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Abstract

Organic semiconductors devices, such as, organic solar @8I8g), organic light-
emitting diodes (OLEDs) and organic field-effect transist@@8-ETs) have drawn
increasing interest in recent decades. As organic matereafieaible, light weight, and
potentially low-cost, organic semiconductor devices are consideredato ddeernative to
their inorganic counterparts. This dissertation will focus mainly on OSCs anB©LE

As a clean and renewable energy source, the development ofi©®%&g promising.
Cells with 9.2% power conversion efficiency (PCE) were repdhisdyear, compared to
< 8% two years ago. OSCs belong to the so-called third generalaoreslls and are still
under development. While OLEDs are a more mature and better stusleidwith
commercial products already launched in the market, theitibuseveral key issues: (1)
the cost of OSCs/OLEDs is still high, largely due to thelgesainufacturing processes;
(2) the efficiency of OSCs/OLEDs needs to be improved; (3) lifegime of
OSCs/OLEDs is not sufficient compared to their inorganic countsrp@) the physics
models of the behavior of the devices are not satisfactory. Ak tihmegations invoke the
demand for new organic materials, improved device architectureszdsiwvabrication
methods, and better understanding of device physics.

For OSCs, we attempted to improve the PCE by modifying thelapés between
active layer/metal. We found that ethylene glycol (EG)téeaoly(3,4-ethylenedioxy-
thiophene):polystyrenesulfonate (PEDOT: PSS) improves hole cofllecat the
metal/polymer interface, furthermore it also affects the growf the poly(3-
hexylthiophene) (P3HT):phenyls&butyric acid methyl ester (PCBM) blends, making

the phase segregation more favorable for charge collection. We shelied



vii

organic/inorganic tandem cells. We also investigated the effectloh LiF layer on the
hole-collection of copper phthalocyanine (CuPgjased small molecular OSCs. A thin
LiF layer serves typically as the electron injection laggDLEDs and electron collection
interlayer in the OSCs. However, several reports showed thahialso assist in hole-
injection in OLEDs. Here we first demonstrate that it asdmle-collection in OSCs,
which is more obvious after air-plasma treatment, and explore this intriguingotiial

For OLEDs, we focus on solution processing methods to fabricate hadfidient
phosphorescent OLEDSs. First, we investigated OLEDs with a poliiostrmatrix, and
enhanced charge injection by adding hole- and electron-transpogtiatsatinto the
system. We also applied a hole-blocking and electron-transport ahateriprevent
luminescence quenching by the cathode. Finally, we substituted thegudhpst by a
small molecule, to achieve more efficient solution processed snwécular OLEDs
(SMOLEDSs); this approach is cost-effective in comparison tortbee common vacuum
thermal evaporation.

All these studies help us to better understand the underlyirtgnslaip between the
organic semiconductor materials and the OSCs and OLEDs’' perfozmemt will
subsequently assist in further enhancing the efficiencies ofsCG®@ OLEDs. With
better efficiency and longer lifetime, the OSCs and OLEDIsb&icompetitive with their

inorganic counterparts.



Chapter 1. Dissertation Organization
This dissertation comprises 9 chapters and consists mainly of pppblished,

submitted or prepared for submission. Chapter 1 describes the orgaminétihis
dissertation. Chapters 2 and 3 provide a brief introduction on OSC &8l @ichnology,
respectively. Chapters 4, 5, 7, and 8 are based on published papers. €mapteed on
a submitted paper. Chapters 4 to 6 describe work on OSCs, andrghated 8 on
OLEDs. Chapters 4 and 5 focus on improving metal/organic interfacshiteve higher
PCE in OSCs. Chapter 4 shows that EG treated PEDOT:PSS impimeesollection at
the anode/polymer interface, furthermore, it also affects twtgrof the PSHT:PCBM
blended film, making the phase segregation more favorable for chargdicoll€&hapter
5 describes the effect of a thin LiF layer on the hole-colleéticBuPc/Gy-based small
molecular OSCs. A thin LiF layer serves typically as agctebn injection layer in
OLEDs and an electron collection interlayer in the OSCs, fiewa few reports in
OLEDs discovered that it can also assistant in hole-collectiore We demonstrate for
the first time its function in assisting hole-collection in@Swhich is further enhanced
following air-plasma treatment. Chapter 6 describes the probimylofd tandem cells
by stacking a P3HT:PCBM-based device on top of an inorganicocatittieve a higher
open circuit voltage and power conversion efficiency. In chapter &fficeency as well
as the lifetime of guest (small molecular phosphorescent hayst){polymer)-based
OLEDs is improved by modifying the electron transport. In Chagtethe work
described in chapter 7 is continued with the OLEDs greatly imprbyeslibstituting the

polymer host with a small molecular host, and the resulting Highescy solution-



processed small molecule phosphorescent OLEDs are discussed, Eneatlonclusions

of this dissertation are summarized in Chapter 9.



Chapter 2. Introduction to Organic Solar Cells (OSCs)

Brief history to OSCs

In 1906 Pochettino discovered photoconductivity in solid anthracene, which was the
first organic compound showing this effect [1]. This phenomenon was ressedr by
Volmer in 1913 [2]. The actual emergence of organic dyes as phgbbaiscan imaging
was in 1950s — 1960s [3]. These dyes were later among therfiestio materials that
showed photovoltaic (PV) effects. Cells made of magnesium phthaloega(VigPh)
that produced a photovoltage of 200 mV were fabricated by Kearns and @abl958
[4]. In 1980s, the first polymer-based solar cells were investigat-6]. At that time, the
active layer was composed of a single layer of eitheeaody polymer, hence the power
conversion efficiency (PCE) of the cell was very low (< 0.1%).1B86 a major
breakthrough in OSCs was achieved by Tang by generating a daoeptac
heterojuction structure, which greatly assisted the charge sepaegatd resulted in a
device efficiency of 1% [7]. The concept of a heterojunction hase doeen widely
studied in various donor—acceptor pairs, such as dye/dye, polymgradyeer/polymer
and polymer/fullerene. Later on, OSCs fabricated from a donor/acaaptture, termed
bulk heterojunction, came into being. In 1991, Hiramoto demonstrated shesrhall
molecular bulk heterojunction [8]. And Yu et. al, fabricated th& fpolymer:Go bulk
heterojuction photodetector in 1994 [9]. The application of fullerene and its derivasives
acceptors reinforced the performance of the OSCs, due tdipkielectron affinity and
electron mobility. Blends of polymer/small molecule and fulieregroups were

intensively studied. The limitation of exciton diffusion and charge sé&ipar were



overcome. For example, blends of poly(phenylenevinylene) (PPV):PCHN iv4
weight ratio showed a 2.4% PCE. In 2003, Hummelen’s Group first egp@$Cs based
on combining P3HT with PCBM at a 1:4 weight ratio with a PCErdy 0.2% [10]. This
result was improved to 3.5% in the same year by Padingger’'s Geotleyw blended
P3HT and PCBM at a 1:1 weight ratio and annealed the acties &y75°C for 4
minutes [11]. Thereafter, systematic studies of varyingahe of the blend constituents,
the annealing temperature and duration, and the sedve@aling duration were carried
out by various groups, including those of C. J. Brabec, D. A. Carroll, A. J. Heeger, and Y.
Yang. [12-18]. As a result, the PCE of a single-unit bulk heterapmand tandem
OSCs based on P3HT:PCBM of > 5% [12-15, 18] and 6.4%[19], respectivete, w
achieved. Recently, OSCs with PCE greater than 7% wereted; these OSCs were
fabricated with synthetized materials that are not commbBrciavailable [25].
Companies like Heliatek, Konarka Technologies, and Solarmer ¥hecgall reported
cells with PCE > 8% early 2011[26, 27]. Mitsubishi Chemical repaxedave a 9.2%
PCE in April, 2011[28]. Yang and coworkers announced a 10.6% PCE thjsweel is
by far the highest reported value [29]. Molecular Solar Ltd. dchseved tandem OSCs
with open-circuit voltageMy) exceeding 4 V for the first time by using a cell withyosl
junctions (sub-cells) [30]. This is considered to be a significagékbdhrough in OPV
performance, as this highi,c will be sufficient to support a wide range of consumer
electronics. The bulk heterojunction is still among the most pmgsructures of the
OSCs today. Other emerging approaches are also very promisifig,asuguantum
dots/organic hybrid OSCs featuring multi-electrgeneration upon a single incident

photon, although the present PCE of this type of device is still low [31, 32].



Brief introduction to & conjugated materials

Organic materials are composed of discrete molecules hethéody weak van der
Waals forces. Thus, organic solids are typically soft with logltimg point and poor
electrical conductivity. Due to the weak bonding between the mielecthe properties of

the individual molecule are largely retained in the organic materials.
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Fig. 1-1. Examples of sp (in ethyne), ’sgin ethene) and $p (in methane)

hybridization.[33]

To study the electronic properties of an organic material, we shiosidook at the

individual molecule itself. Since carbon is the main element ofotiganic materials,



understanding the electronic configuration of carbon is crucge¢ta general idea of the
organic materials. The ground state of a single carbon atom hadeetnorec
configuration as f&s’2p?. There are possibilities for the 2s and 2p orbitals to hybridize
as sp (as in ethyne,B,), sg (as in ethene £,) and sp (as in methane CH
respectively, as shown in Fig. 1-1 [33]. The sp hybridization produaebybrid orbitals

at an angle of 180 and the remainingypand p orbitals are perpendicular to the s-p
orbital plane. As to $phybridization,c bonds are formed between the carbon-carbon and
carbon-hydrogen atoms, and the un-hybridize@rpitals form ar bond between two
carbon atoms with 12(onding angles. For the %hybridization,c bonds are formed

between carbon and hydrogen atoms, with® ba@ding angles.

Forn conjugated materials, which consist of alternating singledandble bonds of
carbon atoms, the hybrid orbital scheme provides a convenient model fostandang

the molecular structure. For example, as shown in Fig. 1dtbpals
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FIG. 1-2. The electronic configuration of the carbon atom’s ground staté, sp

hybridization, and the formation atbonds.

of each carbon atoms in the benzene ring overlap each other to facaldeldr bonds,
while thes bonds in the molecular plane between carbon/carbon or carbon/hydregen a
highly localized. As the delocalized electron density is presaytabove and below the
plane of the carbon atoms in thdonds, it will be sufficient to focus on the properties of

then electrons to study the electronic properties ofithenjugated materials.

When it is extended to a macroscopic case for a many body system, the molecular
orbital (MO) wavefunctions based on linear combinations of atomic orbitalsQ)@re
the most extensively used in MO theory. According to LCAO, for a molecule thé&t ha

carbon atoms, the wavefunction at-MO can be written as

Yr = va=1 aid, (1.1)



where thel], terms are atomic orbitals, and theterms are coefficients determined by
minimizing the total energy of the system [34]. By the Pauli principle, ¢aachi@orbital
can accommodate two electrons of opposite spin, so the ground statengage of the

system is

Yr(ground) = ¢pra,¢16; ---¢N/2aN/2¢N/2ﬁN/2 (1.2)

where the ]| terms are functions of Eg. 1 and ordered according to increasirgy gbe>
E.1; oy andp denote electron spin functions for up and down orientation, respectively.
When the molecule is in its ground state, the unfiled and filled M@s called

antibonding and bonding MOs, respectively [34].

~ empty n*
* levels
| e | | MO
:: S {OMO
e
T an
.e - full © levels
B N —
e
"0
Y

Fig. 1-3. The HOMO and LUMO levels of a molecule.



The excited states are formed by exciting one of the bondictrais to an unfilled
anti-bonding MO. The lowest energy required for that is to exaiteslectron in the

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital

Solar Radiation Spectrum

uv

Visible Infrared ——

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands
H,O
2 COy H,O0

Spectral Irradiance (W/m2/nm)

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Fig. 1-4 American Society for Testing and Materials (ASTM) Terrestriderieace

Spectra for Photovoltaic Performance Evaluat{@ar Mass 1.5) [35].

(LUMO). HOMO and LUMO shown in Fig. 1-3 are analogous to thienee and
conduction bands of inorganic semiconductors. The energy difference betineeen
HOMO and LUMO level is regarded as the band gap ené&igycorresponding to the
minimum photon energ¥Epnoon IN the optical transitions of absorption or radiative
emission. The absorption of tleeconjugated materials used in OSCs should be within
the solar spectrum regime, and low-band gap materials arerneefsince ~52%
radiation energy from the sun lies in the infrared region asstogy 1-4 [35]. Somea

conjugated materials, including polymers and small molecules,hakensin Fig. 1-5.
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There are greater varieties of donor materials comparedceptac materials. In the
solution processed blends, the PCBM is still the dominant accepteriahaince Heeger
and coworkers introduced it in 1995 [36]. It is crucial to develop nemjugated
materials with higher charge carrier mobility and preferat@VO-LUMO levels to

obtain higher PCE.

GH13 I:l‘fl 1F‘~—C H”

OCH;

Fig. 1-5 Examples ofz conjugated materials used in OSCs (1)P3HT: Poly(3-
hexylthiophene-2,5-diyl); (2) PCDTBT: poly[N-900-hepta-decanyl-2,7-carbazbke sl
(40,70-di-2-thienyl-20,10,30-benzothiadiazole; (3) CuPc: Copper Phthalocyanine; (4)

C70: Fullerene C70; (5) PCBM:[6,6]-phenylg&butyric acid methyl ester.

Working principlesand common parameters

Working principle
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Jablonski Energy Diagram
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Fig. 1-6 Jablonski energy diagram [37].

As shown in Fig. 1-6 [37], absorption of light occurs in femtoseconds,irtiee t
necessary for the photon to travel a distance equivalent tovtdemgth. The absorption
of a photon of energy by an organic molecule occurs due to an traerad the
oscillating electric field vector of the light wave with dleas in the molecule, and can
only occur with incident light of specific wavelengths. If theabed photon contains
more energy than the optical band gap, the excess energy is usuaigrted into
vibrational and rotational energy (thermalization). However, no alisorptcurs when
the photon has insufficient energy to promote a transition; this pkolidme transmitted
through that material. If a photon is absorbed, the excited moledsls exthe lowest
excited singlet state for periods on the order of nanoseconds ba&dhgrelaxing to the

ground state. During this relaxation period of the excitons t@gkdiound electron-hole
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pairs), several competing processes may take placeludrescence (2) intersystem
crossing (3) non-radiatively decay. In OSCs, exciton dissociadiaiesired to generate
charge carriers. So we generally use a donor-acceptor (ExA)@ promote exciton
dissociation and avoid the unwanted radiative decay or relaxatgentrate heat. Even
at the presence of D-A pairs, there are competing processbarge transfer (desired)
and energy transfer (not desired), as shown in Fig. 1-7 [38]omtrast to electron
transfer that produces free charge carriers, energy tranpfealty produces a neutral,

electronically excited state.

The actual photoelectrical processes within the OSCs under inkgiergre shown in
Fig. 1-8, which is a simplified example for the planar hetexjan device. It is
important to note that these energy diagrams are drawn fosdlaeid components and
band bending due to Fermi level alignment is not included. When the ingidetan is
absorbed by the donor (or acceptor) material, the generated exgitiofist diffuse to
the D-A interface, and electron transfer as mentioned above willr @t the interface,
namely charge transfer. The exciton diffusion length is typiedllLlO nm level due to the
short lifetime of the excitons [39, 40]. If excitons need to crokmger path than the
exciton diffusion length, the excitons will recombine through radiativaon-radiative
processes. Once the excitons reach the D-A interface, chargder occurs and the
excitons dissociate; the probability of charge transfer approd€l@®s [39-41], as long
as the energy offset between the LUMO of the donor and acgsptorless than 0.3 eV
to provide sufficient electric field to assist in exciton disstben. The required ~0.3 eV

is believed to be
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(a)Electron Transfer (b) Radiative (trivial) energy transfer
Reduction Oxidation (no electronic interaction between D* and A)
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Fig. 1-7 Possible electron transfer (a); and energy transfer (b), (c), apd¢tiveen a

donor-acceptor pair [38].

associated with the exciton binding energy [41-47]. After chargesfeg holes and
electrons will be transported to the corresponding electrodes amdldsex] under short

circuit condition.
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Fig. 1-8 The photoelectric processes inside a planar heterojunction.

The equivalent circuit of a solar cell fundamentally comprisesireent source, a

rectifying component modeled as a diode, together with a paradistanceR) and a

series resistanc&y), as shown in Fig. 1-9. In the ideal caRgyanishes an&, becomes

enormous. Practically, thBs value is not zero due to the resistance of the organic

material, the contact resistance of the organic/electrode, landesistance of the

electrodesRy, is a finite number owing to leakage current and recombinationnatitiel

device.
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The Equivalent Circuit Diagram J-V Curve
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Fig. 1-9 The equivalent circuit diagram and the J-V characteristics under light and dark.

The common parameters of an OSC can be derived J¥droharacteristics, such as
Voe Jsc (Short circuit current density), FF, PA&,andRsy, as shown in Fig. 1-Q/ is the
voltage across the solar cell when the cell current is dgy@s the cell current density
when there is no applied bias to the cell. FF describes thal adilization of the

theoretical maximum output power; it is defined as:

FF = Prmax — Vimax > Jmax (14)

VocXJsc VocXJsc

where Vnax and Jnax are the corresponding voltage and current at the actual maximum

output power Rmay [48].

The PCE is the ratio of the output power and input optical power [43].
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PCE = VocXJscXFF

- Input Optical Power

(1.5)

The standard input optical power is 100 mW/amder simulated air Mass 1.5 (AM1.5)

solar spectrum.

From the equivalent circuit shown in Fig. 1-9,

I = _Iphotocurrent + Idiode + Ishunt

V+IRs

= —Lyn+1, (exp [ nvm] - 1) + (V +1Rs)/Rsn (1.6)

wherelg is the reverse saturation curremis the diode ideality factor, and, = kgT/q is
the thermal voltage [49, 50]. When under dégk~ O, typicallyRsy, >> Rsand Eq. (1.6)

becomes,

[V+IR5

I'=1I(ex th]—1)+V/Rsh (1.7)

From Eq. (1.7), we can derive

ar I [V+IRS] 1

av Ve Ve + Rsn (1.8)

From the darkl-V characteristicd, approaches zero wh&h= 0. Substituté ~ 0 anaV =

0 into Eg. (1.8), we get the expression for the shunt resistance:

1 dl
w =y lv=o  (19)

That is, the inverse of the slope of the d&i characteristics a¥ = 0 is the shunt

resistance [51].
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We can also derive the expression Rarthrough Eqg. (1.7). Wheh= 0, and assuming

VIRsh ~ 0 (asRshis typically a large number andi< 1 V), Eg. (1.7) becomes

V+IRs
thh

]—1)=0,thatisV+IRS=0—>RS=—Z—‘I/|,=0 (1.10)

Iy (exp [
i.e., the inverse value of the slopd at0 is indicative of the series resistance.

By fitting the darkl-V curve, information about the ideality factor the reverse
saturation current of the diode and the theoretical valu¥,pftan also be derived.
However, this method is only valid for good OSCs with Rvand highRsp. To get more
accurate parameters of OSCs, we need to fit Eq. (1.6) diredtigrdnt approaches were

made to better serve this purpose [49-56].

The origin of the/,c of OSCs is still not fully understood. It is generally bedie that
the Voc will depend on whether the contacts between the organic and botloddscare
Ohmic contacts. If the contacts are Ohmic,\{gedepends on the difference between the
HOMO level of the donor and the LUMO level of the acceptor (tertnedffective band

gap), and typically expressed as

NN
V,. = LUMOA — HOMOP — len( ;p”)

= LUMO* — HOMO®? — 0.3...0.7 eV (1.11)

whereN_ andNy are the density of states at the LUMO of acceptor and the GBiOoMhe

donor, respectively [39-41]n andp are the density of hole and electron, respectively.
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The 0.3 - 0.7 eV is material dependent. If the contacts are noicOtimaV, tends to

approach the work function difference between the two electrodes.

Incident Photon to Carrier Efficiency (IPCE)

or External Quantum Efficiency (EQE)
70

60

° 7/—0-0‘\.\
40

30 \
20 \
10

0 : : : . M

400 500 600 700 800
Wavelength (nm)

IPCE (%)

Fig. 1-10 The IPCE spectra of an inverted P3HT:PCBM solar cell.

Another important parameter is the external quantum efficiE®@Q¥E) shown in Fig.

1-10, also called the incident photon to carrier efficiency (IPCE):

helge(A
EQE = IPCE = ngs = ;AT((D) (1.6)

whereh is Plank’s constant is the speed of lightg is the wavelength dependent short
circuit current,q is the charge of an electron, aRds the wavelength dependent light
intensity. Knowing EQE and the absorption, the internal quantum esfligi can be
calculated. The internal quantum efficiency is defined as the ewudailcarriers collected
per number of photons absorbed by the active layer, which excluded msses due to

reflection, transmission and absorption by non-active layers [57].
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How to improve PCE

From Eq. (1.5), enhancementVg, Js, and FF will lead to improved PCE. Fig. 1-11
shows a design rule for choosing proper donor LUMO level and band gaghiteve
optimal PCE in Donor/PCBM-based OSCs. The donor material shouldgigférave a
low band gap and the LUMO level should approach the LUMO of the PCBNVbE8,
By tuning the electronic levels of the D-A system or introdudimgrfacial dipoles
between organic and electrodes, Yhe can be enlarged. By increasing the absorption,
charge generation, charge transport and charge collectiof tten be increased. There
are different approaches to enhance the absorption. The plasmooicéffieetal nano-
particles was found to enhance the absorption. Optical desigris @& a light
concentrator, gratings, and back scattering were used to trap more lightalCgitucture
design such as tandem OSCs can also improve the absorption bpgkothicker layer
and better matching to the solar spectrum. Structure designs twadepmore D-A
contact area will increase charge generation. Annealing thaniordayer typically
improves the charge carrier mobility, together with ensuringgehaarrier percolating
path to the electrodes by proper structure design. Modifyingotiganic/electrode
interfaces will help charge collection. With proper structdesign and favorable

organic/electrode interfaces, the FF can be optimized.
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Fig. 1-11. The relation between PCE and donor LUMO level/donor band gap for cells

with PCBM as the acceptor, and examples of some reported Donor/PCBM pairs.[58]
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OSCs Structure

Single layer

As the exciton binding energy in organics is oftéh3 eV, the photoinduced excitons
must dissociate before free charge carriers are availmblke.single layer device, the
organic layer is sandwiched directly between two electrotiess, the possible exciton
dissociation sites are limited. The dissociation typically ocatithe organic /electrode
interface, defects, and impurities. Moreover, the exciton diffugiogth is only ~10 nm;
to enable exciton diffusion to the interface, a very thin orgamyerlis needed. The
restricted thickness of the organic layer limits the absorgptidight, thus, the number of
generated excitons. Due to the insufficient absorption and cgemaration, the PCE of

a single layer OSC is typically well below 0.1% [3].

P metal cathode mam

Organic Semiconductor

ITO

Fig. 1-12 Structure of a single layer device
Planar heterojunction

Since C. W. Tang created a donor and acceptor heterojuctionuisrirctl 986, the
charge separation is greatly improved. In this type of planardpatetion OSCs, the

active layer is sandwiched between two electrodes, and compsatifferent organic
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materials with energy level offsets at the HOMO and LUMG@els. This energy offset
helps exciton dissociation at the donor-acceptor interface. The bprgbaf charge
transfer at the D-Anterface approaches 100% due to the fact that the recombination
process is significantly slower than the charge separatiah. 8is structure, PCE > 1%
was realized. Nevertheless, the thickness of the organic iaystill limited by the
exciton diffusion length, and the donor/acceptor layer is only a ée& 6f nhanometers
thick. By increasing the thickness to improve absorption, mor¢ogscivill be generated,
however there will be excess excitons that cannot diffuse O-#énterface. Since only
the D-A interface provides effective dissociation sites, thosessxexcitons will not
contribute to the short-circuit currentd). Furthermore, a thick organic layer will hinder
the charge carrier ability to reach the corresponding eldetowing to the low carrier

mobility in organic materials [3, 38].

A —

B metal cathode N els |
Acceptor s

o

ITO -

(a) (b)F. Yang, et. al. Nature Materials 4(2005)
Fig. 1-13 Structure of planar heterojunction and the photoelectric process inside the

organic.
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Bulk heterojunction
In the bulk heterojunction, the donor and acceptor materials are blended together in the
active layer, so that the contact area between them is greatly enlarp&h[&/ the
excitons may easily find their way to the D-A interface, and e¥elgt dissociate into
charge carriers. Thanks to the short diffusion path, thicker layers (~100 - 200 nm) can be

prepared to harvest more light. Now the main

- hw hw
ﬁ"\ holes trapped \hgh;g reached anode I’\ holes reached anode
N | | N |
' Donor

(a) electrons trapped (D) electrons reached cathode  (C) electrons reached cathode
Fig. 1-14 Possible charge transport inside the bulk heterojuction.(a)lnterpenetrating
network with no percolating path and many traps;(b)interpenetrating netwaitk wi
percolating path;(c)Segregated interpenetrating network.
challenge is the charge carrier transport inside the bulkdpgtetion. Since the nano-
morphology of the bulk heterojunction is randomly formed, some isolataddislof
donor or acceptor may form inside the bulk as shown in Fig. 1-14(a).ig;hdbnor
materials could be surrounded by acceptor materials or the oteramund. This
network is not favorable for charge transport, and the generated dwrgas will
eventually be trapped and result in a very Ilgw Forrest et al. proposed a concept of
“percolating” in their CuPc/gg-based small molecular OSCs [60-62], where the charge

carriers can transport continuously from one molecule to anotheoras ds the
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intermediate layer does not exceed exciton diffusion lengths as shown ir1Hih)1Fig.
1-14(c) exhibits an ideal phase segregated bulk heterojunction, whiclfficsiltdito
realize in practice. The stability and efficiency of thigetyof solar cell depend greatly on
the nano-morphology of the active layer. The initial formation optiese segregation in
the active layer is crucial to obtain high PCE. The performahtee cells also depends
greatly on the solvent used for making the mixture solution. The gagre should
provide enough interfaces for charge separation and allow pattisaiae carriers to the
corresponding electrodes, with sufficient donor (acceptor) materdiftect contact with
the anode (cathode). Under long-term operation the donor and acesptdo tsegregate
and partially block available paths of the charge carriers todhects, which eventually
greatly reduces th&,. and FF. Hence, finding ways to control the nano-morphology of

the active layer is crucial.

Molecular heterojunction

Based on the concept of the bulk heterojunction, double-cable polymer and dibloc
copolymers were synthetized to get mprecise control of the morphology of the active
layer for achieving better cell performance [63-66]. One apprisaitie covalent linking
of Cso to a hole-transport conjugated polymer backb(see Fig. 1-15). Although the
covalently linked polymer-g chains provide reasonahlg, they tend to phase separate
and cluster, which limits charge separation and collection. To gaintinruous phase
separation and large interfacial area, double-cable polymer andkdddpolymer were
synthetized, as shown in Fig. 1-9. In the double-caldlymer, for example, & is

connected to the donor polymer backbone; it forms charge separation derddor
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domains, which offer great potential for high PCE in the future, thougtmy naritical

design parameters need to be evaluated [67]. For instance, threnfilleoncentration
must reach the percolation threshold to ensure efficient elecmosptrt. The self-
assembled diblock copolymers will also form ordered domains sitaldhe double-

cable, and their HOMO and LUMO level can be tuned [68].

Fig. 1-15 Different morphologies of heterojunction cells. Top, left: Two-legtestructure
of fullerenes and polymer chains. Top, right: dispersed heterojunction. é/idt:
fullerenes with polymer chains attached. Middle, right: self-assenidéjeded structure
of double-cable polymers. Bottom: self-assembled layered structuralibbdck
copolymers. The layered structure of double-cable polymers and diblock mepslgre

expected to facilitate efficient electron and hole transport [68].
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Tandem OSCs

For a single unit cell, the absorption is limited due to sub-bandntissisn and
thermalization of hot charge carriers, which leads to the ~33.7%kli8heQueisser
thermodynamic limit of the PCE. Tandem structures (showngnl~16) can outperform
this limit, reducing both types of losses [69]. De Vos proposedbhaising two sub-
cells with complementary absorption spectra the theoreticahtion increases to 42%,
and to 49% for 3 sub-cells [70]. A more recent paper suggestednhaitimistic PCE
for a single unit organic solar cell is ~15.2% and for a tandemeale8.2% [71]Since
the absorption spectra of organic materials are often not sofficieroad [69], unlike
the continuum absorption of some inorganic materials, the tandemustrumcomes
more crucial for OSCs, where complementary absorption bands areutitized. This
approach results in reduced thermalization losses. The subcelie cannected either in
series or parallel. AlImost all reported tandem OSCs arerigfissconnection as to provide
a higherVoc. The intermediate layer should be an effective recombinationrckmte

holes coming from one subcell
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Fig. 1-16 Schematic representation of an organic tandem device comprised of two sub

cells having different, complimentary absorption spectra [69].

and electrons from the other, which is achieved by aligningtlasi-Fermi levels of the

donor and acceptor of the respective sub-cells.

Fabrication methods

There are two types of OPVs based on the materials usténtifofabricationpolymer

OSCs and small molecular OSCs.

Due to their large molecular weight, polymer OSCs are lihtdesolution processing,
such as spin-coating, ink-jet printing and roll to roll processargpng which spin-
coating is the common method in research laboratories. An itiosti@f spin-coating is
shown in Fig. 1-18(1). This method is easy to use, and the constituginscan be

accurately controlled if more than one material is involved. Butaimeation of the films
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derived from spin-coating is affected by factors like the vapessure of the solvent, air

flow and temperature. To ensure reproducibility, those factors must be confir@led

Small molecular OSCs are mainly processed by thermal eviaponahich typically
includes a high vacuum chamber (210 10’ torr), thermal evaporation sources,
thickness monitors and substrate holders, as shown in Fig. 1-18(2)rgdvec material
is heated by a resistance connected to a DC power supply, and the pagothrough a
shadow mask to produce a uniform layer on the substrate. The evapoed&ors
normally restricted to < 0.2 nm/s to ensure the quality of thg fithile thickness can be
controlled precisely at the ~0.1 nm level. Currently, to avoidreheively high cost of
thermal evaporation, small molecules are increasingly desigmesblution processing

and this approach resulted in PCE of up to ~6.7%. [73-76]

Vacuum Chamber

Substrate

Substrate

Shadow
Mask

Pressure
Gauge
[——

Power Supply

FIG. 1-18 (1) Spin-coating process; (2) Thermal evaporation system.

Applications of OSCs



29

Compared to inorganic solar cells, OSCs have advantages such amdgile
absorption with abundant materials, including synthesis of new majer{d)
compatibility with solution processing, which enables low cost amrdelaarea
manufacturing; (3) flexibility and transparency of various malg (4) easy integration
with other organic electronic devices, such as OLEDs and OFETgherf minimize the
size of the devices. However, the relatively low efficiency, sHdetime and

reproducibility issues still limit the applications of the OSCs.

Currently, the most promising applications for OSCs, as suggegtedrarka, are (1)
personal mobile phone charger; (2) small home electronics and nelbd&onics
attachment; (3) Building-integrated photovoltaics (BIPV), such as hgikliexterior
wall, window, or blinder, and (4) power generation. OSCs are expeotde soon
utilized for mobile electronic device charger and for militarye.usNowadays,
commercialized OSCs are emerging in some outdoor applicatioob, as building
materials for windows and walls and portable electronic charglesfirst commercially
available OSC products were bags integrated with Power ®l&stn Konarka
technologiesn 2010. Mitsubishi Chemical also plans to commercialize their ~RECh
cells as early as next year. Companies such as BASF, Solanmeryy Inc., and Helitak
GmbH, as well as academic research groups have been deyetogierials and device
technologies for OSCs application. We can expect a bright fumr®$Cs with better

synthetized materials, device structures and better understanding of teplexsics.
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Chapter 3. Introduction to Organic Light-Emitting Diodes (OL EDs)

Brief history of OL ED technology

The first electroluminescence (EL) in organic materials diasovered in the early
1950s and after that research on organic electroluminescentiatsatend devices
expanded [1-13]. Initially, the electrical conductivity of orgamaterials used was very
poor and the device structure of organic light-emitting diodes (OLEB@As)very simple,
consisting of only a single organic layer between two electrathesanode and the
cathode. Due to these limiting factors, the efficiency of tiéyeéOLEDs was quiet low,
i.e., <0.1% [14]. The chemical structure of anthracene, which idigheng-emitting

material of Ref. 14, is shown in Fig. 2-1.

anthracene

Fig. 2-1. Chemical structure of anthracene [14].

The first important breakthrough in OLED technology was in the 198@g. drad Van
Slyke reported the first thin film organibeterostructuresmall molecule OLEDs
(SMOLEDS) in 1987 [15]. Those OLEDs were fabricated from thirorgmmous and
polycrystalline layers deposited by vacuum thermal evaporation)(VITtey contained a

novel two-layer structure with a separate thin hole transpget IN,N’-diphenyl-N,N’-
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bis (3-methylphenyl) 1,1’-biphenyl-4, 4’ diamine (TPD)) and a tHecteon transport
layer/light emitting layer (tris(8-hydroxyquinoline) aluminumlqs)), so the charge
carrier recombination and light emission occurred, away from the kugnenetal
cathode. The reduction in thickness of the organic layers to ~100 nncalhaseduced
the required operation voltay§e and a brightness exceeding 1000 CcdtY ~ 10 V was
achieved for the first time. The quantum efficiency of those @4 ®as improved to ~
1%, approximately ~100 fold compared to the early OLEDs [14-15]d&kiee structure

and chemical structures of the materials used are shown in Fig. 2-2 [15].

Mg:Ag Re

- {!' ,.-"_‘I D“_‘-“-'f\.uﬁ-‘
) Ond

Algs Alg: =

. TPD R g .9
L Ta

| glass | G O
TPD "¢

Fig. 2-2. Device structure of the first heterojunction OLEDs and molecutactires of

TPD and Alg.

The largely improved OLED efficiency attracted worldwide industnd academia
attention, and stimulated explosive development of this field. In fallgwdesigns,
additional functional organic layers were introduced (see in FR). ® improve the
performance of the OLEDs. And more and more advanced SMOLEDs higtter
efficiency were reported. The state-of-art fluorescenED$ reach a power efficiency of
20-30 Im/W and phosphorescent OLEDs (PHOLEDs) >100 Im/W (PHOLEfesthse

discussion below). However, the complex multilayer SMOLEDs pressmhe
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disadvantages, mainly due to the VTE fabrication method. First, kéfhires high
vacuum, which limits the size of the device. Second, making multi-d@laBDs, such
as white OLEDs (WOLEDSs), requires precise control of the dopomgentration of each
dopant in the emitting layer (EML) to obtain the desired emission [[L6yifiich
dramatically increases the fabrication complexity. All ¢hessues usually lead to a
higher cost and limited device size; for example, the priceneffirst commercially
available OLED TV, i.e., the 11-inch diagonal Sony XEL-1, was ~$28@0grice of at

least a 50-inch LCD HDTV).

| Cathode |
EIL
ETL

ENILE
HTL

+ HIL
TS

Fig. 2-3. Device structure of multilayered SMOLEDSs.

In the 1970s, in parallel with the development of small mole@LEDs conjugated
polymers were also used, mostly due to their unique properties, suigfhtageight,
mechanical flexibility, processability, tunable bandgap and conductiityymers are
too large for thermal evaporation, so unlike small molecules, theyfadricated by
solution-processing methods, such as spin-coating and ink-jetngrifithe first lowV
green polymer light-emitting diodes (PLEDs) was reported. By. Burroughet al. in

1990 using a 100-nm thick films of poly(p-phenylene vinylene) (PPV). [R8cause
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PPV preferentially conducts holes rather than electrons, dotr@h injection in these
original PPV-based devices was strongly limited, therefoeequantum efficiency was
very poor, only ~0.05%. Adopting the idea of heterostructure, which wasssficlty
demonstrated in SMOLEDSs, in 1992 a polymeric heterostructure wakbpegiaising an
electron transport layer of 2-(4-biphenylyl)-5-(4-tert-butylpyi®-1,3,4-oxadiazole (PBD)
dispersed in an insulating polymer, poly(methyl methacrylateMR) [19]. This design
improved the quantum efficiency of the PPV device to 0.8%, roughly the sa the
efficiency of undoped Algidevices.

Due to the requirement of orthogonal organic solvents (if the soleeatsot
orthogonal, the solvent used for one layer can redissolve or othetarsage the
previous layers), PLEDs usually have fewer organic layers thv@LEDs [20]. The
limited number of layers in PLEDs typically results in lesHicient devices in
comparison to the most advanced SMOLEDs. On the other hand, solution-pdocess
PLEDs is potentially of low cost with the advantage of larga ananufacturability [17,

21].

Basic OLED Photophysics and Operation

During operation of OLEDs a positix¢is applied to the anode, resulting in hol&) (h
injection to the HOMO level of the adjacent organic layer, ugualiole transport layer
(HTL), and the electron {einjection from the cathode to the LUMO level of the adjacent
organic layer, usually an electron transport layer (ETL). lapkd¢t and é drift toward

each other in the organic layers by the external eleciid, fand some of them
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recombineto form the excited states, i.e., excitons. The radiative dec#yeaéxcitons

generates the light.

As is well known, both ‘eand H are fermions with spi® = Y. Statistically, 25% of the
excitons are in singlet states, called singlet excitoBs)Sand the rest 75% are in triplet
states, termed as triplet excitons (TEs) [22-23]. Becaudeaiieak spin—orbit coupling
(SOC) effects, the intersystem crossing (ISC) time(~1(basyeen these two states is
significantly longer than relaxation times of internal convergiGn a process of internal
relaxation that occurs within the same spin manifold), whielL&*? s [24]. The ground
state of organic materials is in the singlet configuragntherefore only the efficient
and fast decaying singlet emissid-6S, fluorescence), with lifetime of the order of
one ns, is quantum mechanically allowed [25-27]. On the other hand, since the
probability for the radiativel;— & transition (phosphorescence) is very small, the
deactivation of theTl; state occurs normally non-radiatively at ambient temperature.
Therefore, 75% excitons are lost for the emission, whose erget@nsferred into heat.
So for the fluorescent OLEDs, only the SEs emit light, whiculte in a theoretical
upper limit of 25% on the internal quantum efficiemgy (defined as the ratio of the total
number of photons generated within the structure to the number of eldojemted [28-

29)), leading to a relatively low efficiency for the fluorescent OLEDs.

Phosphor escent OLEDs (PHOL EDs)

The foregoing 25% limit was overcome by the groundbreaking workwést and his

group on phosphorescent OLEDs (PHOLEDS) in the late 1990s and early 2b@@s,
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both the SEs and TEs are used in generating light [30-32]pAbd&phorescent organic
molecules are mostly organo-transition metal complexes, whicliyisoatain a heavy
metal atom at the center of the molecule, for example platinumdarm. Molecular
structures of 3 widely-used phosphorescent materials: (a) Ri¢tBethylporphine
(PtOEP), (b) Tris(2-phenylpyridine) iridium(lll) (Ir(ppy)and (c) Bis(3,5-difluoro-2-(2-
pyridyl)phenyl-(2-carboxypyridyl) iridium(lll) (Firpic) #® shown in Fig. 2-4 [30-32].
These transition metal ions induce significant SOC effect, whiwbles the radiative
path fromT; to &. Moreover, a very efficient ISC from the populated SEs to theiaqit
T, state is induced by SOC, so that efficient phosphorescence withntum yield 1p,
of almost 100% can occur even at ambient temperature [33—-39]. Thesgnsccalled
triplet harvesting, as shown in Fig. 2-5. That is, all four possipie orientations of the
excitons (SEs and TEs) can be harvested and populate the Towséste, therefore @

= 100% in principle can be achieved, which largely improves theiegf€y of OLEDs
(peak power efficiency is already over 100 Im/W), rendering D4 Eas the next-
generation technology for both flat-panel displays and solid lsgéateng more and more
competitive.

In the organo-transition metal complexes, the actual molectdaals (MOs) could be
very complicated, but only a small numbers of frontier orbitalsoften expected to be
mainly responsible for the electronic and photophysical propertigs.2F6 represents
MOs for the well-studied green phosphorescent material: Ir{pp#jich is in a quasi-
octahedral geometry with three chelating ligands that each of Has oner and z*

orbitals in the relevant energy range. Moreover, three d-orbitals from
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Fig. 2-4. Molecular structures of 3 widely-used phosphorescent materialstQEm (b)

Ir(ppy)s (c) Flrpic.

the center metal ion, iridium, are also shown. Mostly the eddit orbitals have a very
large energy separation from the MOs and therefore it is further assumed that these
orbitals do not interfere with each other [29].

To reduce the rate constakitsof nonradiative deactivation processes of thetate it
is also crucial to obtain high emission quantum yields. For intermalequenching of
the emission, the quencher can be either the same or differemtsspiethe quenching is
from the same species, it usually occurs at higher dopant coatemmt via annihilation
of excited emitters in close proximity (e.g. triplet—tripdgmihilation (TTA) [40-43]) or
via energy transfer according to the Forster and/or the Dex¢éehanism [24] from
excited to non-excited molecules. Annihilation and energy trandemtefcan usually be
avoided by using low dopant concentrations or by effectively shielthegemitter
molecules. This can, for example, be reached by using bulky [44+48&ndrimeric

ligands [46-48].
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a b c
Organic Emitter Exciton Formation Organo-Transition
According to Metal Complex with
Spin-Statistics Large AE(S,-T,)
25 %
singlet &{J é singlet
S .
L= path path S,
singlet =
fast ISC
slowISC. 75 %
_/triplet +1
T T
1 paths E")/ q 1 paths M
flucres- (? (?
cence |C;55
radiationless triplet S=1 phospho-
deactivation rescence
Se S,

Triplet Harvesting

Fig. 2-5. The diagram displays electroluminescence excitation processeggforiorand

organo-transition metal emitters, and explains the effects of triplesiaglet harvesting.

(@) In organic molecules, only singlets emit light (fluorescence)lewthie triplet

excitation energy is transferred into hegb) Due to spin-statistics, electron—hole

recombination leads to

25% singlet and 75% triplet state population. (c) Orgaabmet

compounds with transition metal centers show a fast intersystemng@sSC) from the

singlet state Sto the lowest triplet state; TThus, this triplet state harvests singlet and

triplet excitation energy and can efficiently emit [29].

The luminescence also can be quenched by different speciesngugities, such as

molecular oxygen. Because the emission decay time for any phosgmresterial is
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usually significantly longer than fluorescent emitters, this quenchoaeps is frequently
very effective. For molecular oxygen, it is believed that theggnef the excited emitter
is transferred to triplet oxygeriGy, ground state) with subsequent conversion to the
excited singlet oxygen'@,, excited state) [49-51]. On the other hand, the compounds
which exhibit extremely high oxygen quenching rates can be us&xXyigen sensor
applications with a high sensitivity [52-54].

In contrast to intermolecular quenching, intramolecular quenchingn isntainsic
property and frequently ascribed to two mechanisms:
1. Thermal population of metal-centered states
The quantum yield of phosphorescence of many transition metal compisustdsngly
or even totally quenched at ambient temperature, however, igngicantly higher at
low temperature. In many cases, this phenomenon can be ascribbd thetmal
population of metal-centered statesidf character, so-called ligand-field (LF) states [33,
55-59]. This quenching is particularly effective for the blue lighittexg materials. The
Er. of blue materials is higher which is supported by the higher photagyeEgoton Of
blue emission, which means the activation energy for the populatidd* citates from
the emittingT; is significantly smaller. Consequently, the quenching via tleshanism
is quite efficient. Very useful approaches to avoid the thermal populat thedd*states
are realized by “pushing” them to higher energies and makimgn tthermally
inaccessible at ambient temperature [60-68].
2. Quenching of the excited state by vibrational coupling to the ground state
Nonradiative processes from excitég state to theS, state can be effective via an

involvement of vibrational modes of the grour@J state, which is often termed
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vibrational quenching [69-72]. And the famous energy gap law pregiicexponential
increase ok™ with decreasing energy gap between the excited state andbthrel gtate
[73-81]. Thek™ value is found to decrease with increasifg thus, red emitting
compounds with emitting states that are geometrically destowith respect to the
ground state are especially sensitive to emission quenching via this nsechi@2}.
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Chapter 4. Simpleroutesfor improving polythiophene:fullerene-based

organic solar cells
A paper published i©rganic Electronics

Teng Xiao, Weipan Cui, James W. Anderegg, Joseph Shinar and Ruth Shinar

Abstract

Improved power conversion efficiency (PCE), by up to ~27%, of argaolar cells
based on poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PHE33)
/poly(3-hexylthiophene):[6,6]-phenyl-C60-butyric acid methyl e§R3HT:PCBM) were
obtained via simple modifications, widely applicable, in the fabooadif the spin-coated
PEDOT:PSS layer. These included (i) further diluting the orightaDOT:PSS solution
with deionized water, (ii) mixing the original PEDOT:PSS solutwith ethylene glycol
(EG), and (iii) spin coating EG over a PEDOT:PSS layer fatett using the original
solution. The optimal dilutions spin coating rates, and durations weremilete.
Approach (iii) resulted in the best cell with a PCE of 4.7%a@ampared to 3.7% for the
untreated PEDOT:PSS. To evaluate the origin of the improvementaondored the
PEDOT:PSS conductivity, external quantum efficiency of the dsyiead their |-V
curves that indicated an increase of ~16% in the short-circuierdurgc. Other
characteristics included the PEDOT:PSS layer thicknessaitsmittance, P3HT:PCBM
absorption spectra, its morphology, and surface chemical compositionreshks
indicate that in addition to the enhanced PEDOT:PSS conductivity (fotlogome of

the treatments) that improves charge extraction, enhanced PED®TdnSmission and
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especially, enhanced P3HT:PCBM absorption contribute to improved selar
performance, the latter by increasikg. While the various treatments in the optimized
devices had a minor effect on the PEDOT:PSS thickness, its morghciogl
consequently that of the active layer, were affected. The surfaghness of the active
layer increased significantly and, importantly, in devices with
PEDOT:PSS/EG/P3HT:PCBM, PCBM aggregates were observedheeaathode. Such
aggregates may also result in increased absorption and improved chargeextract
I ntroduction

The development of organic solar cells is a fast-growing &glsuch devices have the
advantage of being flexible, simple to fabricate, and potentiaily cost [1-4]. Solar
cells with a poly(3-hexylthiophene):[6,6]-phenyl-C60-butyric acid hylet ester
(P3HT:PCBM) active layer have been studied extensively replorts of typical power
conversion efficiency (PCE) of ~3% to ~5% and fill factors)(BF~50% to ~70% [4—
11]. The PCE and FF depend on the starting materials, fabricatimditions and
treatments at various stages of device fabrication. As anpdeam PCE of 4.4% was
obtained by varying the annealing conditions of the active layer [TI&]. PCE was
improved to 5.3% by replacing the PEDOT:PSS layer with,N8R A PCE of 5% was
obtained for a single cell with TiGas an optical spacer, and a two-unit tandem structure
with 6.5% PCE was obtained by applying the Ji@yer as an electron transport and
collecting layer for the first unit and as a stable foundationhddate the second unit
[10-12]. To obtain a good short-circuit curreiy), the active layer needs to have strong
absorption of the solar spectrum, efficient exciton diffusion, good ehiaagsfer, and

sufficient charge extraction at the electrodes [13]. To aclagvigh open-circuit voltage
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(Voc), the offset between the highest occupied molecular orbital (HOM@)e donor
material and the lowest unoccupied molecular orbital (LUMO) ofaiteeptor material
should be high, and ohmic contacts between the electrodes and thieega required
[13-16]. To get a high FF, the series resistance of the devicaddimidw and the shunt
resistance should be high. The polymer/electrode interfaces andctive &yer
properties play an important role in determining these parameters [17-19].

It is well known that the conductivity of PEDOT:PSS films is erdeal by over 100-
fold by addition of organic materials, such as dimethyl sulfoxib®%0), N,N-
dimethylformamide, tetrahydrofuran, sorbitol (with baking), glyceoolethylene glycol
(EG) to the agueous PEDOT:PSS solution [20-30]. Depending on the additve, t
enhancement was related to the dielectric constant of the adalitd/¢o retention of
some of the solvents used in the film [26], to reorientation of PEDI@Ins with heat
treatment [29], and to washing away of PSS [27]. For diethylgromlghddition, it was
suggested that the particle size of the PEDOT:PSS reduties iasulating, inter-particle
excess PSS layer becomes very thin [28]. It was also shownahanhly dilution of the
PEDOT:PSS solution with EG enhances the conductivity, but also smygethe
untreated PEDOT:PSS in EG solution for a few minutes [21].ak veported that EG
affects the solubility of the PEDOT:PSS film in water, segjmg, together with other
measurements, that EG affects the conformation of the polyma@nscwith the surface
becoming more hydrophobic. The conformational change of the PEDOT chass
attributed to the interaction between the dipole of one of the polar gfonlysadditives
with two or more polar groups were found to enhance conductivity) obihanic

additive and the dipoles or positive charges on the PEDOT [21]. Itle@seported that
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the size of the PEDOT:PSS particles was increased by aDdMISP [23]. The increased
conductivity was linked to the increased particles’ size, due to eddymarticle
boundaries. Hence, there are still different fundamental expbasator the enhanced
PEDOT:PSS conductivity upon addition of polar solvents.

Additives to PEDOT:PSS that enhance performance of solar calésalso evaluated.
In addition to the effect of DMSO [23], for example, the substitudniTO by
PEDOT:PSS and PEDOT:PSS doped with glycerol or sorbitol wasdt{22]. Glycerol
and the surfactant ethylene glycol butyl ether at specific cdorat®ns were also mixed
with PEDOT:PSS for improved ink-printed solar cells [24]. The astlsoggested that
these additives may also affect the morphology of the ink-jetegriREDOT:PSS, with a
strong ionic interaction between the glycerol and the PEDOT, imgualith the addition
of low-levels of the surfactant to enhance the conductivity. Improvedalperformance
was attributed to surface morphology and enhanced conductivity thhebs$eccharge
collection [24].

As every step in the fabrication of the solar cells affdetsce performance, this paper
describes a systematic study of the effect of treatnwdrttee PEDOT:PSS layer on the
performance of the common P3HT:PCBM-based solar cells. Morphetaggtions of
P3HT:PCBM were observed, with increased roughness, when PEDOT:PSS teakitrea
different ways. The treatments included (i) dilution of the asiwed PEDOT:PSS
solution with deionized (DI) water or (ii) with EG, and (iii) sptoating EG over the
PEDOT:PSS layer. Among the various treatments that included ipgtiom of the
dilution and spin coating rate and duration, treatment (iii), namwdy EG-treated

PEDOT:PSS layer (following the fabrication of the lattesnir the original aqueous



55

solution) exhibited the largest change in the P3HT:PCBM morphology, which is probably
responsible for the observed largest improvement inlgheFF, and PCE. Importantly,
small aggregates of PCBM, whose size depended on the annealgiehed=G-treated
PEDOT:PSS layer, were observed at the surface of the aati@e These aggregates at
the active layer/cathode interface may improve charge ewximaand light absorption,
and hencdsc, FF, and PCE. Importantly, the conductivity of PEDOT:PSS exhibited a
relatively minor contribution to the enhanced performance.
Experimental procedures
Materials

P3HT (P#200) was obtained from Rieke Metals and PCBM from nano-C; both
materials were used without further purification. A solution of a 1:1 weigjbtoa
P3HT:PCBM in 1,2-dichlorobenzene, with a concentration of 30 mg/mLused. The
P3HT solution was filtered using a 0.22 Im Millex PTFE Filtefore it was mixed with
PCBM. The mixture was then stirred for 24 h before spin-coaBRPOT:PSS was a
CleviosTM P VP Al 4083 obtained from H.C. Starck. The PEDOT:RE6 was 1:6 by
weight and the solid content 1.3-1.7%. EG was obtained from Fisher Scientific.
Procedures

The PEDOT:PSS layers (~40 nm thick) were baked fdr at 120 [1C under ambient
conditions; they were then transferred into an argon-filled ddadsviBraun glovebox.
The oxygen level in the glovebox was ~30 ppm and that of water <0.1 fmee
different treatments of the PEDOT:PSS were evaluated intamgait to improve the
device performance. These treatments were: (i), dilutiig@EPSS with DI water (ii)

mixing PEDOT:PSS with EG, and (iii) spin-coating EG followifaprication of the
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PEDOT:PSS layer. Each treatment was optimized by vatyie spin-coating speed and
duration as well as the dilution ratio as detailed above. The fPS&HBM solution was
spin-coated on top of the PEDOT:PSS layer at the optimized 60@atpnfor 60 s, and
immediately placed under a pediish for 2 h before baking at 110 EIC for 12 min. The
Ca(25 nm)/Al (100 nm) were deposited on the P3HT:PCBM laydowwacuum (~18
mbar) thermal evaporation. The active layers in all deviceg Wabricated under the
same experimental conditions.
Measurements

The thickness of PEDOT:PSS layers was estimated with anidEorce Microscopy
(AFM) by using a sharp blade to generate ~9 um wide cutseitayer. In all cases a
thickness of ~40 nm resulted in devices with the best performargadiess of the
treatment.I-V curves were obtained using a 100 mW/dELH bulb. The EQE was
measured at 0 V. AFM measurements were performed using alDigitruments system.
SEM and Auger were measured with JEOL JAMP 7830F.
Results and discussion

Devices with an untreated PEDOT:PSS layer were optimizedabyyng the spin-
coating rate, in the range of 1000—-4000 rpm, and the spin duration, in tieeofa®0—
120 s. The optimized condition for the untreated (prepared from the orgphadion)
PEDOT:PSS was 3000 rpm for 60 s. Devices in which the PEDOTsBBSon was
further diluted with DI water (treatment (i)) were optimizedvarying the volume ratio
of PEDOT:PSS to water from 1:5 to 4:1, in combination with varyihmegdpin-coating
speed from 500 to 3000 rpm for each dilution. Optimized layers, asatedlby the

performance of the solar cells, were obtained for a volunne #&:7 that was used to
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fabricate the PEDOT:PSS layers at 600 rpm for 60 s. Simitarihe dilution of the
PEDOT:PSS with DI water, the volume ratio of the PEDOT:RSEG (treatment(ii))
varied from 10:3 to 3:7, and the spin-coating speed from 500 to 3000 rpm. Theegt
condition for the EG-mixed PEDOT:PSS was obtained by using a luingaatio and
spin coating at 1000 rpm for 60 s. The performance of solar celistie latter was
similar to those based on the DI water dilution.

EG-treated devices were prepared also by spin-coating EG on tbp BEDOT:PSS
layer (treatment (iii)). Different spin-coating speedsloth, the PEDOT:PSS layer and
the EG, ranging from 500 to 3000 rpm, were tested. The best deas®btained by
spin-coating the EG at 2000 rpm for 60 s on top of an untreated PEPEOTayer
prepared by spin-coating at 2000 rpm for 60 s.

All PEDOT:PSS layers were annealed at 120 [/C for ~1 h. Following the application
of the P3HT:PCBM, the sampleg&re annealed at 110 [1C for 12 min.

Fig. 3-1 shows the 1-V curves of different, optimized P3HT:PCBMbds®ices with
PEDOT:PSS layers that underwent the different treatments, aipl@¢ B-1 summarizes
the values of VOC, ISC, FF and PCE for each device, includindgdvices prepared by

spin coating EG at different rates for 60 s. As clearly seen, the
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Fig. 3-1. I-V Curves of optimized (see t¢ PSHT:PCBMbased solar cells, with tf
PEDOT:PSS layer generated by spin coating the palgisolution (open stars), tt
original solution diluted with EG (solid stars) evith DI water (open squares), and
spin coating EG on the untreated PEDOT:PSSr (solid squares).
treatments improvethe cells’ performance, in particullSC increased by up 16%
from 9.94 to 11.5 mA/cm2 and PCE by up~27% from3.7% to 4.7% for the devic
with the EGtreated PEDOT:P< in comparison to the untreated okgc was unchanged
at 0.55-0.57 V.

To elucidate the origin of the observed improvemia the device performanc
various parameters described 1 were measured. The thickness of the PEDOT:
films, which may affect absorption, was measured by mi fine cus (~9 um wide) on

them with a sharp blade, ¢ using scanning AFM with a scaize of 20 um across 1
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Table 3-1. Device characteristics of solar cells prepared with different treatnadrttse
PEDOT:PSS layer. The data in the top three rows indicate EG solution spin coated over

the PEDOT:PSS layer at various rates for 60 s.

Treatment Voc (V) lsc (MA/cnf) | FF (%) PCE (%)
EG 1000 rpm 0.571 10.7 71.8 4.39
EG 2000 rpm 0.573 11.5 71.3 4.70
EG 3000 rpm 0.566 11.2 70.3 4.46
PEDOT- 0.571 11.2 69.5 4.44
PSS:DI (3:7

volume ratio)

PEDOT- 0.563 10.8 69.3 4.21
PSS:EG:(1:1

volume ratio)

Untreated 0.551 9.94 67.6 3.70

PEDOT-PSS

cuts to measure the films’ thickness. The AFM results showedhéadypical thickness
of the optimized PEDOT:PSS layers of both treated and untreatagles is ~40 nm.
This situation excludes a change in the PEDOT:PSS layer thgkagsa major
contributor to the observed enhancement.

The conductivity of the different PEDOT:PSS layers, whichctffeharge extraction
and thereforelsc and FF, was also measured. The conductivity of the layer ineigte b

performing devices, i.e., where EG was spin-coated on top of the PPBS, was ~0.1
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S/cm. It was ~10-fold larger than that of the untreated PEBSS film, but ~10-fold
smaller than that of the PEDOT:PSS layer prepared from thedmsolution of
PEDOT:PSS and EG. The conductivity of the layer prepared fronsalution diluted
with DI water was comparable to that of the untreated filreandé, the improved
performance of the devices is not directly related to the entharweductivity. That is,
the Isc of the cell with the PEDOT:PSS layer with the highest cotntic (prepared
from a mixture of PEDOT:PSS with EG) was inferior to thathef other devices with the
treated PEDOT:PSS layer. And, thg of the cell with the PEDOT:PSS layer prepared
from further diluting the original solution with DI water was largeat of the device with
the untreated layer, though their conductivities were comparabieeHand as shown
below, other factors besides the conductivity play an importantimoleproving the
performance of the solar cells.

Fig. 3-2 shows the external quantum efficiency (EQE) spectraeofaur devices of
Fig. 3-1. As seen, the EQE increased with PEDOT:PSS tremwith a trend
comparable to that shown in Fig. 1, as expected. The highest EQE, patkig0 nm,
was ~62%; it was observed for the device in which EG was spindcaa2000 rpm for
60 s on top of the PEDOT:PSS prepared from the original solut@o0&trpm for 60 s.

The corresponding EQE for the optimized untreated device was ~50%.
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Fig. 3-2. External quantum efficiency vs wavelength for ojzith devices with different
treated PEDOT:PSS layers, i.e., untrea- preparedusing the original PEDOT:PS
solution - (open stars), prepared by EG dilution of the oraiPEDOT:PSS solutio
(solid stars), prepared by DI water dilution (opsquares), and E-treated followinc
PEDOT:PSS fabrication (solid squares). See texté&tals.

In view of the above resu, specifically the significantreproducible increase ilsc
and EQE following modificatiorof the PEDOT:PSS, &transmission of the differe
PEDOT:PSS layers and the absorption sp of the differenPEDOT:PSS/P3T:PCBM
structures were measur(Fig. 3-3). As seen in Fig. 3-3, th@nsmission of the DI watt
and EGtreated PEDOT:PSS in the range =700 nm (which covers ¢hmain absorptio
region of theP3HT:PCBM) is slightly larger than that of the wate( layer. Similarly,

the absorption spectra of PEDOT:P
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Fig. 3-3. (a) The transmission spectra of the PEDOT:PSS ldg#owing different

treatments. The PEDOT:PSS transmission at wavelengt500 nm is comparable f

all films and for clarity is shown or for one case. (b) The corresponding absorp

spectra of the PEDOT:PSS/P3HT:PCBM structures: amraated PEDOT:PSS fili

(dotted line), PEDOT:PSS film prepared from a vatudilution ratio of 3:7 PEDO-

PSS:DI water (solid line), PEDOT:PSS film preparfom a 1:1 PEDO-PSS:EG
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volume ratio dilution (dashed-dotted line), and PEDOT:PSS film with pbsichtion

EG spin coating (dashed line).

P3HT:PCBM in the 400-700 nm range show that the absorption increaeshei
PEDOT:PSS treatments, with the largest absorption observedefd?dEDOT:PSS over
which EG was spin-coated.

To identify potential device characteristics those are redpen&r the enhanced
absorption and hence increadgd and EQE, the surface morphology of the PEDOT:
PSS and P3HT:PCBM layers as well as the surface chermasaposition of the
P3HT:PCBM were monitored using AFM, SEM, and Auger electron spectroscopy.

The roughness of the PEDOT:PSS layer, as measured by AlgM3(B) increased

slightly from 2.8 nm RMS in the untreated layer and 2.7 nm RMS iDtiveater-diluted

solution to 3.4 nm in the PEDOT:PSS/EG film. Also, as seen, following the

Fig. 3-4. AFM images of the morphology of PEDOT:PSS films differently ttedaé-
untreated, original PEDOT:PSS; center-additional dilution of 3:7 PEDOT-PSS: DI
water volume ratio; right-EG-treated PEDOT:PSS following the fabiocaof the latter.

The full scale in each image is 5 um.
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treatments, a more condensed packing of particles was observedic&pgcthe
particles appeared smaller for the DI water- and EG-tlesdenples, in particular for the
latter. The smaller particle size is in accordance to previgosrts suggesting that the
reduced size is due to removal of excess inter-particle[PHSThe slightly increased
roughness of the PEDOT:PSS layer, and most importantly, theicamtly increased
“graininess” from untreated to DI water-diluted to EG-coateBD®T:PSS likely
increase the contact area between the PEDOT:PSS and thelagtiyamproving hole
extraction to the anode.

Significant morphology variations were observed in the P3HT:PCBMrdaspin-
coated on the differently-treated PEDOT:PSS layers, as ise¢the AFM and SEM
images of Figs. 3-5 and 3-6. The RMS surface roughness of P3BMRG@th the
untreated PEDOT:PSS layer was 13.3 nm, that of the activevatyethe PEDOT:PSS
layer spun from DI water-diluted PEDOT:PSS (treatment@3 28.5 nm, and the RMS
of the active layer with the PEDOT:PSS layer on top of wii¢h was spin-coated
(treatment (iii)) was 34.5 nm. Since all the P3HT:PCBM layeere prepared under the
same experimental conditions, these changes in the surface rougteeswiously due
to the various treatments and resulting graininess of the PESSTI&ers. Rough
surfaces may increase scattering of the incident light indckhe active layer and hence
lead to increased absorption. In addition, the larger roughness asgesnthe contact
area between the active layer and the cathode, which mdytdedoetter electron

extraction.



Fig. 3-5. Morphology AFM images of the P3HT:PCBM layers on top of the different
PEDOT:PSS layers (full scale 50 pm). Left: untreated PEDOT:P&S8gic DI water

diluted PEDOT:PSS; right: PEDOT:PSS layer with EG spun on top.

As seen in Figs. 3-5 and 3-6, small aggregates, ~3 um wide, were distritnoesithe
surface of the P3HT:PCBM layer spin-coated on the EG-ttd@EDOT:PSS layer. The
dimensions of these aggregates, which are largely at the #ymecathode interface,
increased with anneal duration; this behavior is currently bawestigated. We note that
these features were not present if PEDOT:PSS annealingesfasmed for less than 30
min.

Auger surface mapping (Fig. 3-6) revealed a higher carbon (but far) sul
concentration in those aggregates, which indicates that the aggregatee
predominantly of PCBM. Increased PCBM level near the cathodmnioly annealing of
PEDOT:PSS/P3HT:PCBM is a known phenomenon, which facilitates@leextraction,
improving the efficiency of the solar cells [31-33]. Similarly, B€BM aggregates may

result in an improved FF, since more of the acceptor molecules contact theatteddk,
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Fig. 3-6. Left: Auger carbon mapping of the surface of P3HT:PCBM spin-coated on top
of the EG-treated PEDOT:PSS post-fabrication of the latter; the daxdder indicates a
higher concentration, center: the corresponding SEM image withrhGscale bar, and

right: SEM imagewith 1000m scale bar showing the distribution of the aggregates.

resulting in more efficient charge collection. Moreover, thereggies may also lead to
light scattering into the active layer, and thus increasedgbdlte light and consequently,
its absorption.
Conclusions

Various treatments of the PEDOT:PSS layer in ITO/PEDS3$/P3HT:PCBM/ Ca/Al
solar cells resulted in improved overall device performance. licpiat, the use of a
PEDOT:PSS film with spin coated EG on it post-fabrication teduh an increase in the
P3HT:PCBM absorption, and hence, an increase of ~18% i&nd a ~27% increase in
PCE, from 3.7% in the cell with the untreated PEDOT:PSS to 4.7% in the formdfFThe
increased to 71-72% (from ~68% in the untreated cell). DilutiorE@®T:PSS with DI
water, and not only with organic solvents, also improved device perfoenBased on
the above results, it appears that the improved devices result rfrostlyan increased

surface roughness of the P3HT:PCBM associated with the tneaaind consequently
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graininess of the PEDOT:PSS layers. The increased roughrmessitgs a better contact
with the metal electrode, which, possibly, together with therebdePCBM aggregates
near the cathode improves charge extraction. The improved PEBOTrBnsmission
and PEDOT:PSS/P3HT:PCBM absorption, together with the improved FPHE33
conductivity in some of the cases, improvedltheand the overall cell performance. This
improvement is possibly also due to improved light scattering byabgher surfaces
that results in enhanced absorption in the active layer. The rdsuttst indicate that a
change in the thickness of the PEDOT:PSS films is a majatributor to the observed
improvements, as optimized spin-coating conditions were employeda@h case
(untreated and treated PEDOT:PSS) and the optimized thicknegsbkesdifferent layers
were comparable. Similarly, changes in the PEDOT:PSS condudatidtyot correlate
with the improved performance. The simple routes that led to ghéisantly increased
PCE are expected to be applicable to other organic-based solar cells.
Acknowledgements

This work was partially supported by the lowa Power Fund and itest@r for
Energy Research, Office of Basic Energy Sciences, USDQfesALaboratory is
operated by lowa State University for the US DepartmerEradrgy (USDOE) under
Contract No. DE-AC 02-07CH11358.
References
[1] B. A. Gregga, M. C. Hanna, J. Appl. Phys. 93 (2003) 3605.
[2] H. Hoppea, N.S. Sariciftci, J. Mater. Res. 19 (2004) 1924.
[3] T. L. Benanti, D. Venkataraman, Photosynth. Res. 87 (2006) 73.

[4] C. J. Brabec, Sol. Energy Mater. Sol. Cells 83 (2004) 273.



68

[5] M. Reyes-Reyes, K. Kim, D.L. Carroll, Appl. Phys. Lett. 87 (2005) 083506.

[6] J. D. Servaites, S. Yeganeh, T. J. Marks, M. A. Ratner, Bdrct. Mater. 20 (2010)
97.

[7] G. Li, V. Shrotriya, J. Huang, Y. Yao, Tom Moriarty, K. Emery, Y. Yang, Nat. Mate
4 (2005) 864.

[8] G. Li, V. Shrotriya, Y. Yao, Y. Yang, J. Appl. Phys. 98 (2005) 043704-1.

[9] M. D. Irwin, D. B. Buchholz, A. W. Hains, R. P. H. Chang, T. J.rkéa Proc. Nat.
Acad. Sci. USA 105 (2008) 2783.

[10] J. Y. Kim, S. H. Kim, H.-H. Lee, K. Lee, W. Ma, X. Gong, A. J. Heeger, AdueMa
18 (2006) 572.

[11] A. Roy, S. H. Park, S. Cowan, M. H. Tong, S. Cho, K. Lee, A. J. Heeger, Appl. Phys.
Lett. 95 (2009) 013302-1.

[12] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T.-Q. Nguyen, WvntBaA. J. Heeger,
Science 317 (2007) 222.

[13] A. Moliton, J.-M. Nunzi, Polym. Int. 55 (2006) 583.

[14] Y. Shen, A. R. Hosseini, M. H. Wong, G. G. Malliaras, ChemPhysChem 5 (2004) 16.
[15] M. D. Perez, C. Borek, S. R. Forrest, M. E. Thompson, J. Am. Chem.1Sbc
(2009) 9281.

[16] B. P. Rand, D. P. Burk, S. R. Forrest, Phys. Rev. B 75 (2007) 115327-1.

[17] J. D. Servaites, M. A. Ratner, T. J. Marks, Appl. Phys. Lett. 95 (2009) 163302-1.
[18] D. Gupta, M. Bag, K. S. Narayan, Appl. Phys. Lett. 92 (2008) 093301.

[19] M.-S. Kim, B.-G. Kim, J.-S. Kim, ACS Appl. Mater. Interfaces 1 (2009) 1264.



69

[20] S. Timpanaro, M. Kemerink, F. J. Touwslager, M. M. De Kok, S. Seiny&Chem.
Phys. Lett. 394 (2004) 339.

[21] J. Ouyang, Q. Xua, C.-W. Chua, Y. Yang, G. Li, J. Shinar, Polymer 45 (2004) 8443.
[22] F. Zhang, M. Johansson, M. R. Andersson, J. C. Hummelen, O. Ingalvad/ater.
14 (2002) 662.

[23] S.-I. Na, S.-S. Kim, J. Jo, D.-Y. Kim, Adv. Mater. 20 (2008) 4061.

[24] S. H. Eom, S. Senthilarasu, P. Uthirakumar, S. Ch. Yoon, J. Limge&.H. S. Lim,
J. Lee, S.-H. Lee, Org. Electron. 10 (2009) 536.

[25] T. Ameri, G. Dennler, C. Waldauf, H. Azimi, A. Seemann, K. Eadh, J. Hauch,
M. Scharber, K. Hingerl, C. J. Brabec, Adv. Funct. Mater. 20 (2010) 1592.

[26] J. Y. Kim, J. H. Jung, D. E. Lee, J. Joo, Synth. Met. 126 (2002) 311.

[27] S. K. M. JOnsson, J. Birgerson, X. Crispin, G. Greczynski, W. Osdzui. W. D.
van der Gon, W. R. Salaneck, M. Fahlman, Synth. Met. 139 (2003) 1.

[28] X. Crispin, S. Marciniak, W. Osikowicz, G. Zotti, A. W. Denier vder Gon, F.
Louwet, M. Fahiman, L. Groenendaal, F. de Schryver, W. R. Salaneakyt.Sci. Pol.
Phys. 41 (2003) 2561.

[29] L. A. A. Pettersson, S. Ghosh, O. Inganas, Org. Electron. 3 (2002) 143.

[30] W. H. Kim, A. J. Makinen, N. Nikolov, R. Shashidhar, H. Kim, Z.K&fafi, Appl.
Phys. Lett. 80 (2002) 3844.

[31] M. Campoy-Quiles, T. Ferenczi, T. Agostinelli, P. G. Etcheg¥inKim, T. D.
Anthopoulos, P. N. Stavrinou, D. D. C. Bradley, J. Nelson, Nat. Mater. 7 (2008) 158.

[32] S. S. Van Bavel, E. Sourty, G. De With, J. Loos, Nano Lett. 9 (2009) 507.



70

[33] A. J. Parnell, A. D. F. Dunbar, A. J. Pearson, P. A. StaAied, C. Dennison, H.

Hamamatsu, M. W. A. Skoda, D. G. Lidzey, R. A. L. Jones, Adv. Mater. 22 (2010) 2444.



71

Chapter 5. Thin air-plasma-treated alkali fluoride layersfor improved hole
extraction in copper phthalocyanine/Cq-based solar cells
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Abstract

Alkali fluorides, mostly LiF and CsF, are well-known to improve ttat
injection/extraction in organic light-emitting diodes (OLEDs)/angasolar cells (OSCs).
They are also utilized, though to a lesser extent, for hole imjetct OLEDs. Here we
demonstrate a new role for such fluorides in enhancing OSCs’ hiséetgon. We show
that an ultrathirair-plasma-treatecalkali fluoride layer between the ITO anode and the
active layer in copper phthalocyanine (CuPgyBased OSCs increases the short circuit
current by up to ~17% for cells with LiF and ~7% for cellswilaF or CsF. The effects
of the fluoride layer thickness and treatment duration were evd|usgevere OSCs with
oxidized and plasma-treated Li and UV-ozone treated LiF. Measuateniecluded
current-voltage, absorption, external quantum efficiency (EQE), afontue microscopy,
and X-ray photoelectron spectroscopy, which showed the presencaloftikns, F, and
O at the treated ITO/fluoride surface. The EQE of optimizedcds with LiF increased
at wavelengths > 560 nm, exceeding the absorption increase. Okeradktilts indicate

that the improved performance is due largely to enhanced holactoaty, possibly
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related to improved energy-level alignment at the fluorinate@/CLIPc interface,

reduced OSC series resistance, and in the case of LiF, improved absorption.

Introduction

Organic solar cells (OSCs) are promising to become a lotaodsenvironmentally
friendly alternative for inorganic solar cells (SCs) [1-Zhey can be deposited on
flexible substrates such as plastic and are potentially plng{@-4]. Small molecule
OSCs have the advantage of simple layer-by-layer depositionhwhig problem with
polymer SCs due to the difficulty of finding orthogonal solvents Blé&téor the different
layers [5-6].

As is well known, one of the outstanding challenges of OSCs is to enbatraction
of photogenerated charge carriers. As cell performance deperadly grethe interfaces
between the various layers [7-9], it is essential to minirthizeenergy barrier between
the electrodes and the organic layers to achieve a nearly Gduntact. Different
interfacial layers between the electrodes and the orgapérslehave been used to
improve charge collection and reduce surface recombination. For exgoobyé3,4-
ethylenedioxy thiophene): poly(styrenesulfonate) (PEDOT:P$J) MoO; [11], V205
[12], and NiQ [13]were used for efficient hole collection in OSCs. LiF [14], CE3],
CsCOs; [16] and TiQ [17] interlayers deposited between the organic layers and the
cathode were found to assist in electron collection, increasing tler pmbnversion
efficiency (PCE) [9-10].

In organic light emitting diodes (OLEDs), LiF and CsF have beerelwidsed to

enhance electron injection at the metal cathode [18-21]. It vasteel that they either
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dope the preceding organic layer [22-23], form dipole layers antbdace [24], or, in

some cases, react with the preceding organic layer [25hdtalso reported that LiF/Al
yields a lower workfunction electrode [19, 26-27]. A recent ad&ctparamagnetic
resonance study of OLEDs showed that the doping effect by d.istvangly dependent
on the organic material adjacent to the LiF [28]. Similar behawves found in OSCs
[29].

While it is well established that in typical OLEDs LiFnges as an efficient electron
injection layer, studies on ITO/LIF demonstrated improved holetioje in OLEDs as
well [30]. This improvement was attributed to an increased ITOYLark function tows
~ 5.2 eV with 1 nm LiF, fronw; ~ 4.8 eV of the ITO [31]. Thex further increased with
LiF film thickness to 5.6 eV for 5 nm LiF on ITO. NaF (on IT®as also reported to
assist in hole injection in OLEDs following UV-0zone treatmergp as a result of an
increasedy; to 5.2 eV [32]. The formation of Na-O bonds was proposed to be responsible
for this increasedv;. Recently, an increase in the workfunction of chlorinated ITO was
reported [33-34]. This increase was associated with a laysirrfaice In-Cl dipoles [33].
Hence, alkali fluorides, like oxides, are also likely to inseedhe composite ITO
workfunction for better alignment with the highest occupied molearaital (HOMO)
of the adjacent organic active layer, copper phthalocyanine (CuPc) in this study.

This work shows for the first time enhanced hole extractm®$ECs induced by
ultrathin air-plasma treated alkali fluoride layers deposited hen ITO anodes. The
structure of the devices was ITO/LiF, NaF or Cgkih)/CuPc (15 nm)/g (30 or 27
nm)/Bphen (3.5 nm)/Al (120 nm) (Bphen is 4,7-diphenyl-1,10-phenanthroline; the thi

Bphen layer acts as an exciton-blocking layer) [35]. We demdadhrat LiF, and to a
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lesser extent NaF and CsF, enhance hole collection followingaaimpl treatment. We
investigated the effect of the duration of the air-plasmantrerat, including the effect of
the layers on the subsequent growth of the CuPc anldy@rs. Reference measurements
with UV-ozone-treated LiF and differently-treated Li layers ttve ITO were also
performed. As expected. these measurements exclude the eftadifftision into the
active layer in enhancing device performance, and prove that piisttbdonds do not
improve the short circuit curredsc to the same degree as the treated LiF layaf.
characteristics, XPS, absorption, and external quantum effici&k)(spectra, as well
as atomic force microscopy (AFM) were employed to elucidate observed OSC
performance enhancement. The treated fluorides are believetltie e energy barrier
for hole extraction, which leads to a high&c and PCE. Importantly, the plasma
treatment of the alkali fluorides was essential for improvingdhmic contact, lowering
the high series resistanBe observed in devices with the as-deposited fluorides.
Experimental procedures

Devices studied were of the structure ITO/LiF, NaF or @sfkm)/CuPc (15 nm)/gg
(30 or 27 nm)/Bphen (3.5 nm)/Al (120 nm). These thicknesses of Cul@rd Bphen
layers were found to be the optimal. The active area of &l wals 0.11 cf The ITO-
coated glass substrates were purchased from Colorado ConceptgSoBtior to cell
fabrication, they were cleaned sequentially with surfactant, aeidiwater, acetone, and
isopropanol, and blown dry with nitrogen after the cleaning protessl cases the ITO
was air-plasma treated for 20 min; changing the duration hadaaomiyor effect on cell

performance. The alkali fluoride layers were deposited on tlehly thermal vacuum
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(~10° mbar) evaporation inside a glovebox and then air-plasma-treatet] tiNerrganic
layers were thermally evaporated.

The effect of the interfacial layers was studied systealati The thickness of the
fluoride layers varied from 0 to 4 nm, by a 1 nm step. Air-plag@ament (Harrick
PDC-32G Plasma Cleaner/sterilizer; 18 W) was performed e tlagers for durations
of 0, 10, 20, and 30 minutes. The deposition rate of CuPc angdas ~0.1 nm/s, and of
BPhen ~0.15 nm/s. CuPc (dye content 97%), Bph€9%), LiF (99.995%), NaF
(99.99%), and CsF (99.9%) were all purchased from Sigma-Aldrigh(>89%) was
purchased from Nano-C. All materials were used without further purification.

The effects of treating LiF in a UV ozone oven or replacinghlyFa 1 nm Li layer
were also studied. Three different treatments of the latter wstseltd) an untreated thin
Li layer on which CuPc was deposited without breaking the vacuinan(air-oxidized
Li layer, and {ji) an air-oxidized layer that was subsequently air-plasmaettdat 20
min.

J-V characteristics of the OSCs were obtained using a 100 nAWEti bulb for
illumination. The EQE was measured at 0 V. Absorption spectra taken with an
Ocean Optics spectrometer. XPS data were obtained using &dtBigictronics 5500
multi-technique system, and AFM images were acquired with gateDilnstruments
system. We note that all the experiments were performed neuttipes to ensure the
validity of the conclusions.

Results and discussion

Effect of LiF thickness
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LiF, as the other alkali fluorides, is an insulateith a high bandge [36]. This
attribute, as expected, is in accordance with esults that show that for untreated 1 1
nm LiF, the series resistanR; of the OSCs increases from ~78 to Q. However, as

discussed later, tHe; values decrease to ~-83 Q following airplasma treatment of tt

LiF.
LUMO
29eV
Al
42eV

46eV

Bphen
ITO Cro
48eV
ITOILIF
(air-plasma)
6.2 eV 6.4 6V

HOMO

Fig. 4-1. Schematic energy band diagram of ITO/LiF/CuF,¢/BPhen/Al. The ITO/1 ni
LiF workfunction is believed to align with the HOM@vel of CuPc upon e-plasma

treatment for 10 min (see text

The enegy level diagram of the devices is shown in Fi-1. Thew; of ITO is ~ 4.8
eV, which was found to be suitable for hole eximactfrom CuPc [37]. It was reporte
thatw; of ITO/LiIF(1nm) increases to ~5.2 eV [31], which ctags well the ~5.2 eV lev

of the HOMO of CuPc. For 3 nm LiF, howevay; further increases to ~5.5 eV [3
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These reported values are also consistent with our resultd ohaeacteristics, shown in
Table 4-1. The Table shows the valueslgf, the open-circuit voltageVpc), the fill
factor (FF), and PCE of the different devices. As seen, LiF impiiy¢eeven before air-
plasma treatment. This can be explained by a reduced bargt associated with the
presence of surface dipoles. However, without plasma treatmeneérioenpance of the
OSC deteriorates when the LiF layer is > 2 nm thick. This isuairising based on the
increaseds.

Table 4-1 Device properties of ITO/LIF (x nm)/CuPc (15 nm)yC30 nm)/Bphen (3.5

nm)/ Al, where x =0, 1, 2, 3, and 4 nm, with and without plasma treatment.

LiF Plasma etching period| Voc Jsc FF PCE
thickness (min) V) (mA/cn) (%) (%)
(nm)
1 0 0.46 6.02 59.2 1.65
2 0 0.48 6.19 55.7 1.64
3 0 0.47 6.23 54.2 1.59
4 0 0.48 6.15 46.4 1.36
0* 0 0.45 6.15 59.1 1.64
1 20 0.45 7.22 58.6 1.90
2 20 0.45 7.18 58.0 1.86
3 20 0.45 7.11 56.4 1.78
4 20 0.44 7.21 52.1 1.64

*Reference device; in all cases the ITO was plasma-treated.
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Following air-plasma treatmedgc and PCE for 1-2 nm thick LiF layers improved
beyond the enhancement with the untreated LiF, which, as mentionethteirto the
reducedRs, but possibly only whem: does not significantly exceed ~5.2 eV. For the 1
nm LiF layer,Jsc increased by >17% and PCE increased from ~1.6% to 1.9% following
20 min of air-plasma treatment. As shown below, this increasegsly associated with
improved hole extraction, which is likely related to closer endeyel alignment
between the ITO/treated LiF anode and CuPc, and hence a better Ohmit. conta

Fig. 4-2 shows thd-V curves of the cells without LiF and with 1 nm LiF plasma-

treated for 10, 20, and 30 min. As seen, the plasma duration is important, with the 20 min

HE 4 i

L]

<,

E 2 _

=

wn

C 0 !

T _ -

] —=— »=1 nm/20 min plasma s

E —+— =1 nm/10 min plasma -% "TL

= 2 —+— =1 nm/0 min plasma I'|. II,'.. T

E —o— =0 nm Olll I'I‘.‘ 1

[ & 4l —— =1 nm/30 min plasma |.l=l||| 'ﬁ N

ITOVLiF{ % nmPCuPc{15 nmpQro{30 nmpBphen{ 3.5 nm}/AK 120 nm} 'ﬁ II&* ]

-b N 1 . . 1 . 1 I I|. Il'-
-04 -0.2 0.0 02 04 0.6

Voltage (V)

Fig. 4-2. J-V characteristics of ITO/x nm LiF/15 nm CuPc/30 npgX5 nm BPhen/Al
devices, with LiF air-plasma treatment periods of 10, 20, or 30 minJ®heurve for a

device with x = 0 nm is also shown as a reference.
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treatment resulting in the highekfc. This optimal 20 min period is probably related to
optimal Li-F and Li-O levels at the ITO surface, which woulteetf the energy level
alignment. XPS data, discussed in detail in Section 3.3, indeed indibatpdesence of
Li, F, and O in the ITO/ultrathin films following plasma etching.

To verify that the air-plasma-treated LiF is responsiblettier improved device
performance, we additionally studied the effect of UV-ozonetrtreat of ITO/LIF,
which did improvelsc, but only by ~6%, i.e., much less than the air-plasma treatment.
We also evaluated the possibility that the OSCs’ performanafdcted by the diffusion
of Li atoms into the organic layer or improved by the presencentyf Li-O bonds.
Devices with a 1 nm metallic Li layer resulted in non-pering OSCs, indicating that if
Li diffusion occurs it is, as expected, detrimental. An aidzdd Li layer, however, did
yield an operable OSC, but a poor one, Wight = 0.22 V,Jsc = 2.24 mA/cm, and FF =
24.4%. But when this oxidized Li layer was air-plasma treated20 min, the cell
performance improved strongly, adg:reached a value higher by ~5% than that of the
“standard” ITO/CuPc/&/Bphen/Al cell. Hence, these experiments exclude a
contribution of Li diffusion to the enhanced OSC performance, but supporttabution
of Li-O bonds to the enhancement. Alkali oxides are known to redgca metal
cathodes [38], but their effect on ITO/LIF is not clear. Thegksma increases the level
of Li-O bonds, indicating that an optimized level of such bonds is needgeltl the
observed improvement in performance. Moreover, as the devices wikkdtiak were
superior to those with Li-O only, it is clear that F or L&the key to improving the

performance.
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Fig. 4-3. Absorption spectra of 15 nm CuPc, 30 npg &d 15 nm CuPc/30 nm

C7¢/3.5nm BPhen films.

Fig. 4-3 shows the absorption spectra of CuPc filmg fiims, and the
CuPc/GyBphen structure. Fig. 4-4(a) compares the absorption spectra obrtiydete
devices with and without the 1 nm treated LiF layer. The absorptitireadlevices was
obtained by subtracting the specular reflection due mostly to theathode from the
incident light. As seen, the absorption of the device pixel with then treated LiF is

stronger at ~650-750 nm in comparison to that of the device pixetd#duli directly on

the ITO-coated glass.

Fig. 4-4(b) shows the EQE spectra of the two devices. As seeB(QE of the device
with the treated LiF increased in the ~550 to 750 nm range retatii® device with no

LiF. Comparison with Fig. 4-4(a) shows that the increase in the IE@tonger than the

Wavelength (nm)
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increase in the absorption, which was largely unchanged at ~550-650hanlatter

wavelength range corresponds to an absorption band of the CuPc
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Fig. 4-4. Comparison of (a) absorption spectra and (b) EQE of the devices with and
without the 1 nm plasma-treated LiF film.
layer (see Fig. 4-3), which is deposited directly on the ITO/LIF surface.rébult
together with the EQE spectra indicates that in the presence of the tri¢alegel some
of the charges otherwise lost to recombination at the ITO/CuPc intereanewa
collected by the anode. The increased absorption at ~700 nm is believed to contribute to
the increased EQE as well, though to a lesser extent.
XPS results

The presence of Li, F, and O on the ITO/1 nm plasma-treatedsluiifaces was

confirmed by XPS. However, as expected, the ITO constituentslsreolserved for
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such thin films, even before treatment. Fig. 4-5(a) shows the g&S&ra of ITO/LIF (1
nm) before and following 20 min of air-plasma treatment. As seenf the binding
energy shifted from 685.5 eV to 685.25 eV. The former corresponds tolthddnd in
LiF (685.5 eV) [39-40], while the latter is very close to the Wdlge in Ink (685.2 eV)
[41]. Similar to a conclusion regarding chlorinated ITO [33], thhgdadifference in the
electronegativity of In (1.78) and F (3.98) suggests the presencdrofasurface dipole

layer, which increases:.
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Fig. 4-5. (a) F 1s XPS spectra of a 1 nm LiF film following O and 20 min plasma
treatment. (b) XPS spectra of the O 1s for a 20 nm LiF film ash treated for O and
20 min, with simulated Lorentzian lineshape fits. The sum of the Loreihites, which
matches the experimental data, is also shown

To avoid the detection of In or Sn, we tested four 20 nm-thick In#sfthat rendered
the ITO invisible to XPS. These films were plasma treatedfdrO, 20, or 30 min. As
expected, air-plasma treatment of the 20 nm LiF film for O to 30resulted in a gradual
increase in the measured O level from ~0.5% to ~9%. Li and F stéiré¢he major
surface components (the Li level at ~40% was unaffected lpldbma duration and that

of F decreased from ~53% for 0-20 min of plasma to ~46% after B80frtreatment).
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We note that the binding energy of Li 1s was unchanged for the edfiffgriasma
durations, which is expected as the binding energy of Li 1s is aim@stame in LiF,
Li,O and LiOH [41]. As shown in Fig. 4-5(b), significant changes occurrede O 1s
line shape, which indicate increased surface O level stemnoimgthe plasma. Fitting of
the O 1s experimental data to two or three bands is also showgm i+-5(ib). In the non-
treated film the peak binding energies are at 531.8 and 530.7 eV, vdnrelsponds to
LIOH (531.5 eV) and IO (530.6 eV), respectively [42]. Following 10 and 20 min of
plasma etching a peak at ~533 eV appears, which correspond©q333.1 eV) [42].
This behavior suggests, as expected, the increased formation ofsimézace Li-O bonds
as the plasma duration increases. These results are consigtenmproved device
performance for an optimized concentration of surface Li-F an@ bends, which
possibly improve the energy level alignment and a contact that is closknic.O
AFM results

Fig. 4-6 shows tapping mode AFM images of ITO/CuPc and ITQéded nm
LiF/CuPc. The CuPc surface in the latter structure is rougitegainier than that grown
directly on ITO. The root mean square roughriggsof CuPc on ITO and on the treated
LiF are 2.8 and 3.6 nm, respectively. A rougher CuRci@erface can also improve
charge transfer in OSCs due to increased contact area.
NaF and CsF layers

1. NaF Deposition of 2-3 nm of NaF on ITO and air-plasma treatment fami20
resulted in a much smaller ~6% increasddn As with the LiF layer, 4 nm of plasma-
treated NaF worsened the devices. The NaF probably increasegotkieinction of

ITO/NaF to ~5.2 eV [32]; this -5.2 eV level is well-aligned witie -5.2 eV CuPc



84

HOMO level. As seen in Fig. 4-7, the absorption of NaF/Cup€ehen structures is
practically unchanged by the addition of the NaF layer, but thE BQthe devices

increases. Thus, the observed increaskdiikely indicates improved hole extraction.

0 3.00 pm 0 3.00 pm
Data type Height Data type Hedght
Z range 30,00 nm Z range 30,00 nm

Fig. 4-6. Tapping mode AFM images of ITO/CuPc (left) and ITO/1 nm LiF/CuBhbtjri
The 1 nm LiF was air-plasma treated for 20 min.

Plasma-treatment of the NaF layer did not have an effecteosuttiace morphology
and roughness as revealed by AFM images. This may alsoféetas in the lower
enhancement induced by NaF vs LiF. The F level as revealed byd&8ased from
~42% to ~29% following 30 min of plasma treatment of a 30 nm thickrlajhe
corresponding O levels increased from 1% to ~17%. This situati@rgdifomn that with
LiF, where the increase in the O level was milder, up to o8%s,~and the final F level

was ~46%.
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Fig. 4-7. (a) Absorption spectra of structures and (b) EQE spectra of devices with and
without 2 nm NaF or 1 nm CsF air-plasma-treated for 20 min.

2. CsE In repeated experiments, devices with untreated 1 nm CsF combddtsl
to operate as an OSC due to a high This behavior contrasts that of devices with
untreated LiF and NaF layers. However, it is in agreemehtprevious use of untreated
CsF layers next to the ITO anode in conventional Cuigdi&€sed solar cells [43]. In
these cells, inserting 1 nm CsF between ITO and CuPc dedrégs from 0.46 V to
0.25 V andJsc from 6.4 mA/cn to 2.5 mA/cm [43]. However, similar to the case of
NaF, deposition of 1 nm of CsF on the 1'8@d air-plasma treatment for 20 min (optimal
thickness and duration) improvel{c by 7% relative to devices with no CsF. As
supported by the unchanged absorption of CsF/CyfBRhen structures but increased
EQE (Fig. 4-7), this enhancement is, again, probably due largely to indpiwmie

extraction. Plasma treatment of devices with 3 — 4 nm of CeFredsllted in a strong
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drop in cell performance. These different aspects in the behafvimvices with CsF are
currently not entirely clear, but may be associated with wargesnergy level alignment.
We note that XPS of the CsF layers showed the presence of indiuno{doerse, to the
ITO) even on the surface of a 20 nm thick layer, unlike the case with LiF and NaF.
Finally, as mentioned, in all plasma-treated thin alkali fluorageis (including 1 nm

thick), O, F, and the alkali atoms were detected at the surtdence, though the
improvement upon addition of treated NaF and CsF layers is shsifl,use assisted in
supporting the conclusion that enhanced hole extraction is the nasonrdor the
enhanced OSC performance, given their unaffected light absorption.
Conclusions

We have shown that a thin 1 nm layer of LiF on the ITO anode irc/Cufbased
OSCs enhancec and PCE by up to ~17% following air-plasma treatment due mainly
to improved hole extraction. Similar behavior with a 6 — 7% enhancemenbhsarved
for plasma-treated NaF and CsF. These observations may bed redatenproved
energetics and hence a nearly Ohmic contact. Formation of@Hkainds, based on XPS
analyses, is also believed to contribute to the enhanced hole iextrathe best
enhancement was observed for a 1 nm LiF layer air-plasmadriat20 min. UV-ozone
treatment of such layers had a smaller effect. The light ptisorand the EQE of the
devices with treated alkali fluoride layers further support hgteaetion from CuPc to
the anode as one mechanism responsible for the observed enhanced peefolngt
absorption increased for structures with LiF and was largely ageldafor NaF or CsF.

The results consequently demonstrate the viability of air-plasesded thin fluoride
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layers, and in particular LiF, as interfacial layers betwipenITO anode and the donor
layer in small molecule CuPcfgbased OSCs.
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Chapter 6. A novel hybrid inor ganic-organic tandem junction solar cell
A paper submitted to the
2012 IEEE Proceedings of the International Reliability Physics Symposium
Sambit PattnaikT eng Xiao, Robert W. Mayer, Ruth Shinar,

Joseph Shinar, and Vikram L. Dalal

Abstract

Due to their potentially ultralow-cost, organic solar cells (QS€s a promising
technology. Bulk heterojunction OSCs have achieved power conversiorereffes
(PCE) of 8%. Yet even this is far below those of inorganic cé&lpical OSCs suffer
from poor solar radiation absorption, in particular beyond ~650 nm. Previfmits e
addressed this problem by fabricating tandem OSCs, withatetsrbing complementary
bands. However, their efficiency remains far below that of inocgmdem cells, and
they do not address the problem of OSC degradation. This paper descraodisally
new design of inorganic/organic hybrids based on an amorphous (Si,C):HARGBN
tandem junction cell. The unoptimized PCE is ~5.6%, a ~22% increase reaimpahe
OSC alone. It also addresses the critical problem of light-edlutegradation, as that
degradation is reduced significantly in the hybrid tandem. The cafisbe connected

electrically in series or in parallel, thus avoiding difficult currentamiaig problems.

I ntroduction
Organic solar cells (OSCs) are an important photovoltaic teagndbr solar energy

conversion due to their potential low cost and promise as easprtoata, flexible and
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high-performance energy sources [1]. Recent bulk heterojunction ,O8k=e a
polymeric donor is coupled to an electron acceptor molecule, hhwevad solar power
conversion efficiencies (PCEs) of ~8% [1-5]. However, as iEkmewn, unencapsulated
OSCs typically suffer from severe degradation upon exposutgtt-wavelength light,
moisture, and oxygen, with the decreasésinin some cases amounting to almost 45%
over ~200 hours of illumination [5-13]. One of the reasons for thésliom the efficiency
of the current generation of OSCs is the relatively poor absorptiongahic cells. For
example, the commonly used P3HT:PCBM (where P3HT is poly(3tnecyhene) and
PCBM is 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C system has a strong
absorption in the ~450-625 nm range, but poorer absorption below ~450 or beyond ~650
nm. Previous work has attempted to address this problem by usif@S@®s in a tandem
junction arrangement [14-22], each cell typically absorbing infardiit spectral region.
However, such systems are not optimal from a design viewpoint, inthéatdo not
approach the ~42% efficiency of inorganic crystalline tandem pmatells [4], or the
~20% efficiency of inorganic thin film cells [4], nor do they addrd®e critical problem
of light-induced and environmental degradation. In this paper, we show thaically
new design of tandem cells, which includes a combination of an mortfan-film cell
with an organic cell and with an intermediate transparent condwaorapproach the
high efficiency expected from a tandem cell arrangement. ddsgn also addresses the
critical problem of degradation due to constant illumination of th€.Ohe design is
such that one can electrically connect the cells either iesseriin parallel (i.e., with
separate electrical connections), as the need may be, angdtamially avoid the

difficult problem of current matching between the two cells. &geriments prove the
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concept and demonstrate the expected high open circuit vdlgrge 1.5 V in a series-
connected tandem combination of amorphous a-(Si,C):H and P3HT:PCBM-dxsed
The quantum efficiency data measured on the individual cells cotifiatnboth cells

contribute to the power.

Experimental procedures

For tandem device fabrication, the inorganic cell was fabddatt on a transparent,
conducting RF sputter-deposited ZnO layer (on a glass substrate)mof with a sheet
resistance of 4.5 Ohm/ The a-(Si,C):H layer was deposited using VHF (45 MHz)
plasma-enhanced CVD from a mixture of silane, methane, anddgydiat a substrate
temperature of ~20C. The cell is of the standard p-i-n or n-i-p types, withtlatee
layers, p, i, and n containing Si, C, H and appropriate dopants. @gerithickness was
~0.09 um and the n+ layer (0.1um) was deposited by doping phosphine irgasthe
mixture. The p+ layer was very thin (<20 nm); diborane was ustgatopant. ITO was
deposited on top covering the whole area or a partial area for deSignsl B,

respectively.

In design A (shown in Fig.5-1(a)), the organic cell was fabricate ITO covering
the inorganic cell. In design B (shown in Fig. 5-1(b)) it wawricated directly on ITO on
glass (with the inorganic cell on the opposite side of the glass). A PEH33T(from H.C.
Starck) layer (~40 nm thick as obtained from AFM data) whedated by spin-coating
on cleaned ITO at 5000 rpm for 60 s and baked for ~1 h diClRf6der ambient
conditions; it was then transferred into an argon-filled dual-sidBdaih glovebox. The

oxygen level in the glovebox was ~30 ppm and that of water < 0.1 ppm. The
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P3HT:PCBM (purchased from Rieke Metals and nano-C, respectigelyjion (1:1
weight ratio in 1,2-dichlorobenzene, with a concentration of 30 mg/nals) spin-coated
on top of the PEDOT:PSS layer at the optimized 400 rpm rate fey & immediately
placed under a petri dish for 2 h before baking at°C6€r 1 min and gradually
decreasing the temperature to 9@0for another 11 min. The Ca (25 nm)/Al (100 nm)
were deposited on the P3HT:PCBM layer by low vacuum f~ttbar) thermal

evaporationl-V curves were obtained using a 100 mW/&hH bulb

The external quantum efficiency (EQE) measurements wererpedl using a
monochromatic light source (400-700 nm) in conjunction with a chopper &tahéord
System lockin amplifier, and referenced to a standard Si photodiodestinmai the
current density from EQE data, we integrate the QE over theuresaent range, using
the known AM 1.5 photon flux. To measure the EQE on tandem devices a sgcondar
light source was used to saturate the top and bottom cells éyaixblue and red bias
light illumination, respectively. That is, saturation with bludnligields the EQE for the

organic cell, and with red light, for the inorganic cell.

Degradation measurements were performed at room temperatarbigh vacuum
chamber that enables in-situ measurements of device perforifgagceV curves, EQE
data) in vacuum or in controlled environments, i.e;, Ar, or air with controlled
humidity and/or oxygen. An Oriel Solar Simulator with a Xe amap was used for
illumination at 2-suns intensity for the OSC without the a-(8HCfilter. For a
meaningful degradation comparison, the intensity of the lamp wasasettevhen the

filter was used, so that the OSC still generated the same lgdiafl ~20 mA/cn.



95

Results and discussion

The two fundamental designs tested are shown in5-1. In Fig.5-1(a) the organic
cell is fabricated on indium tin oxideTO) that covers the inorganic cell with both ul
on the same side of the substrate (design A). éndisign shown in Fic5-1(b) the
inorganic cell is fabricated on one side of thesglaubstrate, and the organic cel

fabricated on ITO on the oppte side of the same glass substrate (desi¢

________PEDOIPSS |

___________PEDOT-PSS |

Fig. 5-1. Tandem cell designs: (a) both cells are on one sifi¢he glass substra
(Design A) (b) the organic cell and th-(Si,C):H-based cell are on opposite sides ¢

common glass substrate (desB).

The inorganic cell is of the standar-i-n or n-i-p type [23-25]with all three layers, |
i, and n containing Si, C, H and appropriate dopahie Tauc bandgap of th-(Si,C):H
intrinsic layer (~ 2 eV) and its thickness (~0.um) are sa&cted so as to match t
current produced in the organic cell if a seriesciical connection is to be used. Si

current matching is not necessary if the two cefks not electrically in series, but ¢
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connected to their respective loads in indepet circuits. In that case, both cells can
used separately, though they are optically condeetéh the light passing first throug
the top inorganic cell. The additional advantagehi$ design is in filtering of hic-
energy photons that may otherw damage the organic cell. The(Si,C):H cell is
provided with a transparent conducting oxide (TCéntact to let in light. Th
illuminated I-V curve for the thin inorganic cell is shown in F5-2(a); it shows al

efficiency of 3.9% witiVoc ~ 0.95 V.
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Fig. 5-2.1-V curves of (a) the thin-(Si,C):H-based cell and (b) the organic c

As mentioned, the organic cell is fabricated on Id€posited either on the oppos
side of the glass, or on th«(Si,C):H cell. It is deposited using standispin-coating
techniques, and consists of the usual PEDOT:PSS/REBM/metal configuratic [26].

The cell is typically capable of ~4.6% efficiencytiwiVoc ~ 0.61 V, as seen in ti

illuminatedl-V curve of Fig.5-2(b).
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Fig. 5-3 shows thé&V curve forthe tandem structure with the two cells conne
optically and electrically in series (see structurd=ig 5-1(b)). Light is incident on th
inorganic cell where the band gap of t-(Si,C):H is ~2 eV. Th&V curve clearly show
Voc ~ 1.5V, the approximate sum of the voltages of easth proving that both cells a

contributing to thé/oc.

Erganic—lnurg:anic Tandem
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= *
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&
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Fig. 5-3.I-V curve of the series orgarinorganic tandem device.

Further proof that both cells are contributinghie turrent comes fm measuring the
guantum efficiency (QE) curve for each cell, whishshown in Fig5-4. Very clearly,
from the QE data, the-(Si,C):H-based cell primarily absorbs blue photons, and
organic cell primarily absorbs the gr-yellow-red photons, as illtsted in Fig. -5. We
note that the absorbance of the inorganic ceh@&+40C- 475 nm range is stronger th
that of the OSC and while this strong absorbanceheyinorganic cell reduces t
absorption by the organic cell in that wavelengthge, tle overall performance of tf

tandem structure improved relative to the perforeeasf the OSC alone. The PCE of
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Fig. 5-4. QE of the a-(Si,C):H-based device (diamonds) and of the organic sdlar ce

(squares) in the series tandem design.

unoptimized tandem junction cell is ~5.6% (an increase of ~22% comigatieel OSC),

and though this structure was not yet optimized, it shows a promising new concept.

A major advantage of this new structure is that the high-engrgions are absorbed in
the top inorganic cell. Therefore, they are not available toibotgrto the degradation of
the OSC. Thus, the intrinsic stability should be better than that of an orgarbg dsgif.
This expected behavior is shown in Fig. 5-6 that compares the degradatn
atmosphere at ~23 of an organic cell to that of a similar cell with an a{$H filter.
As seen, while a reduction 68% in the short circuit currentsg) and~4% in theVoc
were observed for the organic cell #4200 hours of 2-suns irradiation (initibdc ~20
mA/cn?) with a filtered Xe arc lamp, those values were reduceddfd and <2%,

respectively, due to the presence of the a-(Si,C):H layer. Wetmatt¢he initiallsc and
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PCEs (4.6%) of both organic cells tested were simprior to the dew@dation

measurements. In addition, a tandem arrangemenatitally reduces the degradat

T
Y HH# by

W Y YN

Fig. 5-5.Demonstration of the light absorption by the tandearganic-organic cell with

the highenergy photons absorbed by the inorganic «

in the fill factor, since the top cell, being rédaly stable, anchors the fill factor of t

tandem arrangement at a high value even in thespcesof degradation of the bott

(organic) cell.

Note that state-afhe-art amorphous Si cells suffer frdittle degradation (a few %
with the Staeblek/ronski instability problem reduced significantl27-29]. Note also
that while we have used ar(Si,C):H-based cell for demonstrating the concept, o
materials, such as (Zn,Cd)Te [30], with approprizandgaps, can also be used for

inorganic cell. Since this cell is deposited firgte deposition can be done at elev:
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temperatures, followed by low-temperature deposition of the organic cell on ttrex

side of the substrate or on a transparonducting etctrode on the inorganic ce

1.00
098 | v
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Fig. 5-6.Voc and kcover ~100 h of -suns illumination of the OSCs with and withot

thin a-(Si,C):H film in N atmosphere at 28. (initial Isc ~20 mA/crf).

It was previously shown that under constionesun illumination in an ine
atmosphere the P3HT as well as the P3HT:PCBM atsestor at least 100C [31]. The
strong photodegradation observed in devices sityilBmminated in a glovebc [7] was
therefore attributed to degradation due to tlumination effect on the charge collecti
layers and device interfaces, rather than on thweatayer. As seen in Fi¢5-6, the
degradation of the unencapsulated OSCs of thig/stubll, was relatively milder, and
was further decreased by filterinhe blue and shorteravelength photons with the-

(Si,C):H thin layer. Hence, it appears that theebdund shorter wavelength photons
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largely responsible for affecting the collection layers andrfaces. They may also be
largely responsible for reducing photochemical degradation dueetprésence of trace
O, and moisture. The role of the Ca layer (in the Ca/Al electoddbe OSC) in the

observed degradation requires additional investigation.

Conclusions

In summary, we have shown how a novel tandem cell arrangemenqtrisiog a thin
amorphous (Si,C):H-based inorganic top cell, and an organic bottom salisren an
improved PCE of 5.6% in an unoptimized series design, which is a ~22%asecr
relative to that of the OSC alone. TWgc of the tandem junction cell, ~1.5 V, is the sum
of the values of the separate cells, as expected. Optimizatisouchf tandem cells,
deposited on a transparent, insulating substrate, can lead to sighificagher
efficiencies. One can optimize the structures by manipulatinthitkness of the cell and
changing the C content so that the bandgap varies and the absampt@-(Si,C):H
precisely complements that of the organic cell. The new deviteriala and architecture
allow for either series connection or electrically independendeta arrangements,
thereby eliminating the current matching problem, and also regitisehdegradation of

the structure by filtering the high-energy photons.

One can visualize using other polymers, which give higher currei@sCs [2], and
use an appropriate inorganic cell bandgap to match half of thatntuifeen the
efficiency can reach ~11% for our desigfp #rom the current best organic cell (half of
the reported ~8%, since half the photons are absorbed in the top inorggnianc 7%

from the optimized inorganic amorphous cell. For increasing thaesfty further, one
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can use a photonic or plasmonic approach to enhance infrared lighptedysan the

organic cell [20, 32-36], thereby increasing its current significantly.
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Chapter 7. Fabrication and properties of hybrid polymer/small-molecular
phosphorescent OL EDs based on poly(N-vinyl carbazole)

A paper published in th2009 SPIE Conference Proceedings

Teng Xiao, Min Cali, Ying Chen, Ruth Shinar and Joseph Shinar

Abstract

The properties of phosphorescéant tris(2-phenylpyridine) iridium [Ir(ppy]-doped
poly(N-vinyl carbazolePVK)/4,7-diphenyl-1,10-phenanthroline (Bphen) polymer/small
molecular hybrid OLEDs are described. For optimal BPhen thicknibss power
efficiency of the devices exceeds 30 Im/W. The low-temperatlectroluminescence-
detected magnetic resonance (ELDMR) exhibits the well-knowgatne spin 1/2
resonance attributed to enhanced formation of trions, but the positivé/8piesonance,
typically observed at low temperature or at high current derisitypt observed. The
OLEDs’ performance and the ELDMR results are discussedatiar to the nature of
the defects and their density in these devices.

Introduction

Following the pioneering work on phosphorescent small molecular OLEDs (P
SMOLEDSs), which are much more efficient than fluorescent SMCGiE[N],
phosphorescent polymer LEDs (Ph-PLEDs) were also developed, to ekpl@iv-cost,
ease of solution processing, and more accurate control of dopants in sicgs ¢2].

However, for improved performance, they require balancing otllege injection and
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prevention of quenching effects. Hence, with the incorporation ohglesiayer of
organic small molecules, the performance of the devices can be improved.

In 2004 Young et al. [2] developed a single layer, highly efficil@APBED with the
structure indium  tin oxide (ITO) [/  poly(3,4-ethylenedioxythiophene)
(PEDOT):polystyrene sulfonate (PSSpoly(N-vinyl carbazole (PVK):N,N'- diphenyl-
N,N'-bis(3-methylphenyl)-1,1'-biphenyl-4,4'-diamine (TPD):methylfac  tris(2-
phenylpyridine)  iridium  [Ir(mppy):2-(4-Biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole (PBDJ CsF/ Al. They used PVK as the base material of the emittiggr|a
which could prevent luminescence quenching by confining the tripledssiat the
Ir(mppy)s guest molecules. With the incorporation of TPD and PBD asdmuleslectron
transport moieties, respectively, they achieved a power conversioemrtfidiPCE) of 24
Im/W at 100 Cd/rh In 2005 Choulis et al. [3] improved the power efficiency to a
maximum of 38 Im/W by adding an interfacigloly(9,9-dioctyl-fluorene-co-N-(4-
butylphenyl)-diphenylamine)) (TFBlayer between the PEDOT:PSS and the emitting

layer. But neither of these reports provided any information regarding dealméty.

This work presents data on the lifetime of similar device tsire, with the potential
to enhance the efficiency at a higher luminescence. Highegftig hybrid OLEDs with
the structure ITO / PEDOT:PSS / PVK:TPD:Ir(mppyBD / Bphen / Bphen:LiF / Al
were fabricated. A combinatorial pixel array was made torohte the optimal
Bphen:LiF thickness, which was found to be 20 nm. The optimal device showed a
maximum power conversion efficiency of 31 Im/W and a maximumroos efficiency

of 44 Cd/A. The brightness was 19,000 Cdah10 V. However, at an initial brightness
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Lo = 5204 Cd/rhand a constant current density: 30 mA/cnd, the lifetime (to 50% of
Lo) tiz = 4.3 min; atLy = 520 Cd/m andJ = 1.8 mA/cn§, ty, = 116 min. When
extrapolated tdo = 100 Cd/m, ty, ~ 13 h.

Experimental procedures

PEDOT: PSS was purchased from H. C. Starck; PVK, TPD, and RB®purchased
from Sigma-Aldrich; Ir(mppy) was purchased from American Dye Source. All materials
were used with no further purification.

PLEDs were fabricated on Colorado Concept Coatings ITO-coatss gjldstrates.
The R, ~ 20 Q/1, 140 nm-thick ITO-coated 22" glass substrates were cleaned by
detergent and organic solvents and then treated in a UV/ozone overesétne ITO
work function and facilitate hole injection, as described elsewHérd he PEDOT: PSS
layer was spin-coated on the substrate at 1000 rpm for 60 s, antthevabaked for 30
min at 120°C. The PVK-based light emitting layer was then spin-coatech fa 17
mg/mL PVK solution inchlorobenzene solution at 1000 rpm for 60 s, and then baked for
30 min at 60°C. Finally, the CsF and Al layers were depositatidsynal evaporation. It
should be emphasized, however, that the chlorobenzene solution contaiting P,
Ir(mppy)s, and PBD was prepared in air before introduction into the glove bospior
coating.

To improve the efficiency of the devices, a Bphen layer was #iigravaporated on
the PVK layer, to generate the hybrid PLED/SMOLED ITO DEH: PSS / PVK: TPD:
Ir(mppy)s:PBD / Bphen / LiF / Al. The Bphen layer increases thetede injection and
thus improved the maximum efficiency to 23 Im/W [5]. The Bephen tieis& was varied

in a combinatorially-fabricated array to obtain an optimal thickn€he polymer layers
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were spin-coated and baked in the same way mentioned above. BphendLAf Jayers
are then fabricated by thermal evaporation. The lifetime of this hybridDOi&s 6.3 h at
Lo = 100 Cd/ri. The short lifetime [6-8] may stem from instability of tseurce PVK,
TPD, PBD and/or Bphen materials, or from contamination by oxygdfoawater. As
doping LiF into Bphen was shown to increase the lifetime of otherB3LE], in some
devices Bphen was doped with LiF, resulting in the device struci@¢ PEDOT:PSS /
PVK:TPD:Ir(mppy}:PBD / 10 nm Bphen / 20 nm Bphen:LiF / Al. Both the efficiency
and lifetime were improved when using the LiF dopant. The maximagipoanversion
efficiency was ~31 Im/W, and the lifetime (to 50% lg)) t1» was ~13 h at, = 100
Cd/nf.

Electroluminescence (EL)-detected magnetic resonance (E)DAMBRsurements were
conducted on the device with 35 nm Bphen as the ETL layer ELDMR system used
in this study was described previously [10-14]. In brief, the PMES inserted into the
quartz “finger” dewar of an Oxford Instruments He gas flow catoshe quartz “finger”
dewar was inserted into an optically accessible X-band mis®wavity. Bias was
applied to the PLED and the EL was collected by a Si photodiodeETB&IR was
measured by lock-in detection of the changes in the EL inducedeb810 mW, 9.35
GHz microwaves chopped at 500 Hz.

Results and discussion
Device Performance:
(i) ITO/PEDOT:PSS / PVK:TPD:Ir(mppy)PBD / 1 nm CsF / Al. Four samples of
different combinations of the spin-coating rates of the PEDSS3:Ryer and that of the

emitting layer (EML) were prepared to determine the optinjah-soating rate
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combination. The spinning rates were 1000 & 1008, 1000 & 2000 rpm, 2000 & 10(
rom, and 2000 & 2000 rpm. The PEDOT:PSS and EMErayvere baked for 30 min
200°C and 60°C, respective

Fig. 6-1 shows the device performance for these four PLE3sexpected, charg
injection increased for a thickePEDOT:PSS layer and a thinner EML. The che

injection, however, is more balanced when the theslses of the PEDOT:PSS layer

1

el

: : oL o g s BRT I Moy, FELET A
E W TUUU rpms 10U rpm o f <UL VR T ﬁ 1
5 O 1000 rpm/Euud rpm | O —
;-2: =t =% 2000 rpm/1000 rpm |:|E _g". | TE 15 0k o |
o < 2000 rpm/ /2000 rpm o 1 = >
= PZDO™:FSS/EML : < g
= = 0.0k 1
T
& 100 =
— =
z = 5.0EF
= =
= i
o 0 1 0. 0 S P TR L L
0 4 g 2 ] 4 ] (e
v oltag ep Voltage 140
23 T m
? - ny 12 - —F
= i L
= 2]
= (h gl
o ] ]
=13 % n o gO3
= m" = m O o upn
o on ful oon
= 11t ob JcopOo i o On
i " a I—D 1? Lqu:t E 4r -. o *
= o o #
& Ir -. o I:IIJ ?& B &
= [m}
~ AT Lo L
= ]pﬂn&ﬁmmw 0 pm &wm%ﬁ , ]
K 1 0 100 01 1 10 107
Curmrent Density madom® lourrent DEnsty masors

Fig. 6-1. Device performance for different s-coating rates of the PEDOT: PSS and
emitting layers. Solid squares 1000 & 1000 rpm, opesquares for 1000 & 2000 rpr
solid stars for 2000 & 1000 rpm, alopen stars for 2000 & 2000 rpm.

that of the EML are comparable. The device fabeidatt 1000 & 1000 rpm structure w
found to be somewhat better than the 2000 & . rpm structure. The thicker layers

the former device result in pixels with reducedrent leakage (see Fig-1) and better
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uniformity. A maximum current efficiency of 23.4 (Adwas obtained at a brightness
1671 Cd/m, while a maximum PCE of 12Im/W was achieved at 373 Cd”.

(i) A combinatorial array was fabricated to congpdhe performance of devices w
CsF, LiF, and Bphen/LiF. Three different basic stuves were teste:

Structure 1: ITO / PEDOT:PSS / PVK:TPD:Ir(mp3:PBD / 1nm CsF / 4,

Structure 2: ITO / PEDOT:PSS / PVK:TPD:Ir(mps:PBD / LiF / Al ,

Structure 3: ITO / PEDOT:PSS / PVK:TPD:Ir(mps:PBD / Bphen / LiF / Al

In structure 3the Bphen layer was 30, 40, or 50 nm thick; thekimess of the LiF laye
was 0.5 or 1.0 nm. s, a total 09 different pixel sets were generated. The pixel$
the 50 nm Bphen layer, however, crystallized, st &htotal of seven sets of pixels w
used for data collection and analysis. The -coating rates were 1000 & 1000 rpm

the PEDOT:PSS/EML.

-2.2ev
2. 1 -3.0
24ev 2% ey ev
-4 .3ev
Ir(mppy)3 PBD
LiF/Al
TPD Bphen
-5.1ev
PEDOT:PSS |-5.4ev
-5.5ev
-5.8ev -6.2ev
PVK
-6.4ev

Fig.6-2. The energy level diagram of ITO / PEDOT:PSS / P\AQTr(mppys:PBD /

Bphen / LiF /Al device structul
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Fig. 62 shows the energy level diagram of the ITO / PEDRZSE |

PVK:TPD:Ir(mppy}:PBD / Bphen / LiF /Al devices. Devices with (, however, were
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Fig. 6-3. The device performance of structure— 3; the spincoating rates were 1000
1000 rpm (see text).

Structure 1: ITO / PEDOT:PSS / PVK:TPD:Ir(mps:PBD / CsF(1nm) / Al, (soli
squares);

Structure 2: ITO / PEDOT:PSS / PVK:TPC(mppy}:PBD / LiF / Al (oper squares — 1
nm LiF; triangles 0.5 nm LiF);

Structure 3: ITO / PEDOT:PSS / PVK:TPD:Ir(mps:PBD / Bphen / LiF / Al (solid ar
gray circles -1 nm LiF, 30 and 40 nm Bphen, respectively; satid oper stars — 0.5 nm

LiF, 30 and 40 nm Bphen, respective
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superior to those with LiF, as shown in Fi-3, where the spigoating rates were 10(
& 1000 rpm. Although LiF reduces the barrier foealon injection from the Al,

probably does not dissoce and its 4.3 eV work function is much higher tiiaa 2.3 eV
of Li. In contrast, CsF dissociatindependently of the underlying mater resulting in a

work function that is almost as low as the 1.9 é\Cs.Free Cs atoms-dope the ETL,
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Fig. 6-4. Behavior of ITO / PEDOT:PSS / PVK:TPD:Ir(mp3:PBD / Bphen / LiF / Al
Spin€oating rates 2000 &2000 rpm (see text). Solid sgslaopen squares, solid sta
and open stars correspond to Bphen thicknesses3tf, @0, and 60 nt

which can enhance electron injection and improwacgeperformance [1-18]. When a
Bphen/LiF bilayer is employed as a substitute faFCthe efficiency of the device

further improved. Although the 3.6 V ti-on voltage with Bphen/LiF is higher thare

2.9 V with CsF, the maximum current efficiency iraped from 23.4 to 36 Cd/A at
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Bphen/Li thickness of 40 / 0.5 nm, and the maximR@E increased from 12.4 to 2!
Im/W. The enhancement in the efficiency may beilatted to the high ~I* cnf/Vs

election mobility of Bphen. Additionally, Bphen has a LWUMevel at-3.0 eV (although
-2.4 eV has also been reported), which minimizesgtie between the EML and LiF/,
and thus enhances the electron injectSimilar results to those shown in Fi¢-3 were

obtained when the spiteating rates were 2000 rpm/2000 rpm, as showimginG-4.

‘1[} T T T 4 B[} T " T
I
p— [}
= 0
= 0.6 £ 60| : i" |
c =
o i 11
£08 L 1o
go £ o ]
S 2 0 o
=04 B -
£ o F
= [
o] E 200 o T
|jll " ‘.""- ."
00 "11!' -!. “'\‘ﬁ‘du ]Lh 0 ‘-é :ILH:E*\. -
400 GO0 800 400 GO0 800
Wavelength (nm) fvslznammm

Fig. 6-5. The original and normalized spectra of device Stres 2 and 3 at 7 V. Tt
solid, dashed, dotted, and das-dotted lines are the spectra for 0, 30, 40, ancnm
Bphen, respectively.

The EL spectrum of each individual structure waablst under increasing bie
However, as shown in Fig-5, at a given voltage, the spectra of these diftesgucture:s
are slightly different. The peak is somewhat broedevwhen the Bphen layer is adde

This broadening may result from the better elecingection. That is, the higher electr
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mobility allows for electron penetration furthetarthe emitting layer, thus enlarging 1

emission zone, and therefore the widt the EL band.

2000

:

5

Current Density (mAcm?)
Brightness (Cdim2)
2

o £ W I

E 0 ‘Iz* " el ‘k:;'k

< S | P

&40 ¥

= g w .k

= * Tk K

= opp0O0- 00, = o oo gk,

l-; . ik ‘i;i w15 **”nu

= A | oo D”u

[ w 10F n i

=

= 0l x * x

= 5l

4 . . . . . .
01 1 10 01 1 all]

Curent Dersity [CHT; Current Dersity (mivont;

Fig. 6-6. Performance of ITO / PEDOT:PSS/PVK:TPD:PBD: Ir(m)s / 10 nm Bphen /
x nm Bphen:Li/ 1 nm LiF / / Open squares, solid stars, and ogstars are for x = 10
20, and 30 nm, respective

ETL was tested; the device efficiency wcomparable to that of the undoped dev
This behavior may be due to the much lower electnaility in Algsz in comparison to
that in Bphen. Next, a structure usin- doped Bphen as an electrimjection layer wa:
tested. As seen in Fig.@-a maximal PCE of30 Im/W, which is ~2 fold larger than th

of the device with pure Bphen (16 Im/W), was ohb¢dinThe optimal device structL
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wasITO / PEDOT:PSS / PVK:TPD:PBD:Ir(mpgs / 10 nm Bphen / 20 nm Bphen:Li /
nm LiF / Al. Although the EL spectrum w independent of the bias, the device lifeti
was no more than one hour Ly = 100 Cd/m, which is a great hindrance in

application. The short lifetime may be due to tifudion of Li into the ligh-emitting
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Fig. 6-7. The performance of ITO PEDOT:PSS / PVK:TPD:Ir(mpps:PBD / 10 nm
Bphen / x nm Bphen:LiF / Al. Solid squaropensquares, solid stars, aropen stars
correspond to x = 10, 20, 30, and 40 nm, respelgti

polymer layer, or to degradation of the PVK du@xygen or water containation. In
the former case, either doping Bphen with a lagdkali atom such as Cs, or applyint

different dopant, may result in a more stable devio check this hypothesis, LiF w
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chosen to substitute Li since it increases the device lifetulmen doped into small
molecular organic layers [19].

The best performance for the devices evaluated in this studyfwe® / PEDOT:PSS
/ PVK:PBD:Ir(mppy}:PBD / 10 nm Bphen ¥ nm Bphen:LiF / Al. The polymer layers
were fabricated by spin-coating as described above. The only cabdifi was the
replacement of Li by LiF, where a molar ratio of 1:1 was adofisedhe Bphen:LiF
layer. A better stability was obtained together with a coatgar efficiency for this
device. A combinatorial array with changing thickness of the doped \@as fabricated
to find the optimal doping thickness. Pixels of 10 nm, 20 nm, 30 nm, and 40 nih dope
layers were studied. The devices’ performance is shown in FigA6-3een, the device
with the 20 nm Bphen:LiF layer has the highest efficiency; tlimum luminous
efficiency is ~44 Cd/A, and the maximum PCE is ~31 Im/W.

Device Lifetime:

The stability of ITO / PEDOT:PSS / PVK:TPD:Ir(mpgdBD / 10 nm Bphen / 20 nm
Bphen:LiF / Al at constant current density was studied using 2x2 pixels. The
devices were encapsulated with transparent glass covers. RBgan®-6-9 show the
brightness vs. time at various. A device withLy = 256 Cd/m and itsty» was chosen as

the reference level. In other words, theand corresponding, values obtained
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for the otherdevices were normalized to this reference leveshasvn in Fig. -10. The

straight line shown in that figure is based ondbaation [2C

Loy thn, = Lop Ly, (1)
where the slope of this line is the acceleratiaridian, which was found to be 1.3The
good fit with the straight line demonstrates thédiy of this relationship for the pixe
used in this work. Thus, the hlifetime at 100 Cd/rhwas calculated to be ~13 h. Un
the same fabrication condition and measuremens stee hatlifetime of the device ITC
/ PEDOT:PSS / PVK:TPD:Ir(mpp3:PBD / Bphen / LiF / Al, without LiF doping, we

~6 h [9]. Thus, the lifetime was significantly impem with the incorporation of the Li

dopant.
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Fig. 6-10. (a) Logdog plot of 1, normalized to that atd= 256 Cd/n vs the normalize
Lo = 256 Cd/m, t» = 260 min. The straight line is the fit of Eq. (&ith an acceleratior
factor (slope) n = 1.32. (kLo vs 1/, The slope isyb = 801 min at ly = 100 Cd/n®.
ELDMR:

Fig. 641(a) shows the negative (-quenching) spin 1/2 ELDMR T = 20K of the

greenlr(mppy)s emission in the devicdTO / PEDOT:PSS / PVK:TPD:PBD:Ir(mpgs /
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35 nm Bphen / 1 nm LiF / Al; Fig.-11(b) shows the amplitude of this resona
|[Ale/1g | vs thevoltage at room temperatt. We note that the first generation of very |
efficiency PPV PLEDs also exhibited a negative spi resonance at all temperatu
and no positive (Elenhancing) spin 1/2 resonance [21]. However, im@do?LEDs
exhibited botha positive and a negative resonance [22], and SMBLgpically exhibit
a positive resonance at low temperature and a ivegagsonance at room temperat
[10-11]. The positive resonancedue to reduced quenching of singlet excitons (B
triplet excitons (TEs) and polarons [-14]. The negative resonance is due to enha
formation of localized trions (i.e., bipolarons stabilized byjameént deeply trappe
counterpolarons) [104, 14, 2-22]. However, in all previously studied devicalg /lg|

decreased with increased curre
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Fig. 6-11. (a) The fullfield spin 1/2 ELDMR of the gre¢phosphorescence Ir(mppy)-

doped PVK PLEDat 20K, (b) Negative spin 1/|4lg/lg| vs the bias at room
temperature. Note the strong increase ifig /lg | with increasing bias, which als
coincided with degradation of the device and iglitkdue to the higldefect density in

these PLEDSs.
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density J, but in the PVK devices it increases strongly with increadirag, from
~1.5x10% at 5 V to ~7.0x10 at 10 V. This behavior may be associated with the observed
PLED degradation. This increase of the negative ELDMR s® a@bnsistent with a

relation between trion formation and the degradation mechanism [14].
Conclusions

The properties of ITO / PEDOT:PSS / PVK:TPD:Ir(mp@BD /x nm Bphen ¥ nm
Bphen:LiF / LiF / Al hybrid polymer/small molecular OLEDs mgedescribed. The
devices with the LiF dopant exhibited the highest power efficiamgyp 31 Im/W, and
the longesty, of 800 min atlo = 100 Cd/m. The ELDMR results, which showed that the
negative spin 1/2 resonance amplitude increases with bias and degraslagigest the
presence of a high density of defect sites promoting trion dsom which may be
related to the short lifetimes of the devices.
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Chapter 8. High efficiency solution-processed small molecule

electrophosphorescent OLEDs

A paper published iAdvanced Materials

Min Cai, Teng Xiao, Emily Hellerich, Ying Chen, Ruth Shinar and Joseph Shinar

Abstract

We demonstrateery high efficiencyforward power and luminous efficiencies up to
60 Im/W and 69 Cd/A, respectivelgpin-coated small moleculgectrophosphorescent
OLEDs (SMOLEDSs) based on a green-emitting iridium complex dagteda 4,4'-bis(9-
carbazolyl)-biphenyl (CBP) host. Electron- and hole- transportimgecules were
blended with the host to improve the transport balance of the chargersaAn
additional electron- transporting/hole-blocking BPhen layer wasnthlly evaporated on
the spin-coated active layer, followed by the LiF/Al cathode.gdak efficiency of these
largely-solution-processed SMOLEDs is higher than that of anynmolyor solution-
processed OLED reported to date, and almost as high as that ofosteefficient
thermally evaporated (SM)OLED, when excluding the contributionoaticoupling-
enhancing structures such as microlens arrays. When such outcouplingeznéat is
included, the peak power efficiency would be 120 Im/W, essentiallfititeest of any
OLED reported to date. The high efficiency is attributed tortiatively high carrier
mobility in CBP, the enhanced mobility due to the additional electeordt hole-

transporting dopants, and the smoothness of the doped CBP-based films,RM®se
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surface roughness is only ~0.50 nm. The enhanced performance of nheoaed
SMOLEDs implies that such devices are an attractive alteenad the fabrication of
multi-component SMOLEDs, e.g., white OLEDs, reducing the costcantplexities of
co-evaporation of multiple dopants and host materials in the thgaonaum deposition
processes.
Introduction

Extensive research on organic light-emitting diodes (OLEDs)iraged due to their
promise in applications such as flat panel displays and solid lsgateng [1-5].
Commonly, thermal high-vacuum evaporation technology is used fordéibricof small
molecule-based OLEDs (SMOLEDs) and solution processing technadogged for
those based on polymers (PLEDs). Thermal evaporation deposition ecalgiscated
multilayer device architectures and renders excellent devitkdigh efficiencies [6,7].
In contrast, solution-based deposition limits fabrication of compositealstructures
because the solvent used for one layer can redissolve or othelavisage the previous
layers [8]. Therefore, thermally evaporated SMOLEDs apecéyly more efficient and
longer-lived than solution-processed PLEDs. However, thermal eatagordeposition
has its own disadvantages. First, it requires high vacuum and is centgeuuch more
costly. Second, making multi-dopant OLEDs, such as white OLEMLEDS), requires
precise control of the doping concentration of each dopant in thergnétier (EML) to
obtain the desired emission [9,10]. These reasons usually leaddocatfan process of
greater complexity and higher cost. On the other hand, solution pragessch as spin-
coating, inkjet printing, and screen printing, is advantageous beemal evaporation

processing, due to its low-cost and large area manufacturdbity1]. Additionally, it
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is possible to realize co-doping of several dopants by mixingdtpants and host
material in solution. Hence, the fabrication of SMOLEDs via atswi process is of
great importance. To that end, we demonstrate high efficiermewdfd power and
luminous efficiencies up to 60 Im/W and 69 Cd/A, respectively) spated
electrophosphorescent SMOLEDs based on green-emitting trig@y(ypyridine]
iridium(ll)  (Ir(mppy)s) doped into a 4,4-bis(9-carbazolyl)-biphenyl (CBP) host,
probably due to the materials and film morphology. This is the higregsirted
efficiency of any solution-processed OLED and among the highestyoODLED without
outcoupling enhancement. The electron- transporting 2-(4-biphey(dhtert-
butylphenyl)- 1,3,4-oxadiazole (PBD) and hole- transporting N,N'-dipheiyt-bis(3-
methyl-phenyl)- [l,'biphenyl]-4,4'-diamine (TPD) are blendedhwthe host to improve
the transport balance of the charge carriers. A poly(3,4-ethytenettiiophene):poly(4-
styrenesulfonate) (PEDOT:PSS) hole-injection layer is $jpgt-coated on the indium tin
oxide (ITO)/glass substrate, and an additional electron- transgpbule-blocking 4,7-
diphenyl-1,10-phenanthroline (BPhen) layer is thermally evaporated ospiheoated
active layer. Hence, the structure of the devices is ITO{spated PEDOT:PSS/spin-
coated CBP:TPD:PBD: Ir(mppyihermally evaporated BPhen/LiF/Al. In particular, the
performance of these SMOLEDs is superior to that of PLEDs & similar structure
based on poly(N-vinyl carbazole) (PVK) as the host (device steictli©/spin-coated
PEDOT:PSS/spin-coated PVK:TPD:PBD:Ir(mpgthermally evaporated BPhen/LiF/Al).
The enhanced performance of the spin-coated SMOLEDs implies that sucls degies
attractive and alternative route to the fabrication of smalkemdar multi-component

OLEDs, such as white OLEDs, reducing the cost of devices aowdiag the
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complexities of the co-evaporation of multiple dopants and host mlateihe vacuum

deposition.

Experimental procedures

PEDOT:PSS was purchased from H. C. Starck and used as the hctierninjgyer
(HIL). CBP and PVK, the host materials, TPD and PBD, the hohet eectron-
transporting molecules, respectively, and BPhen, an electron-tringpand hole-
blocking material, were purchased from Sigma-Aldrich. Ir(mgpye dopant material,
was purchased from American Dye Source. These materiaés wged without further

purification.

Films were fabricated on 21" nominally 20Q/square, 140 nm-thick ITO-coated
glass substrates (Colorado Concept Coatings). The ITO substexeéirst cleaned by a
surfactant in an ultrasonic bath, and then rinsed in flowing de-ioniz¢er Wl his was
followed by consecutive ultrasonications, first in isopropanol and thercdtorze to
remove dust and organic residue. Finally, the cleaned ITO sw@sstnare dried by
blowing nitrogen and then treated in a UV ozone oven to increaseaitkefunction of
the ITO and hence facilitate hole injection, as described elsewhee PEDOT:PSS was
first filtered through a 0.45 um syringe filter. It was thpmsoated at 1000 rpm for 60 s
on the ITO to generate a 60 nm layer that was baked in air ¥ 601 hour. CBP, a
blends of CBP: Ir(mppy) CBP: PBD: TPD: Ir(mppy) or a blend of PVK: PBD: TPD:
Ir(mppy)s in chlorobenzene were spin-coated on top of the PEDOT:PSSitayde an
Ar-filled glove box in which the oxygen level is generally beld@ ppm. These blends

form the light emitting layers. After spin-coating at 4000 rpm6i@ s, the resulting light-
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emitting layers were annealed at 60°C for 30 min. The morphologyeo$in-coated
thin films was measured by atomic force microscopy (AFMddet MM AFM-2 from

Digital Instruments, working at contact mode).

Following the annealing step, the films were transferred tbheamal evaporator
chamber within the glove box. BPhen, LiF and Al layers were depcstigaentially by
thermal evaporation using tungsten-heating baskets. The backgroesslner in the
chamber was ~210° mbar. The evaporation rate of the BPhen layer was ~1 A/s while
that of LiF was 0.2/s. The thickness of the BPhen layer was 40 nm and that of LSF wa
1 nm. The Al cathode was deposited through a shadow mask containing Hameter
circular holes; the evaporation rate of the Al was -&¥/sand its thickness was 100 nm.
Bias voltages across the OLEDs were supplied by a Kepco4DR2B/1 programmable
power supply and the current was measured using a Keithley 2000 ntedtinhbe
OLEDs’ EL was measured by a Minolta LS110 luminance metertanilt spectra were

obtained using an Ocean Optics CHEM2000 spectrometer.
Results and discussion

In spin-coated PLEDs, small molecule guests are typicadlyded with a polymer
host in a suitable solvent as is the case for PVK:Ir(mpPYEDs [12,13]. However,
when using this approach, phase separation may occur eithescaftettime of operation
or immediately following fabrication due to differences betwemalls molecules and
conjugated polymers in attributes such as viscosity and boiling ddintTo address this
issue, many other solution-processible organic molecules wagndésand synthesized,

including dendrimers, oligomers, spiro-molecules, and binuclear cletédtes [15-18].
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Recently, efficient OLEDs based on solution-processed small olesedave been
reported [19-26]. For example, té¢ al. reported that fluorescent SMOLEDs fabricated
by spin-coating blends of N, N"-bis-(3-naphthyl)-N, N"-biphenyl-(dhiphenyl)-4,4"-
diamine (NPB) and tris-(8-hydroxyquinoline)-aluminum (Alcgs the emitting layer
exhibited maximum brightness and luminous efficiency exceeding 10,00 @nd 3.8
Cd/A, respectively [23]. These values are comparable to thogeewhally evaporated
Algs-based devices. Thus, the development of solution-processed SMOLEBDsomase

materials used in high-efficient OLEDs fabricated via vacuum depositioonsiging.

Ir(mppy)s is a widely used phosphorescent dopant in OLEDs. The energy of the
lowest lying triplet state of Ir(mppy)s Er1 ~ 2.38 eV, while that of the CBP hostg ~
2.56 eV, which satisfies the obvious requirement Eyatof the host be to that of the
guest [27,28]. Previous studies showed that in the case of PVK:Ir(sRiyBEs, carrier
trapping and subsequent recombination on the guest molecule is, in géreedaiminant
triplet excitation path of the phosphorescent guest [12,29-31]. This i® doue energy of
the highest occupied molecular orbitalomo = -5.4 eV and the lowest unoccupied
molecular orbitaE ymo = -2.4 eV of Ir(mppy) being within those of PVKHyomo = -5.8
eV, ELumo = -2.2 eV); see Fig. 7-1(dB2,33]. Even though the direct formation of the
guest triplet state is the most elegant way to achieve good color putitygmefficiency,
this direct formation often requires a high operating voltage due to the buildup @fa spa
charge field [32]. In order to improve the performance of th&:R{Ymppy); PLEDSs,
electron-transporting PBOu§ ~ 2x10° cnf/Vs) and hole transporting TPRy(~ 2x10°

cn’/Vs) were co-doped with the Ir(mppyj34,35]. The introduction of PBD and TPD
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diminishes to a certain extent the buildup of the space chaideirfiehe device and
improves the balance of charge injection and transport due tditjeicarrier mobilities
[12,29-32]. It was found that the optimized concentrations of PVK,TPD, BB®

Ir(mppy)s in the EML were 61, 9, 24 and 6 wt. %, respectively [12, 29-32].

@) Lumo 228V

3.2eV 2.9eV

Ir(mppy), TPD PBD
516V BPhen
PEDOT:PSS2-4 eV 55 ev

HOMO pvKk-58eV  -6.2eV
__________ —---72-3-6.4 eV

——PVK, 2.5 eV
------- TPD, 2.34 eV
Ir(mppy),, 2.38 eV

---- CBP,26¢eV
N PBD, 2.5 eV
............ BPhen, 2.5 eV

Fig. 7-1. (a) HOMO and LUMO energy levels and (b) triplet energy) (€vels of the

various OLED materials.
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On the other hand, the carbazole-containing CBP host is a very commanatesal in
thermally-evaporated phosphorescent SMOLEDSs that yield highbyesft devices with
emission colors across the entire visible spectrum [36-39]. Howsystematic studies
on solution-processing of CBP and CBP-based SMOLEDs have not beeredeport
Therefore in this study, a series of CBP and CBP-based mefti&MOLEDs with the

following structures were fabricated:

Device A: ITO/spin-coated PEDOT:PSS/spin-coated CBP/thermally eatgmbBPhen

(40 nm)/LiF (1 nm)/Al (100 nm),

Device B: ITO/spin-coated PEDOT:PSS/spin-coated CBP

(0.94):Ir(mppy3(0.06)/thermally evaporated BPhen (40 nm)/LiF (1 nm)/Al (100 nm), and

Device C: ITO/spin-coated PEDOT:PSS/spin-coated
CBP(0.61):TPD(0.09):PBD(0.24):Ir(mppy®.06)/thermally evaporated BPhen (40

nm)/LiF (1 nm)/Al (100 nm).

PLEDs based on PVK similar to Device C were also fabricated for comparison:

Device D: ITO/spin-coated PEDOT:PSS/spin-coated
PVK(0.61):TPD(0.09):PBD(0.24):Ir(mppyP.06)/thermally evaporated BPhen (40
nm)/LiF (1 nm)/Al (100 nm). This structure differed from previousported structures

by the addition of the BPhen layer [12,32-33].

The optimized fractions of each component by weight in the EMite\0.61 CBP or
PVK, 0.09 TPD, 0.24 PBD, and 0.06 Ir(mppysomo, ELumo, andEr; of the materials

in these devices are also shown in Fig. 7-1 [32,33,36,40-43].
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In order to determine the possible effect of morphology on deviderpgnce, we
examined the films by atomic force microscopy (AFM). Somermel blend systems
phase separate and AFM has been shown to be a powerful tool in th&sanélthis
behavior [44]. AFM images of the spin-coated emitting filmssrewn in Fig. 3-2; all
show pinhole-free surfaces.

The root-mean-square (RMS) surface roughness spin-coatedrdB®V&K films are
0.98 and 0.87 nm, respectively. They are shown in Figs. 7-2(a)-(b). Vhkss are
significantly smaller than the 1.5 and 1.3 nm roughness of the themvalborated films
measured in our work and by Let al, respectively [45]. This demonstrates that a
typical amorphous SM EML can be fabricated effectively not onlyhgymal vacuum

deposition but also by a solution process.

Figs. 7-2(c)-(f) show the surface morphology of the spin-coéitms of the CBP
(0.94):Ir(mppy} (0.06), PVK (0.94):Ir(mppy) (0.06), CBP (0.61):TPD (0.09): PBD
(0.24):Ir(mppy} (0.06) and PVK (0.61):TPD (0.09):PBD (0.24):Ir(mpp§0.06) blends,
respectively. The RMS surface roughness values of thesedien8.47, 1.16, 0.57 and
1.10 nm, respectivelyThus, replacing PVK with CBP as the host matrix reduces the
EML’s surface roughness by > 50% possible explanation for this behavior may be
related to the difference between the small molecules and polymers. Theftatieshow
improved mechanical strength due to a stronger intermoleculaesfoand steric
hindrances. Hence, during spin-coating, the films formed by smalkecules and
polymers show different degrees of phase separation [46,47]. Thubes$ar particular

compositions of the CBP- and PVK-based blends, phase separation likely occurs more
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Img. Rms (Rq) 0.980 nm Img. Rms (Rq) 0.873 nm
20.0 nm
10.0 nm
0.0 nm
5. Oum 0 5. OHm
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CBP:TPD: PBD Ir(mppy)3 PVK:TPD: PBD I(mppy)3
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Fig. 7-2. AFM images of thin films formed by spin-coating (a) CBP, (b) P¥K,
CBP:Ir(mppy}, (d) PVK:Ir(mppyy .,(e) CBP:TPD:PBD:Ir(mppy) and ()

PVK:TPD:PBD:Ir(mppy).
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readily in the PVK-based films than in the CBP-based filmgamed under similar
conditions. The increased phase separation would then increase tioe souighness in
the PVK-based films. The better uniformity of the EML in DevZ€in comparison to

Device D) may be partially responsible for the

better device performance described next. Note, however, that thbaotogy and phase
separation in the blends are expected to strongly depend on the dampasid the

conclusions drawn in this work are valid only for these particular compositions.

It is noteworthy that the thin films of the spin-coated blemid8 wt. % Ir(mppyj} in
CBP are surprisingly smoother, as their RMS surface rouglses®% lower than that
of the CBP-only films. This intriguing result indicates thafmippy) reduces the
roughness of the CBP-based films and it warrants further inaéistig Indeed, it is made
all the more surprising in view of the observation that adding TRIDRBD into the

blend increases the RMS surface roughness only slightly, from 0.47 nm to 0.56 nm.

As mentioned, in our experiments, all devices have a spin-coated PEBSTole-
injection layer, which precedes the spin-coated EML. The BPleatr@n-transporting
layer is thermally evaporated on the spin-coated EML. It isairnhe most attractive
electron-transporting materials, with, ~ 2.8x10" cnf/Vs at room temperature and a
high Er; = 2.5 eV (Fig. 7-1(b))42,48]. Thus, the role of the BPhen layer is two-fold:
First, it improves the electron injection and transport due to gfis diectron mobility,
thus providing better charge balance in the devices. Second, it&Hhighd deep HOMO
level (-6.4 eV) confine holes and excitons within the EML, resultinigigh efficiencies

[42].
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The spin-coated EML of Device A consists of CBP only. The Elctspa, which
peaked at ~409 nm, is apparently due to bulk emission from CBP. Thiscgted CBP
device shows a peak brightness of ~200 Gdird a peak luminous efficiency of 0.23
Cd/A, which corresponds to an external quantum efficiency of 0.73 %e Mahses are
comparable to those of the thermally evaporated devices [49-50], deatogsthat

spin-coated CBP-based OLEDs are viable and promising.
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The normalized electroluminescence (EL) spectra of devices &)dCD, driven at 57
mA/cn?, are shown in Fig. 7-3(a). As clearly seen, the spectragiegkl0 nm, and their
EL bands are nearly identical. Hence, the EL originates only from thpdgemolecule,
indicating an essentially complete energy or charge transfer from thecothponents of

the blend to the Ir(mppy)

Fig. 7-3 also shows the brightness and current density vs. voltay¢heluminous
efficiency, luminous power efficiency and external quantum efficy vs. brightness for
Devices B, C and D. The spin-coated EML of Device B, madeBR (0.94):Ir(mppyy
(0.06), shows a peak luminous efficiency of 26 Cd/A, a peak luminous pofoserefy
of 14 Im/W and a peak external quantum efficiency of 7.9 %. Thessgts indicate that
spin-coated Ir(mppy)CBP-based devices are comparable to the thermally evaporated

ones [36,51].

As expected from Ref. 32 the performance of Device C, wheréNiL includes TPD
and PBD, is much better than Device B. The turn-on voltage (i.evpttagje at 1 Cd/f)
is 2.8 V for Device C, which is ~1.0 V lower than that of Device @] &he current
density of Device C is larger throughout the whole bias rangs.r&tuction of the turn-
on voltage and larger current density are clearly due to theased hole conductivity of
TPD and electron conductivity of PBD. In addition, TPD, with a HOM@el similar to
Ir(mppy)s (see Fig. 7-1) likely prevents saturation of the Ir(mppvith trapped holes,
and eliminates the buildup of the hole space charge. This behavionsstent with
previous studies on PVK:Ir(mppy)PLEDs [12,29-33]. As a result of the improved

balance of the charge injection and transport due to TPD and PBD, akienum
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luminous efficiency, luminous power efficiency and external quantditiezfcy reach
69 Cd/A, 60 Im/W and 22 %, respectively. We note that with an outcoupling
enhancement of 100% such as reported recently [52], the maximal lunpoowes
efficiency of Device C would reach 120 Im/W, i.e., it would be ofidghe highest

reported to date on any OLED.

The turn-on voltage of Device D is 3.5 V, or 0.7 V higher than that eicBeC, and
the current density is lower in comparison to Device C. This Iglelemonstrates a
reduced conductivity of Device D. The higher conductivity and highiesiegicies of
Device C are probably due to the much higher hole mobility of GRP (LO® cnf/Vs)
than of PVK (1, ~ 10° cnf/Vs), but may also be related to the smoother surface of the
CBP-based layer [53,54]. The corresponding efficiencies of D&viaee shown in Fig.
7-3. The peak luminous, luminous power, and external quantum efficienei@s @d/A,
22 Im/W, and 12 %, respectively. The results therefore demonttedtesing CBP as the
host material instead of PVK improves the quality of the spinecofiiin, enhancing the

overall device performance.

The high efficiency of Device C is likely due to the following factors:
(i) The relatively high carrier mobility in CBP:Ir(mppy)PD:PBD blends.
Choulis et al. reported highly efficient spin-coated PVK:Ir(mpgy)PD:PBD-
based PLEDs [33]. However, the replacement of PVK by CBP prphaploves
the devices’ carrier mobility significantly, as the intringicobility in the

connecting PVK tissue is very low (<1@nf/Vs).
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(i) The considerable amounts of the hole- transporting TPD andragiec
transporting PBD likely improve charge balance, as they probdblyn the
PVK:Ir(mppy)s: TPD:PBD-based PLEDs to yield the high efficiency of these
latter devices.

(i) The addition of the BPhen layer blocks holes from reachiegcathode, and,
importantly separates the recombination zone from the cathode rddie.
largely eliminates quenching of the excitons by the cathode.

(iv) Given the AFM images shown in Fig. 7-2, the apparently smoother
morphology of the CBP-based SMOLEDs likely results in highetezamobility

and reduced quenching of excitons at defect sites.

Although efficient solution-processed SMOLEDs have drawn incrgaaitention
recently, there are only a few reports on the operationtiligeof these devices [22, 26,
55]. Leeet al.fabricated other spin-coated SMOLEDs with thermally evaporateg(éiq
TPBI)/LiF/AL[22] Their operational lifetimes.so, i.e., the time at which the brightness
decreased to 50% of its initial value, were ~3 h at an initighbress.o = 600 Cd/m.
Ooe et al[55] fabricated SMOLEDs with a solution- processetNPD:CBP:Ir(tpy}
active layer, on which they thermally evaporated a hole-blodkiyey of bathocuproine
(BCP), followed by LiF/Al. TheirLso was ~4.5 h ato = 1,000 Cd/mA Preliminary
stability measurements on the CBP-based Device C yi¢kded?2.4 h alL, = 810 Cd/m.
This is more than twice that of the PVK-based Device Benel s, ~0.83 h at o = 1,000
Cd/nt, and it is actually higher than the ~3 H.at 600 Cd/m reported by Leet al[22],
but somewhat lower than the ~4.5 H.gt= 1,000 Cd/rreported by Ooet al[55]. We

suspect that the higher 96°C glass-transition temperg§wto-NPD as compared to the
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65°C of TPD, and the relatively lowy of BPhen reducetlso. We also suspect that a
lower film density caused by the presence of free volume betaggmregates may also
accelerate degradation. If that scenario is vindicated, optimsarngral key parameters
such as the use of materials with hifijy spin coating speed and time, and the thermal
treatment (temperature and time) should improve the stabilitgddition, we note that
the devices were encapsulated by lining the edges of the gglasgrate with torr-seal
epoxy and attaching a glass cover on the device. While such encapsigatisually
sufficient for brief measurements, it is believed that encatsunlay, e.g., the polymer
multilayer technique would improve the protection of the device fratemand enhance

its stability [56,57]. A detailed study is in progress and will be reported later.

Conclusions

In conclusion, we described solution-processed CBP-based SMOLEDsm@mpdred
their performance to that of PVK-based PLEDs, demonstrating LEB®WS with peak
power efficiency higher than any solution-processed device and am®highest of any
OLED reported to date. Uniform SMOLED EMLs of CBP:PBD:TRMppy) (in
comparison to the PLED EMLs PVK:PBD:TPD:Ir(mppywere obtained by spin-
coating. The improved performance of these spin-coated SMOIHidieved to be due
to the higher conductivity of CBP and the smoother spin-coated SNAOEFIL.
Consequently, solution-processing of SMOLEDs is expected to be amewwrowing
route for fabricating multi-components OLEDs, such as WOLEDs, tuce
manufacturing costs, increase device size, and avoid the compéxitg vacuum co-

deposition process.
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Chapter 9. Summary

A brief introduction to OSCs and OLEDs was provided in Chapterd 2.a@hapters 3
to 5 presented approaches to enhance the performance of #slandechapters 6 and 7
discuss performance attributes of OLEDs. In Chapter 3, varioasmieats of the
PEDOT:PSS layer in ITO/PEDOT:PSS/ P3HT:PCBM/Ca/Al iscklls were described.
These treatments resulted in improved overall device performanpartioular, the use
of a PEDOT:PSS film with spin-coated EG on it post-fabricatesulted in an increase
of ~27% in the PCE (from 3.7% for the untreated cells to 4.7% fotréated ones).
Based on the results, it appears that the improved devicesmesily from an increased
surface roughness of the P3HT:PCBM associated with themegaatand consequent
graininess of the PEDOT:PSS layers. The increased roughnessitgs a better contact
with the metal electrode, which, possibly, together with the ebdePCBM aggregates
near the cathode, improves charge extraction. The improved PED®Tr&&mission
and PEDOT:PSS/P3HT:PCBM absorption, together with the improved FPHE3S
conductivity in some of the cases, improvedltieand the overall cell performance. This
improvement is possibly also due to improved light scattering byahgher surfaces
that results in enhanced absorption in the active layer. The rdsuttst indicate that a
change in the thickness of the PEDOT:PSS films is a majatributor to the observed
improvements, as optimized spin-coating conditions were employedadh case
(untreated and treated PEDOT:PSS) and the optimized thicknesbesdifferent layers

were comparable. Similarly, changes in the PEDOT:PSS condudatidtyot correlate
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with the improved performance. The simple routes that led to thdisagly increased
PCE are expected to be applicable to other organic-based solar cells.

In Chapter 4, the effects of thin interlayers in small-molebalsed OSCs were
discussed. A 1 nm layer of LiF on the ITO anode in Cupdi@sed OSCs enhancks
and PCE by up to ~17% following air-plasma treatment of the LS Behavior is due
mainly to improved hole extraction. A similar behavior, with a 6 — Attaacement, was
observed for plasma-treated thin NaF and CsF. These observaynbenrelated to
improved energetics and hence a nearly Ohmic contact. FormatidkabfGa bonds,
based on XPS analyses, is also believed to contribute to the enlmmheesktraction.
The best enhancement was observed for a 1 nm LiF layer amgplasated for 20 min.
UV-ozone treatment of such layers had a smaller effect. ighe dbsorption and the
EQE of the devices with treated alkali fluoride layers furthgrport hole extraction from
CuPc to the anode as one mechanism responsible for the observed epkdiocetince.
Light absorption increased for structures with LiF and was kangethanged with NaF
or CsF. The results consequently demonstrate the viabilityrgflasma treated thin
fluoride layers, and in particular LiF, as interfacial laylesveen the ITO anode and the
donor layer in small molecule CuPgfbased OSCs.

In Chapter 5, a novel tandem cell arrangement, comprising a thorplaoos
(S1,C):H-based inorganic top cell and an organic bottom cell, vesepted. This tandem
structure results in an improved PCE of 5.6% in an unoptimized sieséegm, which is a
~22% increase relative to that of the OSC alone. \ideof the tandem junction cell,
~1.5V, is the sum of the values of the separate cells, as edp€&ttimization of such

tandem cells, deposited on a transparent, insulating substratesachiolsignificantly
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higher efficiencies. One can optimize the structures bypo&ating the thickness of the
cell and changing the C content so that the bandgap varies anbsiwpton in a-
(Si,C):H precisely complements that of the organic cell. The device materials and
architecture allow for either series connection or eledlyicmdependent tandem
arrangements, thereby eliminating the current matching problemipgratantly, also

reducing the degradation of the organic unit by filtering the high-energgmhot

In Chapter 6, the properties of ITO / PEDOT:PSS / PYWRTr(mppy):PBD /x nm
Bphen /y nm Bphen:LiF / LiF / Al hybrid polymer/small molecular ODE were
described. The devices with the LiF dopant exhibited the highest pffwenrey, up to
31 Im/W, and the longest;, of 800 min atLo = 100 Cd/mM. The ELDMR results, which
showed that the negative spin 1/2 resonance amplitude increadesbiast and
degradation, suggest the presence of a high density of defectpsi@®ting trion
formation, which may be related to the short lifetimes of the devices.

In Chapter 7, solution-processed CBP-based SMOLEDs wereiltegscand their
performance was compared to that of PVK-based PLEDs, demorg@Ati®LEDs with
peak power efficiency higher than any solution-processed devideanaong the highest
of any OLED reported to date. PLED EMLs PVK:PBD:TPD:Ir(mppyvere obtained
by spin-coating. The improved performance of these spin-coat€dl EMs is believed
to be due to the higher conductivity of CBP and the smoother spin-c6M&d.ED
EML. Consequently, solution-processing of SMOLEDSs is expected to bewaand

growing route for fabricating multi-components OLEDs, such as WB[OH, to reduce
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manufacturing costs, increase device size, and avoid the compéxitg vacuum co-
deposition process.

Future developments will continue to focus on fabricating low-cost higffilsient
OSCs and on their durability, and on developing highly efficient solptiocessed blue-

to-red OLEDSs, either polymer or small molecule, with long operationalisgabi



150

Acknowledgements

First of all, | would like to express my deep gratitude to my ad®Rsofessor Joseph
Shinar for all the years’ guidance, encouragement, support, and hkdp.dcknowledge
his assistance and suggestions for my future career.

A special thanks to my co-major professor Ruth Shinar. | appreleet guidance
particularly in the OSCs related works, and her suggestiols,amel support in my
research and life.

| would like to thank my family members, especially my husbama ki, who are
always standing behind me and supporting me. | would like to dedicatdissertation
to them.

My appreciation to former and current collaborators in Dr. Shinardspg Dr.
Zhaoqun Zhou and Dr. Moon-Ky Lee for their guidance and help in my researdWirDr
Cai, Dr. Ying Chen, Rui Liu, Emily Hellerich and Weipan Cui tbeir assistance and
suggestions in this long journey of pursuing a PhD degree.

My gratefulness to Dr. Dalal, Max Noack, Dr. Wai Leung, Robealyén, Sambit
Pattnaik, Shantan Kajjam and Yifen Liu for all their help at Meroelectronics
Research Center (MRC).

Finally, many thanks go to the Department of Physics at loage &tniversity. |
would also like to thank Larry, Lori, Gloria, Diane and Deb for tadministrative work.
This work was performed at the Ames Laboratory under contract number DE-
AC02-07CH11358 with the U.S. Department of Energy and at the Microelectronics

Research Center of |owa State University. It was partially supported by the Division



151

of Materials Science and Engineering, Basic Energy Sciences Division, DOE, and by

the | owa Power Fund.



	2012
	Modifying the organic/electrode interface in Organic Solar Cells (OSCs) and improving the efficiency of solution-processed phosphorescent Organic Light-Emitting Diodes (OLEDs)
	Teng Xiao
	Recommended Citation


	1.pdf
	2
	3

