £ 2.7 nm, while the average interparticle
distance was 70.1 + 12.2 nm. Sequential spin-coating of sol-LiF nanoparticles and oxygen
plasma treatments yielded a linear increase in surface coverage by sol-LiF on ITO
substrates, as shown in Figure 43. The sol-LiF layer introduced roughness on the ITO
surface. For a single sol-LiF deposition, we measured a surface roughness of 2.3 nm, while
3 cycles of sequential spin-coating and etching increased the surface roughness to an RMS
of 5.0 nm. Further sequential spin-coating steps increased the surface roughness less

dramatically, reaching a maximum RMS of 7.2 nm for 10 iterations.
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Figure 43. Correlation between sol-LiF surface coverage and surface roughness of sol-LiF
modified ITO with sequential spin-coating steps. Reproduced from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.
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Figure 44. Correlation between surface work function of ITO, ®, and surface coverage of
sol-LiF nanostructures on ITO. Reproduced from J. Mater. Sci. Mater. Electron. Tuning
hole charge collection efficiency in polymer photovoltaics by optimizing the work function
of indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.

The @ of sol-LiF-modified ITO increased with the sol-LiF surface coverage, as shown in
Figure 44. Bare ITO substrates were exposed to an oxygen plasma treatment of the same
duration and conditions as substrates with a single sol-LiF deposition and had a measured
surface work function of 4.88 eV. To tune the ® of the ITO surface by controlling the ITO
surface coverage by sol-LiF, we carried out a sequential alternation of sol-LiF-loaded
micelle deposition and etch removal up to 10 times (i.e., 13.2% coverage), modifying @ up

t0 5.30 eV.

The FDTD simulations of the LSPR response of sol-Au interlayers were consistent with the
experimentally measured extinction cross-section (Qex:) in Figure 41 and Figure 42. The
hemispherical shape of the sol-Au interlayers showed angle-independent electric field
enhancement of 8 times in vacuum and 15 times on a glass substrate. The LSPR
wavelength was shifted from 532 nm in vacuum to 555 nm on soda lime glass substrate.
Due to relatively high interparticle distance and small nanoparticle size, we did not observe
hybridization or collective interaction of LSPR modes of sol-Au quasi-array. Even though

high field enhancement factors was limited to the edges of the sol-Au nanostructures, the
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sol-Au interlayers located at the ITO-PEDOT:PSS interface may still improve light
trapping and enhance charge generation in an OPV, due to the thin nature of the active

layers and PEDOT:PSS interlayer. This issue will be addressed in the next chapter.

Due to relatively low surface coverage of sol-LiF, the sheet resistance of sol-LiF modified
ITO surfaces did not deviate significantly from the control substrates. However,
hydrophobicity of ITO surface increased, as it can be comprehended from the increase of
water contact angle from 75.08° to 97.82" for single deposition of sol-LiF. A similar
behavior was observed from the single sol-Au depositions. Water contact angle of sol-LiF
modified 1TO surfaces gradually decreased to 87.86 as the surface coverage reaches to
13.2% for ten sequential depositions. After UV-ozone treatment, the hydrophilicity of sol-
LiF and control ITO surfaces improved. The high concentration of oxygen radicals
generated in UV-ozone process had increased the oxygen content of the modified and
unmodified surfaces, as evidenced by the decrease in water contact angle by 3" in the sol-
Au interlayers. On the other hand, low surface coverages of sol-LiF still exhibited relatively
higher water contact angle, in comparison to control samples. However, all of the values
measured were still suitable for depositing a conformal PEDOT:PSS hole transport

overlayer.

2.5. Summary and Concluding Remarks

By using a diblock copolymer-based self-assembly technique, we produced sol-LiF and sol-
Au nanoparticle dispersions on various surfaces. Among these surfaces, the ITO thin film-
coated glass substrates were noteworthy due to their being commonly used in photovoltaic
applications. We have characterized the sol-LiF and sol-Au deposited surfaces thoroughly.
Consistent with the literature,® our findings revealed that sol-LiF depositions can increase
the work function of the deposited ITO thin film, in addition to tuning the surface work
function of ITO by adding sequential depositions of the sol-LiF. Furthermore, we have
improved the uniformity of sol-LiF dispersion at higher deposition cycles, addressed the
limitations of surface roughness below 8 nm, and reached a higher degree of surface

coverage to achieve a surface work function of -5.30 eV. Work function tuning could
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provide a solution to address the problem of low hole collection efficiency in organic

photovoltaics, which are hampered by the energy mismatch at the anodic interface.

Additionally, we have shown that sol-Au nanoparticles can induce an electric field
enhancement in the close vicinity of their surfaces. For implementation in in thin film
photovoltaics, the improvement in absorption of sub-100 nm active layers is indeed
compelling, particularly if we consider that this spectral response can be tuned by i) particle
size and ii) array geometry.[4°] Thus the tunability offered by nanostructuring at the ITO
surface with sol-Au could improve the spectral overlap between the re-emission spectrum

and the absorption spectrum of organic donor polymers in photovoltaic device efficiencies.

It should be noted that our hypothesis for the study described in this chapter was that the
ITO anode surface properties could be tuned by modifying the interlayer surface coverage
with size monodisperse dielectric and plasmonic nanostructures. In light of our results, we
have validated our hypothesis on the tunability of the ITO anode behavior by two
approaches. Monodisperse and quasi-ordered sol-LiF and sol-Au nanostructures on 1TO
surfaces could indeed tune the work function and optical properties of ITO anode,
respectively. It provides a stepping stone for our next chapter focusing on the hypothesis
that these solution-processed functional nanostructures could improve the organic

photovoltaic performance
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Chapter 3:  Incorporation of Nanostructured 1TO Electrodes

into Organic Photovoltaics

3.1. Introduction

The hypothesis that we had addressed in the focused study in this chapter was that
nanostructuring would enhance BHJ OPV device performance efficiency. In the case of
sol-LiF modified ITO anodes, the tunability of surface work function energy would enable
optimizing the energy level to align better with the HOMO of the organic donor. In the case
of sol-Au modified ITO anodes, the tunability of the LSPR emission response would
facilitate better matching with the spectral profile of external quantum efficiency (EQE).
For our methodology, we have incorporated the nanostructured interlayers into BHJ OPV
devices based on two different types of BHJ polymer blends with significantly dissimilar
highest occupied molecular orbital (HOMO) levels, and analyzed the J-V and EQE device
characteristics. Furthermore, we performed finite difference time domain (FDTD)
simulations, in order to compare the induced field enhancement with the EQE profiles for

both types of BHJ polymer blends.

Due to the low compatibility between intrinsically different structures at the molecular
level, organic-inorganic interfaces often result in recombination losses due to low charge
carrier mobility and limited charge carrier lifetimes.”®! By improving matching of the
electronic structure at the low work function (®) electrode interface, mobile hole extraction
can be increased, thereby lowering recombination losses and enhancing the electronic hole
contribution to the current density. In this context, the surface energy and @ of the
electrode, typically of tin-doped indium oxide (ITO) in conventional BHJ device

architectures, are key factors determining the overall device performance.

To tune the properties of the electrode/active layer interface, a panoply of approaches have
been adopted!®—self-assembled monolayers,*®*? and chlorine surface modification;™
organic layers;***®! carbon-based nanomaterials;*"*® transition-metal oxides;™**! and
alkali halides such as CsF and LiF.** Interlayer engineering (IE) enables not only the
tuning of charge collection efficiency and charge selectivity on both electrodes, but also

control over OPV stability and durability. An additional parameter for tuning at the high ®
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electrode is PEDOT:PSS, which is commonly used as an electronic hole transport/electron-
blocking layer. Considering the low electronic homogeneity®® and the low-pH nature of
PEDOT:PSS, the interface it forms with 1TO offers limited electron-blocking capability,*®’
as well as chemical instability leading to Indium diffusion into active layers.”! The scope
of this chapter herein is focused on interface engineering of the ITO/PEDOT:PSS interlayer
in P3HT:PCgBM and PCDTBT:PC7,,BM BHJ photovoltaic devices, through tuning charge
collection efficiency by sol-LiF nanostructuring, and improvement of active layer

absorption through plasmonic response of sol-Au nanostructures on ITO.

We have observed that varying the surface coverage of sol-LiF nanoparticles offer
additional tunability for the ITO surface ®, suggesting that device performance can be
tailored by tuning the energy level alignment at the organic-inorganic interface.*!
Moreover, incorporation of sol-Au nanoparticles significantly improve the OPV
performance of P3HT:PCgBM and PCDTBT:PC7BM BHJ devices.

This chapter of the thesis is mainly based on our previously published works.?”

Reprinted and adapted from J. Mater. Sci. Mater. Electron. Tuning hole charge collection
efficiency in polymer photovoltaics by optimizing the work function of indium tin oxide
electrodes with solution-processed LiF nanoparticles 2015, 9205-9212, Kurt, H., Jia, J.,
Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.

H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical
dynamics due to the nanostructuring of anode interlayers in organic photovoltaics. Physica
Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission.
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3.2. Experimental

3.2.1 Materials

’— - 20 mm -

15 mm ‘ 1.5 mm

{ [==—= | e
| 4mm |

Figure 45. ITO coated pixelated anode glass substrates (left) and relevant dimensions
(right)

100 nm ITO coated pixelated anode glass substrates with 20 mm x 15 mm lateral

dimensions and 1.1 mm thickness were used in photovoltaic device fabrication as
represented in Figure 45. Pixel dimension were 4 mm x 1.5 mm. The pixelated anodes were

obtained from Ossila Ltd.
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Figure 46. Aluminum cathode deposition mask.

The cathode deposition mask (V2) was purchased from Ossila Ltd and dimensions are

represented in Figure 46.
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Figure 47. Chemical representation of PEDOT (left) and PSS (right) components of hole
transport layer.

PEDOT:PSS (Heraeus Clevios™ P VP Al 4083, 1:6 ratio, Figure 47) solution was
purchased from Ossila Ltd. and used as the hole transporting layer over ITO anode

substrate.

Figure 48. Chemical structure of P3HT (left) and PCgBM (right)
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Figure 49. Chemical structure of PCDTBT (left) and PC;cBM (right)

Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, M103, M, 65200, 95.7%
regioregular, Ossila Ltd, Sheffield, UK), poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-
(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT, M137, M, 42000, Ossila Ltd,
Sheffield, UK), [6,6]-phenyl-C61-butyric acid methyl ester (PCgoBM, 99%, M111, Ossila
Ltd, Sheffield, UK) and [6,6]-phenyl-C71-butyric acid methyl ester (PC7oBM, 95%, M113,
Ossila Ltd, Sheffield, UK) were used active layer materials in bulk heterojunction
photovoltaic devices. 0.45 um PTFE syringe filters (Acrodisc Syringe filters) were obtained
from Pall GmbH, Dreieich, Germany. Lithium fluoride (LiF, 99.99%, Aldrich) and
Aluminum evaporation slugs (Al, 99.999%, Aldrich) were used as thermal evaporation

source materials for cathode deposition.

3.2.2. Fabrication and device characterization of PSHT:PCgBM solar cells

Pixelated ITO anode substrates with and without sol-LiF nanoparticles were sonicated in
acetone, methanol and isopropanol baths for 10 min each with polypropylene substrate
rack. The cleaned substrates were transferred to clean room within fresh isopropanol bath.
Prior to photovoltaic fabrication, the substrates were treated with UV-o0zone treatment (UV
Ozone Cleaner — Procleaner™, Bioforce Nanosciences Holdings Inc., Ames, IA, USA) for

30 minutes.

PEDOT:PSS solution was filtered using 0.45 um PTFE syringe filters prior to spin coating
deposition to remove aggregates. Approximately 40 nm thick PEDOT:PSS thin film was

43



deposited by spin-coating speed of 5000 rpm on pixelated ITO anode substrates and
annealed at 150°C for 15 min. P3HT and PC,BM (Ossila M111, Sheffield, UK; 99%) were
mixed in a 1:0.6 weight ratio in chlorobenzene. P3HT:PC,,BM (25 mg/mL) solution was
deposited by spin-coating at 2000 rpm for 60 s, resulting in a ~90 nm thick layer. Layer
thicknesses were measured using a surface profiler (KLA-Tencor P6, Milpitas, CA, USA).
The samples were thermally annealed at 150°C for 10 min. and immediately transferred to a
thermal evaporator chamber and placed under high vacuum (<~2x10° mbar). To make the
back-side electrical contact, we performed thermal evaporation of a 1.2 nm-thick LiF layer,
followed by a 100 nm-thick Al cathode layer on the organic active layers. The samples
were then annealed at 150°C for 10 min. after cathode evaporation. The devices were

subsequently encapsulated using UV-curable epoxy (Ossila E131, Sheffield, UK).

The final device structure produced was composed of the following layer sequence:
ITO/sol-LiF interlayer/PEDOT:PSS/P3HT:PC,BM/LiF/Al, where the sol-LiF interlayer
was deposited by sequentially spin-coating and plasma etching 1, 3, 5, 7 and 10 times. The
device size for each cell was 0.045 cm?. We measured the current density-voltage (J-V)
characteristics using a source meter (Keithley Instruments Model 2400, Cleveland, OH,
USA) under AM 1.5G solar irradiation at 100 mW/cm? (Newport Corporation Oriel Sol3A
Class AAA 91192 Solar Simulator equipped with 450W xenon lamp, Newport, CA, USA).
The light intensity was calibrated by reference Si photodiode cell.

3.2.3. Fabrication and device characterization of PCDTBT:PC;,BM Solar Cells

We integrated the sol-LiF interlayers into poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-
(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)]:[6,6]-Phenyl-C,,-butyric acid methyl ester
(PCDTBT:PC,,BM) bulk heterojunction (BHJ) devices. Pre-patterned indium tin oxide
anode substrates (ITO, Ossila S101, Sheffield, UK) with and without sol-LiF nanoparticles
were sonicated in acetone, methanol and isopropanol baths for 10 min each, before 30 min.
of UV-ozone treatment. A thin layer of diluted poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS, Heraeus Clevios" PVP Al
4083, filtered at 0.45 pum) was deposited by spin-coating (6000 rpm, ~30 nm thickness) and
annealed at 150°C for 15 min. PCDTBT (Ossila M137, Sheffield, UK; M,, 42200) and
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PC7BM (Ossila M113, Sheffield, UK; 95%) were mixed in a 1:4 weight ratio in
chlorobenzene. P3HT:PCgBM (20 mg/mL) solution was deposited by spin-coating at 3000
rpm for 60 s, resulting in a ~70 nm thick layer. Layer thicknesses were measured using a
surface profiler (KLA-Tencor P6, Milpitas, CA, USA). The samples were fabricated in
ambient clean room conditions and immediately transferred to a thermal evaporator
chamber and placed under high vacuum (<~2x10° mbar). To make the back-side electrical
contact, we performed thermal evaporation of a 1.3 nm-thick LiF layer, followed by a 120
nm-thick Al cathode layer on the organic active layers. The samples were then annealed at
80°C for 15 min. after cathode evaporation. The devices were subsequently encapsulated
using UV-curable epoxy (Ossila E131, Sheffield, UK).

The final device structure produced was composed of the following layer sequence:
ITO/sol-LiF interlayer/PEDOT:PSS/PCDTBT:PC,,BM/LiF/Al, where the sol-LiF interlayer
was deposited by sequentially spin-coating and plasma etching 1, 3, 5, 7 and 10 times. The
device size for each cell was 0.045 cm?®. We measured the current density-voltage (J-V)
characteristics using a source meter (Keithley Instruments Model 2400, Cleveland, OH,
USA) under AM 1.5G solar irradiation at 100 mW/cm?® (Newport Corporation Oriel Sol3A
Class AAA 91192 Solar Simulator equipped with 450W xenon lamp, Newport, CA, USA).
The light intensity was calibrated by reference Si photodiode cell.

3.2.4. FDTD Simulations of PSHT:PCgBM and PCDTBT:PC-,BM Solar Cells:
with and without sol-Au interlayers

In this section, sol-Au nanoparticle quasi-arrays were integrated into the device structure of
thin-film organic photovoltaics as interlayers between the ITO anode and the PEDOT:PSS
layers. The array of sol-Au nanoparticles were simulated again as hemispheres with a
diameter of 10 nm. Refractive indices and extinction coefficients of P3HT:PC.,BM (1:0.6)
BHJ and of PCDTBT:PC,,BM (1:4) BHJ were obtained from the works of Compoy-Quiles
et al. and Guerrero et al.***? The optical constants of other components were used as in
Section 2.2.5. The material data were prefitted into the FDTD model before the simulations

were performed in Lumerical Material Explorer, as shown in Figure 50-Figure 54 .

The simulated light source was in the 350-800 nm wavelength range with a pulse length of
1.9947 femtosecond. The x-y cross-sectional simulation area was set to 60 nm x 104 nm
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with a depth of 400 nm in the z direction as shown in Figure 55 and Figure 56. The
boundary conditions used were perfectly matched layers (PML) along the propagation axis,
z, and periodic boundary conditions in the x and y directions. A maximum mesh size of 0.5
nm was set in all spatial directions of the simulation region to ensure the highest resolution
for the simulation. The device structure was identical to the fabricated devices. For
P3HT:PC,,BM BHJ OPV devices, ITO (100 nm)/sol-Au interlayer/PEDOT:PSS (40 nm)
[P3HT:PC,,BM (90 nm) /LiF (1.2 nm) /Al (100 nm) device architecture was used as shown
in Figure 55. For PCDTBT: PC,BM BHJ OPV devices, ITO (100 nm) /sol-Au
interlayer/PEDOT:PSS (30 nm) /PCDTBT:PC,,BM (70 nm) /LiF (1.2 nm) /Al (120 nm)

device architecture was used as shown in Figure 56.
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Figure 50. The FDTD model of aluminum back electrode used in the study.
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Figure 54. The FDTD model of PEDOT:PSS hole transport layer used in the study.
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Figure 55. The FDTD simulation model used for P3HT:PCgBM BHJ OPVs with sol-Au
nanostructures on ITO surface. Black background represents the soda-lime glass, 100 nm
thick grey layer represents the ITO anode, 40 nm thick teal layer represents the
PEDOT:PSS HTL, 90 nm thick yellow layer represents the active layer, P3HT:PC,BM and
finally 100 nm thick blue layer represents Al cathode.

Do

Figure 56. The FDTD simulation model used for PCDTBT:PC;,BM BHJ OPVs with sol-
Au nanostructures on ITO surface. Black background represents the soda-lime glass, 100
nm thick grey layer represents the ITO anode, 30 nm thick teal layer represents the
PEDOT:PSS HTL, 70 nm thick yellow layer represents the active layer, PCDTBT:PC,,BM
and finally 120 nm thick blue layer represents Al cathode.
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3.3. Results

3.3.1. PSHT:PC¢BM and PCDTBT:PC,xBM BHJ OPV devices with and

without sol-Au interlayers

The sol-Au interlayer showed an LSPR wavelength of 532 and 555 nm in vacuum and on
soda lime glass respectively. Within the P3HT:PC,BM BHJ OPV device structure, the
LSPR wavelength of the sol-Au interlayer red-shifted to 615 nm, due to the relatively high
refractive index of ITO thin film and close proximity to the relatively high refractive index
of P3HT:PC4,BM BHJ active layer. In Figure 57, the response electric field intensity within
the device was plotted versus wavelength of the incoming plane wave excitation. The active
layer, P3HT:PC,BM BHJ, was positioned between z = 35 nm and z = 125 nm. The electric
field intensity within the active layer surpassed that of the incident field for the wavelength
range 520-700 nm. The response electric field intensity in the active layer increased with

excitation closer to the LSPR wavelength as shown in Figure 58.
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Figure 57. Electric field intensity, |E|, profile of propagating light in a P3HT:PC,BM BHJ
OPV device with a sol-Au interlayer, through the thickness from z = -100 nm to z = 200 nm
and over the wavelength range between 400 nm and 700 nm. The active layer is positioned
between z = 35 nm and z = 125 nm. H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy
Analysis of the photophysical dynamics due to the nanostructuring of anode interlayers in
organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.
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Figure 58. The induced response electric field intensity, |E|, profile of the propagating light
in a P3HT:PC,BM OPV device with sol-Au interlayer, through the thickness from z = -100
nm to z = 200 nm at the wavelength of 610 nm. The active layer is positioned between z =
35 nm and z = 125 nm and represented as shaded. H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

Concurrent with the increased response electric field intensity within the active layer, the
absorption of the P3HT:PC,BM active layer increased in the vicinity of the LSPR

wavelength, as shown in Figure 59.
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Figure 59. The normalized power absorption, Pas, profile of a P3HT:PC4,BM BHJ active
layer with a sol-Au interlayer at the ITO/PEDOT:PSS interface. H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

The difference between the absorption in reference and sol-Au incorporated devices (Figure
60) confirmed the increased absorption of P3HT:PC,BM BHJ active layer.
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Figure 60. The difference between the normalized power absorption, AP,us, profile of a
P3HT:PC,,BM BHJ active layer with a sol-Au interlayer at the ITO/PEDOT:PSS interface
and the reference P3HT:PC4,BM BHJ active layer. H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.
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In PCDTBT:PC,.BM BHJ OPV device structure, the LSPR wavelength of the sol-Au
interlayer had red-shifted to 633 nm, due to the thinner PEDOT:PSS layer (30 nm) and
relatively higher refractive index of the PCDTBT:PC,BM blend compared to the
P3HT:PC,BM blend, as shown in Figure 61. The response electric field intensity within the
device was plotted versus wavelength of the incoming plane wave excitation in Figure 62.
The active layer, P3HT:PC;,BM BHJ, was positioned between z = 25 nm and z = 95 nm.
The response electric field intensity within the active layer exceeded that of the incident
field for wavelength range 500-800 nm. Even though the PCDTBT:PC,,BM active layer
was 30 nm thinner than the P3HT:PC,BM layer, the spectral match of absorption in
PCDTBT:PC,,BM and the LSPR wavelength profile of sol-Au interlayers showed stronger
correlation in absorption of active layer as in Figure 63. The difference between absorption
between reference and sol-Au incorporated devices, Figure 64, confirmed the increased
absorption of light in the PCDTBT:PC,,BM BHJ active layer.

lambdainm)

Figure 61. The induced response electric field intensity, |E|, profile as propagating light in
a PCDTBT:PC,,BM(1:4) OPV device with sol-Au interlayer, through the thickness from z
=-100 nm to z = 200 nm and over the wavelength range between 300 nm and 800 nm. The
active layer is positioned between z = 25 nm and z = 95 nm. H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 62. The response electric field intensity, |E|, profile as propagating light in a
PCDTBT:PC,,BM OPV device with sol-Au interlayer, through the thickness from z = -100
nm to z = 200 nm at the wavelength of 633 nm. The active layer is positioned between z =
25 nm and z = 95 nm and represented as shaded. H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.
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Figure 63. The normalized power absorption, Pas, profile of a PCDTBT:PC,,BM BHJ
active layer with a sol-Au interlayer at the ITO/PEDOT:PSS interface, compared with the
profile of a control device without the sol-Au layer. H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.
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Figure 64. The difference between the normalized power absorption, AP, profile of a
PCDTBT:PC,,BM BHJ active layer with a sol-Au interlayer at the ITO/PEDOT:PSS
interface and the reference PCDTBT:PC,,BM BHJ active layer. H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

3.3.2. P3HT:PC¢BM and PCDTBT:PC,;BM BHJ OPV devices with and
without sol-LiF interlayers

We incorporated the sol-LiF nanostructured 1TO surfaces into conventional P3HT:PCBM
BHJ photovoltaic devices. The control devices consisted of the standard PEDOT:PSS layer
deposited on top of ITO without sol-LiF, and the PCE measured was 1.51 + 0.11%, based
on 12 devices. When the ITO was modified by 5.3% sol-LiF coverage, the best power
conversion efficiency (PCE) had improved to 2.7%, corresponding to a 74.3%
improvement over the control device. For the OPV containing an ITO anode modified by
7.6% sol-LiF coverage, the PCE was 23.7% higher than the best control device.
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Figure 65. Current density—voltage characteristic curves of P3HT:PC.,BM solar cells with
ITO anodes modified by different sol-LiF surface coverages, a) under AM1.5G
illumination; b) in the dark. Reprinted from J. Mater. Sci. Mater. Electron. Tuning hole
charge collection efficiency in polymer photovoltaics by optimizing the work function of
indium tin oxide electrodes with solution-processed LiF nanoparticles 2015, 9205-9212,
Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of Springer.

Table 4. The device parameters of P3HT:PC,BM BHJ OPVs with different levels of LiF
nanostructured 1TO anodes under AM1.5G illumination. Average PCE was obtained from
measurements of the best six performing devices. Reproduced from J. Mater. Sci. Mater.
Electron. Tuning hole charge collection efficiency in polymer photovoltaics by optimizing
the work function of indium tin oxide electrodes with solution-processed LiF nanoparticles
2015, 9205-9212, Kurt, H., Jia, J., Shigesato, Y. & Ow-Yang, C. W. with permission of
Springer.

LiF NP Work Function

Surface of Voe Jse FF Best Dark- Jsat R Rgn Average
Coverage  Nanostructured [mV] [mA/lcm?]  [%] POCE \deallty [mAfem?]  [Q/em®]  [Q/em®]  PCE [%]
(%) ITO Surface L] Factor

0 4.88 492 7.04 45.0 1.56 1.89 7.8E-8 2.23 543.6 1.51+0.11
2.0 4.96 495 7.34 44.1 1.60 2.07 12.5E-8 2.07 716.8 1.57+0.02
5.3 5.07 482 13.17 42.8 2.72 1.73 5.2E-8 1.77 282.3 2.59+0.15
7.6 5.12 496 8.06 48.2 1.93 1.84 7.0E-8 1.90 739.8 1.84+0.07
10.8 5.27 473 7.12 43.2 1.46 1.90 8.5E-8 2.20 590.9 1.45+0.01
13.2 5.30 496 7.31 41.7 151 1.94 9.3E-8 2.27 730.4 1.47£0.03

The device with ITO modified by 5.3% sol-LiF coverage showed a short circuit current
density (J,) of 13.2 mA/cm? which is a substantial 87% improvement. In devices with

other sol-LiF coverages, J,. fell within a narrow range of 1-4% improvement. The key
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parameters of OPVs with ITO anodes modified by different coverages of sol-LiF were
tabulated in Table 4. The open circuit voltages (V,) were similar for the control and sol-
LiF-containing OPVs—the variation in values fell within the limits of measurement error.
While the fill factor (FF) for control devices was extracted to be 45%, OPVs with sol-LiF-
modified ITO anodes dropped to the 42-44% regime, with the exception of the device
containing ITO covered 7.6% by sol-LiF, for which the FF improved to 48.2%.

The shunt resistance, generally associated with leakage currents in the device,"® and
parasitic series resistance (R,) were extracted using the diode model under constant 1 sun
illumination. The dark current ideality factor (n) and reverse saturation current density (J..)
were extracted from dark J-V characteristics according to the two-diode model developed
by Suckow and co-workers.**! Although R, had increased only in the device with 13.2%
sol-LiF coverage, it was reduced in the other devices, with the best improvement being
21% and 15% of R, in the control devices, for those with 5.3% and 7.6% sol-LiF coverage,
respectively. The shunt resistance (R,,) of the control devices was 589+54 Q-cm™. The
device containing the 5.3% sol-LiF-modified ITO anode showed an Ry, 48% lower than the
control devices, whereas the devices with other sol-LiF coverages all had Ry, values 22-26%
higher (i.e., better). While the control devices demonstrated an n of 1.89, ITO electrodes
with 5.3% and 7.6% sol-LiF coverage demonstrated improved n values of 1.73 and 1.84
respectively. In parallel with ideality factors, J. were slightly improved from 7.8 x 10® mA
cm?t05.2 x 10 mA cm? and to 7.0 x 10® mA cm, respectively for 5.3% and 7.6% sol-

LiF covered ITO anodes.
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Figure 66. Current density—voltage characteristic curves of PCDTBT:PC,,BM solar cells
with ITO anodes modified by different sol-LiF surface coverages under AM1.5G

illumination.
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Figure 67. Current-voltage characteristic curves of PCDTBT:PC,,BM solar cells with ITO
anodes modified by different sol-LiF surface coverages under dark conditions.
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Table 5. The device parameters of PCDTBT:PC,,BM BHJ OPVs with different levels of
LiF nanostructured ITO anodes under AM1.5G illumination.

Work Function of

LiF NP Surface Voe Jsc FF PCE
Coverage [%] Nanostructured [mV] [mA/cm?] [%] [%]
ITO Surface [eV]
0 4.88 820 6.66 46,5 254
2.0 4.96 830 6.99 4711 2.77
5.3 5.07 825  7.67 47.8 3.02
7.6 5.12 820 7.74 472 2.77
10.8 5.27 824 7581 47.8 3.07
13.2 5.30 820 7.27 417 2.94

As we incorporated the sol-LiF nanostructured ITO anodes into PCDTBT:PC;,,BM BHJ
OPV devices, we observed a behavior similar to P3HT:PCBM devices. A surface coverage
of 5.3% sol-LiF substantially increased the short circuit current density to 7.67 mA/cm?
with respect to reference device with J,, of 6.66 mA/cm?. Furthermore, open circuit voltage
and fill factor values were higher (i.e., improved) and contributed to a power conversion
efficiency (PCE) of 3.02% with respect to reference devices with a PCE of 2.54%. J,. of
PCDTBT:PC,,BM BHJ OPV devices increased as the surface coverage of sol-LiF
nanostructures increased up to surface coverage of 7.81 mA/cm?. Further increase in
surface coverage led to sudden drop of J, to 7.27 mA/cm? and fill factor to 41.7%. The
highest optimized power conversion efficiency recorded as 3.07% for surface coverage of
10.8% with an improved fill factor reaching to 47.8%. Unlike P3HT:PC60BM BHJ OPV
devices, a surface coverage of 10.8% sol-LiF nanostructures was the optimized deposition
level for PCDTBT:PC7,BM BHJ OPV devices.
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Figure 68. Current density—voltage characteristic curves of P3HT:PC,BM solar cells with
and without sol-Au modified ITO anodes under AM1.5G illumination. H. Kurt & C.W.
Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 69. Current density—voltage characteristic curves of PCDTBT:PC,,BM solar cells
with and without sol-Au modified ITO anodes under AM1.5G illumination. H. Kurt &
C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to
the nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Table 6. The device characteristics of sol-Au modified and reference P3HT:PC4,BM and
PCDTBT:PC,,BM OPVs under AML1.5G illumination. H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

BHJ Type Interlayer J Ve FF n

[mA-cm?]  [mV] [%] [%]

P3HT:PC,,BM - -7.04 492 45.0 1.56
sol-Au -1.44 508 45.5 1.72
PCDTBT:PC,.BM - -6.66 820 46.5 2.54
sol-Au -8.69 823 40.6 2.90

The incorporation of sol-Au interlayers into both types of BHJ OPV devices improved the
power conversion efficiency. In P3HT:PC,BM BHJ OPV devices, sol-Au interlayers
increased the J,, by 5% while increasing the V,. from 492 mV to 508 mV and slightly
perturbing the fill factor. The overall PCE had improved by 10.2%. On the other hand, the
fill factors had dropped from 46.5% to 40.6% in PCDTBT:PC,,BM BHJ OPV devices with
sol-Au interlayers. However, the PCE was significantly improved by 14.2%, owing to an
increase in J,. by 30.5%. The loss of the fill factor was strongly compensated by the gain in
Jee-

In order to evaluate the spectral relation of PCE improvement, we analyzed the external
quantum efficiency of both types of devices using an incident photon-to-electron
conversion efficiency setup (IPCE). In Figure 70 and Figure 71, both types of BHJ OPV
devices with sol-LiF interlayers showed an increase in external quantum efficiency (EQE)
independent of the wavelength of the incident light. However, both types of BHJ OPVs
with sol-Au interlayers exhibited a wavelength dependent improvement in EQE as

predicted in FDTD simulations of sol-Au interlayers incorporated into OPV devices.
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Figure 70. EQE of P3HT:PC4BM control device, compared to ones with either a sol-LiF
interlayer with surface coverage of 7.6% (red circles) or a sol-Au interlayer (blue triangles).
H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical
dynamics due to the nanostructuring of anode interlayers in organic photovoltaics. Physica
Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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Figure 71. EQE of PCDTBT:PC,,BM control device, compared to ones with either a sol-
LiF interlayer with a surface coverage of 10.8% (red circles) or a sol-Au interlayer (blue
triangles). H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the
photophysical dynamics due to the nanostructuring of anode interlayers in organic
photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

3.4. Discussion

To understand why the conventional P3HT:PCBM (1:0.6) devices, which were fabricated
in ambient air and clean room conditions, showed a substantial 74.5% improvement in PCE
when the ITO anode was modified by 5.3% sol-LiF coverage, it would be worthwhile to
revisit Figure 44 and note that these modified anodes had a surface @ of 5.07 eV. The
modified anode with such a ® value would align well with the energy level of
PEDOT:PSS, reported to be at 5.10 eV.***®! |t appears that the ® of the modified ITO
facilitates the collection of hole charges through reducing the Schottky barrier between ITO
and PEDOT:PSS to an ohmic contact. The better energy level alignment thus contributes to
the 87% improvement in J... As J.. indicates the number of photogenerated charge carriers
extracted to the external circuit, these results are consistent with an improvement in hole

collection efficiency.
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Since faster and improved charge collection efficiency would be due to an increase in the
effective charge carrier lifetime within the bulk heterojunction, these results revealed a
general improvement in the effective charge carrier lifetime up to 6-fold, correlated with a
78% decrease in contact resistance in the best-performing device. Since hole mobility and
thickness in the PEDOT:PSS hole transport layer were not changed, the faster hole
transport— see Chapter 4 —can be attributed to the increased electronic surface states at
the modified 1TO,">! resulting in an increase electrical potential gradient imposed on the
mobile holes and sweeping them to the anode more quickly. However, the hole collection
efficiency and short circuit current improvement were still significantly below what this
improvement leads us to expect. One possible explanation would be that the increase in
induced polarization at the ITO contact surface would offset these gains, leading to a
charge accumulation at the sol-LiF interface. The tradeoff between the competing effects!*’!
gave rise to the optimal device PCE of 2.59%, when 5.3% of the ITO surface was modified

by sol-LiF nanostructuring.

Furthermore, contributions to R, can come from 3 sources: (i) contact resistance between
the electrode and the active layer, (ii) the bulk resistance of the polymer film, or (iii) the
bulk resistance of the contacts.®! In this study, the polymer film and the contacts were the
same for all of the devices tested, so the variation in R, stems from differences at the
contact between the electrode and the active layer, i.e. with sol-LiF coverage.”! When sol-
LiF NPs increase the modified ITO surface @, the charge transfer away from the ITO is
increased into the dielectric layer in direct contact.”! Thus with little variation in electrical
potential at the contact and an increase in the charge collection current for the modified
electrode with the 5.07 eV work function, it follows that the contact resistance for the
device with this interlayer would be the lowest. For ideal solar cell behavior, Rs should be 0

and R, infinite.[*?!

Reduction in J,,and n parameters could be the indicator of greater selectivity in harvesting
charge carriers.” This enhancement can be attributed to lowering the energy barrier for
hole charge carrier*® and reduced surface recombination for bound-polaron pairs®®** at
the PEDOT:PSS/ITO interface.
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Compared to the control device, the low Ry, for the device with @ of 5.07 eV suggests a
difference in wetting by the PEDOT:PSS layer. From Figure 43, the modified 1TO surface
roughness scaled directly proportional to sol-LiF surface coverage. An increase in surface
roughness could lead to the formation of hot spots in the electrode layer. However, sol-LiF
modified ITO anodes either improved or did not affect Ry, with the exception of 5.3% sol-
LiF coverage. Moreover, increasing surface roughness increased R, with respect to control

devices with the exception of 13.2% sol-LiF coverage.

In addition to roughness, discontinuity in the sol-LiF layer may have also induced changes
in wetting of PEDOT:PSS on the modified electrode. However, SEM images of all layers
reveal sol-LiF layers that are discontinuous for all surface coverages investigated,”” and
the discontinuous nature of the sol-LiF layer would not be the root cause for the unusually

low Rgnunt relative to the other devices with unmodified and modified 1TO electrodes.

Despite the dramatic improvement in J,. and R, for the modified electrode with a ®@ of 5.07
eV, the FF did not improve significantly, due to the substantially poorer Ry, Instead, the
superior FF of the modified electrode with a ® of 5.12 eV resulted from a moderate

improvement in balanced contributions from J,,, R, and R;.

Unlike the P3HT:PC,BM BHJ OPV devices with sol-Au interlayers (5.3% areal density),
we observed an overall improvement in device characteristics at a higher surface coverage
(10.8%) in PCDTBT:PC,,BM BHJ OPV devices. The work function of sol-LiF interlayers
with 10.8% was determined to be 5.27 eV. Due to the relatively high surface roughness of
substrates with 10.8% sol-LiF coverage and relatively thinner PEDOT:PSS HTL layer (30
nm) used in PCDTBT:PC7,BM BHJ OPVs, a higher amount of sol-LiF nanostructures were
in contact with not only with HTL layer but also with the BHJ active layer. The relatively
deeper HOMO level of the PCDTBT donor polymer (5.5 eV) than P3HT (5.2 eV) could be
the underlying reason for this change in the optimized surface coverage. It leads to the
similar conclusion of better energy alignment led to efficient extraction of holes from the

BHJ active layer as well as the HTL layer.

The incorporation of sol-Au interlayers in both types of BHJ OPVs improved the PCE of
the devices. However, devices characteristics did not correlate with the underlying

mechanism, due to an abrupt change in fill factor. The EQE analysis revealed that, unlike in
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the case of sol-LiF interlayers, enhancement of PCE depended on the illumination
wavelength, suggesting that enhancement of the response electric field in the active layer
may better explain the phenomenon. Since the absorption profile of PCDTBT:PC,,BM (see
Figure 71) has a better spectral overlap with the LSPR emission profile of the sol-Au
interlayer (see Figure 42) than that of the P3HT:PC,BM blend (see Figure 70), the PCE

improvement was more substantial in PCDTBT:PC,,BM despite its thinner active layer.

3.5. Conclusion

In summary we have evaluated the performance of a PEDOT:PSS/ITO interface in a
polymer-based solar cell, by nanostructuring the ITO surface with sol-LiF nanoparticles
covering increasing areal density and sol-Au nanoparticles. We have determined the @ of
the modified ITO by PESA and observed an increase in @ with increasing coverage of sol-
LiF. FDTD simulations of stimulated LSPR response fields revealed that sol-Au interlayers
improve the absorption of active layer in the BHJ OPV devices we investigated. We have
incorporated the sol-LiF- and sol-Au-modified ITO anodes into P3HT:PC,BM and
PCDTBT:PC,,BM BHJ OPVs, and compared their performance with non-modified 1TO-
based control devices. Although the effect of nanostructuring did not significantly perturb
wetting of the PEDOT:PSS on the modified ITO surface, the presence of the sol-LiF
enabled tuning of the ITO surface @, via optimizing coverage of the ITO surface, and the
presence of the sol-Au improved the EQE and PCE of both BHJ OPV devices in the
vicinity of LSPR wavelength region.

In order to confirm that sol-LiF modified ITO anodes enable tuning of the device
performance, we have incorporated the nanostructured interlayers into BHJ OPV devices
based on two different types of BHJ polymer blends with significantly dissimilar highest
occupied molecular orbital (HOMO) levels, and analyzed the J-V and EQE device
characteristics. The optimized performances substantiated our first part of our hypothesis
and revealed different levels of sol-LiF deposition led to optimized device performances for
two different BHJ polymer blends. To rule out optical effects of sol-LiF and confirm the
sol-Au interlayer induced field enhancement, the external quantum efficiency (EQE)
profiles were evaluated. Revealing sol-LiF interlayer induced device performance increase
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had no spectral dependence unlike sol-Au interlayer induced improvements. Furthermore,
sol-Au interlayer induced field enhancement investigated using finite difference time
domain (FDTD) simulations. FDTD results, in order to compare the induced field
enhancement with correlated the findings in the EQE profiles for both types of BHJ

polymer blends.

We conclude that the significantly improved PCE in both types of devices, was consistent
with an improved electronic hole collection efficiency resulting from optimized energy
level alignment between PEDOT:PSS and the modified sol-LiF anode. Our results confirm
that sol-LiF can be used to tune the surface @ of ITO for improved energy level matching
with other contact layers and enhance the hole extraction efficiency and sol-Au can be
utilized to control the level of light intensity within the active layer to improve the effective
absorption of the active layer. As we hypothesized, dielectric sol-LiF interlayers improved
the OPV device performance through improving the energy level alignment. Evidently,
different levels of sol-LiF surface coverage show optimized device performance, due to the
different HOMO levels of the donor polymers in spite of the using identical hole transport
layer (PEDOT:PSS). In parallel, sol-Au interlayers significantly improved the device
performance through increased short circuit density in the expense of loss in the fill factor
implying increased charge generation rate. However, a more detailed characterization was

in need for decisively identify the underlying improvement mechanisms.
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CHAPTER 4:IMPEDANCE SPECTROSCOPY OF OPVS
WITH NANOSTRUCTURED INTERLAYERS

4.1. Introduction

The hypothesis that we had addressed in the focused study in this chapter was that the
mechanisms contributing to improved performance in devices with nanostructured
interlayers at the ITO anodes can be elucidated by in-operando impedance spectroscopy
(1S) analysis. To validate, we analyze the IS data measured from the devices presented in
Chapter 3, by fitting the parameters to an equivalent circuit and evaluating the
photophysical dynamics—e.g., hole transport, charge separation, and mobile charge carrier

generation rates.

Impedance spectroscopy (IS) is a non-destructive small perturbation technique for
monitoring the dynamics in an electrochemical system. Recently, this technique has been
applied toward probing photoelectrochemical response in organic photovoltaics.*” In IS,
low amplitude alternating current (AC) signal is applied to probe charge carrier dynamics,
recombination kinetics, diffusion mechanisms and the density of states in both in-situ and
dark conditions. The Cole-Cole plots of OPVs typically consist of a dominant semi-circle
arc at low frequencies, associated with the recombination of photogenerated charge carriers
within active layers. At higher frequencies, transport and series resistances determine the

impedance behavior, in addition to the dielectric response.

The measured capacitance in OPVs consists of multiple contributions: 1) the geometrical
capacitance, which arises from the depletion layer between the opposing electrodes, and 2)
the chemical capacitance, which can also be thought of as the electrochemical potential
originating from photogenerated charge carriers at BHJ interfaces.*”! In order to analyze
the individual OPV operating mechanisms, several different forms of equivalent circuit
models have been proposed.®? IS enables the evaluation of BHJs, interlayers and interfaces
in terms of their individual roles and impacts in OPV operation, such as charge extraction
efficiency, charge transport efficiency, global charge mobility, recombination and trap

assisted losses.
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Herein we present how IS can be applied for analyzing to investigate nanostructured anode
interlayers. In this study, we used IS to validate the possibility for engineering not only
energy level alignment, but also i) hole selectivity improvement with dielectric
nanostructured interlayers; ii) charge carrier generation rate improved with plasmonic metal
nanostructures; and iii) recombination/transport kinetics. We have analyzed two different
interlayers, each with distinct dominant physical interactions with bulk heterojunction
polymer blends: i) nanostructured LiF interlayers for surface work function tuning of the
ITO anode to improve charge carrier extraction™ and ii) nanostructured Au
interlayers®>¥ for plasmonic field enhancement within the BHJ to improve charge
generation. Diblock copolymer micelle nano-reactors?®*® were utilized for the synthesis of
nanostructured layers to provide monodisperse size control and enable quasi-ordered array
formation for uniform deposition (Figure 72 and Figure 73). Two different traditional BHJ
polymer blends were used as the model systems: P3HT:PC,BM (1:0.6) and
PCDTBT:PC,,BM (1:4). The difference in the highest occupied molecular orbital (HOMO)
levels of P3HT (-5.2 eV)*® and PCDTBT (-5.5 eV)" donor polymers enables us to probe
the effects of work function tuning by sol-LiF interlayers at optimized surface coverage.
Different spectral absorption profiles of two BHJ blends enabled us to compare the extent
of plasmonic field enhancement of sol-Au interlayers. By applying IS analysis, we were
able to distinguish the effects of each nanostructured interlayer on charge
generation/recombination kinetics and charge transport/collection kinetics in BHJ OPVs.
We have not only observed an improvement in the performance of each type of device, but
also identified the actual mechanisms resulting in the improved performance by using IS.
Our results justify continuing research on organic photovoltaics, given the advantages and

drawbacks hampering efficiency.

This chapter of the thesis is mainly based on our recently accepted publication. H. Kurt &
C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to
the nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 72. SEM micrographs of sol-Au nanoparticles (left) and sol-LiF nanoparticles
(right) after a single deposition on a silicon wafer. The scale bar represents 200 nm. H. Kurt
& C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to
the nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Figure 73. SEM micrographs of sol-Au nanoparticles (left) and sol-LiF nanoparticles
(right) after a single deposition on ITO coated glass. The scale bar represents 200 nm. H.
Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics
due to the nanostructuring of anode interlayers in organic photovoltaics. Physica Status
Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Impedance spectroscopy became a well-established technique in dye-sensitized and organic
photovoltaic cells in recent years,*’*®*°! and several informative reviews are available in
the literature.®™ Here we will briefly introduce only the key concepts of IS directly relevant

to our analysis and explain the methodology that we have used.
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For IS analysis, a DC bias is applied with the superposition of a low amplitude AC signal
across a frequency range. The AC signal should be small enough to probe the differential
information from the density of states and quasi-Fermi level of the photovoltaic cell.
Resistance (Z’) represents the measure of difficulty as the current travels through the
conductor. Reactance (Z’’) represents the opposition of a circuit element — e.g. capacitor —
to the change in the current or voltage The equivalent-circuit method (Figure 74) is used to
fit the distributed resistor-capacitor and resistor-constant phase element components

collectively within the system.

In order to compare only the contributions of the modified interlayers to the charge
dynamics, the series AC resistance (R;) of the OPVs are first subtracted, thus removing the
geometrical capacitance (C,), which arises from the polarization between the anode and
cathode, with the dielectric layer being the polymer blend (having a relative permittivity, &
~ 3),[61

E0ErA
C, = OT 1)

where & is free space permittivity, A is the area of the device, and d is the active layer

thickness.

In the resulting Cole-Cole plots, the characteristic dominant low-frequency arc represents
the recombination dynamics in the device, while the smaller higher frequency arc
represents the charge transport events, which are faster in nature. To analyze the
recombination dynamics represented by the low frequency arc, a parallel circuit is used,
consisting of a resistor and a constant phase element. The constant phase element approach
is used to represent the BHJ domains as distributed circuit elements with individual time
constants.'® For the higher frequency arc, transport resistance (R,) and capacitance (C,)

circuit elements are used.
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Figure 74. The equivalent circuit model used for our IS analysis. H. Kurt & C.W. Ow-
Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

The chemical capacitance (C,) originates from the polarization of charge carriers generated
at the BHJ interfaces. C, represents the increase in mobile charge density, n, and can be
measured from the changes in n at quasi-Fermi level (Ef), since it directly affects the

density of the states as
W= g, = 44 g, @)

where g represents the unit electronic charge, Q the total charge, and d the active layer
thickness. By integrating the differential changes in C, over the applied bias range, one can
determine the number of charge carrier of the system as in Equation (3). However, since the
applied bias does not affect the quasi-Fermi level directly, a proportionality constant, «, is
used for relating the applied bias to the shift in the quasi-Fermi level. Since electron and
hole mobilities are significantly different in P3HT:PC¢,BM and PCDTBT:PC,,.BM systems,
for example appropriate « constants can be utilized to relate the quasi-Fermi level to the
applied bias. The initial number of charge, no, is approximated from the charge carrier flux

at short-circuit condition using J..R,C./qd.
1 1
nzafCMdEF+n0=q—dfC#adV+n0 ?3)

The transport lifetime, 7z, and recombination lifetime, 7., are extracted from fitting an

equivalent circuit model to the overall system in the frequency domain by Equation (4) and

(5):

71



Tty = Cor Ry (4)

Trec = CuRrec (%)

The recombination lifetime value can then be combined with the number of charge carrier

to extract the recombination rate, k..., and recombination order, J, as below:

n—ngy

krec = Troc(m) (6)
— dlog(kyec)
0 = dlog(n) (7)

Meanwhile, the transport lifetime is used to estimate the global charge mobility, x, in the

system as:
d2

= . 8

H Voc Ttr ( )

4.2. Experimental

Experimental procedure was implemented to ensure the linearity, causality and stability
conditions. Linearity of the impedance response was carefully analyzed using different AC
pertubation amplitudes. The applied AC amplitudes were confirmed to be small enough to
assure linear response. Causality was confirmed by examining the solar cell response
before and after impedance measurements. Stability of impedance response of solar cells

were validated by three consecutive measurements.

Equivalent circuit modelling was performed using ZView and EIS analyser softwares. The
initial value of series resistance (R,) was extrapolated from impedance response at high
frequency region. Initial value of R.. and C, was obtained using the low frequency arc of
the impedance response. The model fitting procedure was continued until reaching highest

of 5% error.
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4.3. Results & Discussion

Our previous studies have shown that nanostructured interlayers could improve the OPV
performance by lowering the probability of recombination for the mobile charge carriers.?”
In this work, we perform detailed analyses of the recombination and transport kinetics in
order to understand more precisely the mechanisms by which the nanostructured interlayers
hinder recombination and facilitate charge transport. To this end, we have evaluated OPV
devices with anodes modified by sol-LiF and sol-Au interlayers. We performed IS analysis
on the devices and applied the equivalent-circuit model shown in Figure 74, in order to
decouple the recombination and transport kinetics and extract the contributions to these
parameters from the modified interlayers. Finally, from the insights revealed by these
transport processes we deduce the different physicals mechanisms resulting in improved

OPV characteristics.

Nanostructured sol-LiF and sol-Au interlayers were deposited on ITO anodes (Figure 73).
The surface coverage of sol-LiF nanoparticles was controlled by sequential spin coating
alternating with plasma etch removal of the polymeric material. For P3HT:PC4BM devices,
an optimized sol-LiF coverage of 7.6% resulted in a work function of 5.12 eV at the ITO
electrode. For PCDTBT:PC,,BM devices, an optimized sol-LiF coverage of 10.8% yielded
a work function of 5.27 eV. The optimized device performances were attributed to
improved energy level alignment of the HOMO level of the PEDOT:PSS hole transport
layer (HTL) to the anode. Only a single deposition of sol-Au interlayers was investigated to
maintain the level of uniformity and order of the nanoparticles array effectively. A thin (30-
40 nm) layer of PEDOT:PSS (-5.1 eV HOMO)!®! was still used to improve the planarity of
the electrode surface. The device characteristics of the P3HT:PC,BM and
PCDTBT:PC,.BM OPV devices with modified and unmodified interlayers are summarized
in Table 7. Sol-LiF interlayers improved the overall device characteristics for both BHJ
types, but the improvement is mainly attributed to an increase in short-circuit current
density and fill factor. On the other hand, the fill factor change in the sol-Au interlayers
were not correlated in both types of BHJ OPVs. For P3HT:PC,BM BHJ devices, a slight
increase was observed in the J., the open-circuit voltage (V,.) and the fill factor (FF), while
in the PCDTBT:PC,,BM BHJ devices, the short circuit current density was improved by
30%, countered by a decrease in the fill factor from 46.5% to 40.6%.
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The sol-Au interlayer on glass surface exhibited a localized plasmon resonance (LSPR) at a
wavelength of 550 nm in the absorption spectra (Figure 75a), while Finite Difference Time
Domain (FDTD) simulations of the sol-Au interlayer revealed similar extinction
characteristics (Figure 41). The external quantum efficiency (EQE) characteristics of the
devices investigated are presented in Figure 75b and Figure 75c. The devices containing
sol-LiF interlayers showed a uniform increase in EQE over all wavelengths. However,
devices modified by sol-Au interlayers showed significantly improved EQE in the 550-625
nm wavelength range for both BHJ types. The improvements in EQE and in J,, for the
PCDTBT:PC,,BM devices were more dominant than in the P3HT:PC,BM ones, which was
consistent with the absorption tail of the PCDTBT blend stretching out to 700 nm, whereas
that of the P3HT blend depleted at 650 nm. Moreover, FDTD simulations of sol-Au
interlayers within the actual device geometry further revealed that sol-Au interlayers both
enhanced the stimulated response electric field intensity within the active layer and
improved the degree of absorption of the incoming electric field.*®! The spectral
dependence of active layer absorption was improved in the 560-630 nm spectral range, as
shown in Figure 63 and Figure 64.

Table 7. The device characteristics of interlayer-modified and reference P3HT:PCgBM
and PCDTBT:PC;,BM OPVs under AM1.5G illumination. H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the

nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

BHJ Type Interlayer J, Ve FF n

[mMAcm?] [mV] [%] [%]

P3HT:PCs(BM - -7.04 492 45.0 1.56
sol-LiF -8.06 496 48.3 1.93
sol-Au -1.44 508 45.5 1.72
PCDTBT:PC,.BM - -6.66 820 46.5 2.54
sol-LiF -7.81 824 47.8 3.08
sol-Au -8.69 823 40.6 2.90
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Figure 75. a) Absorption spectra showing the colloidal gold nanoparticle response,
compared to the EQE of b) P3HT:PC,BM control device, compared to ones with either a
sol-LiF interlayer (red circles) or a sol-Au interlayer (blue triangles) and c)
PCDTBT:PC,,BM. H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the
photophysical dynamics due to the nanostructuring of anode interlayers in organic
photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

The impedance response of the P3HT:PC4,BM devices with and without modified anodes
are summarized in Figure 76. Devices with sol-Au and sol-LiF interlayers exhibited
significantly lower resistance (Z’) and reactance (-Z’’). The frequency response of the
reactance showed a dominant low-frequency and minor high-frequency loss mechanism.®*
We assigned the dominant low-frequency loss mechanism as recombination losses within
the BHJ. As for the minor high-frequency loss, we attributed that mechanism to be

transport-related losses within the BHJ and the contacting interlayers.

4.3.1. Recombination Lifetime

The time constants for each of loss mechanism can be converted from the angular
frequency response plots. Because recombination generally dominates the impedance
response of an OPV device, the recombination-related time constant, ze, which
corresponds to the average time between recombination events, represents the product of
recombination resistance and capacitance. The value of 7. can be approximated directly

from the frequency plot of the impedance response.
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Figure 76. The impedance response of the reference (Ref) device, the sol-LiF device (sol-
LiF, red circles), and the plasmonic gold enhanced device (sol-Au, blue triangles) a) Cole-
Cole plot of resistance (Z’) and reactance (Z’’) b) Frequency dependence of reactance (Z’’).
No DC bias applied. H. Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the
photophysical dynamics due to the nanostructuring of anode interlayers in organic
photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

Although the recombination resistance (R...) of photovoltaic cells with modified interlayers
was significantly lower in comparison to the reference devices, the substantial improvement
in device characteristics suggests that the recombination resistance alone may not be solely
responsible for the improved power conversion efficiency (PCE) in devices with modified
interlayers. When the charge carrier concentrations increased in an operating device, the
probability of mobile charge carriers interacting with each other would have increased as a
result, and also lowered the recombination resistance. This behavior was manifested by the
improvement in J,,, despite the drop in R.., and was consistent with the variation in R, at
low bias (Figure 77a and Figure 77b). When the applied voltage approached the V., the
devices with modified interlayers showed a higher recombination resistance than the
reference devices, indicating that the drift current dropped at such a relatively high applied
bias. As a consequence, the probability was lowered for mobile charge carriers to reach
their respective electrodes. In contrast at low drift currents, it appeared that the modified
interlayers improved the recombination resistance and lowered the recombination losses, by
either sweeping the mobile charges more quickly away from the BHJ (toward the
electrodes) or increasing the mobile charge carrier density.®® To differentiate between
these two possible mechanisms, it is not sufficient to monitor the recombination resistance
alone to determine the effects of the modified interlayers on recombination processes.
Instead, the charge carrier density and charge carrier lifetime profiles should also be

considered, via analyzing the chemical capacitance.
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Figure 77. Recombination resistance (R..), chemical capacitance (C,) and recombination
lifetime (z..) vs. applied bias (V.,,,) for the P3HT:PC,BM devices (a, ¢, and e respectively)
and PCDTBT:PC,,BM devices (b, d, and f respectively). H. Kurt & C.W. Ow-Yang,
Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

The chemical capacitance (C,) of an OPV device represents the generation of mobile
charge carriers at the BHJ by either photoexcitation or injection in the dark and the
resulting induced polarization. The separation of bound excitons also induces a measurable

polarization within the active layers. Thus, C, provides valuable information on how the
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modified interlayers affect charge separation and generation in the steady state. For
example, the AC voltage superposed on the applied DC bias enables probing the density of
states of the polymer blend differentially.*”! For both BHJ type devices, the C, values
extracted over the applied bias voltage are presented in Figure 77c and Figure 77d. The
increase in C, between 0.25-0.5 V applied voltages could be attributed to oxygen doping of
mid-gap states due to the ambient processing of P3HT:PC,BM cells. Since the
PCDTBT:PC,,BM polymer blend has a substantially lower potential for oxygen
susceptibility, the C, profile was more monotonic. The chemical capacitance for both types
of OPVs dramatically increased until the applied bias was comparable to the magnitude of
the V, and saturated as the density of states overlap was diminished.’® For both
P3HT:PC,,BM and PCDTBT:PC,,BM OPVs, sol-LiF and sol-Au interlayers improved the
chemical capacitance over all bias voltages, suggesting that exciton dissociation was more
efficient and the separation of the mobile charges generated was better maintained. While
the plasmonic sol-Au interlayers showed superior charge separation/generation for devices
of both polymer blends, owing to the enhanced field intensity within the active layer,'*” the
dielectric sol-LiF interlayers provided a higher level of C, improvement in P3HT:PCgBM
OPVs in comparison to PCDTBT:PC,,BM, due to better energy level alignment with the
HOMO level of P3HT. The result is due not only to improved charge extraction, but also to
the generation of a higher concentration of mobile charge carriers, as the internal bias

potential is shifted so as to better facilitate exciton separation.

Coming back to the recombination lifetime, 7. represents the elapsed time between
recombination events and is a fundamental characteristic representing directly the Kkinetics
of all recombination processes overall, including recombination behavior and charge
separation. As we were probing devices under operation, 7., provided valuable insight on
charge statics and dynamics under steady-state conditions. In the P3HT:PC,,BM OPVs, the
average lifetime of charge carriers was 68 ps under short-circuit conditions. Sol-LiF and
sol-Au interlayers improved the average lifetime value to 74 and 76 ps respectively (Figure
77e). Increasing the applied voltage further revealed that the sol-LiF interlayers extended
the charge carrier lifetime. On the other hand, both interlayers showed a lower
recombination lifetime profile in the PCDTBT:PC,,BM blend below 0.7 V applied bias
(Figure 77f). Considering the fullerene ratio*? and thinner’® nature of PCDTBT:PC,.BM
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blend, the PC,,BM domains have a higher percentage of contact with the modified
interlayers, which could increase the recombination flux and lower the recombination

lifetime as a consequence.
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Figure 78. Mobile charge carrier density (n) vs applied bias (V.,,) for the a) P3HT:PCBM
devices and b) PCDTBT:PC,,BM devices. Recombination lifetime (z.) vs. mobile charge
carrier density (n) for the c) P3HT:PC4,BM devices and d) PCDTBT:PC,,BM devices. H.
Kurt & C.W. Ow-Yang, Impedance Spectroscopy Analysis of the photophysical dynamics
due to the nanostructuring of anode interlayers in organic photovoltaics. Physica Status
Solidi A. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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4.3.2. Charge Carrier Density

The charge carrier density in Figure 78a and Figure 78b was obtained by integrating the
chemical capacitance over applied voltage. The initial charge carrier density (n,), i.e. under
short-circuit conditions, was extracted using the charge carrier flux (J,/qd) under one sun
and the transit time.!®®! While the mobile charge carrier concentration had increased with
applied bias in all devices, the higher concentration values were observed in both of the
BHJ type devices containing sol-Au modified interlayers. We attributed this trend to field
enhancement within the active layer, even though the charge carrier lifetime profile was
inferior to the reference devices. The plasmonic improvement of sol-Au interlayers was
more pronounced in PCDTBT OPVs due to more overlap between the LSPR and the EQE
characteristics of PCDTBT:PC,,BM blend.l"® In contrast, no charge carrier increase was
observed in the sol-LiF-modified OPV’s spectral response profile, since they do not exhibit

plasmonic response in the visible spectrum.!*®!

In comparison to reference devices, both sol-LiF and sol-Au interlayers induced a higher
number of mobile charge carriers. Sol-Au interlayers achieved this improvement through
plasmonic field enhancement, while sol-LiF interlayers improved the separation of exciton
pairs through induced polarization at the anode and more favorable anode energy alignment

with donor polymers.

It appeared that the mobile charge carrier concentration and recombination lifetime were
the two key parameters determining device performance. For both BHJ types, two different
regimes of charge carrier concentration and recombination lifetime were revealed (Figure
78c and Figure 78d). The intersection of these regimes coincided approximately with the
maximum power point (MPP) of the device characteristics. The P3HT:PC4,BM OPVs with
modified interlayers showed a higher recombination lifetime for substantially higher charge
carrier concentrations in comparison to the reference cells. In the case of the
PCDTBT:PC,.BM OPVs, the reference devices showed a higher lifetime at low charge
carrier concentrations compared to the sol-LiF modified devices. However, in the high
charge carrier concentration regime, the sol-LiF modified devices increasingly surpassed
the carrier lifetime of the reference devices Clearly, the charge extraction plays a vital role

in extending apparent recombination lifetime. Moreover, without adversely impacting the
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recombination lifetime, the charge carrier concentration of sol-Au interlayers improved the

drift current.[®?

4.3.3. Recombination Rate and Order

The recombination rate (k.) encompasses all of the effects of recombination-related
losses, /"™ and analyzing k.. enables us to evaluate the correlated behavior of n-n, and 7.,
(Equation 6). For applied biases below V., the reference devices showed a lower
recombination rate in comparison to devices with modified interlayers. Above V., the
devices with sol-LiF modified interlayers showed a lower recombination rate as shown in
Figure 79a and Figure 79b. Even though the recombination rate results suggested that
modified interlayers increased recombination, one should always consider the generated
charge carrier density in parallel. The improvement in charge carrier density was
extrapolated from the chemical capacitance and the short-circuit current; it suggested that

PCE had improved as a result of lower recombination losses.!’”

The recombination order (o) (from Equation 7) provides insight into the dominant
recombination mechanism. 6 = 1 indicates that recombination of mobile charge carrier
occurred via deep traps within the band gap. 6 = 2 is associated with the bimolecular
recombination of mobile electrons and holes within BHJ. ¢ > 2 implies significant surface
recombination and non-ideal carrier gradients due to interfacial heterogeneity especially in

considerably thin devices, which interfaces plays a vital role./™

In the P3HT:PC4,BM BHJ OPVs, due to induced field gradients and surface recombination
at the BHJ interfaces resulting from oxygen doping, the sol-LiF interlayers lowered the
recombination order in Figure 79c and Figure 79d, indicating improved charge carrier
density and faster charge carrier collection rates, attributed to favorable energy alignment
between the PEDOT:PSS and modified ITO anode. At low applied voltages, the dominant
mechanism was trap-mediated recombination in sol-LiF modified devices. However, at
biases closer to the MPP, bimolecular recombination dominated the recombination
behavior. On the other hand, sol-Au interlayers induced mainly bimolecular recombination,
attributed to improved plasmon-enhanced charge carrier density at low applied voltages. At
biases higher than the MPP, the oxygen-filled mid-gap states lead to an increase in surface
recombination, most likely at the BHJ/electrode interfaces. In the PCDTBT:PC,,BM BHJ
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devices, the recombination order levels remained below 5, owing to the low oxygen
susceptibility of the PCDTBT:PC,,BM blend. Both sol-LiF and sol-Au interlayers lowered
the recombination order, and bimolecular recombination was the dominant mechanism over
the range of 0 V up to V,—consistent with the dipole field of the sol-LiF interlayers
decreasing the Coulombic attraction of holes to the ITO anode and repelling mobile
electrons to the Al cathode. The electric field gradient was compensated at the sol-LiF
interlayers and lowered the recombination losses closer to the MPP point. Further lowering
of the recombination order was achieved by sol-LiF interlayers (Figure 79c and Figure
79d).
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Figure 79. Recombination rate vs. applied bias for the a) P3HT:PC4,BM devices and b)
PCDTBT:PC,,BM devices. Recombination order vs. applied bias for the ¢) P3HT:PC,,BM
devices and d) PCDTBT:PC,,BM devices. H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.
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4.3.4. Charge Transport Kinetics and Mobility

In order to analyze the charge transport kinetics, we evaluated the charge transport lifetime
(z), which was extracted from the high-frequency arc of the impedance response of the
OPVs. This average time between mobile charge generation and transport to the electrodes
represents the mobility within the BHJ and the charge extraction rate. The transit time can

be decomposed into two components—transport resistance and transport capacitance.

The transport resistance indicates the ease of charge collection through the electrodes, i.e.
hindrances to mobility from all interfaces and layers. The reference and sol-Au modified
devices showed comparable transport resistance over all applied biases (Figure 80a and
Figure 80b), while devices with sol-LiF interlayers showed transport resistance of an order
of magnitude lower. In P3HT:PC¢BM BHJ OPVs, improvement in the sol-LiF modified
devices is consistent with more efficient hole extraction, due to work function modification
of ITO by the sol-LiF interlayers, which facilitated an improved energy level alignment
between HOMO level of the PEDOT:PSS HTL and ITO anode.*d However, in
PCDTBT:PC,,BM devices, the dominant mobile charge carriers were electrons, owing to a
lower (1:4 vs 1:0.6) donor:acceptor ratio. As the anode interlayers determined
improvements in PCE, the hole carrier dynamics would be more strongly affected, with
limited impact on the electron behavior, in the P3HT:PC,BM OPVs.2
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Figure 80. Transport resistance (R,), transport capacitance (C,) and transport lifetime (z,)
vs. applied bias (V,,) for the P3HT:PC,BM devices (a, c, and d respectively) and
PCDTBT:PC,,BM devices (b, d, and f respectively). H. Kurt & C.W. Ow-Yang, Impedance
Spectroscopy Analysis of the photophysical dynamics due to the nanostructuring of anode
interlayers in organic photovoltaics. Physica Status Solidi A. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

On the other hand, the transport capacitance originates from the polarization of mobile
charge carriers at interfaces and interlayers, prior to being extracted through their respective
electrodes. In parallel with transport resistances, the sol-Au modified and reference
P3HT:PC,BM devices showed similar characteristics, except at low applied voltages. Here

the polarization levels were slightly higher at low voltages, while the oxygen-filled mid-gap
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states perturbed the charge polarization around 0.3-0.5 V. In contrast, the sol-LiF
modified P3HT:PC4BM devices did not show the effects of significant mid-gap trap filling,
possibly due to the traps already having been oxidized. The PCDTBT:PC,,BM devices
showed similar characteristics for both types of interlayers. The transport capacitance
values were significantly smaller, suggesting faster charge extraction through the sol-LiF
interlayers. The lowered transport capacitance of sol-LiF interlayers is consistent with
lateral depolarization between sol-LiF particles, which lead to a lowered interfacial dipole

and better electron blocking.#*!

Table 8. The estimated mobility of interlayer-modified and reference devices at open
circuit condition under AM1.5G illumination from Equation (8). H. Kurt & C.W. Ow-
Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

BHJ Type Interlayer Transport Estimated
Lifetime  Mobility

[us] [em?Vs™t]

P3HT:PCgBM - 1.91 8.54x10”
sol-LiF  0.23 7.02x10™

sol-Au 221 7.23x107

PCDTBT:PC7BM - 3.87 1.54x107
sol-LiF 245 2.43x10°

sol-Au 4.79 1.24x107

Combining the insights revealed by the transport resistance and capacitance, we can now
evaluate the influences of the nanostructured interlayers on z,, which represents the average

time between extraction losses and is directly related to the extraction rate, collection
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efficiency, and mobility. Since the transport capacitance values were considerably smaller,
% was mostly dominated by the transport resistance. Sol-LiF interlayers provided an order
of magnitude lower 7, compared to sol-Au interlayers and the control P3HT:PC.,BM
devices (Figure 80e). On the other hand, z, was improved to a more limited degree in
PCDTBT: PC,,BM (Figure 80f). We attribute this difference to a mismatch of ~0.23 eV
between HOMO level of PCDTBT donor polymer and work-function of sol-LiF modified
ITO anode. We summarize the estimated level of global charge mobility in interlayer-

modified and reference devices for both BHJ types in Table 8.

4.3.5. Charge Recombination Probability

The competition between recombination and charge transport kinetics ultimately
determines the probability for charge carrier collection, prior to recombination. The
probability of charge recombination, » can be extracted from the ratio between the
recombination rate (k.), and extraction (k..)"® and represents the number of charge carriers

expected to recombine between each charge collection event:

1 1
krec X ) kext X — (9)
Trec Ttr
k T
_}/ OC rec OC tr (10)
k
ext Trec
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Figure 81. Fill factor (FF) of the photovoltaic cells vs. the estimated probability of charge
recombination, y, for each reference and interlayer-modified device. H. Kurt & C.W. Ow-
Yang, Impedance Spectroscopy Analysis of the photophysical dynamics due to the
nanostructuring of anode interlayers in organic photovoltaics. Physica Status Solidi A.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

The improved charge transport kinetics of BHJ OPV devices with sol-LiF interlayer
modification enabled lowering of the recombination probability between each transport
process. The lowered y strongly correlated with the fill factor of sol-LiF modified devices
in Figure 81. In the P3HT:PC,,BM OPV devices, the fill factor had increased to 48.3%,
whereas it remained at 45% for reference devices. For sol-LiF interlayers, an order of
magnitude drop in the recombination probability contributed to the improvement in fill
factor. On the other hand, sol-Au interlayers had increased the recombination probability
through increased charge carrier density within the device, particularly in
PCDTBT:PC,,BM devices. The increased recombination probability lowered the fill factor
from 46.5% to 40.6%.
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The surface dipole induced by the sol-LiF interlayers appeared to have facilitated exciton
separation and increased the density of mobile charge carriers within the devices. The
induced dipole field of sol-LiF increased the electric field gradient from the BHJ and
improved charge separation for the bias applied, leading to increased fill factor values.
Moreover, the induced dipole effectively repelled the mobile electrons and provided more
efficient electron blocking than the generic PEDOT:PSS HTL at the ITO anode. As a
consequence, the improved hole extraction efficiency and increased global transport rates

of mobile charges contributed to the substantially increased J.

On the other hand, the plasmonic enhancement of sol-Au interlayers boosted the charge
generation considerably through increased field density within the BHJ. However, sol-Au
interlayers contributed to poorer transport Kinetics and sub-par electron blocking properties.
The trade-off between the improved generation rate and the poorer transport properties led
to a significantly diminished fill factor, particularly in the case of PCDTBT:PC,,BM BHJ
OPVs. Even though the EQE profile of PCDTBT:PC,,BM BHJ was highly compatible with
the LSPR of the sol-Au interlayers, the work function of gold (5.1 eV) mismatched with the
HOMO level of PCDTBT donor polymer.

This work has clearly shown that IS is a powerful technigue that enables one to elucidate
the correlations between recombination and extraction events separately, rather than

tracking multivariate device characteristics such as fill factor.

4.4. Conclusion

We have evaluated two distinct nanostructured anode interlayers in two BHJ type OPVs in-

operando using impedance spectroscopy.

The sol-LiF interlayers tuning the work function of the ITO anode in P3HT:PC,BM and
PCDTBT:PC,,BM BHJ OPV devices were shown to have improved the energy alignment
of the modified ITO with the HOMO level of the HTL polymer. This improvement in
efficiency was uniform across the entire visible spectral range. By analyzing the impedance
response, we have established that the more favorable energy alignment facilitated charge
transport and extraction through decreased charge carrier transit lifetime, i.e. through

improvement of charge collection efficiency.
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The sol-Au interlayers evaluated in BHJ OPV devices with different spectral absorption
profiles, enabled comparison of the different degrees of overlap between the plasmonic
response of the sol-Au interlayer and the spectrum-dependent sensitivity of BHJ absorption.
The sol-Au interlayers improved J,, for P3HT:PC,,BM and PCDTBT:PC,.BM by 10% and
14% respectively, consistent with a corresponding increase in charge carrier density
revealed by IS analysis. Such an increase was a consequence of plasmonic field
enhancement within the active layers, supported by FDTD simulation studies showing that
the absorption was improved due to the field enhancement within BHJ active layer. IS
analysis also revealed that the increase in mobile charge carriers did not change charge

transit dynamics significantly, in comparison to the reference devices.

The competition between recombination and charge transport kinetics was revealed to be
the determining factor for changes in FF in the BHJ OPVs studied. The ratio of
recombination and charge transport rates showed a good correlation with the fill factors
achieved. IS revealed that the improved charge transport kinetics in the BHJ device can be
correlated to the location of the maximum power point (MPP) in device characteristics and
compensate for the increased recombination rate from increased charge generation. These
results show that IS can be an essential and unique tool to probe the functional anode
interlayers by decoupling their individual contributions to OPV performance. By analyzing
the charge carrier dynamics of nanostructured anode interlayers using IS, we have

demonstrated that the dominant improvement mechanisms can be distinguished.
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Chapter 5. Summary

We had begun the overall study described in this dissertation motivated by a hypothesis
that nanostructuring the interface between the ITO anode and the organics in BHJ
OPVs enable tuning device performance. Work function tuning could remediate the
problem of low hole collection efficiency in organic photovoltaics, which are hampered
by the energy mismatch at the anode interface. Meanwhile, tuning the photophysical

response spectrum of the interlayer can improve charge generation efficiency.

First, by using a diblock copolymer-based self-assembly technique, we had produced
sol-LiF and sol-Au nanoparticle dispersions on various surfaces to enable tunability of
surface properties of the anode. We had characterized the surface structure and
physicochemical properties of sol-LiF and sol-Au modified surfaces thoroughly. We
had contributed to the improvement of uniformity of sol-LiF dispersion at higher
deposition cycles, while limiting the surface roughness to below 8 nm, and
demonstrated that a higher number of sol-LiF depositions enabled achieving a surface

work function of -5.30 eV.

Additionally, we had observed that sol-Au nanoparticles can induce incoming electric
field enhancement in the close vicinity of their surfaces. Especially in thin film
photovoltaics, the improvement in absorption of sub-100 nm active layers is a
compelling imperative. Sol-Au nanostructure arrays on ITO surfaces could improve the
absorption of these thin layers of organic donor polymers in pursuit of the improved

photovoltaic device efficiencies.

Secondly, we had also demonstrated that dielectric sol-LiF interlayers improved the
OPV device performance through improving the energy level alignment. Evidently,
different levels of sol-LiF surface coverage show optimized device performance due to
the different HOMO levels of the donor polymers in spite of the using identical hole
transport layer (PEDOT:PSS). In parallel, sol-Au interlayers significantly improved the
device performance through increased short circuit density in the expense of loss in the
fill factor implying increased charge generation rate. However, a more detailed

characterization was in need for identifying the underlying improvement mechanisms.
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Thirdly, we established the use of IS analysis to elucidate the mechanisms by which the
nanostructured ITO anode interlayers improved BHJ OPV performance. The sol-LiF
interlayers tuning the work function of the ITO anode in P3HT:PC,BM and
PCDTBT:PC,,BM BHJ OPV devices were shown to have improved the energy
alignment of the modified ITO with the HOMO level of the HTL polymer. This
improvement in efficiency was uniform across the entire visible spectral range. By
analyzing the impedance response, we have established that the more favorable energy
alignment facilitated charge transport and extraction through decreased charge carrier

transit lifetime, i.e. through improvement of charge collection efficiency.

The sol-Au interlayers evaluated in BHJ OPV devices with different spectral absorption
profiles, enabled comparison of the different degrees of overlap between the plasmonic
response of the sol-Au interlayer and the spectrum-dependent sensitivity of BHJ
absorption. The sol-Au interlayers improved J, for P3HT:PC,BM and
PCDTBT:PC,,BM by 10% and 14% respectively, consistent with a corresponding
increase in charge carrier density revealed by IS analysis. Such an increase was a
consequence of plasmonic field enhancement within the active layers, supported by
FDTD simulation studies showing that the absorption was improved due to the field
enhancement within BHJ active layer. IS analysis also revealed that the increase in
mobile charge carriers did not change charge transit dynamics significantly, in

comparison to the reference devices.

Thus by these three sub-studies, we have proven that by nanostructuring the ITO anode
interlayer, the performance of BHJ OPVs can be engineered via tuning of the surface

work function and of the photoabsorption and emission behavior of the interlayer.
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Appendix

Impact of Polyvinylpyrrolidone on the photophysics of ZnO nanocolloids

Hasan Kurt, Ece Alpaslan, Bur¢in Yildiz, Alpay Taralp and Cleva W. Ow-Yang

Introduction

Zinc oxide remains to be a promising optoelectronic material due to its large direct band
gap and high exciton binding energy under ambient conditions. Currently, ZnO
nanostructures are utilized in wide range of application fields such as optical waveguides,
ultraviolet-visible emitting diodes, gas sensors and solar cells owing to their unique
quantum confinement properties. The photophysics of ZnO nanostructures heavily depend
on their surface defect chemistry. The surface defects induce ionic oxygen and zinc
vacancies depending on the synthesis and processing conditions. Polyvinylpyrrolidone is a
wide used homopolymer in various colloidal ZnO nanostructures synthesis such as
nanoparticles, nanorods, nanostars, nanoplatelets for shape-directed synthesis and surface
passivation. To limit the particle size in order to yield nanoparticle light emitters, ZnO
colloids can be synthesized in a polyvinylpyrrolidone (PVP)-containing polar solvent.”*
Because the emission characteristics, such as the relative density of photoactive surface
states,* have been shown to vary with the size of the particles and with PVP content,? PVP
appears to influence the nucleation and growth of ZnO colloids, and its conformation when
adsorbed on the ZnO surface may vary with polymer concentration.

The photophysics of ZnO/PVP nanocolloids was investigated thoroughly in the last two
decades. Research efforts were mainly focused on the blue emission from the ZnO colloids
coinciding with the auto-fluorescence of PVP around wavelength of 400 nm. The degree of
PVP stabilization can quench the trap-state emission and enhance near band-edge emission
in ZnO colloids. In this study, we investigate the conformation behavior of PVP chains on
the surface of ZnO nanocrystals. Thus, we have applied dynamic NMR techniques to
analyze solutions of PVP-modified ZnO colloidal nanoparticles, in order to monitor the
interaction between PVP, the ZnO particles, and the solvent molecules; and we interpreted
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the results in parallel with complementary investigations using dynamic light scattering,
ultraviolet (UV)-visible absorption spectroscopy, and fluorescence spectroscopy. Our
study revealed that high-density train conformation of PVP can significantly enhance UV
emission of ZnO nanoparticles at wavelength of 310 nm by passivating the surface trap
states.

Materials and Methods

Polyvinylpyrrolidone with an average molecular weight of 40,000 were obtained from
Sigma Aldrich. PVP-capped ZnO colloidal nanoparticles were synthesized using 4.6 mM
zinc acetate dehydrate (Zn(CH3COO)-2H,0, Merck, >99%) and 0.02 M sodium hydroxide
in 1-propanol in the presence of 0.05, 0.07 and 0.11 grmL™ PVP. Zinc acetate dissolved in
PVP containing 1-propanol solution vigorous stirring at 70°C. After the addition of sodium
hydroxide solution, mixture was stirred for 2 minutes at 70°C and quenched in an ice bath.
In order to remove the excess polymer from the solution, the mixtures were centrifuged at
125,216xg at 18°C for 90 mins (Beckman Coulter Optima Max TL, Indianapolis, IN,
USA).

Absorption profile of ZnO colloids were measured in the range of 200-700 nm with a
bandwidth of 0.5 nm using UV-Visible absorption spectroscopy (Shimadzu, UV-3150,
Kyoto, Japan). The absorption onsets were utilized to extrapolate the band gap energy of
ZnO colloids.

The fluorescence spectra were collected with Cary Eclipse Fluorescence Spectrophotometer
equipped with xenon flash lamp (Agilent, Santa Clara, CA, USA). Fluorescence contour
maps were measured with an excitation range of 230-520 and an emission range of 240-800
nm using Hellma Suprasil quartz cells. The near-band gap emissions and trap-state
missions were identified from fluorescence contour maps with respect to PVP-only
samples.

To determine the conformations of the adsorbed polymer on surface of ZnO nanoparticles,
dynamic nuclear magnetic resonance (NMR) methods were utilized. The PVP-capped
nanoparticle samples (100 pL) were dissolved in 0.5 mL of deuterium oxide (D,0, 99.9%).
NMR spectra were collected using Varian Unity Inova 500 MHz spectrometer (Varian

Unity Inova, Palo Alto, CA USA). The spectra were recorded at room temperature with a
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500 MHz, 1H-19F (15N-31P), 5 mm PFG, Switchable Probe. Proton NMR spectra were
acquired using custom solid and spin-echo sequences (32k data points, acquisition time
1.892 s, 90° pulse of 13.2 us width, 10 s repetition delay (z), and integrated over 16 scans).
The first pulse sequence used was 90°,——90°,—21, followed by another sequence 90°y 27—
180°,— 27-180°—27. 1D C NMR spectra were acquired using S2PUL sequence with proton
decoupling spectral width 32 kHz, acquisition time 1.3s, 90° pulse width of 10 ps, pulse

delay time of 5 s.

Chemical shifts were adjusted with respect to the resonance of water at 4.8 ppm. T; and T»
characteristics were recorded. Another set of experiments was designed to deduce the
contribution of PVP into the nucleation and growth of colloidal ZnO nanoparticles. This
experiment was repeated for two different polymer concentrations: 0.11 g/mL and 0.05
g/mL. In the first group, only PVP in the given two concentrations was dissolved in the
propanol solvent. In the second group, again the same amount of PVP was dissolved in 4.6

mM zinc acetate in propanol solution.

In order to verify coordination of PVP with Zn**, Fourier Transform Infrared Spectroscopy

(FT-IR) measurements were made (Thermo Scientific, Nicolet IS 10).

The hydrodynamic radii of the PVP-capped ZnO nanoparticles were determined by
dynamic light scattering (DLS) using Malvern Zetasizer Nano ZS (Malvern Instruments,
ZEN3600, UK) which was equipped with a 633 nm He-Ne laser and operated at an angle of
173° at temperature of 23 + 0.10°C. For DLS measurements, samples were diluted with
pure 1-propanol by ten fold and adjusted to 1 mL to eliminate multiple scattering events.
Data processing is performed bu NNLS algorithm using 45 measurement cycles for each

samples.

In order to evaluate the polymer-nanoparticle interaction, Fourier transform infrared
spectroscopy (Nicolet iS10, Thermo Scientific) was utilized. FTIR spectra were recorded in
attenuated total reflection (ATR) mode between 550 and 4000 cm™ by averaging 64 scans

with a resolution of 0.5 cm™.
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Results

In order to estimate the PVP-capped ZnO nanoparticle size, we used two complementary
techniques, UV-visible absorption spectroscopy and dynamic light scattering. From
absorption spectra, the relative shift in band gap due to quantum confinement can be
correlated to the particle radius, r. By extrapolating the linear part of the absorption onset
to baseline absorption,'* the band gap of the colloidal nanoparticles, Eg*, was determined
and compared to the band gap of bulk ZnO, E;”"*. The change in the band gap energy due

to quantum confinement was calculated using Equation 1.*

« _ pbulk , BPm?( 1 1 1.8e2 0.124e* 1 1 \?! .
E; = Eg"" + + — + -] (Equation 1)
h

9 2r2 \memy memy, Ame gqr  h2(4mergg)? \memy;  mom

Where mq is mass of an electron, g is permittivity of vacuum, 7 is reduced Planck constant,
m. is effective mass of a conduction band electron (me = 0.26), my " is the effective mass of

a valence band hole (m;, = 0.59), and ¢, is the dielectric constant of ZnO (g, = 8.5)."

Table 1 summarizes the average hydrodynamic radius of the particle population and
estimated nanoparticles size by absorption onset. Analysis of dynamic light scattering of
PVP-capped ZnO nanoparticles revealed that increasing PVP concentration actually
significantly reduced the hydrodynamic radii of ZnO nanoparticles. In fact, the difference
between ZnO nanoparticle size estimated from absorption spectra and hydration shell of
ZnO nanoparticles converged at 0.11 g-mL™. ZnO nanoparticle batches devoid of PVP
presence showed slightly larger estimated radius however hydrodynamic radius of bare

ZnO nanoparticles showed dramatically larger hydration shell radius.

Table 1. PVP-capped ZnO nanoparticle size and hydrodynamic radius at different polymer
concentrations.

Polymer Estimated Hydrodynamic
Concentration Radius [nm] Radius [nm]
[gmL7]

0 2.74 91

0.05 2.09 2.93

0.07 2.06 2.49

0.11 1.84 2.08
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Figure 1. FTIR of C=0 bond stretch in different PVP concentrations and without ZnO
nanoparticles.

As shown in Figure 1, the carbonyl bonds of PVP (C=0) has a resonance at 1662 cm’
Ywhich was observed by FT-IR. When ZnO was synthesized in the presence of PVP, the
resonance of the C=0 in PVP shifted to 1665 cm™.
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Figure 2. Contour Diagrams of Excitation and Emission Profiles of PVP only (a), PVP-
ZnO colloidal solutions with PVP concentration of 0.05 g-mL™ (b), 0.07 g-mL™ (c) and
0.11 g-mL™ (d).

The excitation-emission profile of pure PVP solution show a single dominant peak of
emission at wavelength of 400 nm upon an excitation at wavelength of 325 nm. PVP

polymer showed similar contour profile over all PVP concentration in the presence of ZnO
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nanoparticles. ZnO nanoparticles showed distinctly diverse excitation-emission profiles
depending on the concentration of PVP in the solution. At 0.05 g-mL™ concentration of
PVP, ZnO nanoparticles emitted a strong yellow luminescence at the peak wavelength of
560 nm upon an excitation at wavelength of 316 nm. Also, two minor emission centers
were recorded at wavelength of 446 nm under excitation of 378 nm and at wavelength of
488 nm under excitation of 418 nm. These emission readouts were discarded from the
analysis due to their resemblance to Xenon flash lamp emissions. At 0.07 g-mL™
concentration of PVP, ZnO nanoparticles emitted a green luminescence at the peak
wavelength of 518 nm upon an excitation at 331 nm. The green emission at 0.07 g-mL™* was
lower in intensity in comparison to yellow emission at 0.05 g-mL™ concentration of PVP.
However, a distinct UV emission was observed at emission peak of 310 nm under
excitation of 274 nm. UV emission of 310 nm was also observed in 0.05 g-mL™ PVP-ZnO
colloidal solution with complete disappearance of green and yellow emissions. In the
presence of ZnO nanoparticles, excitation-emission profile of PVP was also shifted toward
lower excitation wavelengths in relation to emergence of UV emission at wavelength of
310 nm.

In order to evaluate the chemistry of the PVP-ZnO colloidal solution, proton (*H) and
carbon (**C) NMR analysis was performed. Figure 3 shows the *H-NMR spectra of the
0.11g/mL PVP-functionalized ZnO nanoparticles dissolved in D,O (the full spectrum can
be seen in Figure S2 of the Supporting Information). Each carbon atom in the pyrrolidone
ring is associated with a unique hydrogen atom, which is labeled according to their position
in Figure 5. As shown in Figure 3, each pyrrolidone hydrogen nucleus reaches resonance at
chemical shifts consistent with the previous results of Sesta, et al,'® with the 'H-NMR
(PVP-functionalized ZnO nanoparticles in D,0) peaks at 6,= 3.64, &4 = 3.30, &, = 2.31, 33
=2.01, 6 = 1.73. Figure 4 shows the B3C-NMR spectrum of the same sample. Each carbon
of the pyrrolidone (Fig.4) reaches resonance at chemical shifts consistent with the previous
results of Lipowsky, et al.l’? with the *C-NMR peaks at 8; =176.5, 8,= 45, 8, = 43, 83 =18,
dg =35, 62 = 32. In addition, the spectra also showed the —-CH, and —CHj3 resonances of the
1-propanol solvent (in which the colloidal particles were synthesized) and —OH resonance
of the residual H,O of D,O (which is the NMR solvent). Table 2 summarizes the identity
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and location of each resonance peak for the solvent in both the proton and the *C-NMR

spectrum.

3.7 34 3.1 23 2.0 1.7
(ppm)

Figure 3. Proton NMR spectra of ZnO particles precipitated in PVP of the concentration
0.11g/mL in D,O. Peak labels correspond to the H associated with distinct locations in the
vinylpyrrolidone mer.
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Figure 4. Carbon NMR spectra of ZnO particles precipitated in PVP of the concentration
0.11g/mL in D,0O. Peak labels correspond to specific carbon atoms in the vinylpyrrolidone
mer.

Table 2. Chemical shifts of resonance peaks correlated to the solvent structure in the
solution of ZnO particles precipitated in PVP at a concentration 0.11g/mL in H,O.

Chemical 'H Chemical 3¢ Chemical
Species Shift [ppm] Shift [ppm]
-OH 4.80

-CH, (A) 358 64.25
CH; (C) 157 25.89
-CH, (D) 0.88 9.98
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Figure 5. The structure of a vinylpyrrolidone mer

Both the spin-lattice interaction dynamics (represented by the T; value) and the spin-spin
coupling dynamics (represented by T,) of the solvent were also monitored for the PVP-
functionalized nanoparticles that had precipitated in each different polymer concentration.
For each of the 'H resonance shifts of solvent molecules identified in the Supporting
Information, a decreasing trend for T; relaxation response to the pulsed NMR field
correlating with polymer concentration is observed with the increasing polymer
concentration. In the case of the T, response, only the —-CH, and —CH3 showed a discernible
increasing trend with varying functionalizing polymer concentration. Full tabulated values

for T, and T, relaxation data is provided in Supporting Information Table S1 and Table S2.

The *3C-resonance shifts were identified for each C in the propanol molecule, in addition to
both spin-lattice and spin-spin relaxation characteristics. For both T; and T, relaxation
times, we observed an increasing trend with increasing polymer concentration (Supporting
Information Table S3 and Table S4).

Discussion

PVP-capped ZnO nanoparticles showed higher colloidal stability than the bare ZnO
nanoparticles. Bare ZnO particles exhibited a strong tendency to agglomerate and their
hydrodynamic radius remained significantly larger than the absorbance-estimated radius.
The difference between absorbance-estimated and hydrodynamic radii lowered as the PVP
concentration increases suggesting PVP chains have varying levels of adsorption on surface
of ZnO nanoparticle. At 0.05 g-mL™ of PVP concentration, hydrodynamic radius exhibited
almost a nanometer larger values suggesting dangling polymer chains on the nanoparticles
surface and effectively increasing solvent hydration shell. Higher concentrations of PVP
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concentrations led to more strongly adsorbed polymer layers on nanoparticle surface

suggesting loops and train formations and higher level of passivation.

Time domain NMR spectroscopy enabled us to elucidate the influence of polymer
concentration on particle growth, by distinguishing the responses of individual *H nuclei to
an applied magnetic field. As sample preparation for probing the NMR response
necessitated combining the propanol solution of PVP-functionalized ZnO nanoparticles
with deuterium oxide, the actual NMR sample consisted of PVP adsorbed onto ZnO
nanoparticles, with the PVP molecules (and the exposed ZnO surface) well-solvated by
propanol and some residual H,O in the 99.9% pure deuterium oxide. The H-NMR
response thus comes from the hydrogen nuclei of PVP, of propanol, and of H,O. As the
relaxation time of the *H nuclear spin for the —CH, of propanol decreased with increasing
polymer concentration, the loss of mobility in higher polymer concentrations suggests that
propanol and water molecules become less trapped—i.e., more mobile—in a denser

polymer network.

Both the 'H- and *C-NMR results showed that —CH3 (D) resonance of propanol (See
Supporting Information Figure S1) appeared at lower ppm values—at 0.88 and 9.98 ppm,
respectively, in the case of the polymer-functionalized colloids—than the expected range of
pure propanol, typically occurring at 0.96 ppm for *H-NMR and 10.28 ppm for *C-NMR
[21]. The shift in resonance toward lower values suggest shielding of the nuclei of —-CHj3

(i.e., exposed to less magnetic field).

Further insight into the system dynamics can be gleaned from the fact that the T,-relaxation
of propanol increased with increasing polymer concentration. Unlike Ty, which represents
the spin-lattice interaction, T, represents the strength of coupling between nuclear spins in
spin-spin interaction. Such an increase in T, is consistent with the motion of propanol
molecules becoming less restricted in higher polymer concentration, whereas at lower
concentrations, their motion was much more restricted. In contrast, the T,-relaxation data

of the H,O molecules did not reveal a trend.

For particles in a PVP concentration of 0.07 g/mL, the T, value was the highest, indicating
that water molecules were much more mobile within the system compared to denser

environments—the residual H,O molecules were not able to access the particle surface due
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to exclusion by an adsorbed polymer layer, an effect that scaled with polymer
concentration. Denser polymer adsorption onto ZnO particles entailed more limited access

for water molecules to the particle surface.

From the perspective of the **C nuclei, the C of propanol displayed the strongest detectable
response, as summarized in Fig. 6a and b. Although the spin-lattice (T;) relaxation time
increased with polymer concentration, the magnitude of change was very low, and possibly
within the error bars. This result suggests that at low polymer concentrations, the propanol
molecule has a preferred orientation for approaching the surface of particles; however, as
the polymer concentration increased, the variation became so small that we did not observe
any directionality on propanol interaction with ZnO surface. On the other hand, the spin-
spin (T,) characteristics showed a clear trend of increasing time with increasing
concentration, consistent with the proton NMR data, and confirming the reduced mobility
of propanol with polymer concentration.
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Figure 6. a) T;-relaxation characteristics for the PVP-functionalized ZnO, propanol, and
deuterium oxide solution. The strongest detectable response came from the carbons of
propanol, which are labeled in the inset figure; (b) T,-relaxation characteristics for the P\V/P-
functionalized ZnO, propanol, and deuterium oxide solution. The strongest detectable

response came from the carbons of propanol, which are labeled in the inset figure.

Following the NMR-pulse sequence reported by Cosgrove, et al., we estimated the polymer
bound fraction, <p>, from the maximum of first echo, A, and the maximum of the last echo,

B, using Equation 2.2*%
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<p>=1- B/A, (Egn. 2)

The first pulse sequence, 90°X—r—90°y—21, where 7 equals 10 microseconds, induced a
response from protons throughout the entire system, i.e., of both bound and non-bound
polymers. This echo was followed by applying a second pulse sequence, 90°y—21—180°y—
2r—180°y—21, to which only the protons of non-bound (i.e., mobile) polymers respond.
Polymer segments that were in close proximity to the surface of the nanoparticle were
assumed to be bound polymers (i.e., a partial bond between ZnO and pyrrolidone ring has
formed). These segments exhibited the relatively low mobility of that in a solid, in contrast

to freely solvated polymer chains.

The extracted <p> revealed that only the 5% of the polymer was adsorbed onto the surface
of the ZnO nanoparticles, when synthesized in a PVP concentration of 0.05 g/mL. In a PVP
concentration of 0.11 g/mL, 40% of the polymer had adsorbed onto the ZnO surface.
However, when the ZnO particles were synthesized in a 0.07 g/mL PVP concentration, 80%
of the PVP had adsorbed onto the ZnO surface. From the bound fraction experiment, we
can conclude that PVVP adsorbs with different conformation on the surface of nanoparticles,

when solution polymer concentration is varied.

Different sizes of particles offered different amounts of available surface area in the system.
So, the bound fraction itself may not be so informative, if it is not normalized to the
available surface area in the system. Figure 7 shows the bound fractions per surface area.
Again we observed that at 0.07 g/mL polymer concentration, more polymer had still
adsorbed onto the unit surface area. At 0.05 g/mL polymer concentration, the lowest

amount of adsorption had occurred at the unit surface.
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Figure 7. Bound fraction of functionalizing PVP per unit surface area

Time-domain NMR revealed that PVP was well-solvated by propanol at low PVP
concentration, which is consistent with PVP adsorbing onto the ZnO surface in a tail-like
conformation. In contrast, the poorer solvation by propanol at higher PVP concentrations
correlated with more of the polymer adsorbing onto ZnO, indicating that the polymer

conformation was more loop- or train-like.

Level of PVP passivation due to polymer conformation altered the photophysics of ZnO
nanoparticles considerably and cause a higher level of near-band edge emissions at 0.07
and 0.11 g-mL™ PVP concentrations. The yellow luminescence at wavelength of 560 nm
was associated with the deep trap states in ZnO band gap originating from the surface
defects. The dangling head-to-tail conformation of bound PVP chains on ZnO surface led to
a limited level of surface passivation and higher interaction of solvent molecules with
surface defects. The UV emission was not observed since the emission centers were mostly
on the surfaces of the nanoparticles. However, 0.07 and 0.11 g-mL™ PVP concentrations led
to a more rigid PVP passivation layer on the surface and limiting the hydration shell radius.
The loop and train conformation passivated coordinated with the defect states and reduced
1-propanol interaction with the emission centers. At 0.07 g-mL™ PVP concentration, the
loop conformation could not completely quench the deep trap emissions however the defect
state emission wavelength was shifted to 518 nm. 0.11 g-mL™ PVP concentration led to a

complete quenching of the trap emissions.
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Enhanced UV emission was obtained through higher levels of passivation due to polymer
conformation on the nanoparticle surface however the proximity of polymer chain on the
emission centers led to change in the excitation behavior of PVP as well. Since 310 nm UV
emission of ZnO nanoparticles have a higher probability to excite the PVP chains, the
excitation-emission contour of PVP shifted to lower excitation values.
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Figure 8. Excitation spectrum of PVP polymer and emission spectrum of ZnO nanoparticle
with 0.11 g-mL™*

This occurrence partially diminished the UV emission of ZnO nanoparticles. The nature of
energy transfer between PVP with train conformation on the surface and UV emission

centers of ZnO nanoparticles remains to be elusive.

Conclusion

In this study, we have investigated the nature of PVP chain conformations on the surface of
ZnO nanoparticles and their peculiar effects on the photophysics of ZnO nanoparticles. The
strong UV emission of ZnO nanoparticles with PVP chains in train conformation revealed
that the surface trap states are the main factor determining the photophysics of ZnO
nanoparticles and can be engineered using different levels of PVP concentrations. Dynamic
NMR was utilized to probe both bound polymer chains on the surface and complimentarily
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the solvent molecules interacting with the bound polymer chains and ZnO nanoparticle

surface.
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