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Chapter 1. Introduction to OLEDs and OL ED-Based
Photoluminescent (PL) Sensors
1.1 History of OLED Development

Electroluminescence (EL) from organic devices ojgeran an ac mode was first
reported in 1953 [1]. This report was followed b¥363 work by Pope and coworkers
on single crystal anthracene OLEDs [2]. Howevely @am1987, when Tang and Van
Slyke established the bilayer heterojunction smmallecular organic light emitting
diodes (SMOLEDsSs) [3], the advantages and promiapglications of thin film-based
OLEDs were realized. The reported device included@0) nm bilayer structure of
N,N'-diphenyl-N,N-bis(3-methyl-phenyl)-1,1-bipher4}4-diamine (TPD) and
tris(8-hydroxyquinoline) Al (Alg) achieving an external quantum efficiency (EQE) ~
1% and maximum brightness > 1000 C#//ithis work together with the first polymer
LEDs (PLEDs), demonstrated in 1990 [4] using spated poly (para-phenylene
vinylene) (PPV), have stimulated massive reseanchiredustrial interest in both
vacuum-deposited and solution-processed OLEDs.

In 1992, Gustafssoet al.demonstrated the first flexible OLED on a polyetngd
terephthalate (PET) substrate. Polyaniline (PANdswitilized as the transparent
“hole-injection contact” yielding comparable efecicy to inflexible ITO-based
devices [5]. In 1994, Kidet al.reported the first white OLEDs using a double
emitting layer structure with mixed blue and oraeg@ssion in the same device [6].
The device exhibited white emission covering a walgge of the visible region with

a maximum luminance of 3400 Cdim\bundant research and development studies



have contributed to the development of innovatigeick structures and architectures,
which paved the way to many potential applicatiaugh as flat-panel displays,
solid-state lighting, and OLED-based (bio)chems®ising platforms [7-11].

Another milestone in OLED history was set by introthg phosphorescent
materials into the device structure. In 1998 Batlal. applied the phosphorescent
dopant platinum octaethylporphine (PtOEP) in thdeDLlto harvest triplet excitons
[12]. This method enables one to break the 25%rétieal internal efficiency limit
which was statistically predicted in fluorescentides based on singlet exciton
emission. Indeed, as shown in Adachi’s followingkydhe second generation
iridium-based phosphorescent dye was doped intim@ &nergy gap host material to
achieve almost ~ 100% internal quantum efficieri&]

Despite the fact that almost all the excitons camtidized to emit light by
optimizing the materials and carrier balance indbaeice, waveguiding within the
ITO/organic layers and the substrate still preelarge fraction of the generated light
from being extracted. Starting from Sun’s work dow index grid for
electroluminescent (EL) outcoupling enhancemen}, [idmerous studies have
introduced various methods and solutions to imptbeedevices, partially alleviating
this issue. Currently, white OLEDs with efficiencgmparable to those of fluorescent
tubes can be achieved [15]. The most efficient Oltab reached a ~ 63% EQE and ~
290 Im/W power efficiency [16]. With improved dewitifetime and efficacy, OLEDs

have reached the last step toward mass production.



1.2 OLED Applications

A guestion that many may ask is why so much effospent on the development
of OLEDs. The short answer is that OLEDs provideide variety of possibilities for
making them superior to liquid crystal displays €}, inorganic LEDs and
fluorescent tubes. OLEDs are extremely thin (< 480 and compatible with simple
substrates and microfluidic structures. Their sotuprocessability makes them easy
to fabricate and hence, potentially low cost. Desiwith selective colors and
functionality can be made as one can easily tuagtbperties of the organic
materials by changing the functional groups orrdgm Unlike LCDs, the displays
made from OLEDs are self-luminous with no needoiacklighting or polarizers,
which provides a much wider viewing angle (> 26Bigher contrast ratio and lower
power consumption. These advantages enable oabricdte better performing and
cost-effective display products with OLEDs. Witlspect to lighting application,
OLEDSs are unique as they are diffuse (large aned)d@ammable light sources. These
two characteristics cannot be achieved simultarigdysneither LEDs nor
fluorescent tubes.

More importantly, OLEDs can be made flexible arahsiparent. This creates
many possibilities for innovative and distinct a@pations such as e-papers, smart
bandages [17], and interactive displays that ugdxtfeasible only in a Star Wars
movie [18].

In spite of all the above-mentioned merits, theeesdill a few hurdles limiting

OLED mass production. The disadvantages of OLEPsainly related to their



stability. The presence of UV light, oxygen and ity can cause organic materials
degradation and delamination between the metaireties and the active layers. As
high band gap materials usually degrade fastehltreeOLED pixels possess a very
different life span from the green and red pixelsich makes it difficult to fabricate
OLED displays with a stable color balance. Exteasfforts have been made in
encapsulation techniques, device structures andrialesynthesis to extend the
lifetime of the devices [19-22]. Currently, accelixd measurements predict a record
pixel lifetime of one million hours for green enmit) OLEDs [23]. However, studies
on enhancing lifetimes of panels, with comparatddggmance of pixels with
different colors, are still needed.

If the process of commercialization of OLEDs irglewarea flat-panel displays and
solid-state lighting is a marathon, we are now plp at the last 100 yards to the
finish line. There are already many existing prdduie cell phone screens and camera
displays like Nokia 6215i, Samsung Galaxy and Nikmolpix, as well as in TV
displays. In early 2007, Sony announced the fitdED TV — 11 inch XEL-1 with 45
Watt power consumption and 1,000,000:1 contragi.raG and Samsung both will
start to sell their 55 inch OLED TV in the middle2912. LG’s product weighs only
7.5 kg and is 4 mm thick utilizing white OLED sukeis with color filters for
reduced fabrication cost, while Samsung’s prodsitiaised on true red-green-blue
(RGB) pixels for more efficient emission. Additidlyamany companies such as LG
Chem, OSRAM, Philips, GE, Konica Minolta, Lumiotend Novaled have started to

produce and sell OLED lighting products. These potslare usually extremely light



and thin with a power efficiency of ~ 40-60 Im/WbrSe of the products were as low
as $100 per panel and aiming for massive redudtigmice as production increases
[24]. As more applications emerge, R&D on OLEDsteures to be important and
necessary for better understanding of the operatiechanisms and further improving
the device performance.

1.3 OLED Structures

The state-of- the art OLEDs are usually fabricatedjlass or plastic substrates
with multilayer thin film structures. The devicerggally includes ~ 100 nm thick
organic layers that are sandwiched between twdrebes.

In order to couple the light out, one of the eled&s has to be largely transparent.
For most of the devices, indium tin oxide (ITO) grady (3,4-ethylenedioxy-
thiophene):poly (styrenesulfonate) (PEDOT: PSShamied as the anode due to
their high work function (W). The WE of ITO ranges from 4.1 to 4.7 eV due to
different oxygen vacancy levels and surface treatm25,26]. Helandest al.
recently found that a YAQreater than 6.1 eV can be achieved in the case of
chlorinated ITO without altering the surface rougbs) transparency and conductivity
[27]. PEDOT:PSS was also well established as anpedyanode with a Wof 4.7- 5.4
eV[28-31] in spite of its low conductivity (< 10&) [32]. Treatments with high
boiling point solvents and multilayer depositioruttblargely improve its
conductivity and make it promising for solution-pessed OLEDs [33,34].

For the cathode, low Ymetals such as Ba 3% 2.7 eV), Ca (W~ 2.87 eV), Mg

(WE~ 3.66 eV) and Al (W~ 4.26 eV) [35] are usually utilized to minimizeet



energy barrier for electron injection. As many @ metals are reactive in ambient
conditions, electron injection layers (EIL) suchL#is [36], CsF [37], lithium

quinolate (Liq) [38] and GE€0;[39] are applied at the organic/cathode interface.
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Fig. 1-1 (a) General structure of a SMOLED (not to scaegrgy levels of a
two-layer OLED under (b) short circuit, (c) turn-thweshold and (d) operation with

continued forward bias.
As one of the merits of SMOLEDs, shown in Fig. 1¢{ag organic part is usually
comprised of multiple layers, each with its owndtionality. The common layers are

hole injection layer (HIL), hole transport layerTH), emission layer (EML), hole



blocking layer (HBL), electron transport layer (ETand EIL. PLEDs generally
consist of a simpler structure, with the numbelagérs limited by solution
orthogonality. Hence, PLEDs are often less effitiérthird class of OLEDs is based
on dendrimers [40]. A typical dendrimer includesoae, dendrons, and surface groups.
Processing, luminescent and electronic properfissidace groups and cores can be
optimized independently. The number of dendronsiges molecular control over the
intermolecular interactions that are crucial fovide performance. Devices with such
materials can achieve efficiencies comparable t@&EDs while maintaining

solution processability.

Other than the conventional bottom-emitting ardahiiees, OLEDs can also be
configured with top-emitting structures giving @iffht through a transparent top
electrode. Such structures are especially suitaitheactive matrix OLED
(AMOLED) designs and opaque substrates, incredbmegffective area and hence
the resolution of the OLED displays [41].

Novel tandem OLEDs were also introduced recenthesE devices have multiple
emitting units stacked vertically in series prowglihigher brightness and current
efficiency [42,43], which is attractive in solidas¢ lighting. One of the most
important components of tandem OLEDs is the chgegeration layer (CGL) that
connects the different units. A double-layer juntvith electric doping or large
energy level contrast, favorable for electron-ts#paration, is usually selected as
efficient CGL for tandem OLEDs [42-45].

Figs. 1(b)-(d) show the energy level alignment urditferent operation



conditions of a typical double layer OLED. Whenrthis no applied bias (¥, the
Fermi energies of the anode and cathode are shdiftalign with each other. As
shown in Fig. 1(b), the tilted bands of the HTL &L are unfavorable for carrier
injection. Only when the applied forward bias rezthe built-in potential ¥, the
flat-band state can be reached as indicated inlk@). Typical values of i are ~1.5
— 3V, related to the energy gap of the organicemnas. This represents the threshold
state of the OLED. As seen in Fig 1(d), increased/ard bias would initiate carrier
injection into the device. Holes and electronstdnifder the influence of the external
field. When oppositely charged carriers are injg@@med transported into organic
layers, they recombine to form excitons. Radiatelaxation of the excitons generates
photons, part of which is coupled out of the desice
1.4 Operating M echanisms of OLEDs
TECconjugated organic materials

Organic semiconductors are basedwronjugated materials, i.e. materials with
alternating single and double bonds through theemué or polymer backbone. In
such materialssp® hybridization in C atoms is formed with thre orbitals(derived
from s, py, andpy orbitals and forming bonds with adjacent atoms) and qne
orbital (forminga tbond with an adjacem, orbital). Theo bonds are coplanar with
an angle of 120° and strongly localized. Therbitals are perpendicular to tbe
bond plane. Tw, orbitals of adjacent carbon atoms form the retdyiweakrtbond,
where the electrons are delocalized and move velgtireely in the molecule

contributing to the semiconducting properties.



The band structures mconjugated materials are formed from discreteggner
levels. As shown in Fig. 1-2, twm orbitals result in splitting into two energy levels
(molecular orbitals). According to the Pauli exatusprinciple, every energy state can
be occupied by two electrons. Thus, in the grodatkonly thatorbital will be
occupied by the electrons. In a molecular systeth miore carbon atoms, the two
energy levels broaden into quasi-continuous enkeagyls. The highest occupied
molecular orbital (HOMO) and lowest unoccupied nealar orbital (LUMO) are

formed, in analogy to the top of the valence amdhbttom of the conduction band.

r-‘:' ) Y #
% % C=C_ VA VY
L

Trortbital  _—

T LuMO
* | HOMO
T ortbital

quasi=continuous
energy bands

2p orbitals Molecular orbitals

Fig. 1-2 Schematic representation of the molecular orbjtting and

guasi-continuous bands of occupied and unoccupaessint-conjugated materials
[46].

Carrier Injection

In general, carrier injection into organic mategibhs been described using
thermionic emission, Fowler—Nordheim (FN) tunnejingd modifications of the
above models. If we take electron injection asxamgle, when the contact between

the cathode and the ETL is established, some etextire injected into the trap states
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of the organic materials. This results in an “infagatential due to the Coulomb
attraction between these electrons and the holeghvahne left behind in the metal.
When a forward electric field is applied, the effee potential barrier experienced by
an electron is:
dp(x) = ¢, — qEx — q*/16mex (1.1)

wherex is the distance between the electrons and thenmygathode interfacd; is
the electric field an@n, is the work function of the cathode.

The second and third terms of Eq. (1.1) come frioenefffect of the applied bias
and the image charges, respectively. As demondtnateig. 1-3, both the applied
electric field and the image charge potential redihe energy barrier at the interface

and render it favorable for electron injection.

E ‘
Metal Organic Compound
0 :
F T~ i AL ERIE SRS T "
qA¢ R \
_&_ Pl % -q*/(167ex)

-qEx

A¢: Barrier lowered
¢ Injection barrier (not considering image charge effect)
¢g: Injection barrier (considering image charge effect)

Fig. 1-3 Energy barrier lowering by the image charge awttganic/metal interface
[47].

If we assume that an electron from the metalbmamjected once it acquires

sufficient thermal energy to surpass the maximutemqal barrier shown in Fig. 1-3,
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the thermionic injection current can be writterj4g|

Jen = A*T?e~998/kT (1.2)
with the Richardson constaft given by

A* = 4qgm*k? /h3 (1.3)
wherem is the carrier effective mass akis the Boltzmann constant.

If one substitutes Eqg. (1.1) into Eq. (1.2),

Jen o< edV/KT (1.4)

It is worth to note that Eq. (1.2) represents tlaximum current that can flow
across the interface when no scattering occurs.gdery when both the mobility of
the ejected carrier and the applied field are kb, carriers can backflow into the
electrode.

At low temperatures and high electric fields, fialssisted tunneling can be
important. The FN tunneling model describes thadéling of electrons from the
metal through a triangular barrier, which can belenthin by applying higher fields.

Such an injection current can be written as [47,48]

_8m/2m*¢3/2

3 -
b (1.5)

whereg is the metal/organic potential barrier.

This equation can be further simplified as

b
Jry X V2e ™V (1.6)

In 1991, Braun and Heeger reported such a FNelimg-based conduction in a
poly[[[(2-ethylhexyl)oxy]methoxy-1,4-phenylene]-1ghenediyl] (MEH-PPV)

OLED [49]. They compared the fit of theV characteristic with models based on
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thermionic emission and FN tunneling, as shownignl-4. It clearly showed that the
experiment was consistent with the tunneling madel relatively high electric field
ranging from %10° to 3x10° V/cm if a device thickness of ~100 nm is assumed.
Nonetheless, many fundamental considerations ssibla@kflow current, injection

into polaron levels and direct chemical interactibetween the metal and the organic
molecules [50] defeat the oversimplified treatmainthe current injection. As a result,

no general treatment is expected, with each prdodss analyzed independently.

-10.0 —————————————
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L]

-I:L“ - b

Current [mA)]
_- -

14.0 |

13 ' I IILS
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In(1/V?)

=16.0
L

-13.0 I

';o.u P | PP
0.04 0.06 0.08 0.1 0.12 0.14

/v

Fig. 1-4 In(I/V) vs. 1V for ITO/MEH-PPV diode: the dashed line is the Hegb Eq.
(1.4) and the solid line is the best fit to Eq6)1The inset shows the current and
voltage characteristic [49].

Carrier Transport

Organic semiconductor layers are usually amorphblos.molecules interact with
each other through Van der Waals forces, whichmareh weaker than covalent
bonding. Consequently, the carriers are transpdyesite-to-site hopping through the

molecular segments instead of band-like transparta result, the mobility is several
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orders of magnitude lower than that of the inorgaunterparts. The typical
mobility is ~10°-10° cn/(V-s) [11,50], where it is usually more tharf To/(V-s)
for inorganic semiconductors.

The field-dependence of the carrier mobilities IDEDs is given by [51]:

= poe /KT eFVE (L.7)
Wherey is the zero-field prefactod is the activation energ¥ is the electric field
andfis a field dependence coefficient.

As shown in Fig. 1-5, this dependence relies ot in which the carriers are
generally trapped in localized states and hop betvagferent potential wells with
phonon-assisted and field-assisted energy. Witrthleenergy from lattice distortion
they escape the localized states and transporighrthe LUMO and may be trapped
again in another site. With the applied electrtdj the potential level changes with the
field asymmetrically, thus lowering the barrier tbe carriers to escape.

A

Electric Field
| ————

Thermally Assisted
Hopping

~
Asymmetrifh

Energy

o

Position

Fig. 1-5 Schematics of phonon-assisted and field-assistetec hopping in OLEDSs.
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As mentioned, the carrier mobility of organic seomductors is several orders of
magnitude lower than their inorganic counterpaftben bias is applied to the OLED,
strong current injection into low-mobility matesahevitably leads to charge
accumulation in the bulk of the organic layers.sI¢harge build-up partially screens
the applied electric field resulting in its rediBtition. Hence, thd-V characteristic of
a diode exhibits ohmic and injection-limited belwan the low voltage range and
space-charge limited current (SCLC) relations ghbkr voltage range due to the
excessive injected carriers. Considering discrejestthat are present in the layers,
the modified SCLC relation was written as

Jscrc = 9e€g(O)V?/8d? (1.8)
whereu is the mobility,cis the dielectric constar, is the applied voltagel is the
thickness of the film, an®is the ratio of the free and trapped charge canaton
[53,54].

However, the local increase in the quasi-Fermgllee to strong injection may
lead to charge immobilization in the deep statehefdisorder-induced distribution of
the HOMO and LUMO levels [50]. The study on Adoased and other OLEDs by
Burrowset al.in 1996 has clearly shown that thw/ characteristic can be
summarized as [55]

J oc ymtl (1.9)
wherem s a factor dependent on trap density and digiohu
In the low voltage range, theV behavior obeys SCLGV?/d) for the thinnest

film and Ohmic relationJ~V/d) for thicker films. While in high voltage rangéet
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J-V shows trap-charge-limited (TCL) behaviorrasaries from 6 to 8 depending on
different device structures and materials. Suclethod was utilized in various
electrically active organic films explaining the [3&/ curves in the most common
types of OLEDs.

Recombination

Another distinct property of organic semiconductmompared to inorganic ones
is the dielectric constamst The lowere of the organic semiconductois B-5),
compared to that of the inorganic semiconductorsi0) causes different levels of
dielectric screening. Therefore Frenkel excitonsallg exist in OLEDs with a typical
binding energy 0.3~1eV and a binding radius ofn, while the excitons in the
inorganic LEDs are mostly Mott-Wannier excitonstwhinding energy ~ 10 meV and
a binding radius ~ 10 nm [52].

The Coulombic attraction between electron and pales needs to surpass the
thermal energy for them to be bonded and form emsithrough a random walk
process. The Onsager radius

1. = e?/4mee kT (1.10)
is therefore the maximum separation for electrole-lsapture. It is typically ~19 nm
for organic materials in room temperature. At higjection levels strong carrier
concentration gradients may build up at the intarfdeading to increased local
electric fields. These fields are formed closeh®riecombination zone leading to a
dramatic decrease in emission efficiency throughilfassisted exciton dissociation.

This decreased efficiency at high injection levslsalled “roll-off” and has been
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observed in almost all multi-layer OLEDs [11,12bvibusly, balancing carrier
injection and transport may significantly improve tsteady-state efficiency at high
brightness levels.
Fluorescence vs. Phosphorescence

In the ground state of organic molecules, the HOlM2I is filled by two
electrons with opposite spins based on the Paalusion principle. Electrons at the
HOMO level are most likely to participate in elextrtransfer or optical transitions.
The remaining electrons occupy tightly filled oedét. Therefore the system can be
described by a two electron configuration, whickegieither total spin O or 1.
According to degeneracy, S=0 is called singlet @adl triplet with spin

wavefunctions as following:

Singlet [0,0) = = [Tl —1] (1.11)
1,00 = = [10 +11]
Triplet 11,1) =11 (1.12)
11, —1) =

In the Langevin model, the electron and hole ca&ptuoss section is believed to
be spin-independent. Statistically in an electlycdtiven OLED, 25% of the excitons
will be singlets and the rest will be triplets béhem Egs. (1.11) & (1.12) and this
limits the maximum internal quantum efficiency (IYx& a fluorescent OLED.
However, there are suggestions that in polymeesctbss section for singlet excitons
(SEs) formation is higher than for triplet excitqigs) [56,57].

IQE that exceeds 25% has also been observed ireficent SMOLEDs. In 1998,

Kido et al.reported tris(4-methyl-8-quinolinolato)Al (Almbased devices with
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EQE~7.1% [58]. This converts to an IQE that brethles25% fluorescent OLED limit.

Such a phenomenon was also extensively studiedhaités in other systems and

believed to be caused by triplet-triplet annihdat(TTA) into singlets [58,59].
T"+T*>S"+S (1.13)

i. e., a TE goes through annihilative reaction$amother TE to form a SE and a

singlet ground state. This process is facilitatéemva large number of excited

molecules are generated at high bias.
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Fig. 1-6 Jablonski diagram illustrating the different enelgyels of an organic
molecule and indicating the possible transitiorntsveen them [46].

Fig. 1-6 demonstrates the possible transitions éetvdifferent energy states in an
OLED. In fluorescent systems, the radiative relexabf the triplet is forbidden due
to spin symmetry differences. However, it is neagg$o note that singlets and
triplets can be mixed by spin-orbit coupling. Whesavy metal atoms are introduced

into the organic molecules, the metal atom enhatieespin-orbit coupling and
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reduces the phosphorescent lifetime significarttys will result in a triplet state with
additional singlet character and also enhanceprtit@ability of intersystem crossing

(ISC) from the first SE state to the TE state asashin Fig. 1-6. By utilizing both the
SEs and TEs in phosphorescent systems, the tred@tiit of the IQE is 100% [13],
as compared to the 25% limit in fluorescent OLEDSs.

As mentioned earlier, the first phosphorescent O3 reported in 1998 by
Baldoet al.with PtOEP [12]. Adachi’s following work with theecond generation
iridium-based phosphorescent dye achieved almd¥%1QE [13]. Very recent
studies show that by employing electron-donating) @ectron-accepting molecules
that allow a very high reverse intersystem cros@iRi$C) of 86.5% between
non-radiative TE and radiative SE states, the TrEatso be utilized for the emission
of fluorescent OLEDs with increased IQE [60].

Energy Transfer vs. Charge Trapping

The organic materials possess a relatively lowsgliessition temperaturdd).
The crystallization of such compounds is one ofrttaén degradation processes in
OLEDs [11,50]. Doping of these compounds enhantzdslisy by inhibiting the
crystallization process and by localizing the eattiin energy on the dopant or guest
molecules. Furthermore, pristine fluorescent anasphorescent organic molecules
tend to aggregate. The intermolecular interact@nsse either excitonic quenching
through nonradiative decay or formation of excimeith emission at longer
wavelength and lower efficiency [61]. Applying tleematerials as a dopant in

guest-host systems prevents the aggregation asdiasficiency.
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In the guest-host system, an exciton can transf@miergy over to another
molecule via radiative energy transfer, ForsterdRaace Energy Transfer (FRET), or
Dexter Energy Transfer (DET). In radiative enengynsfer, the emission given off by
the donor molecule is followed by the absorptiothef photon by the acceptor
molecule. Obviously, it can occur only if the enossspectrum of the donor overlaps

the absorption spectrum of the acceptor.

Forster Energy Transfer

v — - 4
.o

\
e
Host Guest Host Guest

4

Dexter Energy Transfer

.
_1_{,-" + + _"‘_
Host Guest Host Guest

Fig. 1-7 Schematic description of Forster energy transfdr@exter energy transfer.

Fig. 1-7 demonstrates the nonradiative FRET and pi&€esses. In the FRET
process, an exciton on the host molecule inducksae in the guest molecule, and
the inducing donor field can interact with the indd acceptor dipole. The FRET
usually takes place within 10 nm at a time scaleasfoseconds. The rate of the
energy transfer is proportional to R)7 [62]:

1 ,R
Krrer(R) = — (?0)6 (1.14)
H
whereR is the distance between the guest and host mekeéylis the Forster Radius

andzy is the average host exciton lifetime for recomborain the absence of energy



20

transfer.

Different from FRET, charge exchange is involvedi&T, which occurs at a
very short range (~1 nm). Consequently, as FREUiregAS = 0 for both donor and
acceptor, DET only requires the total spin cond@aof the donor-acceptor system
as a whole, thus triplet-triplet and triplet-sirtgt@ergy transfers are allowed. Electron
exchange is a short range process, critically dégreinon the distand® The transfer
rate is given by

Kper (R) o exp(—=7) (1.15)
wherelL is the sum of the van der Waals radii of the haostthe guest molecules.

The optimized doping concentration of fluorescamgy-host systems is typically
around 1% as higher doping leads to concentratiemching of the guest emission.
However, phosphorescent OLEDs utilize the energystier with triplets. DET is
mostly involved in the process, which requires @rsimteraction distance. This is the
reason that phosphorescent guest-host systemsiogpéng ratio much higher than that
of the fluorescent OLEDSs, typically ~6-8% [11-13].

In the guest-host systems described above, eliedd©OMO or the LUMO level of
the guest is usually inside the host HOMO-LUMO gHgpis situation satisfies the
spectral overlap condition if the Stokes Shift betw the absorption and emission
spectra of the host and guest are not too largeieder, due to the same fact, the
mismatched energy levels generate carrier trapigiiguest-host system, which
provide another emission mechanism through dirleatge trapping on the guest

molecules.
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In fact, it is often debated if the emission froroegitain guest-host system is based
on energy transfer or charge trapping. For instatm@eemission of the
4-dicyanomethylene-2-methyl-6-[2-(2,3,6,7-tetratoxdH,5H-benzo-[i,jjJquinolizin-8
-ylvinyl]-4H-pyran (DCM2):Alg; system is attributed to both energy transfer [62]
and charge trapping [63,64] based on different mias@ns. Another example is that
both mechanisms are claimed in iridium bis(4’,6fltsbrophenylpyridineato)tetrakis
(1-pyrazolyl)borate (FIr6)-doped 4;:8,N’-dicarbazole-biphenyl (CBP) system [65].
1.5 OLED Fabrication Techniques
Vacuum Deposition

Thermal evaporation of small molecules is usuadlsigrmed in a vacuum of 10
Torr or better. The evaporation rate is typicatiythe range of 0.1~3 A/$he
advantages of thermal evaporation are that it esdbbrication of multilayer devices
in which the thickness of each layer can be coletichccurately. It is relatively easy
to pattern the pixels with proper shadow masks. &xigting vacuum deposition
equipment in the semiconductor industry can alseasdly utilized for the production
of such OLEDs.

In addition, combinatorial studies of OLEDSs, in winiseveral parameters (e.g.,
the thickness or composition of the layers) maydmged systematically, can be easily
applied in a single deposition procedure [50]. Tdumbinatorial fabrication greatly
enhances the efficiency of systematic device fatioo aimed at optimizing the
various parameters.

The disadvantage of vacuum deposition is thatuags requires sophisticated
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vacuum systems and is very sensitive to the evépareonditions such as pressure,
substrate temperature, degassing from the chamtgein order to maintain a decent
vacuum and uniformity of the organic layers therohar size is limited and thus
limits the panel size. Moreover, large amountsrghaic materials are deposited on
the chamber’s side walls during the fabricationjollresults in material waste and
higher production cost.

Organic vapor-phase deposition (OVPD) was develapgeart to overcome the
limitations of vacuum thermal evaporation [66]découples the evaporation and
deposition events, using a carrier gas to medngdransport of material from the
source to the substrate, thereby achieving greatdrol of the deposition process.
Some manufacturers also developed linear evaparatiorces [67] with the substrate
transferring perpendicular to a line of evaporasonrces. Such geometry could
deposit uniform films without a great distance bstw source and substrate, and also
enhance the material usage.

Solution Processing

Since polymers generally crosslink or decomposenuygating, they cannot be
thermally evaporated in a vacuum chamber. Heneg,dhe generally deposited by
solution-processing, such as spin-coating and injating. Spin-coating is an
established procedure in semiconducting proce$Sbig Excessive amount of
polymer solution is cast on the substrate, whi@mtiotates at high speed to spread
the fluid by centrifugal force.

Solution-processing is widely used in PLED and SNEDLfabrication as it is
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preferable for large size production and matersaige. The doping process can be
easily done by mixing several organic materialsjevin thermal evaporation it
requires complicated co-deposition. However, sdleetihogonality requirements
limit the ability of spin-coating for fabricatinguitilayer devices. Although the
thickness of the films can be controlled by theasoriration of the cast solution, the
spinning speed, and the spin-coating temperatigedifficult to fabricate thick films
and the thickness obviously cannot be monitorethduteposition. In addition, the
lack of combinatorial fabrication and patterningthoels hinders its application in
display industry.

Inkjet printing is driven by the low-cost of inkjptinters. The printing head is
ceramic or especially resistant to organic solvantsit is thus possible for the
experimentalist to procure an ink formulation basaed wide range of solvents. The
formation of the droplet may be by mechanical caspion of the ink through a
nozzle (piezoelectric) or by heating the ink. Thepdet is then electrostatically
charged and accelerated towards the substrate blgeinic field. This technique has
the advantage of high resolution of up to ~1200[@8]. In contrast to most other
wet-coating techniques there is no need for a cexplaster. A disadvantage is
possibly a limitation of printing speed.

As motivated by the need for fast and cost-effec®LED fabrication, roll-to-roll
methods are believed to be the most realistic waynassive OLED production.
Shown in Fig. 1-8 are many types of roll coating @ninting systems, e.g.

knife-over-edge, slot-die printing, gravure primggtiand meniscus printing, which can
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be used for OLED fabrication.
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Fig. 1-8 Schematic drawings of roll coating and printingteyns. The coating roller
and coating unit are shown in grey shading. The wehown as a thin line and the
coated material is shown as dotted line [68].

1.6 OLED Efficiencies

Efficiency plays a very important role in the resteand development of OLEDs
as it is not only a key issue for energy-consunmptibut also for the device lifetime.
The ability to operate an OLED at a lower input powat a given luminance decreases
the Joule heating and the speed of degradation.

For general research purposes, OLED’s efficienecylmacharacterized in two
ways — luminance efficiency and power efficiencyhvthe units Cd/A and Im/W,
respectively. The luminance efficiency describew nauch light power was emitted
in a certain direction under a certain currentatig. The power efficiency describes
the total light flux in the front direction undercartain operating power. It is also
widely used to give an idea about how much perceogical power (luminous
power) can be generated per unit input electrioalgr. This provides a direct energy
basis for comparison between different lightinghtemogies. However, in order to

understand the basic mechanism of the OLED, EQE the ratio of the number of
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photons extracted toward the front to that of etetd flowing through the external
driving circuit, is also measured. It can be ddmaias the multiplication of four
factors:

Ne = SYTstPpL (1.16)
Where @y, is the PL quantum yield of the emitting specieis, the charge balance
factor, rgr Is the fraction of radiative excitons adds the outcoupling efficiency.

The luminescent quantum yieth, is largely dependent on the material design
and synthesis. Whiléx of many dyes is close to 100% in solution, it dreparply
in films since the increased concentration of the guenches the PL,; this behavior is
known as “concentration quenching” or “self quengfii Guest-host systems or
dendrimers are largely used to produce efficientterg systems [12,13,40].

The charge balance factpgl is a measure of the balance between the hole and
electron injection and the probability of their setbination. This factor is optimized
by varying the composition and thickness of thergbdransport layers and the
energy barrier of the carrier injection through bamng the response of the
Luminanced-V curves. Charge balance was found to be very irapbtd achieve
efficient and stable devices [69,70]. Optimizedidearchitectures lead to low
turn-on voltage and extensive carrier injectiornse €xcessive charges can cause a
drop in the efficiency due to unbalanced injecon ohmic heating, which results in
a much shorter device lifespan.

As mentioned in Sec. 1.4, from spin-statistics, is 25% for fluorescent OLEDs.

Studies have shown that the actual factor is higherto TTA into SEs [56-59].
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However, it still cannot be compared to the excitsage in efficient
electrophosphorescent OLEDSs, in which the emissialue to allowed radiative
decay of TEs. Spin-orbit coupling, owing to the\hemetal core, mixes the triplet
states with singlet character, enabling the ragiatiansition of the TEs and
encourages ISC from the SE to the TE state. Phosptent OLEDs are extensively
studied and the up-to-datg has reached ~63% [16].

The outcoupling factof describes the ratio of light extracted out of tlegide to
that generated internally. Since OLEDs are planaltilayer structures, the inside
photons inside experience layers with differentaetive indices before exiting the
substrate. As shown in Fig. 1-9, total internale&ion (TIR) at the interfaces results
in trapped modes in the substrate and ITO/orgayers with only a small fraction of
the light extracted forward.

Simulations based on classical ray optics have shbeat the outcoupling
efficiency é can be obtained by integrating the intensity dkersurface-escape cone

and taking the ratio to the hemispherical emission:

&= foec sinfdd =1—cosf,=1— [1—-== (1.16)

wheren is the refractive index of the organic layer.

Based on this analysis, only ~20% of the intermaltpns escape in the front
direction [13]. Further studies indicated that 608 are waveguided and confined
within the ITO/organic layers and ~20-40% are tepm the glass substrate due to
the TIR at the glass/air interface [71,72]. Thisa&iion imposes challenges on further

enhancing the efficiency of OLED.



27

f I External modes \

Substrate

modes
ITO/org
Organics modes

\ “Cathode /

Fig. 1-9 Schematic drawing of external modes, substrateesiadd ITO/organic
modes in an OLED structure.

To achieve better light extraction, various methoage been utilized, which can
be classified into three major categoriésModification of the emitting species, e.g.,
increasing the population of horizontally orienteditting dipoles [73];i()
Modification of the ITO/substrate structure or fidee [14,16,74,75];i()
Modification of the substrate/air interface [15,78}. Recent studies have also shown
that optimizing cavity effects and plasmon modagpbed with reflecting electrodes
are also of major importance, affecting the outdioigpefficiency. Optimizing the
ETL thickness can alleviate cavity-related losseslaad to an optimized device
efficiency with thelJ-V characteristic maintained when using a highly catigle
n-doped transport layer [79].
1.7 OLED-based PL Sensing Platforms

PL-based chemical and biological sensors are $ensihd suitable for various
applications in areas such as environmental, medaisamical and agricultural
industries [10,80]. The sensors are typically cosggoof an analyte-responsive

luminescent sensing component, a light sourceetkates the PL, and a
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photodetector (PD). Applying an OLED as the exmtasource in such platforms for
(bio)chemical analytes and food pathogen detettane gained significant attention
due to potential low cost, high sensitivity, andesaf OLED fabrication and
possibility of integration with microfluidic chantseand thin-film PDs [10,11,80].
Light sources such as diode lasers and LEDs typioaduire a complicated design
(optical fibers, couplers, lens, mirrors, etc.) ifarorporation into compact devices. In
contrast, as shown in Fig. 1-10, the OLED-basedisgrplatform can be easily
integrated with common substrates and miniatursgtsing structures. Our group has
recently demonstrated that OLEDs are promising kgiurces for a uniquely simple
structurally integrated PL-based sensor platforat includes miniaturized sensor
arrays for high throughput, multianalyte analy4i8,]1,81-86].

As mentioned, the OLED-based sensor is typicalmposed of three basic
components: the OLED excitation source, the sefiisorwhose PL is subject to
change with the analyte type, concentration anctiaas, and the PD. These three
components can be arranged in either front detectidback detection geometries, as
shown in Fig. 1-10. In the front detection geomgting OLEDs and photodetector are
placed on two different sides of the sensor filrhjlevin the back detection geometry
they are on the same side. The back detection gepprevents direct illumination of
the excitation light on the PD and hence, typicatlfances the signal to noise ratio,

resulting in easier data collection and a more @wharchitecture.
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Fig. 1-10 Schematic drawing of (a) back detection and (@)tfdetection
geometries[10].

Among all applications, OLED-based @nd pH sensors are especially attractive
as they are very important in cultivation and bam@ss monitoring. Additionally, the
O, sensing enables the detection of a wide variegnafytes such as glucose, lactate,
ethanol, etc. that consume oxygen in the presefnitein specific oxidase enzmes
[85]. The ground state of (s a triplet, which makes the,@olecule an efficient
guencher of triplet excited states. Hence, phogsoant dyes such as PtOEP
(quantum yield ~50% in film and ~1Q® intrinsic decay time [87]) and palladium
octaethylporphine (PdOEP) (~1 ms intrinsic decaet[81]) are very promising for
effective Q detection based on their PL quenching.

If we assume the excitation level is constant, thenexciton generation raRyc
would stay unchanged. In the presence of oxygemethre 3 possible ways for
exciton decay to the ground state as shown in Efj7) with the @ quenching rate

related to @ concentration.
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kr
( Radiative Channel A*—> A+ hv

knr
Nonradiative Channel A* — A + phonon (1.17)

k : , kqlO2] .
0, Quenching Channel A* — A+ 0,

Consequently, in steady state the exciton dedayeguation is

dnN
d_to = Rexc — krNo — ke No = 0 (1.18)
dn
i Rexe = ke N — kpy N — kg [O2]N =0 (1.19)

whereNp is the exciton population in absence ofaddN is that with Q.

Eq. (1.18) & (1.19) are differential equations wiitme constants:

1
T kytkny,

_ 1

" kptknrtkg[O2]

To (1.20)

T (1.21)

Assuming the radiative decay rate is not affectethk presence of {dhe PL
intensitiesp andl are only related tblp andN, respectively. By solving Egs. (1.18) &

(1.19) and comparing Eqg. (1.20) & (1.21), we cadedive the following relations:

[02] =1+ Kgy[O,] (1.22)

Eq. (1.22) is the Stern-Volmer equation. It indésathat the ratio of the PL
intensity or decay time in absence gft@ that in the presence ot @ linear with
[O2]. Indeed as shown in Fig. 1-11(a), when a PtOBB/spyrene (PS) film is excited
by a pulsed green LED, both the PL intensity anchgdime decrease asjO

increases. The linear relation shown in Eq. (li2lemonstrated in Fig. 1-11(b).
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Fig. 1-11 (a) The PL decay curves of a PtOEP:PS film exdied pulsed green LED

at different Q concentrations; the inset shows the photograpfiseoéxcited film at 0%
and 100% @ (b) The corresponding Stern-Volmer plot.

Although botH andr are related to the analyte concentration,rthede is
preferably used since the decay time is an intigaantity, independent of the light
intensity. Thus, minor changes in the backgroughit)ithe sensing probe, or the
excitation source do not affect sensor performalmcthis way, frequent calibration
and a reference pixel are avoided. Furthermoregoubperation reduces heat
dissipation and enhances the lifetime of OLEDaldb shortens the light exposure of
the sensing film, resulting in reduced photobleaghi

With the relatively short decay of fluorescent OLE(SE lifetime is usually
shorter than 10 ns) and the rather long decay ¢infRtOEP (~3-10@is) and PAOEP
(~5-1000us) [87], it appears that the distortion of the Rinal by the excitation light
can be prevented. However, in some guest-host OL&2sge migration and
detrapping processes dominate light generatiomeatiuirn-off edge of the pulsed

OLED due to the low mobility of charge carriersoiganic materials. This issue
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affects data analysis in some sensor platformaiaeds to be alleviated, as discussed
later.
1.8 Dissertation Organization
This dissertation is comprised of 7 chapters. Grapis a general introduction to
OLEDs and OLED-based PL sensors. Chapter 2 desdtiegransient emission
mechanism of guest-host OLEDs both experimentaititheoretically. Chapter 3
demonstrates a monolithic and easy-to-apply prooedgabricating multicolor
microcavity OLEDs (that improve the sensor platfpr@hapter 4 addresses the
outcoupling issues of OLEDs at the substrate/a@riace by using a microstructured
polymer film resulting from a PS and polyethylemgcgl (PEG) mixture. Based on
the understanding of OLEDs and their improvemestdeed in Chapters 2-4,
research was done in order to realize integrateat@ghnic-based ©and pH sensors
with improved signal intensity and sensitivity. Téensor design modification and
optimization are summarized in Chapters 5 & 6. jnthe conclusions are
summarized in Chapter 7.
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Chapter 2. Comprehensive I nvestigation of Transient
Electroluminescence Spikesin SMOLEDs
Modified from R. Liu, Z. Gan, R. Shinar, J. Shinar,
Phys. Rev. B3, 245302 (2011).

Abstract

A comprehensive study of transient ns electrolusteace (EL) spikes that
exceed the dc level apd-long EL tails following a bias pulse in guesttsmall
molecular organic light-emitting diodes (SMOLEDis);luding relatively efficient
devices, which elucidates carrier and exciton dyinamm such devices, is presented.
The transient EL is strongly dependent, among gthesimeters, on device materials
and structure. At low temperatures, all measurettcds, with the exception of Pt
octaethylporphyrin (PtOEP)-doped tris(8-hydroxyapliime) Al (Algs) SMOLEDSs,
exhibit the spikes at ~70-300 ns. At room tempeeafRT), however, only those with
a hole injection barrier, carrier-trapping guessthemitting layer, and no strong
electron-transporting and hole-blocking layer (sash,7-diphenyl-1,10-
phenanthroline (BPhen)) exhibit strong spikes. €hemrow and appear earlier under
post-pulse reverse bias. To further elucidate tiggroof the spikes, we monitored
their dependence on the pulsed bias width andgltie doped layer thickness, and
its location within the OLED structure. The chasaistics of thaus-long tails were
also evaluated through the effect of the post-putdge. A model based on the
recombination of correlated charge pairs (CCPs)amncharge detrapping is

presented; the model agrees well with the experiahelata. The results suggest that
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reduced electric field-induced dissociative quenghof singlet excitons is
responsible for the spikes’ amplitude exceedingotingulse dc EL level. The long
tails are attributed to recombination of chargesaged from a distribution of
shallow, mostly host, sites, reminiscent of theajgiing and recombination processes
that yield the thermally stimulated luminescencswfh materials. The
comprehensive transient EL measurements in guestdevices demonstrate the
generality of the strong spike phenomenon in deweigh charge trapping in the
emitting guest molecules. Hence the transient ElLseave as an important tool to
identify the dominant emitting mechanisms in thegjthost systems.
2.1 Introduction

Thin film organic light emitting diodes (OLEDs) hmadvanced dramatically
since they were first described [1]. They are casgar of one or multiple organic
semiconducting layers, with a total thickness dd6-hm, sandwiched between two
electrodes. They exhibit great promise in varigysliaations such as displays,
solid-state lighting, and chemical and biologiahsing [2-7]. However, despite
growing interest and applications, fundamental esses that affect device
performance, such as carrier transport and recatibm as well as
electroluminescence (EL) quenching, in particutdiofving a bias pulse, remain to
be understood. In this study, we address thesegses in small molecular OLEDs
(SMOLEDSs), which dominate OLED-based applications.

Most studies that address the above-mentioned gsesdocus on the behavior

under dc voltage, with much less treatment of thesient behavior and its relation to
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device performance [8-18]. Among these studiesrdtian research concentrated on
triplet-triplet annihilation (TTA) in long EL decayrocesses [14,15], only a few
transient EL studies on polymer LEDs (PLEDs) [8-a0§ on
4,4-bis(2,2’-diphenylvinyl)-1,1’-biphenyl (DPVBipased SMOLEDs [16,17]
reported intriguing EL spikes following a bias pulSuch spikes were also observed
in (8-hydroxyquinoline) Al (Alg)-based [18] SMOLED but they were not analyzed.
The observations reported in this paper point és¢lspikes as a general phenomenon
in SMOLEDSs, including relatively efficient deviceshen charge trapping processes
occur and, hence, result in a more comprehensagient of the transient EL
behavior and its implications regarding the ch@t®LED materials and device
architecture. Additionally, as discussed later,tthasient EL behavior may point to
the light emission mechanism, whether dominatedrigrgy transfer from host to
guest or by direct carrier trapping on the guest.

As is well known, the transport of carriers in aptaous organic solids is based on
hopping between shallow localized stateg][Swvhich is due to energetic or structural
disorder and impurities. Traps within organic maisrtend to retain charges for
relatively long periods, as demonstrated by, ¢hgrmally stimulated luminescence
[19], indicating that such long-lived trapped ctesgan survive after the external
field is turned off. Unless they reach the appraigrelectrode, such charges
eventually form correlated charge pairs (CCPs) aittopposite mobile charge within
the Onsager radius (19 nm at room temperature cteggescreening by other charges;

<<19 nm if not) [17,20]. The recombination of theseriers following a bias pulse
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will consequently affect the transient behaviott@f OLEDSs, both electrically and
optically.

In this paper, a detailed investigation of transkeh spikes observed at 70 — 300
ns and tails extending to seveual following a bias pulse in efficient SMOLEDSs is
described. The effect of materials and other patarsi@attributes of the various layers
of the SMOLEDs are discussed, including the eféé¢emperature and post-pulse
forward and reverse bias. The OLEDs studied coragris$ all or part of the
following layers: anode/hole injection layer (Hlbhdle transport layer
(HTL)/guest-host emitting layer (EML)/hole blockimgd electron transporting layer
(HBL and ETL, respectively)/electron injection lagreetal cathode. Specific
examples include EL spikes and tails in devices witumarin6 (C6)-doped Adjjas
the EML and copper phthalocyanine (CuPc) as the Bihce the highest occupied
molecular orbital (HOMO) energy of C6 om0 = -5.4 €V, it becomes a hole
trapping center when doped into AlgvhereEomo = -5.9 eV. Hence, in this case
(and other cases of a dopant that ti@psr € due to its energy levels relative to the
host), most of the CCPs will involve a relativelyegly trappedh” on the C6 and a
relatively mobilee hopping among the Ajgnolecules around it. Thus tleewill
eventually recombine with tHe to form an exciton on the CB6.

The dependence of the spikes and tails on parasm&ieh as the thickness of the
doped layer and its distance from the HN,N-bis(haphthalen-1-yIN,N-
bis(phenyl)benzidineo-NPB))/Algs interface, the on-pulse voltage, the pulse

duration, and the time the device was exposed t@raidiscussed. The strong effects
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of the HIL, whether absent, CuPc, or Mp@nd of the ETL/HBL, are also discussed.
Moreover, a model based on the observed phenoragmmasented; the model is in
good agreement with the experimental data. Basédleomodel and the experiments,
the observed EL spikes are attributed to the reamatibn of CCPs, and the longer
emission tails to recombination of initially ungedr, uncorrelated charges. Transient
EL exhibiting spikes and tails observed in othgpetbdevices are also presented.
This comprehensive study highlights universal asgpecSMOLED performance. It
points to the strong role of materials and deviesigh as well as electric
field-induced dissociative quenching of singletitores (SES) (whose radiative decay
yields the EL). The contribution from a “back-dtiif holes that have leaked through
the recombination zone (RZ) toward the cathodedxifdback toward the RZ in
causing the EL spikes, as proposed for some PLEDsost likely marginal.
Importantly, no spike is observed, even at low terafure, in a guest-host system
where efficient energy transfer to a long-livegd{~ 100us) phosphorescent guest,
rather than charge trapping on it, dominates. bhlsavior can possibly provide a
novel way to distinguish between energy transfer @arge trapping processes in
guest-host systems.
2.2 Experimental methods

21x21 OLED pixel arrays (pixel diameter ~1.5 mmYyeviabricated
combinatorially [21]. All depositions were perforthim a conventional thermal
vacuum evaporation chamber (base pressuré Faf; the organic layers’ deposition

rate was ~1 A/s) installed inside a glove box wiBtd ppm Q. The bias pulses were
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generated by an Avtech Model AV-1011 power supptya nominal rise and fall
times of ~10 ns. The EL was monitored by a Hamam@&060-02 photomultiplier
tube (PMT) with a 5@ external load connected to a 350 MHz oscilloscépe low
temperature measurements, the OLED pixels’ size2¥@smnf. The devices were
placed in a small chamber with a transparent windowne side. The EL was
detected through that window using the PMT. Duhébgeometry of the setup the
PW in the low-temperature measurements was sefrts tb improve detection. As
shown in the inset of Fig. 2-5, however, the défere inAgpie using PWs of 10Qis
and 1 ms is modest. Note that there were sometiarsain Aspie from batch to batch,
with the overall behavior reproducible.
2.3 Resultsand discussion

Following a bias pulse applied to an OLED severatgsses responsible for the
post-pulse EL in fluorescent SMOLEDSs occur [22]e$é processes include:

(1) EL decay of pre-existing excitons, i.e., those fednaduring the pulse. This
decay process usually takes a few ns for SEs [IL1,23

(2) EL decay of SEs formed during the falling edgehef voltage pulse. Carriers
are continuously injected into the device while t#age is decaying, which in this
work lasted forx 50 ns [24]. The decaying external field also awns to drive the
pre-existing electrons and holes’ from the bulk of the transporting layers into the
RZ (which we approximate to coincide with the EMb)form excitons. The EL
generated from these excitons, as well as fronpteexisting excitons of (1), results

in an EL amplitude similar to that observed dutiing pulse.
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(3) Recombination of initial CCPs (i.e., those presgnt-50 ns after the end of
the pulse). Even after the external field decajarges within the RZ that are
Coulombically bound, i.e., CCPs, recombine. Themdgination of these charge pairs
is believed to generate the EL spikes that ar@up3d times larger than the on-pulse
(dc) EL level. As discussed below, the intriguitiggsgth of these EL spikes is
suspected to be due to reduced electric-field-iadudissociative quenching of SEs as
the applied field is turned off and the internaldidue to the dissipating charge
accumulation layers decays. An alternative mechanighereby increased CCP
generation from holes that have leaked throughRthecontinued to drift toward the
cathode, but now turn back toward the RZ in greatenbers due to the absence of an
applied field [22], is most likely marginal in gemaéing the spikes.

(4) Recombination of newly formed CCPs. Detrapped awayiginating
mostly from host shallow states continue to pathwipposite charges, mostly on
guest molecules, to form CCPs. Due to the relatigklw process of detrapping, the
excitons generated from these CCPs yield the obdestretched exponential EL tails
that extend over several microseconds.

(5) Decay of SEs formed by TTAhe fusion of the triplets generates additional
SEs, whose decay contributes to the transient Bis frocess approximataes
exponential decay in the long time range [14]. Cared to the EL decay caused by
the trapped charges, TTA is not affected by therea electric field due to the
charge neutrality of the triplets.

These processes for various materials, devicetates; and conditions are
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discussed in detail in the following sections. Vid¢erthat OLED displays can have a
faster response time than standard LCD screende\MBDs are capable ofal ms
response time offering a frame ratd kHz, OLEDs are advantageous with potential
response times < 165 (100 kHz refresh rates). However, the transi¢ndfEOLEDs
that might include a spike at ~100 ns and tails ¢éxéend to severais (and even ms
when triplet-triplet annihilation is non-negligiblpresent a limitation. This issue
becomes increasingly acute as the display sizeases. Moreover, the observed
spikes and tails are already a limitation for tHeEO-based luminescent biochemical
sensing platform, which has been drawing considenaberest[3,4].
2.3.1. Deviceswith CuPc asthe HIL
2.3.1-1 GeneraPhenomena

Fig. 1 shows a typical transient EL following a 1) 6 V pulse, normalized to
the EL amplitude during the pulse, in devices efgeneral structure ITO / CuPc (5
nm) /a-NPB (50 nm) / 1 wt.% C6:Alg(0<x<5 nm) / Algs (40x nm) / LiF (1 nm) /
Al (=120 nm). These devices are termed A0 to Apedeling on the value af
Strong EL spikes at ~100 ns and tails are obsdrvatl C6-doped devices with CuPc
as the HIL, but not in the undoped Aldevice AO. Similar spikes and tails were
observed also in other device structures detaglt=. |

As mentioned, C6, witkyomo = -5.4 eV, is a hole trapping fluorescent dopant in
Alqs, whereEpomo = -5.9 eV. The emission is mainly through direcioorabination of
CCPs at the dopant molecules, resulting from caima@ping [25,26]. As the carriers

are driven toward the RZ during the bias put8eare trapped on the energetically
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preferred sites of the C6 molecules. Although tk#P€ will eventually recombine and
form excitons, a considerable fraction of them Hredresulting excitons could be
dissociated by the electric field during the putesulting in EL quenching. Research
by other groups has shown that a significant amotioharges will be stored near the
RZ under constant bias, causing a high internatiedal field [27,28]. It has also
been shown that this field that induces SE dissiociazan reduce the EL by > 60%
[29,30].

After the pulse is turned off there are many remng € CPs in the RZ due to the
holes trapped on the guest molecules. Since tlotrieléeld decreases, field-induced
dissociative SE quenching is reduced as well, hadlow ofh" that have leaked
through the RZ toward the cathode and now turn batke RZ increases [8,9]. The
former process is believed to contribute to thespikes sufficiently to result in a
spike amplitude that exceeds the on-pulse EL. Nevdgted CCPs, formed from
unpaired, detrapped (mostly host) charges, are\malito contribute only to the EL
tails, due to the slow process of detrapping aedatger distance from the RZ. The
undoped Algdevice, on the other hand, has a much weaker pist-gL due to the
lack of guest-host-related charge trapping sitelscamsequently CCPs. This
observation therefore provides additional strongemnce for the charge trapping
mechanism in the C6:Alqguest-host system.

As seen in Fig. 2-1, the relative spike amplitddgce(i.€., spike intensity
normalized to the on-pulse level) increases whigrcreases from 0 to 2 nm. This

behavior is probably due to the increasing numibguest-induced traps. However,
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Aspikedecreases in device A5 in comparison to deviceamdlA2; repeated
measurements reproduced this A5 weakehgg in other devices, where the doped
layer thickness was farther increased, the spikakemed further. Assuming that
during the pulse the carrier density just outsideRZ is not drastically changed when
the doped layer thickness increases, in A5 thenatelectric field across the RZ is

likely lower than in A2, which results in lower fieinduced EL quenching during the

pulse and hence a relatively low&pie
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Fig. 2-1 The transient EL following a 100 ps, 6.0 V pul$elevices of the structure
ITO/5 nm CuPc/50 nm-NPBX nm 1wt% C6:Alg/(40x) nm Algs/1 nm LiF/~120
nm Al, termed, device A(i.e., A0, Al, A2, A5). Inset: Expanded view of ttiansient
EL up to 200 ns following the bias pulse.

To observe an EL spike, it is also important thaitens do not saturate the CCP
sites. Fig. 2-2 showApie VS Voltage in devices Al, A2, and A5. As cleals,Aspike

increases with the bias at low voltages, and deeseabove ~6.5-7 V. Holes injected
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from the anode will be either trapped on guest maés to later form CCPs, or will
recombine withe' to form excitons in host or guest molecules. Duthe barrier for
h* hopping froma-NPB to Algs, only a relatively small fraction &f is supplied to
the doped layer at low voltage, most of which wélrapidly trapped in the C6 guest
molecules. Thus, the spike increases with biabasrapped” density in the guest
molecules increases. When the bias is high (> V6rbthis case), most of the guest
traps are filled, and consequently the trapping daticreases, while the guest+host
exciton formation rates increase. Therefore, thative amplitude of the spike
decreases. This behavior and its analysis areasifftilough not identical) to those of

DPVBi-based OLEDs [16,17].
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Fig. 2-2 The voltage dependence of the peak intensityesfike in A1 (open
circles), A2 (solid squares), and A5 (solid triseg)l The lines are a guide to the eye.

2.3.1-2 Effects of the Doped EML Position
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Fig. 2-3 confirms the crucial role of the C6:Alguest-host system in generating
CCPs and hence the EL spikes. In addition to tmmalized transient EL intensity of
A0 and Al, it shows also the EL intensity in degiae which the 1 nm doped layer
was fabricated at an increasing distance from thie. Fflhe general structure of these
devices was ITO / CuPc (5 nmy/NPB (50 nm) / Alg (y nm) / 1 wt.% C6:Alg (1
nm) / Algs (39y nm) / LiF (1 nm) / Al (~120 nm) with 8 y < 10 nm; these devices

are termed A1-1 to A1-10, based on the valug of

A0
A1 B
A1-1 o
A1-2
A1-5
A1-10

SC*xg pON

spike

0.01

Fig. 2-3 The EL, following a 100 us, 6.0 V pulse, of unddpdqgs device A0 (solid
squares), C6-doped device Al with the doped latygrean-NPB/Algz interface (open
circles), and Al-based devices, #&lwith the doped layer at distangérom the HTL,
i.e., ITO/5 nm CuPc/50 nm-NPBA nm Algs/1 nm 1wt% C6:Alg/(40y) nm Alg/1
nm LiF/~120 nm. The Adrdevices, according to the valueypfare A1-1 (solid
triangles), A1-2 (open inverted triangles), Al-&(s), and A1-10 (open diamonds).

As seen in Fig. 2-3, the EL spike intensity decedasith increasing. Theh"

energy barrier betweanrNPB Enomo = -5.6 eV) and Alg (Eromo = -5.9 eV)
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obviously generateshd accumulation layer at treeNPB/Alqgs interface, and
therefore the carrier density in the guest-hostiaecreases greatly asicreases
[27]. Hence, despite the unchanged doped-layekribis, the carrier density in it, and
consequently the CCP formation rate and its cautiob to the spikes, decreases from
Al-1to A1-10. Since the contribution bf that turn back toward the RZ after having
drifted beyond it to the spikes should, if anythimgrease witty, we conclude that
this mechanism’s contribution to the spikes is rmaig
2.3.1-3 Ambient -Induced Degradation

Fig. 2-4 shows the integrated transient EL of aeneapsulated A1 OLED as
obtained from the integrated a®g; and the normalized (relative to the ‘on-pulse’

level) integrated areQy vs operation time.
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Fig. 2-4 The integrated area of the transient EL of unesulaped device Al operated
constantly at 9\, (solid squares) and the normalized val@g, (open circles) vs.
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the OLED’s operation time.
In spite of the decline d: caused by degradation of the OLED, both the gofil
of the transient EL an@Qy were barely changed. It indicates that the ELepiknd
tails are an intrinsic property of the SMOLEDSs tlsatelated to the EML guest-host
system, device materials and structure, and canjection and transport energy
barriers; it is not affected by early-stage ambigkély humidity)-induced
degradation mechanisms.
2.3.1-4 Effects of Pulse Width
Fig. 2-5 shows the dependence of the on-pulse HLEArspike intensity on the

applied bias pulse width (PW) for an A2 device.
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Fig. 5. The pulse width dependence of the on-pulse Elidsojuares) and EL spike
(open circles) intensities of device A2. Inset: Bregence of the EL spike intensity
normalized to the on-pulse intensity of A2 on tleskpulse width.

No spikes are observed when the PW is belgs. 5 he spike intensity increases
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sharply as the PW increases, but beyondu i@ saturates. When the PW increases,
the bulk HTL and ETL carrier densities, in additionthe CCP density, increase,
resulting in stronger electric field-induced EL guaking, which increases the
difference between the EL spike intensity and thgoolse EL. This behavior is in
contrast to that of undoped and [2-methyl-6-[2-3(@,7-tetrahydro-1H, 5H-benzo [ij]
quinolizin-9-yl)- ethenyl]-4H-pyran-4- ylidene] ppane-dinitrile (DCM2)-doped
DPVBIi OLEDs[16,17], where the normalized spike aitople decreases beyond a
PW of ~100us, clearly due to the subtle differences betweerEth overshoot
mechanisms in the Alcand DPVBI-based devices. In the latter devicesetls a
(modest) spike in the undoped OLEDs as well, anMR@aps botth" ande [17]. In
the wide variety of the OLEDs described in thisrent study, when the PW is long
enough for the device to reach a steady stateetagve spike intensity saturates due
to the unchanged charge profile within the OLED.
2.3.2. Modd Analysis

Based on the experiments described in the preecton and our interpretation
of the origin of the EL spikes and tails, a moa@elcounting for the observations, was
developed. As a brief summary, the major procetsdes into account following the
bias pulse in fluorescent guest-host systems ieclud
(i) EL decay of SEs formed during the pulse;
(i) exciton formation from carriers injected into tR& during the falling edge of the
voltage pulse (i.e., during the 0 - 50 ns peridtbfwing the pulse);

(iif) recombination of initial CCPs (those presertt-ab0 ns);
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(iv) recombination of newly formed CCPs generated fumorrelated, detrapped
carriers at > 50 ns;
(v) decay of SEs formed from TTA.

In simulating the experimental results, the dedaye pre-existing SEs can be
neglected, since their lifetime is < 10 ns [11,Epcess\) was not considered
because its contribution is a significant comporwérihe EL tail only at times beyond
those monitored in this study [14,15]. Therefohe EL spikes and tails were
simulated as an exponential decay of SEs formgddoessesi() - (iv).

The net SE formation ratéNgg(t)/dt is given by [22]

dNgg (t dN, AN (t
SE( ) = ( exc) + NcchRccp(t) +] #Rccp(t - t,)dt,
dt dt /, o dt 2.1)
_ Ngg (1)
TsE

The first term of Eq. (2.1) describes procegsiif which the injected carriers’
profile during the falling edge of the bias is podjonal to the injection-limited

current densityl [5,7]:

dNeyc 2
( - )] ] o V(£)2exp (—=b/V(£)) 2.2)
The second term in Eq. (2.1) describes prode3slf the initial CCPs (with
initial densityNccpg), subject to Coulomb attraction, the untrappedi@aperforms a
random walk toward the trapped carrier (usualhalzed on the guest). The

recombination rate of these CCPs can be writtd@@&s

Rccp t) =

Vi <1, g(ro) exp (

\/—t3/2 q t) exp ( <1 — erf (m») rédry 2.3)
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where

—_ "2
exp (_M) (2.4)

52
473/2g72

g(ro) =
is a standard Gaussian distribution. In Egs. (&.8).4) Dy is the diffusivity of the
mobile charge within the CCR,~ 19 nm is the room temperature Onsager radif}s [
ro is thee-h" separation within the CCR, is the average af, andais ther
distribution width.

The third term in Eq. (2.1) is attributed to theambination of detrapped charges.
Due to the broad distribution of trap levels inamg materials [31], the total density
of trapped charges is approximated by a stretckpdreential [32,33], which is often
used to describe charge transport and trappingrgetdy a distribution of relaxation
times, in disordered systems

N (8) = N¢(0)exp (—(t/Tycc)?) (2.5)
B is the stretching factor that quantifies the disition width of the trapping energies,
and ¢ is the characteristic time the carrier remainsoargtated.

The fourth term in Eq. (2.1) presents the losské Sue to the radiative and
various nonradiative decay channels.

By solving Eq. (2.1), the time-depend®&yt) can be expressed as [22]:

t t t tl
NSE(t) = Neexp <__> + Ncch exp (_ _> J- Rccp(t’) exp <_> dt’
0

TsE TsE TsE

p TsE 0 p TsE 0 dS cep

- s)dsl dt’ (2.6)
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whereNe = ft (%

0 ) exp (t—) dt’ + Constant. The first, second, and third terms
dt J TSE

of Eq. 6 are due to excitons generated from pro@gs$ii) and {v), respectively. In
the second and third terms tive O lower limit of the integrals correspondg to 50
ns in the experiments. Due to the fast decay ofthe and the recombination of
CCPs compared to the detrapping rate, the third térEq. (2.6) can be

approximated by the stretched exponential (Eq))2.5

Normalized Intensity (arb. units)

5 8 10
Voltage (V)

10 10° 10
Time (us)

Fig. 2-6 Log-log plot of the transient EL of device A2 fmling 7 V (circles), 9 V
(squares), and 11 V (triangles) pulses. The swigklare the best fits using Eq. (6).
The dashed and dotted lines are the contributibttsecexcitons and CCPs present at
t = 50 ns, and detrapped carriers (governed byetchd exponential), respectively.
Inset: the voltage dependencergf and 7; the lines are guides to the eye.

Fig. 2-6 shows the log-log plot of the normalizeghsient EL profile for device
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A2 after a 10Qus bias pulse with on-pulse amplitudes of 7, 9, Hh¥. The solid
lines show the best fit using Eq. (2.6). The seearantributions of processas) (+
(iif) and process\) (governed by the stretched exponential dynanaicsplotted as
the dashed and dotted lines, respectively. Aslgilsaen, the model is in good
agreement with the observed behawwer the whole observed transient EL period
In particular, the agreement is better than thé&iobd using a CCP + Langevin
recombination model described previously [17].

Fitting EqQ. (2.6) to the observed behavior yielis $E decay timég= 8.7 ns,
which is consistent with the C6 radiative lifetimgy < 10 ns [12,23]. It also yields a
practically unchangeB.c, ~ 5.6<10" cnf/s. This implies a mobility of ~210°
cn’/V-s, which is reasonable given the fact that theshate trapped and the relative
movement within the CCPs is dominated by the madléetrons hopping among Alq
molecules [34].

The inset of Fig. 2-6 shows the dependencée ofand ¢, on the bias. The fit
yields 7 =4.9, 3.9, and 3.7 nm amgl, = 115,68, 63 nsat 7, 9, and 11V,
respectively, where,.,, = 7*/(4D,,) . The decrease i is obviously due to the
increased carrier density and consequently deateagebut both level off above ~9
V where 7 =~ 3.7 nm.

At t < 200 ns, the first and second terms of Eq. (@d®)inate. At longer times the
free carrier density decreases, and the detraggpoaess increasingly dominates. The
dotted lines in Fig. 6 represent the contributibthe detrapping process that, as

mentioned, is governed by the stretched expondmiadvior (Eq. (2.5)). The fitting
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of the long tails and Eq. (2.5) yield,.. = 0.74, 0.86, and 1.0%s for 7, 9, and 11V,
respectively, wheré, .. = (t,../B)'(1/F), and/ is the gamma function [35]. The
respective values gf are 0.38, 0.48, and 0.59. The increasgith V is expected,

as the additional charges likely occupy a narraaege of energies in shallower tail
states. The increase af,.. with V may be due to the increasing imbalance between
the saturateti” trapping sites in the C6 guests and the incredsasiity ofe in the

shallow host Alg states.
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Fig. 2-7 The transient EL decay of AO (circles), A2 (squaraad A5 (triangles)
following a 10 V bias pulse with 1Q@s duration. The solid lines are the least square
fits of Eq. (6); the dashed lines are the fitshaf stretched exponential (Eq. 5). The
inset is the semi-log plot expansion showing thieesp

Fig. 2-7 shows the fit of the model to the transieh in OLEDs with different

doped layer thickness following a 10 V bias puMete that the relative intensity of
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the long tail at a givel increases with increasing thickness of the dopgelrk,
indicating that most of the tail emission is du€t The fit of Eq. (2.5) to the long
tails yieldst,.. =0.57, 0.92, and 1.Qis for AO, A2, and A5, respectively, ¥t= 10
V. This increase int,.. with doped layer thickness is probably due toldmger
time needed for the detrapped carriers to findoghygosite charges and form an
exciton.

2.3.3. Effect of theHIL and ETL/HBL in C6-doped Algs-based devices

The observation of EL spike with an amplitude gee#than the on-pulse level is
intriguing and elucidating their nature is therefchallenging. In order to further
evaluate the above-mentioned model and elucidaterigin of the spikes, additional
C6-doped Alg-based devices with different materials/structuvese fabricated; their
transient EL behavior is shown in Fig. 8. In pare, the influence of the HIL and
ETL/HBL on the EL spikes was investigated. Thedtites are (a) a device without
any HIL; (b) a control device Al with CuPc as thiHc) a device with CuPc as the
HIL and an added ETL/HBL of 4,7-diphenyl-1,10- phathroline (BPhen), where the
total thickness of the device is kept constanta(device with Mo®@as the HIL, with
no added BPhen.

As seen in Fig. 2-8, the normalizégie decreased from structure (a) to (b) to (c).
No EL spikes were observed in device (d) or in\@aewith both MoQ and BPhen
(not shown). BPhen is a well known ETL/HBL matefb], while MoG; greatly
improves hole injection [37,38]. In comparing trevides shown in Fig. 2-8(a) (no

HIL), (b) (CuPc as HIL) and (d) (Mofas HIL), the EL spike decreases and even
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disappears as the injecting energy barrier is lowered. In comparitayices (b) (no
ETL/HBL) and (c) (BPhen added) of Fig. 2-8, the $flikes are reduced as the BPhen
is added. Based on these observations, we conttiaten addition to a sufficient
trapped carrier density in the RZ (as discusseation 2.1) a sufficiently high'
injection barrier and the absence of a ETL/HBLas® crucial for creating strong

transient EL spikes.
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Fig. 2-8 The transient EL following a 1Q@s bias pulse for four devices with different
structures, normalized to the on-pulse level. (&/60 nma-NPB/2 nm 1wt% C6
doped-Alg/38 nm Alg/1 nm LiF/~120 nm Al, i.e, no HIL; (b) ITO/5 nm CaB0 nm
o-NPB/2 nm 1wt% C6 doped-AlB8 nm Alg/1l nm LiF/~120 nm Al, i.e., CuPc as
the HIL; (c) ITO/5 nm CuPc/50 nm-NPB/2 nm 1wt% C6 doped-AdB8 nm

Algs/30 nm BPhen/1nm LiF/~120nm Al, i.e., a BPhen HBasvadded to structure (b);
(d) ITO/5 nm MoQ/50 nma-NPB/2 nm 1wt% C6 doped-AB8 nm Alg/1 nm
LiF/~120 nm Al, i.e., structure (b) where Mgp@placed CuPc as the HIL. The lines
are the simulations based on Eq. 2.6.

The foregoing results suggest that the mechaniatrighikely responsible for EL
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spikes whose amplitude exceeds the on-pulse inyeegieduced electric
field-induced dissociative SE quenching [29]. Tightbarrier forh™ injection in
devices with CuPc or no HIL results in a large aculation ofh” at the ITOA-NPB

or ITO/CuPc interface, respectively, when biasdds highh* density increases the
internal field, which dissociatively quenches SHsmy the bias pulse. When the bias
is turned off, thish" accumulation layer dissipates as thaliffuse, mostly back to the
anode, resulting in much less field-induced SEatiggive quenching. When Ma@s
used as the HILL" injection is greatly improved. This improvementrigases the
carrier density within the bulk of the organic mraks and forces the major
accumulation of carriers to occur at trdNPB/Algs interface. In this way the internal
electric field is higher and slower to decay, andsequently continues to suppress
the EL after the bias is turned off, and therefovespike is observed.

The observation that BPhen reduces the spike [sapig due to the enhanced
mobility in that material (~50 times higher thanAilgs3[36]), which probably reduces
h* buildup at then-NPB/Algs interface and in the RZ.

An alternative mechanism, namely increased fraafdni that have leaked
through the RZ, drift toward the cathode, and them back” toward the RZ, is ruled
out as a major contributor to the spikes. Thisus th at least two observations: (a)
The RT spike is absent from the undoped devicsgrdficant contribution fronn®
beyond the RZ that turn back toward it would maedasignificant spike in the
undoped devices as well. (b) As mentioned in Sdg.tBe contribution dfi” that turn

back toward the RZ after having drifted beyonaitte spikes should, if anything,
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increase witly, in sharp contrast to the observed strong deciaasgie With
increasingy (Fig. 2-3).
2.3.4. Effect of Post-Pulse Reverse Bias

Fig. 2-9 shows the transient EL behavior of deyiteunder post-pulse reverse

and forward bias.

i
in

(a) +4V post-pulse bias

-y

Normalized EL Intensity (arb. units)

(d) -8V post-pulse bias

04 06 08 1
Time (ps)

Fig. 2-9 The normalized transient EL data (symbols) andikitions (lines) with 100
Ks, 9 V bias pulses at post-pulse voltages of )V (b), -4 V (c), and -8V (d).

When a forward bias is applied, the post-pulseiateelectric field is slower to
decay as more charges continue to be injectedhet®Z, which results in
suppression of the EL spike and a much higher eomigail. Under reverse bias, the
decay of the internal electric field becomes faatat the spike appears earlier with a
weakened tail. This behavior strongly supportscihreclusion that the transient EL

tail results from trapped charges rather than Tééanise, as mentioned, neutral
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triplets should not be affected by the externdtifie
2.3.5. Effect of Temperature
Fig. 2-10 shows the dependence of the EL spikeab@temperature in the 40 to

300 K range.

12

Normalized EL Intensity (arb. units)

Time (ps)
Fig. 2-10 The experimental, normalized EL (symbols) and $ated EL (lines) of
devices AO (a) and Al (b) at temperatures<4i0< 300 K. The applied bias PW was 1
ms to achieve a high enough EL intensity with the temperature measurements
set-up.

A 1 ms pulse was used to achieve a sufficient Iig intensity in the
low-temperature measurements. As shown in the ofde.5, the pulse width
difference (between 105 and 1 ms) does not affect the transient beha®ath AO
and A1l exhibit strong EL spikes at low temperatuvasile only A1 shows an EL
spike at room temperature [39]. At low temperatucasriers are more prone to
trapping in shallow traps as well. Their reduceditity then suggests a much higher
charge density within the RZ after the end of this@. This should lead to a higher

concentration of CCPs and a strong internal eleigid during the pulse that
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guenches the EL, yielding a larger difference betwile transient and on-pulse EL;
Fig. 2-10 supports this interpretation.
2.3.6. Transient EL in Other SMOLEDs

The transient EL behavior was studied in otheciffit SMOLEDs of different
materials. These include rubrene-dopedsAfag tris(2-phenylpyridine) Ir
(Ir(ppy)s)-doped spiro-4,4'-Bis(9-carbazolyl) biphenyl (spE&BP), and Pt(ll)
octaethylporphine (PtOEP)-doped ABMOLEDSs. The observations confirm the
occurrence of EL spikes and tails in various ginest SMOLEDs where charge
trapping is dominant and prove that the phenomeppears to be universal even in
some phosphorescent OLEDs where triplet excitomsher emitting species.

Fig. 2-11 exhibits the transient EL behavior ofides with a rubrene-doped Alq
Ir(ppy)s-doped spiro-CBP, and PtOEP-dopedAML. As seen in the figure, EL
spikes are observed in the first two, but not mPHOEP-doped device, even at 20 K.
This situation can be attributed to two phenomémaemission of PtOEP-doped Alq
guest-host system is dominated by strong energgfea[40], and the long radiative
decay time of this phosphorescent moleculg,is~ 100us. In contrast, the emission
mechanisms of the Ir(ppy)and rubrene-doped devices are both known toraigi
from charge trapping [40,41]. Note that the spikethe rubrene-doped devices are
stronger than those in the C6- and Ir(ppddped SMOLEDSs. This behavior supports
the CCP model since it is well known that rubrea strongeh” trap in Algg. Hence,
the EL spikes appear to be a reliable and easibsarable phenomenon to identify

the main emitting mechanism in guest-host OLEDSs.
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1 wt.% rubrene:Alq, I6 wt.% Ir(ppy),:S-CBP| 6 wt.% PtOEP:Alq, | 6 wt.% PtOEP:Alq,
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Fig. 2-11 The transient EL of different guest-host SMOLEBIswith structure ITO /
5 nm CuPc /50 nra-NPB / guest-host EML / 40 nm Ald 1 nm LiF / ~120 nm Al.
EMLis (a) 1 nm 1 wt.% rubrene in AJgat RT, 8 V, 10Qus pulse, (b) 1 nm 6 wt%
Ir(ppy)s doped-spiro CBP, at RT, 8V, 18 pulse, (c) & (d) 1 nm and 2 nm 6 wt.%

PtOEP doped-Algwith 600 nm long-pass filter at RT, 7 V, 1A8 pulse and 20 K, 24
V, 1 ms pulse, respectively.

2.4 Conclusions

In conclusion, following a bias pulse, ITO/Cu&@délPB/C6-doped AldAlgs/LiF/
Al devices and other charge trapping guest-host BIM® exhibit EL spikes at 70 —
300 ns anqls long EL tails, whose amplitude varies with théspwoltage. The
spikes are not affected by early-stage device degian, but are strongly influenced
by the pulse duration and the distance of the dégeat from the HTL. They narrow
and shift to shorter times under a reverse biaBeappfter the pulse. At low
temperature they are much stronger, appear afigghaly longer timeand are

apparently universal in all charge-trapping SMOLEDsth the exception of devices
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in which there is efficient energy transfer to addived phosphorescent guest emitter.
Good agreement is found between the experimentalasel a model based on
recombination of CCPs and charges that are injitialpaired. The generation of
spikes exceeding the on-pulse EL level is attrithtitethe combination of CCP
formation and reduced electric field-induced SEddsation after the pulse. The
spikes are significantly weaker in devices wheBPaen ETL/HBL layer is added,
likely due to enhanced transport, and absent in devices where Maplaces CuPc.

The comparison of the transient EL behavior ofmasiSMOLEDs suggests that
the EL spikes are an additional reliable tool teniify the main emitting mechanism
in guest-host OLEDs.
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Chapter 3. MoO3; as Combined Hole I njection Layer and Tapered
Spacer in Combinatorial Multicolor Microcavity OLEDs
Modified fromR. Liu, C. Xu, R. Biswas, J. Shinar, R. Shinar,
Appl. Phys. Lett99, 093305 (2011).

Abstract

Multicolor microcavity (1C) organic light-emitting diode (OLED) arrays were
fabricated simply by controlling the hole injectiand spacer Mogayer thickness.
The normal emission was tunable from ~490 to 64Ganchcan be further expanded.
A compact, integrated spectrometer with two-dimemai combinatorial arrays @iC
OLEDs was realized. Introducing M@@®ields more efficient and stable devices, and
reduces device breakdown. The pixel current demsitghes ~4 A/cfresulting in a
maximal normal brightneds max ~ 140,000 Cd/f which is important for
photoluminescence-based sensing and absorptioruneeaants. The results also
illustrate a new breakdown mechanism in OLEDs.
3.1 Introduction

Organic light-emitting diodes (OLEDs) have beenelydstudied over the last
decade for applications in flat panel displays swolib-state lighting. Particularly,
multi-color OLEDs are of great interest not only $imple fabrication of display
sub-pixels, but also for their promise in miniated analytical devices. By
combining OLEDs with multiple-wavelength emissiamasimple substrate, they can
either work as a compact spectrometer or form @xrelys of excitation sources, with

each pixel individually addressable, for bio(chemjicensing of different analytes.|
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Previous studies have focused on tunable multir€®®@ldEDs within one pixel [2-7].
In spite of the fact that these devices, basedidening the recombination zone of
multi-emitting layers or sophisticated materialdl atructures, are well integrated,
they generally have broad emission spectra. Inrctiuglies, techniques with small
controllable changes of the structures such addped-layer thickness variation [8],
hybrid inkjet printing [9], optical color filter [@], and grayscale lithography [11] have
been utilized to achieve pixel arrays with multivekength emission. However, with
growing industrial requirements, to obtain a contppotentially disposable analytical
device, a simpler, economical method to fabricatétircolor OLEDSs for the
above-mentioned applications is desirable.

The hole injection layer (HIL) in OLEDs is necesstor favorable band
alignment between the anode and the organic haesport layer (HTL). Among the
materials utilized, oxides such agQ®4[12], WO;[13], and MoQ[12, 14 -19] have
drawn interest due to their superior device pertorae. MoQ, in particular, is widely
used due to its ease of processing (it can be extgubat a relatively low
temperature). Considered as an insulating HIL pgitemized thickness of
stoichiometric MoQ@ was found to be <1 nm [16].However, some studégtshown
that the thermally-evaporated Mg@nds to be oxygen deficient, i.e., MO@< 3)
[12,19]. Recent photoemission spectroscopy measnenfurther indicate high
conductivity and favorable energy alignment in gudoxide [18,19]. With its
relatively high refractive index [20,21], Mg@an be used as a good injection and

spacer material for tuning the optical lengthu@f OLEDs, while maintaining a
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favorable current density-voltagé-Y) characteristic. Additionally, it is found that by
applying this heat-resistant oxide as the HIL,i#ieOLEDs show a more stable
performance at high voltage and their maximum nbodiraction
electroluminescence (EL) is enhanced. This is beneficial for sensitive sensors,
which require high excitation amplitudes.

It has been demonstrated th& OLEDs fabricated between a total reflecting
metal and a semi-transparent metal electrode [R2y2@electric mirror [24,25] result
in narrow band-emissions concentrated in the nodimattion. The OLEDs
fabricated in such manner can emit at a numbehnarsresonant cavity modes,
determined by the cavity’s optical length. In teense, one can achieve multicq&@
OLEDSs via simply step-changing the organic layérkihess during combinatorial
fabrication. However, with the limited charge trpog ability of organic materials,
thepuC OLEDSs obtained in this way will have inferior efiecal properties and
luminosity. In this paper, we present a very singiternative method for monolithic
fabrication of multi-colojuC OLED arrays by controlling the thickness of MO
which serves as both the HIL and optical spaces pfovides a simple method to
fabricate multicolopuC OLEDs without affecting significantly the electal and
optical properties of the devices.

3.2 Experimentsand simulations

2x2 mnf pixels ofuC OLEDs were fabricated. All depositions were perfed in

a thermal vacuum evaporation chamber (base pres&afeTorr; the organic layers’

deposition rate was ~1 A/s) installed in a glove tdith <20 ppm Q. For the
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absorption spectrum demonstration, 15 mg/mL pohg8yl thiophene) (P3HT)
solution was spin-coated at 3000 rpm for 100 slassgas the test sample. Twelve
types ofuC OLED pixel arrays (pixel diameter ~1.5 mm) weabrfcated
combinatorially on a 2"x2” substrate. The EL wasnimared by a Hamamatsu
R6060-02 photomultiplier tube (PMT) with a 8Dexternal load connected to a 350
MHz oscilloscope. The reference absorption spectias obtained by an Ocean
Optics spectrometer using a tungsten lamp asghedburce.

The rigorous simulations utilized a scattering xeapproach [27], where
emissive dipoles were placed near the interfa¢beifl,N-bis(naphthalen-1-yIN,N-
bis (phenyl)benzidineo-NPB) HTL and electron-transport and emissive 8As(
hydroxyquinoline) Al (Alg) layers. Then Maxwell’s equations were solveddoth
polarizations, in Fourier space, i.e., in a plamevbasis, to obtain the emission from
the OLED for different device geometries. In eaayel of the OLED stack, the
materials are represented by realistic frequenpgedéent absorptive dielectric
functions obtained from experimental measurememilgs, a-NPB, Ag, Al, and
MoO; [27-29)].

3.3 Resultsand discussions

To prove that varying the thickness of the theryrallaporated Mo@within a
certain range can maintain comparable electricgbgnties of the device-NPB
hole-only devices were fabricated on Mg@yers with different thickness (fabricated
using the sliding-shutter technique [8]); th&i¥ curves are shown in Fig. 3-1 (a).

These devices exhibit very weak EL (< 0.1 Ct/roonfirming that they are primarily
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hole-only devices. Th&V curves of devices with 2, 5 and 10 nm of MaDnost

overlap each other (Fig. 3-1); the device with B0MoO; shows a slightly lower

current for the same voltages. /w
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Fig. 3-1 (a) The J-V characteristics of the hole-only degitTO/x nm Mo@112 nm
o-NPB/100 nm Al, where x = 2, 5, 10, and 20 nm.Tbg photographs of the actual
pixels and forward direction EL spectra of the noolior u.C OLEDs with the
structure: 40 nm Ag/ y nm MaD49 nm NPB/ 1 nm 8 wt% Ir (MDQacac):NPB/ 56
nm Algs/ 1nm LiF/ 100 nm Al, where y = 2, 5, 10, 20, 3@&® nm in S1, S2, S3, S4,
S5 and S6, respectively, the black line is the igcrum of the reference OLED with
the same active layer but ITO as the anode. Alicdsvare driven at ~30 mA/émr(c)
Measured and simulated peak emission wavelengiho@sthickness. (d) Simulated
peak emission intensity and full width at half mmaym for the OLED emission as a
function of the Ag anode thickness. Simulationsfarea MoO3 thickness of 20 nm.

We then deposited Ma@vith monotonically increasing thickness on top of A

Aysuaiu yead uSsILEe
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using the same method as for the hole-only de@ecganic layers with broad
emission spectra were then inserted between timend@g anode and the 100 nm Al
cathode to form multicolgnC OLEDs. Photographs of the emissive pixels and the
spectra in the normal direction are shown in Fig(l3) for OLEDs with various
thicknesses of the MaGpacer layers. The OLEDs consisted of 40 nmgrh
MoOs/ 49 nma-NPB/ 1 nm 8 wt% Iridium (I11) bis(2-methyldibenZgf]quinoxaline)
(acetylacetonate) (Ir(MDQacac)):a-NPB/ 56 nm Alg/ 1nm LiF/ ~100 nm Al. The
thin Ir(MDQ)(acac) doped layer is responsible for the red eamgseaking at ~610
nm and Alg for the green emission peaking at ~525 nm. By gimanthe thickness of
the MoQ; we were able to tune the peak emission of#ielevice from sky blue at
493 nm (device S1) to red at 639 nm (device S&. Srhallest full-width at half
maximum (FWHM) is ~22 nm for device S1 and it brewasl for thicker Mo@layers;
the efficiencies of the OLEDs are comparable. Tizatber emission at the longer
wavelengths is probably due to the imperfect “whéission of the active layer.
Although higher efficiency can certainly be obtaiveith other materials and
structures, the present results demonstrate thigyaid simplicity of
thermally-evaporated Mo{n realizing tunable efficieqtC OLEDSs.

It is worth noting that the sum of the optical l#®(Lopy) Of the layers between
the two metal electrodes is smaller than half #snant wavelengtk/2n, wheren is
the layers’ refractive index. This is due to elecfield penetration into both the Ag
and Al electrodes. Our simulations show that theepration depth in Al is ~13 nm

and in Ag it varies from 25 to 30 nm across thecgpen of interest. In considering
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these penetration depths, the simulated peak posi{Fig. 3-1(c)) closely track the
measured values across the entire Mtirkness range.

The effect of the Ag cathode thickness is cleariiyoal. To achieve high normal
direction efficiency, our simulations suggest tha30 nm is the optimal thickness
(Fig. 3-1(d)), in agreement with earligf€ OLED studies [11,23] which showed that
the optimized Ag thickness is ~25 nm. Thinner Agr@ases the overall emission
intensity due to less absorption but broadens WelM (Fig. 3-1(d)). Conversely,
thicker Ag damps the overall intensity but providbarper and more concentrated
normal direction emission. The balance of the abueationed reasons results in the
optimal Ag anode thickness. Our measurements {raws) confirm that devices with
25 nm Ag are much more efficient than those witmAOAg; however the latter do
yield a purer color, i.e. a smaller FWHM

As mentioned, OLEDs have been utilized as excitatimurces in (bio)chemical
sensing. Hence, it is highly desirable that the Okkised in this application be
operated at high emission intensity, while maintejra reasonable operational
lifetime. We emphasize that utilizing the MeBIL not only yields wide tunability of
the emission wavelength in th€ OLEDSs, but also significantly improves the device
stability and efficiency in comparison to other gentional HILs [14]. This situation
is also confirmed in thgpC devices with Ag as the electrode. As shown inF&(a),
starting from fixed EL amplitudes, the 90% lifetimkthe device with MoQas the
HIL is ~30x% longer than that with CuPc. This iselik due to the reduction in the hole

injection barrier (from the HIL to the-NPB), so far fewer holes accumulate at the
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HIL/HTL interface, resulting in much lower localule heating. In addition, MofJs

much more stable than other organic hole-injeatnaterials, resulting in OLEDs

with higher stability.
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Fig. 3-2 (a) Comparison of the lifetime @iC OLEDs with MoQand CuPc as the
HIL for EL intensities starting at 5000 & 3000 Cd/rithe OLED devices have the
structure: 25 nm Ag/ 5 nm Mg049 nma-NPB/ 56 nm Alg/ 1nm LiF/ 100 nm Al
and 25 nm Ag/ 5 nm CuPc/ 49 reaNPB/ 56 nm Alg/ 1nm LiF/ 100 nm Al; (b)
J-L-V curves of theuqC OLEDs with MoQor CuPc HILs.

The J-L-V curves of the AlgtbaseduC OLEDs fabricated with Mofand CuPc
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are shown in Fig. 3-2(b). The advantage of Mo@er CuPc is clearly observed in the
far lower turn-on voltage — 2.4 VV compared to 6.6t\1 Cd/m. Importantly, theuC
OLEDs with MoQ also yield a maximum normal direction EL that igher than that
of other conventional devices. As shown in Fig.(B}2theuC OLED with CuPc
breaks down al < 1000 mA/cr, with a highest normal directidtimax~ 20,000
Cd/nt. The EL obtained with the Mogbased device at the same current density is
similar (Lomax ~ 22,000 Cd/rf) because both devices utilize the same &Mitting
material with the same intrinsic luminous efficignié charge balance effects are
ignored. However] of the MoQ-based device could ramp up to ~4,000 mA&icm
resulting inLomax ~ 95,000 Cd/rf as shown in the figure, and even valuek@fay ~
140,000 Cd/rhwere observed [30]. We propose that this may betalt@o reasons:

(i) MoOy, compared to other conventional organic hole tpacmaterials, can sustain
higher local heating. (ii) Due to the favorable rgyealignment, there is much less
accumulation of interface charges that cause it leating at the HIL/HTL
junction. The comparison of these two devices mlesievidence that the joule
heating caused by charge accumulation at the HIL/iderface may be the major
reason for the breakdown of the CuPc-based OLEDs.

To demonstrate the potential of multicolor OLEDsdo-chip applications, we
fabricated an integrated spectrometer using thessbteuC OLEDs. As shown in Fig.
3-3(a),uC OLED arrays on glass were fabricated combindtpiia provide tunable
peak emissions over a broad range of wavelengthmaking small changes in both

the MoQ and Alg thickness, we were able to combine OLEDs with iff2reént peak
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emissions within a small substrate area. P3HTnanoon donor material in organic

photovoltaics, was spin-coated on a microscope siiccerved as a test sample.
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Fig. 3-3 (a) Spectra of the combinatorially fabricated neolbr u.C OLEDs on one
substrate. The structure is 40 nm Agm MoQy/ 49 nma-NPB/ 1 nm 8 wt% Ir
(MDQ)2(acac):a-NPB/j nm Algs/ 1 nm LiF/ 200 nm Al where= 2, 5, 10, 15, 20 and
35 nm for D1, D2, D3, D4, D5 and D6, apd 56 and 64 nm for A and B,
respectively. (b) The absorbance of a P3HT filnaaglass substrate, measured with
the multi-color combinatorighC OLEDs and a PMT, and compared with the
reference performed with a standard tungsten lamp.

For each OLED pixel, a background signal was obtiiny shining the OLED

directly on the PMT, while the actual signal wasetaafter the light passed through
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the P3HT film. The ratio of the difference of theotsignals to the background is
related to the absorption of the P3HT film. As seehig. 3-3(b), the resultant
absorption spectrum is in close agreement withréfeyrence spectrum measured with
a tungsten lamp in the same fashion.
3.4 Conclusions

In summary, we have demonstrated a simple monoli#tiirication method for
achieving multicolopC OLEDSs by tuning the thickness of the HIL/spacer®d The
peak emission wavelength was tunable from 493 88 and could be expanded by
further optimization of the devices. The electrichéracteristics of the OLEDs and
the EL intensity remain comparable over this widas@length range. The variation of
the emission wavelength agrees well with rigordesteomagnetic simulations of
OLED emission. Comparison of device lifetimes amelJtL-V curves of the
Algs-baseduC OLEDs with MoQ and CuPc as the HILs confirm the significant
stability and performance improvement provided byQy The highel .« Obtained
with the MoQ-baseduC OLEDs provides further evidence that the breakdofthe
conventional CuPc-based OLEDs likely occurs dugotde heating produced by the
accumulated charges at the unfavorable HIL/HTLrfatee. Furthermore, by using the
method established in this letter, an integratetspmeter based on a
two-dimensional combinatorial array @€ OLEDs was demonstrated.
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Chapter 4. Microporous Phase-Separated Films of Polymer Blends
for Enhanced Outcoupling of Light from OLEDs
Modified from R. Liu, Z. Ye, J.-M. Park, M. Cai, €hen, K.-M. Ho,

R. Shinar, J. Shinar, Optics Exprd§s A1272 (2011).

Abstract

Thin microporous films were formed by dropcastinglaene solution containing
various ratios of polystyrene:polyethylene glycldrals on a glass substrate, with
OLEDs on the ITO that coated the opposite siddaff substrate. We demonstrate for
the first time that such easily-fabricated filmgwsurface and bulk micropores in the
index-matching polystyrene can serve as randomaheics-like arrays to improve
forward OLED light extraction by up to ~60%. A thietical interpretation of the
angular emission profile of the device, considetimggeometrical change at the
substrate/air interface and the scattering by tregwithin the films, was established
in excellent agreement with the experiments. Theaisuch blended thin films
provides an economical method, independent of thielDfabrication technique, for
improving the outcoupling efficiency.

4.1 Introduction

Extensive research has been conducted on OLEDRBdwmrpotential applications in
flat panel displays, solid-state lighting and intgd (bio)chemical sensing [1-4].
Although efficient and long-lived OLEDs have beealized via utilizing advanced

materials and device architectures, a significamting issue is their relatively low
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forward outcoupling efficiencyrfou) [5-19]. Earlier studies have shown thgg; of
conventional OLEDs is limited to ~20% due to wavdmg within the organic
layers/ITO and the glass substrates, which is chlgeotal internal reflection at the
ITO/glass and glass/air interfaces, respectivelyTb achieve better light extraction,
various methods have been utilized, which can assdied into three major
categories:ij Modification of the emitting species, e.g., irsang the population of
horizontally oriented emitting dipoles [6]i X Modification of the ITO/substrate
structure or interface, by e.g., utilizing low ixdgrids [5,7], corrugated or
nanoporous anode structures [8-10], and high isdéstrates [11];i{) Modification
of the substrate/air interface, by e.g., usingdated luminaires [12], ZnS
nanocolumns [13], macrolenses [14], and microle(skes) [15-21].

The modification of the substrate/air interface tiesmvn great interest due to the
variety of methods and the fact that it does ntarfiere with device fabrication. In
particular, various methods have been establishedrstruciLs using, for instance,
imprint lithography viadifferent routes [15-19,22,23] and self-assembladenmals
[20,21]. However, multi-step substrate transfer kthdgraphy and curing processes
in the above-mentioned methods remain a challemigeéss production on large
areas. Thus, an economical method with completepeddence from the OLED
fabrication method is highly desirable.

It should be noted that not only convex-shapksd [15-19], but also
concave-shaped ones [22,23] can lead to bettdrdighaction as long as they reduce

the total internal reflection at the glass/air ifdee. To our knowledge, this paper
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demonstrates for the first time index-matching §ilmith micropores, formed by
polymer phase separation in blended layers duhagltying process, which can be
used as “random microlens arraps As)” to enhancejout

Due to intrinsic differences in miscibility of mamyacromolecular constituents of
blends, polymer solutes will typically separateidgrthe drying process of films
fabricated by solvent-casting [24]. This de-mixpr@cess of a multicomponent blend
often results in a phase separated morphologyntagtbe beneficial for many
applications. For example, microporous structuessvdd from this method have
been widely adopted for photonic crystals [25], rbesne filters [26], and drug
delivery [27]. Earlier research has demonstrateth structures using materials with a
refractive indexh similar to glass, such as polystyrene (R5)L(55-1.59) [28-30]. In
this paper, we show that the micro-porosity forrretims prepared from blends of
PS and polyethylene glycol (PEG) can enhapgeby up to ~60%. Such a simple
technique is very promising as it is economical Hredfabrication of the film is an
independent process, i.e., it can be done befoi@lowing device fabrication and
encapsulation. Moreover, by controlling the to@mhcentration of the solution, the
dropcast volume, and the ratio of the mixed polygmere can easily control the
thickness, size and filling factor of the film [2®]. This advantage will enable future
systematic and detailed investigation of the efté¢he geometrical properties of the

“randompLAS” on extracting light.

4.2 Experimental procedure

For OLED fabrication, the ITO was patterned andhetcto form anode stripes. It was
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then thoroughly cleaned with surfactant, acetorteismpropanol and treated in a
UV/ozone oven. The OLED was fabricated by thermvaperation of the organic
layers, LiF, and Al in a vacuum chamber (backgropressure ~ IBTorr) located in
an Ar-filled glovebox. The rate of the organic leslevaporation was ~ 1A/s. The
pixel size was 83 mnr.

The PS (molecular weigiM,, ~280,000) and PEGW,s ~200, ~400, ~1,000, and
~8,000) were purchased from Sigma-Aldrich. The oporous films were formed by
dropcasting 50-20QL of toluene solution containing PS:PEG mixturethvdifferent
weight ratios (the total concentrations were 60@mg/mL) on the backside of the
OLED ITO/glass substrate. The films were dried uradebient conditions in a fume
hood following the dropcasting. Experiments wiltmg washed with methanol, which
results in removal of surface PEG, were also cotadlithowever, this approach did
not present an advantage and the enhancement waale lower than with
un-washed films. The best results, presented henes obtained by using PEG df,
~1000 and 20QL of 60 mg/mL solution to form the film. The SEM a@ges of the
films’ surface morphology and side view were taketh a JEOL model 5910v
microscope. In order to prevent charging, a 15 riadrer was deposited on top of
the films.

To determinen of the PS:PEG film we measured the optical tragsion of a film
prepared by spin-coating a toluene solution comgif4:6 mg/mL PS:PEG at 3000
rpm on a 20@um thick sapphire substrate £ 1.77@ ~500 nm). This procedure was

used due to the rough surfaces of the dropcass filind thein value that is very close
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to that of the glass. The interference fringesdgdh~1.58-1.61 in the range 1.4-2.3
pm.

For measurement of the overall emission spedteaDiEDs were placed at the
window of an integrating sphere with all sides,aptdor the front emitting surface,
covered with black tape. The electroluminescendg $pectra were then recorded by
an Ocean Optics Chem 2000 spectrometer. For thdargmission profile
measurements, the pixels were placed in the cehtegoniometer, sufficiently far
(~64 cm) from the detector, so that the emittirgpazould be approximated as a point
source. The light intensity was detected througng dark pipe by a Hamamatsu
R6060-02 photomultiplier. The photocurrent was rtameid by a Keithley 2400

source-meter.

4.3 Resaults and discussion

Mixtures of PS:PEG in toluene with different weightios ranging from 1:0 to
1:1 were dropcast onto the backside of the OLED/{jl@3s substrate. Fig. 4-1(a)
shows schematically the process of micropore faonain the surface and in the
bulk of the film, which is similar to earlier degations [28,29]. Note that the
schematic does not show the non-uniformity in toeeensity. The high
molecular-weight PS with matchimy~ 1.55-1.59 has a lower solubility in toluene
than the low molecular weight PEG { 1.46). Hence, during the drying process of
the solution, PS first precipitates while small RE€h droplets are formed on the
surface and in the bulk. During the evaporatiothefsolvent, the PEG droplets

shrink, leaving behind surface and bulk PEG-co&®8dnicropores, as shown in Fig.
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4-1(a). The resulting films with 50% highM,, PS are mechanically stable due to the
entanglement of the long polymer chains. The PE@Beasurface can be washed away
by polar solvents without dissolution of the PSwdeer, because of the smalfeof
PEG in comparison to PS, the PEG coating of theapares do not negatively affect
the outcoupling function of the film.

PEG 1 micr es
(a) PS:PEG in Toluene solution PEG- uch droplets coated micropores

ons
PS film PS film
Drylng Drvmg

Glass substrate Glass substrate Glass substrate

(b) g 1 (©)

Glass V \2
| S|

OLED pixel 1

2
PS:PEG micropores 3
Glass
| S |
OLED pixel

Fig. 4-1 (a) Schematic demonstration of the microporouscire formation
of the PS:PEG mixed film during the drying procésifowing dropcasting;
note that the actual pore density is not unifotm).SEM images of the surface
and cross section of a film with 48:12 mg/mL PS:P&}p The principle of the
OLED outcoupling enhancement by the PS:PEG film.

As an example, the microporous structure formedrbpcasting 48:12 mg/mL
PS:PEG in toluene is shown in the SEM images of #ityb). The size of the
micropores ranges from ~1.bn to ~5um in diameter. They are densely packed at
the surface and randomly distributed at a lowesdgmvithin the bulk of the film. As

shown next, the pores enhance light extractiorutjindhe glass substrate of an
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OLED.

In a regular OLED, only those light rays with agident angle smaller than the
critical angle (Ray 1, Fig 4-1(c)) can escape atdhbstrate/air interface. However,
with the index-matching PS film and the surfaceropores, the light rays that were
previously waveguided within the substrate (Ragr2)now extracted due to the
change of the substrate/air interface geometryithxhdlly, some of the light rays
may also be scattered by the pores within the btke PS:PEG film (Ray 3), and
hence change to directions that are forward-exdact

Fig.4-2(a) shows the actual outcoupling enhancetmgat54:6 mg/mL PS:PEG
film, for a conventional tris(8-hydroxyquinolinatd) (Alqs)-based OLED with the
structure ITO/5 nm Mog56 nmN,N-bis(naphthalen-1-yIN,N-bis(phenyl)benzidine
(NPB)/64 nm Alg/1 nm LiF/100 nm Al. The emission from an OLED witle same
structure, but without the PS:PEG film is also shooth devices were lit under the
same conditions. As seen, the light emitted froenpixel with the PS:PEG film is
brighter and diffuse in comparison to the emis$iom the pixel without the
microporous film. Additionally, the rim of the deé (an epoxy sealant used for
device encapsulation, sealing the gap between D@ glass substrate and an
additional glass cover) without the PS:PEG filrmigch brighter, indicating that a
large fraction of the light is waveguided to thgeadf the glass substrate. In contrast,
the dark rim of the device with the PS:PEG filnft(lsmage) clearly demonstrates the

enhanced forward light extraction by the PS:PER.fil



92

20

T T T T
m  Without the PS:PEG film
[ (b) o With the PS:PEG film

-
L
T

-
o

0.5

Normalized Intensity

270 90

B Without the PS:PEG film
O With the PS:PEG film

Lambertian

240 120

Lambertian

- = = Simulation

180

Fig. 4-2 Effect of 200uL PS:PEG 54:6 mg/mL in toluene that were dropcast
on the backside of the OLED’s ITO/glass substr@elmages of two pixels
with and without the PS:PEG film, each biased ¥t &he dropcast area is
1x1 in2 (b) Overall emission spectra of the devices wigl (open circles) and
without (black solid squares) the PS:PEG film. Theaent density in each
device was) = 55 mA/cnf (c) Angular emission intensity profile of the dewi
with (red open circles) and without (black solidiages) the PS:PEG film. In
each devicd = 5.5 mA/cni The solid lines are the Lambertian emission
profiles. The dashed purple line is the simulat®edission profile. We note that
the enhancement was essentially independehantl consequently, of course,
the brightness, in agreement with other studies [16].

In order to quantify the outcoupling enhancemerthefPS:PEG film, we
measured the overall emission spectra of the dewismg an integrating sphere, as

shown in Fig. 4-2(b). The peak emission of the dewith the PS:PEG film was
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slightly blue shifted to 516 nm from the 525 nm lpe&the conventional device. This
is attributed to the scattering effect of the mpoes. The integration of the spectra
yields an enhancement of ~61%. Furthermore, FR(c}shows the angular
emission-intensity profile of the devices. As clgaeen, the emission profile of the
device with the PS:PEG film was enhanced at allemdput it deviates from a
Lambertian profile, with increased intensity athegangles. Assuming the emission
profile has azimuthal symmetry, the integrated esbenent is ~57%, which is
consistent with the spectral measurement. Figcd&éo shows the simulation
results (discussed next) of the PS:PEG effect, wére in good agreement with the
experimental results. We note that the enhancemasessentially independent of the
current densityl and consequently, of course, brightniesm agreement with other
studies [16].

The physical interpretation of the enhancemenhefliight extraction and the
consequential angular emission profile lies inghemetrical change of the
substrate/air interface morphology and the scatjezifect of the embedded voids.
Let1o(80) andly(81) be the angular energy distribution in the emitlizyer and in
the PS:PEG film, respectively. In the absence oépadue to energy conservation,
lo(B0)sindodBo = 11(81)sind1dE 1, and with Snell’'s law,gSind o = Nps.peSiNG 1 we
get [31],

1,(6,)siNBAE, _ Niq.pece 00519lI Mg peg COF,

[,(6)= = 6.)=
1(6) sing,dé, ., co, o(60)

- 1,8, (4.1)

org

n2 \/1—[”PSPEG sin&lj

org

Similarly, the external luminous energy distributis given by
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nZ, coso,

air

n, .
njrg\/l— —ar_ging,
n

1,(6,) =

=1,(60), (4.2)

org
where@; is the viewing angle in the far field. Assumingt®pic emissionly(&o) =
1/(2m), Eq. (4.2) yields

nZ, cosb,

air

1,(6,) =

2m N 27
2 ir e
Morg 1—{na"sm92]
org

which approximately resembles a Lambertian prafenngg>> ng.

(4.3)

In the presence of micropores in the PS:PEG filemaasume the incoming light
undergoes two processes: (i) scattering by thesveimdbedded within the film to
uniformly distributed random directions, and (&fmraction by the micropores at the
top surface of PS:PEG, where part of light originaapped in PS:PEG is extracted.
The above assumptions may not be accurate foll deeme, yet they can provide a
gualitative analysis. Under these assumptionsyihéified angular distribution in
PS:PEG is given by

C, whend <6,

C, whend,>6,’ (44)

1,'(6) ={

whereC; andC, are constant, anfl; = sin’(n.i/nes.peq is the critical angle at the
PS:PEG/air interface. If we don’'t consider prog@¥sthe uniformly random
scattering in process (i) giv€s = C,. However, the refraction by surface micropores
in process (ii) changes the incident angle for @aghand helps part of the PS:PEG

guided light to outcouple (changi®y > 8.to 8, < 8.), which results irC, < Cs. In
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an ideal case where all PS:PEG guided light isaeted via surface micropores and
there is no absorption in the devi@,= 0 andC,'%®'= 0.359 can be calculated from
energy conservation.

After determining the expression flai{ 1), the external luminous energy

distribution in the presence of micropores can lii@ioed from
2
A n;, cosb,
1,'(8,) =C, .
n, .
N2e e 1—[ alr smﬁzj

nPS PEG

(4.5)

Comparing Egs. (4.3) and (4.5), we see t§i&f,) deviates from a Lambertian
profile more thariy(8>), sincenair/Nps.pec> Nair/Norg. ASSUMINGPs.pec= 1.58 we
obtain excellent agreement between the calculatesiseon profile and the
experimental profile (Fig. 4-2(c)). We note thag thof the matrix is not as crucial as
the scattering factdC; in the model for determining the enhancement anidgon
profile. The use ofpec=1.48 (not shown) resulted in a nearly identicaissmon
profile.

In Fig. 4-3, we further demonstrate the abilityctmtrol the size and fill factor of
the micropores. PS:PEG films with the same totateatration (60 mg/mL) but
different weight ratios (ranging from 1:0 to 1:1:PEG ratio) were fabricated and
imaged using SEM. Although there is macroscopic @arformation caused by heat
convection [29], Fig. 4-3 can adequately repreffemmicroscopic structures formed
in these films. Starting from the undoped PS fiisthe concentration of PEG

increases, the fill factor of the surface microgarereases until they fully cover the
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surface of the film (PS:PEG 4:1 ratio). This belbavs in accordance with the earlier
interpretation of the micropores’ formation procéss). 4-1a). The device with the
pure PS film barely shows any outcoupling enhancgnwéhich confirms the role of
the microstructure in enhancing light extractioheTincreasing density of pores
increases the scattering probability and at amdtpore size and distribution, it
maximizes the forward light extraction at the stdistair interface. Indeed, as clearly
shown in Table 4.1, the enhancement factor relativeonventional OLEDs increases
from 3% for undoped to ~60% for 10 wt.% PEG-dop&d &s the concentration of
PEG further increases, the closely packed PEGehioplets formed during the drying
process coalesce to form larger concave struc{iirgs4-3). These structures, with a

relatively smaller curvature but increased sizéuce the outcoupling enhancement.

Undoped| PS:PEG | PS:PEG | PS:PEG | PS:PEG | PS:PEG
PS 19:1 9:1 4:1 2:1 11
Enhancement 3% 40% 61% 58% 46% 38%
C 0.1 0.18 0.18 0.17 0.16

Table 4.1. Comparison of the outcoupling enhancement faggd?®:PEG films with
different weight ratios (total concentration: 60/mg). The values o€, extracted
from the enhancement factors are also listed.

Table 4.1 also summarizes the value€p{see Eq. (4-5)) calculated from the
experimental enhancement factor. These values ack smaller than the calculated
ideal value of 0.359 which indicates only partiglraction of the trapped light by the
PS:PEG film. The increase 6f from a device with undoped PS to a device with a
9:1 PS:PEG film is due to the change of the intarfgeometry and the increased
density of scattering centers within the film. Tdexrease of; when the PEG
concentration is further increased is attributethtoreduced light extraction caused

by the smaller curvature of the larger PEG-coatentapores on the surface(Fig. 4-3).
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PS:PEG 2:1 ratio 40:20 mg/mL PS:PEG 1:1 ratio 30:30 ma/mL

Figure 4-3. The surface SEM images of the PS:PEG films witfedeht weight ratios
but constant total concentration of 60 mg/mL. Tb&es bar in the insets is jum.

To demonstrate the potential generality of thishradf 48:12 mg/mL of P$
poly(vinyl pyrrolidone) (PVP) in chloroform weresal applied on the backside of i
substrate of an OLED, as a similar microporouscsiing was demonstrated earlier
this blend [3]. Such structures also resulter 77,,: enhancement, but only by ~32¢

Finally, we note that we recently showed that & donventional ITO anode
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replaced by several layers of high conductivityyf®K-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), the OLED posffciency can increase by up
to 80% [32]. This modification of the anode cancbenbined with the technique

shown in this paper to generate an even highecdeaificiency.

4.4 Conclusions

We successfully fabricated controlled microporawscures by dropcasting
toluene solutions of various PS:PEG ratios on taekbglass side opposite to the
glass/ITO OLED structures. The microstructuresheke films enhance the forward
light extraction by scattering the light that isetwise trapped in the OLED’s glass
substrate. An enhancement of ~60% was achievegtiyiaing the size and filling
factor of the micropores formed in the PS:PEG filhe optimal PS:PEG weight ratio
was found to be 9:1 — 4:1. The agreement betwekeaaetical analysis of the
non-Lambertian angular intensity profile and thpexxments is excellent, clearly
showing that this enhancement originates from sgatj by both surface and bulk
micropores. Additionally, the non-Lambertian distriion provides increased
emission intensity at larger angles. Hence, this@gch provides an extremely simple
and economical means for outcoupling enhancemedt.EBDs and potential

applications in OLED-based luminaires.
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Chapter 5. Organic Light Emitting Diode Sensing Platfor m:
Challenges and Solutions
Modified from R. Liu, Y. Cai, J.-M. Park, K.-M. Hd, Shinar, R. Shinar,
Adv. Funct. Mater21, 4744 ( 2011).
Abstract
The organic light-emitting diode (OLED)-based saggplatform is gaining
momentum due to unique attributes of the compadE0d_that are used as excitation
sources. This paper, however, points to issueterkta this sensing platform that will
affect many (bio)chemical sensing applicationgarticular in photoluminescence
(PL)-based sensors operated in the advantageoesitmain, where pulsed OLEDs
are utilized. The issues are related to the polstepelectroluminescence (EL) profile,
i.e., transient EL, which depends on the OLED mialeand structure, and to the
long-wavelength tail of the typically broad-band §iectrum. Depending on
materials and device structure, the transient EY exdibit spikes peaking at
~100-200 ns angds-long tails. As shown, these interfere with theedmination of PL
decay times (that are related to analyte concéotigtof sensing elements. The
results also indicate that the long-wavelengthabihe EL spectrum contributes to
the interfering post-pulges-long EL tail. Hence, it is shown that the chat©LED
materials, the use of microcavigy@) OLEDs with tunable, narrower EL bands, and
the use of UV OLEDs alleviate these issues, regylti more reliable data analysis.
Furthermore, a 2-D uniform 2m-pitch microlens array that was previously used

for improving light extraction from the OLEDs (J.-Nark et al.Optics Expresg011,
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19, A786) is used for directional PL scattering tosvtre photodetector, which leads
to a ~2.1-3.8 fold enhancement of the PL signails Dkehavior is shown for oxygen
sensing, which is the basis for sensing of biodealguch as glucose, lactate, ethanol,
cholesterol, and uric acid.

5.1 Introduction

5.1.1. Organic electronicsin sensing applications

The growing progress in organic electronics, thee,field of (opto)electronic
devices utilizing conjugated organic active layéiss led to emerging R&D in
various organic electronics-based (bio)chemicasisgnand biotechnology
applications [1]. As examples, luminescent conjadatolymers have been used to
gain insight into biology and pathology of proteiggregation diseases [2], and for
designing electrochemical switches and ion pumpsédt biology studies [3,4].
Organic thin film transistors (OTFTs) were implertezhto develop cost-effective and
label-free DNA or protein sensor chips [5], andammg light-emitting diodes (OLEDS)
have been evaluated as excitation sources in pimioéscence (PL)-based sensing
of analytes, such as oxygen, ethanol, glucosegt®cand cholesterol [1,6-13]. Other
examples of the use of OLEDs (including polymer ISHPLEDS)) in sensing
applications include an integrated PL-based oxyg&tpH sensor, utilizing an OLED
as the light source and an organic photodetect@) [P3-16]; two polarizers were
used for separating the PL and the OLED’s electnatescence (EL)L3]. OLEDs

were used also for fluorescence detection of pneféi’] andPLEDs were used as an
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integrated excitation source for microfabricatefikary electrophoresis [18]. The
use of PLEDs for monitoring biomolecules labelethvifuorescent dyes by
monitoring shifts in the PLED’s EJ|19] anda surface plasmon resonance sensor
utilizing an OLED and a metallic sensing layer walso reported [20]A
nanotextured OLED-based chemical sensor for |laleel-detection of methanol and
ethanol was demonstrated [21]. The detection wasdan monitoring
analyte-induced changes in the OLED turn-on vol@gd EL intensityln another
example, a refractometer with an integrated OLEDtIsource and dual organic PDs
were used for sensitive analyte detection by manigathe change in light flux from
the OLED to the PD that resulted from changesfirmcéive index of the analyte
solution relative to a reference solution [16].

Good detection sensitivities are often obtainedgi€©TFT- and OLED-based
sensors, and the issue of the long-term stabiidy affects the organic devidesften
less important in their sensing platforms, as #hessg probes are often shorter lived
than the OLEDs. Moreover, as the cost of OTFTs@hHEDs is expected to drop,
they are promising for use in disposable sensors.

5.1.2. OLED-based PL sensors

The attraction of OLEDs for PL-based and othess&napplications is due to
their small size (nm to mm pixels) [1,22], easéadirication via thermal evaporation
or solution processing on simple substrates sugfeas and plastic, and therefore,
their compatibility with microfluidic architecturd&,23]. Additionally, they are

flexible in size and design, and can be easilycttmally integrated with the sensing
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probes, and with thin-film PDs to generate very pant, yet reliable monitors.
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Fig. 5-1 (a) The set-up of the conventional OLED-based exygensor probe:
PtOEP:PS film excited by Atgpased OLEDs and the transient bias pulse, exantati
EL and the on-pulse spectra of the undoped and aonrdoped Alg OLEDs while
operation, where the undoped OLED structure is 5li@ CuPc/50 nm NPB/40 nm
Algs/1 nm LiF/~120 nm Al; in the doped device coumanres doped into the first 2
nm of the Alg layer. (b) The PL decay signal of a PtOEP:PS é&kuited by undoped
and coumarin-doped OLEDs at 0% O

The schematic configuration of Fig. 5-1(a) showsnéegration of the sensing
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film and the excitation OLED using the back-detectyeometry which largely
prevents the distortion of the signal from the &twn source. As such, the potential
of OLEDs to be used in badge-size and miniatursagtsor arrays surpasses that of
many excitation sources. Indeed, compact structwittessOLEDs and thin-film Si- or
organic-based PDs have been demonstrateldding with operation in the time
domain [6-11,23-25].

For sensing applications, OLEDs (that generally pose of organic layers
sandwiched between two electrodes; indium tin gxXil®, often serves as the
transparent anode) are often fabricated as an afriagividually-addressable
small-size pixels, and as such are suitable foritoong multiple analytes. Indeed,
initial results showed the OLEDSs’ potential in & lan a chip PL-based bioplatform
[23], and in compact multianalyte sensors with pthesigns [9,23,26,27].

Earlier studies have shown that the outcouplinigieficy of conventional OLEDs
is limited to ~20% due to waveguiding within theganic layers/ITO and within the
glass layers, which is caused by total interndéotibn at the ITO/glass and glass/air
interfaces, respectively [28]. In some OLED struesuthe outcoupling efficiency is
further reduced by EL quenching by surface plas(®#) modes associated with
metallic cathodes [29]. Various methods have besexl o alleviate this problem.
Better outcoupling efficiency is achieved by utitig SP-mediated emission [29], low
index grids [28], corrugated anode structures [88§ micro- [31] or macro-lenses
[32] on the backside of the substrates. Among thppeoaches, microlens arrays

(ULAS) are most promising in combining with the OLBRsed biochemical sensing
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platform due to their low cost, ease of fabricatiand minimal influence on the
device preparation process. In this paper we shatvsuch auLA can be utilized also
to enhance the PL by scattering it toward the PD.
5.1.3. PL -based oxygen sensor

The detection of oxygen in this work is based amitoring Q-induced changes
in the PL intensityl) or PL decay timez) of the oxygen sensitive dye Pt
octaethylporphyrine (PtOEP) embedded in a polysg/(®S) matrix [1,6-11,23-25,
33,34]. Analysis was based on the well known S¥atmer (SV) equation [1,6].

lo/l = /T =1 +Kgy[O] (5.1).

wherely and 7p are the unquenched valu&sy is the SV constant, and {{3s the Q
level. We have recently shown [10] that in our sgadhe PL decay time obeys an
exponential fit only in the absence of the quencher, in Ar or N atmospheres). In
the presence of Dhowever, in particular as ppincreases, the PL decay curve
deviates from a simple exponent due to inhomoggireithe sensing film [35-39].

We typically use the red-emitting PtOEP togethiéh\green
tris-(8-hydroxyquinoline) Al (Alg)-based OLEDs. These OLEDs have been
well-studied and they are easy to fabricate andaintain decent luminescence for
months if encapsulated. Monitoring analytes intthnee domain is possible if the PL
decay time is significantly longer than that of teeponse time of the measurement
system. This approach is advantageous as minogeblan the background light, the
sensing probe, or the excitation source do notaffensor performance. As proved in

earlier studies and in later content of this paperPL decay time is an intrinsic
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guantity, independent of the light intensity [1,8;23-25,33,34]. Hence, frequent
calibration and a reference sensor are avoidedremmd compact devices, devoid of
optical filters, can be fabricated.

As studies of OLED-based (bio)chemical sensingaagseveral issues emerge.
In this paper we present such issues and approaxiadisviate them. These issues
are related to the OLED materials and configuratibe width of the OLED’s EL
band, and the OLED’s post-pulse (transient) ELifgoT his situation is of
importance for most OLED-based (bio)chemical sensoth time-resolved analysis.
In the later content, we will show approaches kevate these issues, including the
use of microcavityl{C) and UV OLEDs. Furthermore, by utilizipd As fabricated
by the soft lithography method described earlidf,[8e are able to improve the
OLED-based oxygen sensing platform, as the PL sigmaore than doubled in the
back-detection geometry. This approach further gmes/the distortion due to the
background EL from affecting the detected PL sigaaldemonstrated for the oxygen
sensor operated in the time domain. The enhancedsBlallows the use of the
OLEDs at a lower voltage, which enhances their ajpmnal lifetime.
5.2 Resultsand discussion
5.2.1. Enhanced OL ED-based sensing utilizing CBP- and uC Alqs-based devices

To improve the performance of the OLED-based biothal sensors, efforts
focused first on improving OLED structures and mats. To that end, the
Algs-based OLEDs were replaced by more efficient aablstguest-host OLEDs

such as coumarin-doped AIQLEDs. However, studies of such guest-host OLEDs
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revealed EL spikes following a bias pulse, peakingl100 ns, which are associated
with charge trapping on the guest molecules, aigléatending to th@s range
[40,41]. Fig. 5-1(a) also elaborates this phenomdnocomparing the falling edge of
the applied bias and transient EL overall intensftthe undoped and coumarin-doped
Algs-based OLEDSs. As clearly observed, with the saretetal bias pulse, the
coumarin-doped OLEDs exhibit strong EL spikes aild after the biases are turned
off. This may largely relates to the charge tragpiharacter of the coumarin dye
[40,41], as manifested by the coumarin-respongthlepectrum with only 1nm
doped layer. Although the spikes appeared at &velgashort time, the transient EL
tails caused by recombination of initially unpaidthrges detrapped from shallow
traps in the host [40,41], and by other mechanisugh as triplet-triplet annihilation
(TTA) [42], affect the PL oxygen-sensing signal8][4

Fig. 5-1(b) shows the PL decay curves of a PtOERIRSat 0% Q (Ar
atmosphere) excited by an undoped and coumarinddoplsed Alg-based OLEDSs.
As clearly seen, the decay curve excited by thedd@pLED, unlike that obtained
when using the pulsed undoped device, shows twimdisegions. This latter
behavior is due to the mixing of the long PL de¢al00ps at 0% Q) [6,44] with the
short transient EL spike and tail that extendsteglus. Although at low [ the
signal distortion can be easily remedied by usifang pass filter or analyzing the
decay curve at a longer time range (e.g., from6-fs), at high [@] it is hard to
extract the pure sensor PL because the PtOEP tetg/(a fewus) are comparable

to the EL delay. In particular, the EL-related sibdistortion increases at high4JO
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where the PL intensity is low.
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Fig. 5-2 (a) The emission spectra of various OLEDs. Unddfgddevice: ITO/5 nm
MoO3/50 nma-NPB/50 nm Alg/lnm LiF/~100 nm Al (squares); C545T-doped Alq
device: ITO/5 nm Mo@50 nm NPB/20 nm C545T:AkB0 nm Alg/Inm LiF/~100
nm Al (circles); CBP device: ITO/10 nm M@@0 nm CBP/35 nm BPhen/3 nm
Algs/1nm LiF/~100 nm Al (stars); Microcavity Adgevice: 25 nm Ag/5 nm Mog9
nm NPB/56 nm Alg/'l nm LiF/~100 nm Al (triangles); (b) The absorbarwd
PtOEP:PS films.

By blocking the excitation EL from reaching the RBe 600 nm long-pass filter

alleviates signal distortion. However, due to thegdband emission profile of these
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undoped and coumarin-doped Altpvices it does not eliminate it completely (Fig.
5-2(a)). Not only is the low-energy end of the Fplestrum comparable to or stronger
than the PL and hence contributes to the signasaifting in EL and PL mixing), but,
additionally, part of the broadband emission i® digasted” due to the relatively
narrow PtOEP:PS absorption bands at ~385 nm anl mB3(Fig. 5-2(b)). As in
compact designs optical filters should be ultimaedcluded, alternative OLED
excitation sources are required for increasingatheorption of the sensing films and
reducing EL contribution to the measured signalsrédver, by increasing the
absorption at a certain EL, the OLEDs can be opdrat lower excitation intensities,
which boosts their operational lifetime.

With this motivation, alternative device structusesh as CBP near-UV emitting
OLEDs anduC Algs-based OLEDs were adopted. Fig. 5-2(a) shows thaaxzed
EL spectra of the undoped and C545T-doped-Ased OLEDs, the CBP-based
OLED, and thquC Algs-based OLED. As clearly seen, the FWHM of the Ehda
decreases from ~89 nm to ~52 nm to ~40 nm fronutii®ped to the C545T-doped
to theuC Algs OLEDs. The peak emission of the undoped CBP OL{bacture:
ITO / 120nm MoQ / 40nm CBP / 35nm BPhen / 3nm AlgLnm LiF / ~100 nm Al) is
at ~405 nm (Fig. 5-2(a)); this EL band is suitdlethe PtOEP’s ~385 nm absorption
that is ~5 fold stronger than the ~535 nm band.(5i8(b)). Moreover, no interfering
post-pulse spike is observed with this device. ldeas shown below, in this case of
CBP OLEDSs the contribution of the transient EL imimized. This is a result of (i)

the stronger absorption that enhances the Plth@ipbsence of the post-pulse spike
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due to the absence of a charge-trapping dopaith@ use of BPhen as a good
hole-blocking layer (HBL), and (iv) the use of Mg@s the efficient hole injection
layer (HIL) [40,41].

A similar advantage is achieved when usingCaAlgs-based OLED with the
structure 25 nm Ag /5 nm Ma®@ 49 nm NPB /56 nm Ay 1nm LiF / ~100 nm Al.
Here the two metal electrodes (with the very thinfér semi-transparency) form an
optical cavity that narrows the EL band, increaghmgnormal-direction intensity via
constructive interference. MgQcompared to the CuPc HIL, provides more efficient
hole injection and prevents the charge from pilipgat the HIL/hole transporting
layer (HTL) interface. A reproducible maximum EL-€£40,000 Cd/fis achieved
for this device structure. This is very benefid@l OLED-based sensors, which
require relatively high excitation intensities. Tirrowing of the EL band leads to
more efficient absorption by the sensing films amidimizes its mixing with the PL

band (~646 nm [44]).

The CBP- anqiC-based OLEDs excitation sources reduce the Elthail
interferes with the sensor’s PL, leading to a bedignal intensity and the possibility
of excluding optical filters. To best demonstrdte improvement of the oxygen
sensor by applying these OLEDs, we looked intdhilga oxygen concentration range,
where the PL is the weakest and hence most affeletgd5-3 compares the sensing
signals and background in 100% gas-phas®llbwing the OLED pulse. The PL
signal was monitored through a 600 nm long patey fily exciting the PtOEP:PS film

with the OLEDs in the back-detection geometry. Bing the filter, the decay signal
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is due mostly to the PL from the PtOEP:PS filmse Background, i.e., the transient
EL that passes through the long pass filter, waaioéd through the same set-up in

the absence of the sensing element.
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Fig. 5-3 The PL decay curve (solid squares) and backgr¢omeh circles) in 100%
O, monitored through a 600 nm long pass filter. Phalecay curve was obtained
by exciting the PtOEP:PS film with various OLEDs e back-detection geometsy/|
The background was obtained with the same setuwitiubut the sensing element.
The strongly reduced background with the CBP-@@dhlgs-based OLEDSs is clearly
seen.

As clearly seen in Fig.5-3, the EL background i dloped and undoped Alqg
OLEDs is much stronger than in the CBP- @ai@Algs-based OLEDs. Hence, the
signals obtained with the sensor film, followingias pulse, are much more reliable

with the latter OLEDs, where the contribution of tihansient EL is minimized. Table
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5.1 summarizes this behavior by evaluating the sigmaknsity at 1us following the
bias pulse applied on the OLED. The Table showsatie of the signal) with the
sensor element minus the backgrouBpt¢ B, i.e., & — B/B. As seen, the ratio ~ 0.2
is low for the often-used doped and undoped-Algsed OLED. It increases
significantly for the CBP- anfC Algs-based OLEDs, to ~1.3 and 1.0, respectively.
Thus, the use of the latter provides more reliabiaglysis when obtaining the PL

decay time from decay curves following a pulsed OLE

Table5.1: thePL: EL signal ratio for a PtOEP:PS sensor film in 100% gas-phase O, at 1
psfollowing the EL pulsefor various OLEDs.

Device Undoped Alg | C545T:Alg | CBP | Microcavity Algs
(S-B/B@ 1pus | 0.16 0.20 1.26 0.96

To further demonstrate the improved performandb®ixygen-based sensors
excited by CBP- anfC Algs-based OLEDSs, the normalized decay signals obtained
with and without the 600 nm long pass filter foOWAr, Air, and 100% @are
shown on a semi-log scale in Fig. 5.4. Due to #eag of the OLED EL, the initial
parts of the signals are excluded for reliable ysial A linear behavior in the
semi-log plot obviously demonstrates a simple giredponential decay time in which
case the contribution of the transient EL to thesueed signal is minimal. The
signals from all the devices with the 600 nm lorgfilter fit a single-exponential
decay at zero oxygen concentration (Fig. 5.4 Td)@ EL:PL mixing at low oxygen
levels is small due to the long PL decay time (~fi®@ 100% Ar [1,6,44]; see Table
Il & 1) and the minimal contribution of the EL lahat decays in ~8s. As the
oxygen concentrations increase, the decay curvasnelol using undoped and

C545T-doped Alg OLEDs deviate from a single exponential while tné®m CBP
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anduC Algs OLEDs remain nearly exponential across the whelea@ge (with

single exponential regression coefficieRfs= 0.997,0.998, and 0.989 for 100% Ar,

Air, and 100% Qrespectively).
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Fig. 5-4 The normalized PL decay curves of the PtOEP:P$féxcited by various
OLEDs in (a) 100% Ar (b) Air (21% £ and (c) 100% @with (solid squares) and
without (open circles) the 600 nm long pass filidote the semilog scale.

Without the 600 nm long-pass filter, the decay esrare distorted by the transient
EL from undoped and C545T-doped AQLEDs for all Q concentrations. The
situation is different for the CBP- apeC Algs-based OLEDSs, as seen in the bottom
panels of Fig. 5-4(a)-(c). In 100% Ar and air, fHets are close to linear even in the
absence of the optical filter. This is importantdese 0%-21% £s the range of
interest in most applications, including for dissal G (DO) and for DO-based
sensors for bioanalytes such as glucose, lactatiealaohol [6-10]. In 100% £the
optical filter is needed for reliable analysis, lewsr, the EL contribution (as observed
in the absence of the 600 nm filter) is signifitatdwer than with undoped and
C545T-doped Alg OLEDs. Additionally, the decay curves at 100%eRcited by the

undoped and C545T-doped AIQLED with and without the filter overlap, proving
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that even with the filter the decay curve is maitigt of the incompletely blocked EL
tail.

Table 5.2 summarizes the single exponential-fittecay times for the four
OLEDs, with and without the long-pass filter, irifelient atmospheres. The similar
decay times obtained for 0% and 21%uSing CBP- an@iC Algs-based OLEDs
prove that they can provide more efficient exaiatand less EL contribution to the
O, sensing signals. We note that the single expoaldiitboth with and without the
optical filter worsens at 100%,0This deviation is probably due to the low signal
intensity caused by strongQuenching of the phosphorescence and the
microheterogeneity of the sensing films, which Hessin a distribution of @excited
PtOEP collision rates. Earlier studies have shdvam the stretched exponential fit
was more suitable at high oxygen concentrationgaltigis distribution of collision
rates [10]. However, as we focus only on the sigmarovement induced by different

OLED architectures, this detailed analysis wasapgtied in this work.

Table 5.2: the single exponential-fitted decay timesfor the four OL EDs, with and without
the 600 nm long-passfilter, in different atmospheres.

With the long-pass filtens)

100% Q Air 100% Ar
Algs-based OLED 4.0 26.1 89.0
C545T-doped AlgOLED 6.6 28.5 86.7
CBP-based OLED 8.5 33.7 91.2
uC Algs OLED 8.7 33.1 103.3
Without the long-pass filtei6)
Algs-based OLED 16.4 60.5
C545T-doped AlgOLED 40.1 46.3
CBP-based OLED 30.8 90.2
pC Algs OLED 30.0 92.6
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5.2.2. uiLA-induced signal improvement

The preceding section demonstrated methods ofctting improved OLEDs for
reliable (bio)chemical sensing. Next we descrileeube of gd_A, typically used for
enhancing the OLED’s EL, for enhancing the PL tieaches the PD.

For a conventional OLED fabricated on ITO-coatemkg| only ~20% of the
emission generated internally is extracted ouhefdevice in the forward direction
[28]. Most of the rest is trapped in the organi@land glass layers due to total
internal reflection at the ITO/glass and glassfderfaces. Many studies have focused
on improving the outcoupling of the OLEDs [28-32he uLA, which is easy to
fabricate and integrate with OLED pixel arrays, gaprove the performance of the
OLED-based sensing platform without affecting tsnpactness. Suchpd A is made
from materials that have refractive indices simitathat of the glass substrate,
minimizing the internal reflection between the glasd thgiLA material. In
principle, a PS-based sensor film (refractive ind&%5, similar to that of glass),
deposited directly on the back of the OLED’s glssisstrate, or on a separate glass
substrate with perfect contact with the OLED’s drdie, should also minimize the
internal reflection between the OLEDs and the sensim. However, some of the
sensing film’s PL will undergo internal reflectiam the glass/air (in the back detection
geometry) or the PS/air (in the front detectionrgetry) [6], reducing the PL that
reaches the PD. Note also that in the back-detegeometry the OLED pixels

partially block the PL from reaching the PD.
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Fig. 5-5 (a) The set-up of the compact oxygen sensor pfeti@EP:PS film excited
by the CBP OLED structurally integrated with thecrolens array. Note that the

drawing is not to scale. (b) The sensor signal eodiment obtained by using a CBP

OLED/microlens array under various @nvironments (solid squares) and the

reference decay curves without the microlensesn(apeles); the white lines are the

single expon

ential fitting.

Fig. 5-5(a) shows the compact setup of the OLEt@axygen sensing probe

with apLA, and a SEM image of that PUp@n-pitchpLA. It has been confirmed that
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this device design enhances EL outcoupling in ¢inevdrd direction by ~100% [31].
Fig. 5-5(b) shows the signal improvement of thegetysensor excited by a CBP UV
OLED equipped with suchaLA. The signal enhancement factor in the
back-detection geometry ranges from ~2.1 to ~38sacthe 0 — 100% oxygen
concentration range. We attribute this enhancemoestrong scattering/directing of
the PL toward the PD by tha A, possibly also the PL fraction that is otherwise
partially blocked by the OLED pixels. The obserdegpendence of the enhancement
factor on [Q] is currently not clear; it is not associated witle response of the
photomultiptier tube (PMT), as it was operatedhe linear region. Importantly, as
summarized in Table 5.3, while the integraikd\ enhances the detected signal, it

has practically no effect on thevalues calculated from the decay curves.

Table 5.3: The single exponential fitted decay times (us) for the gas-phase oxygen sensor
excited by a CBP OLED with and without the uL A in different atmospheres.

0%0 |20%0G |(40%Q |60%Q |80% G | 100%Q
with uLA 94.5 29.6 19.4 14.2 10.7 8.12
withoutpuLA | 91.2 30.0 20.1 14.2 11.4 8.50

5.3 Conclusion

In summary, issues related to the pulsed OLED-bhsethescent sensing
platform and approaches to alleviate them are ptedeWWhen monitoring £Xand
other bioanalytes whose sensing is based on momgt@) in PL-based sensors
utilizing undoped and C545T-doped Algased OLEDSs, in particular at high O
levels, the decay curves contain contributions ftbenpost-pulse transient EL. The
situation improves as [{Pdecreases. However, optical filters are needstljging
device compactness. The C545T-dopedsAlod other similar doped small-molecule

OLEDs are especially of concern due to their sl@egaying post-pulse transient EL.
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The above-mentioned issues are alleviated whermy @BP- or microcavity
Algs-based OLEDs as the excitation source, where (itiad to the absence of a
post-pulse spike) the absorption of the sensimg il significantly more efficient and
the interference from the long-wavelength tailygfital EL bands is minimized,
respectively. Additionally, uniform @m-pitchpLAs made from polyurethane (PU),
attached to the backside of a CBP OLED, signifigagthance the detected signal
intensity. This enhancement is due to directingatinerwise isotropic and partially
blocked PL toward the PD. Such approaches enablesé of compact OLED-based
oxygen and related biosensing probes driven aatively low excitation power so
that the lifetime of the devices is prolonged. Ehesproved excitation sources will
assist in further developing the thin OLED-basausgey platform in conjunction
with microfluidic architectures for reliable dataadysis.

5.4 Experimental

5.4.1. Materials

OLEDs:~15Q/square ITO-coated glass was obtained from ColoGmwept
Coating, LLC., and N,N’-diphenyl-N,N’-bis(1-naphtipyenyl)-1,1’-biphenyl-4,4’
-diamine @-NPB), coumarin 545T (C545T) and tris(8-hydroxyalinato) Al (Algs)
were obtained from H. W. Sands. 4,7-diphenyl-1,hénanthroline (BPhen), copper
phthalocyanin¢CuPc) and LiF were obtained from Sigma-Aldrich.
4,4'-Bis(carbazol-9-yl)biphenyl (CBP) was obtairiemin Luminescence Technology.
MoOQ;s is purchased from Strem Chemicals. Silver dropshare obtained from

Johnson Matthey.
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Sensing element®tOEP was obtained from H. W. Sands, PS, moleewdayht

45,000, from Sigma-Aldrich, and toluene from FisBerentific.

5.4.2. Procedures

MLA fabrication[31]: For fabrication of th@iLA, a two-beam laser holography
was applied to pattern a 2-D interference struottra photoresist that coated a glass
substrate. A first exposure of the photoresisttegea 1-D pattern; the desired 2-D
pattern was achieved by a second exposure aftgmgthe sample by 90°. The
photoresist was then developed and briefly heategherate a spherical array
structure. Polydimethylsiloxane (PDMS) was pourgdaly onto the photoresist,
cured, and peeled off, thus becoming the inversepastamp for th@LA. A tiny
drop of UV curable PU was applied on the blank sitlen ITO-coated glass substrate,
which was subsequently used for OLED fabrication the PDMS mold, with the
inverseuLA pattern, was gently pressed against it. Any egad PU was easily
removed. After the PU was cured in a UV chamberRBMS mold was lifted off
and theuL A pattern was formed on the PU. OLED pixels, wathwithout an
underlyinguLA, were then fabricated on the ITO.

OLED fabrication OLED pixels were fabricated on the ~150 nm tHib® layer;
the ITO was treated as previously described [4%)ak then etched to generate
stripes that served as the anode. Following theevegboration of Mo@(a hole
injection layer), the organic layers and LiF (aactlon injection layer) were
deposited. Finally, the Al cathode was thermallgg@wated via a mask to generate

stripes similar to the ITO ones, but perpendictdathem. The OLED pixels were
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defined by the overlapping ITO/Al regions.

Fabrication ofuC OLEDSs started with deposition of 25 nm Ag on asglsubstrate.
The MoQG and organic layers were then deposited and capjied.iF and Al as the
cathode. 2 mm2 mnt individually addressable OLED pixels were genetatith
the total thickness of the devices, excluding thiesgrate and the encapsulating cover
glass, less than Oin. The encapsulating cover glass was glued usingSkal
epoxy to prevent water and @xposure. We note that OLEDs encapsulated in this
simple manner can be used successfully for montienwperated in a pulsed mode
and monitoring the analytes’ effect on the PL deaags, as small changes in the

OLED brightness over time do not affect the meas&ie decay time.

Sensing elements preparatidrhe sensing films were prepared by drop casting
50-60pL of toluene solution, which contained 1 mg/mL P#&&nhd ~40 mg/mL PS
on cleaned glass slides. The glass slides weraadiday ultrasonication in acetone for
5 min followed by ultrasonication in isopropandbw-drying in N;, and 5 min UV
ozone treatment. The solutions were spread onittesgo generate typically 748n
thick films. The resulting films were allowed toydn the dark at ambient
temperature for at least 24 hours. We note thati¢iection sensitivity is strongly
dependent on the nature of the sensing film; theigeity increases when the oxygen
permeability increases. The PS sensing films usdlis study are moderately

permeable to oxygen.

Monitoring the PL decay timéL decay curves at different levels of gas pl@ase

were obtained by applying 13 OLED excitation pulses. To simplify the analysis
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rwas extracted from the decay curves using a sexpenential fit with background

(i.e., offset).

InstrumentationOLED arrays were fabricated by thermal vacuunpevation of
the organic layers in a chamber (background pressix2x1@ Torr) installed in an
Ar-filled glove box (typical Q levels <10 ppm). The OLEDs were driven by an

Avtech AV-1011B pulse-generator.

The PL was monitored with a Hamamatsu R6060 PMically in the
“back-detection” geometry, collecting the PL pagdimough the gaps between the
OLED pixels that were used for excitation [6-1025}, We note that the back

detection geometry results in a more compact setup.

Various levels of gas-phase @ere generated by flowing oxygen/argon mixtures.
Mixing was achieved by means of mass flow contrs)leshere the flow rates of the
oxygen and argon varied, while maintaining a camdiatal flow rate, thus generating

varying oxygen partial pressures.
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Chapter 6. Multiple Approachesfor Enhancing All-Organic
Electronics PL Sensors. Simultaneous Oxygen and pH Monitoring
Modified from a paper submitted to Advanced FunwidViaterials
Rui Liu, Teng Xiao, Weipan Cui, Joseph Shinar, Raitinar
Abstract
Key issues in using organic light emitting diod€d.EDs) as excitation sources in
structurally integrated photoluminescence (PL)-Hasnsors are the low forward
light outcoupling as well as the OLEDs’ broad eleketminescence (EL) bands and
long tails. The outcoupling issue limits the detatisensitivity and the EL
characteristics interfere with the analyte-sensif\L, leading to a background signal
that reduces the detection sensitivity and dynaange. In particular, these issues
interfere with designing compact sensors, potdgtralniaturizable, that are devoid
of optical filters and couplers. We address thésgtsomings by introducing
easy-to-employ multiple approaches for outcoupiimgrovement, PL signal
enhancement and background EL reduction leadimgtel, compact all-organic
device architectures demonstrated for simultanewwrsitoring of oxygen and pH.
The sensor comprises simply-fabricated, directigrahitting multicolor
microcavity OLED excitation and an organic photedédr (OPD) with a more
selective spectral response. Additionally, the ct&ia sensitivity and PL intensity for
oxygen are enhanced by using polystyrene (PS)epolene glycol (PEG) blends as
the sensing film matrix. The microporous structofr¢éhese blended films, with PEG

decorating PS pores, serves a dual purpose. ltgesuight scattering that reduces
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the waveguided EL in the substrate and it incretse®L directed toward the OPD.
The multiple functional structures with the mullimomicrocavity OLED
pixels/microporous scattering flms/OPDs enableegation of enhanced individually
addressable sensor arrays, devoid of interfersuess, for @and pH as well as for
other analytes.

6.1 Introduction

The fast-growing development of organic electranaterials and devices has
enhanced their application in flat-panel displagdid-state lighting, solar cells and
photodetectors, as well as (bio)chemical and médarssing [1-5]. Among these
applications, organic-based luminescent sensors iemonstrated high detection
sensitivities with advantages such as potentialdost and ease of fabrication and
integration with sensing films, thin-film photodeters (PDs), and microfluidic
structures [3-12]. Recent progress in developighligiefficient organic
light-emitting diodes (OLEDSs) [13-15] and organiegbovoltaic (OPV) devices
[16-18] further advance all-organic electronics tohaminescence (PL)-based sensors
[8,11,12].

The all-organic PL-based sensing platform compr@EED pixels, organic
photodetectors (OPDs) and thin sensing element®baicated on simple substrates
such as glass or plastic. In integrated structihesQLEDs and sensing films were
often fabricated on two back-to-back attached gitdss [4,11,19]. Several recent
studies evaluated the properties of OLED-basedosgasd demonstrated their

feasibility for monitoring (bio)chemical analytesch as oxygen, carbon dioxide,
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glucose, lactate, pH, and algal [5-12].

The electroluminescence (EL) spectra of OLEDs yreally broad with long
tails, and may therefore partially overlap the gteakensitive PL of the sensing
elements. Hence, separation of the excitation ELRInsignals is required, while
maintaining sufficient signal intensities for seiva detection and broad dynamic
range. To address this issue optical filters oappérs are often used [6,9,11,12]. In
other reports, the OPDs were spatially separated the excitation light and
substrate waveguided PL was detected by usingiadalitcoupling structures, such
as gratings and scattering films [7,10]. Howewergalize compact, eventually
miniaturized, and cost-effective sensors, enhanitiagignal to noise ratio with
simpler integrated structures, materials and agbhesaresulting in sensors devoid of
optical filters, fibers, mirrors and other couplessieeded.

Aiming for such compact and simple architecture eadier reported on oxygen
sensors, where the OLED and the PD (photomultifliee or Si photodiode) were
positioned in a back-detection geometry, wherePbas behind the OLED pixel
array, collecting the PL between the OLED pixelsisTdesign enables easier access
of the sensing element to the analyte. Also, usiigyapproach the distortion of the
signals due to the interfering electroluminescgiite background is reduced, with
the excitation EL directed opposite to the dete&ked4,11,19].

As is well known, the detection of,@sing optical sensors is based on monitoring
O»-induced changes in the PL intensitydr decay time#£) of an oxygen sensitive

dye, such as Pt octaethylporphyrine (PtOEP), endzbdda polymeric matrix, such
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as polystyrene (PShnalysis is based on the Stern-Volmer (SV) equdisyh,20].
o/l =/t =1 +st[02] (61)

wherely and 7p are the unquenched valu&sy is the SV constant, and {{3s the Q
level.

In this work multi-functional films and structuregere developed. The,@ensing
films were cast directly on the back of the OLEDswates. The sensing films were
prepared from blends of high molecular weight,JMS and low M polyethylene
glycol (PEG). The resulting microporous films imped both the oxygen
permeability and signal intensity with no dye leagh Moreover, these
index-matching films in direct contact with the ODEubstrate enabled partially
overcoming the forward EL outcoupling issues in @iskcaused by total internal
reflection at the glass/air interface [21]. Additadly, the micropores that were formed
in the blended PS:PEG films, with PEG decoratingls¥an the PS, scatter the PL,
enhancing the fraction that reaches the PD. Agxic@ation light is also scattered by
the PS:PEG microstructure, an OPD with a more §ipespectral response to the
longer-wavelength PL was fabricated.

To further improve the sensor performance by radutie background light,
narrower-band microcavityuC) OLEDs, with emission concentrated mostly in the
normal direction, were used. A simple method taitatte multicolopuC OLEDs was
recently developed [22]. In this method, a thirelagf Moy was utilized as both the
hole injection layer and the optical spacer. Vagytime thickness of this layer in a

combinatorial deposition approach led to multicddrED pixels on a compact area.



133

Hence, this approach enables construction of cotmpaltiple-sensor arrays with
different excitation wavelength suitable for ditet fluorophores.

The pH detection is based on the change in thedtoence of the pH-sensitive
dye fluorescein. Fluorescein and many of its déirrea exhibit multiple
pH-dependent ionic equilibria. Acidification of tifieaorescein dianion protonates first
the phenol to yield the fluorescein monoanion; thillowed by the formation of
carboxylic acid to produce the neutral speciesthfeuracidification generates a
fluorescein cation. As only the monoanion and diarare fluorescent with different
guantum yields, the PL of such materials varie$ Wit solution pH [23].

A dual sensing platform demonstrating the utilifyttee multicolor microcavity
OLED array in an all-organic structure with multiriction films was designed for
monitoring Q and pH by evaluating changes in both the PL inteasid decay time.
These analytes are key in, e.g., agricultural,remvental and biological processes
monitoring [24-26], and therefore a practical anchpact device is very desirable.

6.2 Results and Discussion

6.2.1. Toward all-organic O, sensor

The back-detection geometry reduces the distodfdhe PL intensity signal
stemming from the interfering EL background by diieg the excitation light
forward, opposite to the photodetector (PD) thatasitioned behind the OLED pixels
[4,11]. Fig. 6-1(a) shows the original design. &srs, the disadvantage in this design
is that the PL is partially blocked by the nontizerent OLED cathode. Scattering

structures such as microlens arrays, fabricatesbbiylithography, were previously
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used to enhance the detected PL intensity by sicajtdirecting the signal toward the
PD, away from the blocking OLED pixel [19]. Howeysuch a method involves a
complex process, including UV curing, which makedifficult to integrate the
sensing elements with the scattering structuresig8grilms on separate substrates
reduce the compactness of the devices and weakexttlantage of the
back-detection design by leading to multiple reftats at the substrate surfaces,

which increases the background light reaching tbe P

(a) (b) (c)
Sensmg Film(PtOEP:PS) Sensing Film (PtOEP:PS) PtOEP:PEG:PS sensing/scattering films
YVEL‘ | | \|/E|_ | N/EL
PL \Glass Sub OLED Glass Sub Glass Sub
Long-Pass filter Mlcrocawty OLED Mlcrocawty OLED

(i) (e)

Low M,,PS vs. High M,,PS PEG:PS Matrix

Fig. 6-1 Evolution of the back-detection organic-basedseénsor: (a) Original set-up.
(b) Sensing film with more permeable high, /S matrix directly dropcast on the
back of the OLED substrate excited by@ OLED with a significantly narrower
emission band at the absorption band of PtOERA¢clified scattering matrix of
blended PS:PEG. (d) Image comparing the macroscopiphology of the smoother
low My, PS (M, ~ 45,000) film and the rougher high,N?S (M, ~ 280,000) film
dropcast on 1818 mnf glass substrates. A 100 nm Al layer was depositethe
dried films. (e) SEM image of the high,MPS:PEG film with a 4:1 weight ratio.

Figs. 6-1(a)-(c) demonstrate the evolution of thd&=D-based @sensor from the
original set-up shown in (a), where two glass slidere attached back-to-back and a

long-pass filter was placed in front of the PD. Dodight absorption by the Al
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electrode and waveguided modes within the ITO+dojayers and within the glass
substrate, only ~20% of the light generated withenOLED is forward outcoupled
and hence usable for excitation [27]. In Fig. 6}l regular OLED is replaced by a
HC OLED [22]. The concentrated narrow emission fitbeuC device (full width at
half maximum FWHM ~30 nm) reduces the fraction adttered background EL and
provides more efficient excitation as reportedierfll9]. The figure also shows the
more compact design where the sensing elemenbiiedded by dropcasting toluene
solution containing 1:40 mg/mL PtOEP:PS directlytlom back of the OLED’s
substrate. The index matching of the PS fitm: (L.6) disrupts the total internal
reflection at the glass/air interface, which enkeanhe intensity of the excitation light
that reaches the PtOEP dye. Furthermore, diffdrent earlier reported work, higher
My PS is used as the matrix material. It was obsettvaicthe high M PS improves
the sensor’s performance. The longer polymer chegpsarently form films that are
more permeable to£and hence improve the detection sensitivity. Bid(d) shows
photographs of PS film/glass, with different,/®S, coated with Al to illustrate the
surface roughness. As seen, the blurred refleftaom the Al/high M, PS (M, ~
280,000) film indicates a rougher structure thaat tf the Al/low M, PS (M, ~
45,000) film.

In order to prevent blocking of the PtOEP PL by dpaque cathode of the OLED,
in Fig. 6-1(c) we modified the sensing film by nmigithe PS with PEG to form
scattering microstructures. During the room-temigeasolvent (toluene) evaporation

of the mixed solution, PS and PEG phase sepamataijrfg initially PEG-rich droplets.
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Upon continued evaporation, the PEG droplets shorflrm PEG-coated micropores
ranging in size from ~1.Am to ~5um in diameter, as shown in the SEM image of
Fig.6-1(e) [21].

For comparison, three different sensor films westdd utilizing the combined
above-mentioned modifications. We first comparéddiwith 1 mg/mL PtOEP
embedded in 40 mg/mL low WPS (M, ~ 45,000) or in 40 mg/mL high MPS (M,
~ 280,000); these films were labeled L40 and Hdfpectively. As the high MPS
films showed improved oxygen permeability, we blesd at a 40:10 mg/mL high
My PS:PEG (M ~ 1,000) ratio. The latter film was marked H40GIBe sensors
were operated in the time domain using a gygerOLED (40 nm Ag/7 nm Mogi9
nm N,N’-diphenyl-N,N’-bis(1-naphthylphenyl)-1,1’jbhenyl-4,4’-diamine
(a-NPB)/61 nm tris(8-hydroxyquinolinato) Al (A§f1nm LiF/100 nm Al) with a 100
Js excitation pulse. The PL decay curve was thetyaed; comparable single
exponential PL decay timesg) (of ~93-97us were obtained for the sensing films in
absence of © However, at all other £xoncentrations the PL decay times of the films
with high My, PS were repeatedly shorter than those with IgpwP8, as shown in
Table | and seen in Fig. 6-2(a) for 100% ©he shorter decay times observed for the
high My, PS films are evidently due to the improveggermeability.

Comparison of H40 and H40G10 (Fig. 6-2(a) and Téhl¢ indicates that the
latter film results in longer (by ~18% to ~26% in the presence of oxygen). This
behavior is reproducible, but currently not clézarlier studies have shown

consistently longer values when scattering titania particles wereothiced into PS
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sensing films [28]. Increasegwith increased concentration of ZnO patrticles in
PDMS was also reported. In that case PtOEP aggegait the silica particles [29].
These scattering centers, however, are of a difterature. A potential scenario
explaining the longer may be the somewhat reduced permeability of oxylyento
the presence of the PEG and possibly trappingfrgttif the oxygen molecules within

the voids of the blended PS:PEG film before encenumg the PtOEP dye.

Normalized Intensity
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Fig. 6-2 (a) Normalized PL signals of PtOEP in differenttncas at 100% ©@excited
by a greemquC OLED with a 10Qus pulse width and 8 V amplitude. (b) The SV plots
for PtOEP in the different matrices. (c) Comparisbthe actual PL signals at 0% O
of PtOEP in the H40 and H40G10 matrices both edditea greemC OLED with
100ps pulse width and 8 VV amplitude; (d) The ratiolad PL signal of H40G10 to
that of H40 at different OLED bias voltages.

8.0




138

Table 6.1: Thesingle exponential fitted r(us) for the gas-phase O, sensor with PtOEP
embedded in different matrices excited by a uC green OLED.

0%Q% |200Q |40%Q [60% QG |80%Q |100%Q | Sensitivity*
L40 96.9 28.7 18.7 13.6 10.8 8.8 11.0
H40 93.0 14.7 9.5 6.9 5.4 4.5 20.7
H40G10 | 96.4 18.5 11.3 8.1 6.5 5.3 18.2

* The sensitivity is defined &= /7 (100% Q).

As seen in Table 6.1 and Fig. 6-2(b) that showsStidines, the sensitivity was

highest for the H40 sensing film. It increased frobd with the previously used L40

film to ~21 and ~18 for H40 and H40G10, respectivalthough the H40G10 matrix

generated a somewhat lower sensitivity comparétd@ the PL signal intensity of

the H40G10 film was much larger (~x2.7) as sedfign 6-2(c). This behavior is due

to the scattering by the micropores induced byRB6&.

The dependence of this enhancement on the OLEDRita¢ion bias is plotted in

Fig 6-2(d). It clearly shows that the embeddedtsoaty microstructures increase the

PL signal intensity ~2.7 fold, independent of timepulse EL amplitude.

The PL signals of the preceding sections were nbtawith a photomultiplier

tube (PMT) and a 600 nm long-pass filter to bldok EL. Following the successful

demonstration of the improvement by using the PtOEHPEG sensing elements, the

optical filter was removed and a small-molecule @R (CuPc is the copper

phthalocyanine donor and:£1s the fullerene acceptor)-based OPD with thectire

ITO/1 nm air-plasma-treated LiF/15 nm CuPc/30 nfg35 nm

4,7-diphenyl-1,10-phenanthroline (BPhen)/120 nni38] was used to achieve a

compact all organic-based ®ensor.
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Fig. 6-3 (a) External quantum efficiencies of CuPg/(lack squares) and
P3HT:PCBM (red circles)-based OPDs. The devicectiras are ITO/1 nm
air-plasma-treated LiF/15 nm CuPc¢/30 nim 3.5 nm BPhen /120 nm Al and
ITO/poly(3,4-ethylenedioxythiophene): poly(styreakésnate) (PEDOT:PSS)/
P3HT:PCBM/Ca/Al. The EL of theC OLED (dashed green line) and PL of the
PtOEP: H40G10 sensing film (solid red line). (belensing signal excited by the
MC OLED detected by CuPc/@OPD at various @concentrations.

600 800

Although polymer photovoltaic devices are usuallyrenefficient than the
small-molecular ones, the choice of the OPD ralesnore than just device
efficiency. Fig. 6-3(a) compares the optimized maéquantum efficiency (EQE) of

two conventional OPDs, i.e., those based on P3HBNP(.e.,
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poly(3-hexylthiophene):[6,6]-phenyl«gbutyric acid methyl ester) [16,31] or
CuPc/Go. The former has a higher power conversion efficyefPCE) and was used
in sensing applications previously [1However, in order to further enhance the
signal to noise ratio, it is preferable to use &DQhat collects more photons at the
longer PL wavelength and is much less responsitieetgreen region of the EL.

The EQE spectra of the OPDs, {i@ green EL, and the PtOEP PL bands are
shown in Fig. 6-3(a). As seen, the CuRg/OPDs are better suited for PtOEP-based
O, sensing. The optimized device with a thin air-plagreated LiF layer for better
hole extraction exhibits a PCE of ~2%, as repoedier [30]. The photocurrents
measured with this OPD for changingJ@re shown in Fig. 6-3(b). As clearly seen,
the organic-based ensor successfully performs with a fast respohagfew
seconds.

6.2.2. Dual sensing platform for dissolved O, and pH

In an earlier study we demonstrated multicokyrIslue to reduC OLED arrays
fabricated in a simple method [22]. We appliednailsir method to the dual sensing
platform for dissolved €(DO) and pH monitoring. This compact dual platfasm
promising since these two parameters are of gngabitance in cultivation and
bioprocess monitoring [24,25]. Fig. 6-4(a) is tebeamatic of the set-up. The
PtOEP:H40G10 film was directly dropcast on the baicthe OLED substrate and the
fluorescein was dissolved initially in a pH 10 lrfsolution. By adding diluted
hydrochloric acid (HCI) and controlling ther gas mixture that flows into the

solution, it was possible to control the DO andlptels. Pixels of 83 mnf blue and
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greenuC OLEDs (device structure: 40 nm Ag/3 nm M¢42 nm NPB/56 nm Alg(1
nm LiF/100 nm Al for the blugC OLED and 40 nm Ag/7 nm Maf2l19 nm NPB/61
nm Algs/1 nm LiF/200 nm Al for the gregnC OLED) with normal direction peak
emissions at ~490 nm (FWHM = 23 nm) and ~540 nmKW\& 27 nm),
respectively, as shown in Fig.6-4(b), were fabadatn a common substrate. Those
emissions bands are suitable for fluorescein atisorpand as mentioned earlier, for
PtOEP absorption, respectively. The separationdmtvthe pixels was 3 mm; the PD
was positioned between the two pixels. Thus, wherbtue OLED is turned on, the
PD detects mostly the fluorescence from the pHiseadluorescein. Indeed, as
shown in Fig. 6-4(c), when the blu€ OLED was turned on the PL signal intensity
was almost constant for 0%, 20% and 100%46dDa given pH. The intensity dropped
sharply for pH values < 7, as expected due to timefluorescing cation present in the
acidic solution. As seen in Fig. 6-4(d), when tiheequC OLED was turned on the
signal intensity at all pH values followed largéhe same changing trends that
depended on the varying {Pldeally, these PL signals should not change with
changing pH when the gregl@ OLED is on. However, they still exhibited relagiy
small variations as the pH changed. This was ateibto the fact that the emission
spectrum of the grequC OLED shifts to shorter wavelengths at larger asgivhich
may then also excite the fluorescein. Nonethelgdh,such a dual sensing platform
one can always acquire a 2-D data table for theigtal intensities excited by the

blue and green OLEDSs to obtain both the DO and aldes of a testing solution.
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Fig. 6-4 (a) Schematics of the dual sensing platform foad pH. The OLED pixels
are &3 mnf and the gap between them is 3 mm. (b) The norinedtibn EL spectra
of the blue and greguC OLEDSs. (c) and (d) The signal intensity detedigch PMT
at different Q and pH levels with the blue and grged OLEDs. (e) The signal
intensity detected by the P3HT:PCBM OPD at diffet@nand pH levels with the
blueuC OLED. (f) The signal intensity detected by thePCIC,o OPD at different @
and pH levels with the greqiC OLED.

Figs. 6-4(e) and (f) show the all-organic (OLEMEP:PEG:PS/OPD) £+ pH
sensor. Measurements similar to those shown in Big¢c) and (d) were conducted
with the P3HT:PCBM OPD for the pH monitoring andiwihe CuPc/g OPD for the
O, sensing. Similar trends were successfully obsembdch demonstrates the
feasibility of this all-organic dual sensing platfa

As mentioned, the PL signals obtained with thegr@LED (meant to excite only
the Q-sensitive PtOEP) varied with pH as well. One wag¥ercome this issue and
actually realize simultaneous monitoring of the Bx@ pH is to analyze the
time-resolved PL + background signals. As demotedrin Fig. 6-5(a), at the turn-off
edge of the greenC OLED bias pulse, the luminescent decay signabisprised of
three parts: the decaying OLED excitation backgdotime fluorescence decay of
fluorescein and the phosphorescence decay of Pu@é€h is much slower than the
first two. Hence, a typical decay signal first éits a sharp decrease caused by the
drop of the OLED EL and the fluorescein’s luminesz® The following long decay
results from PtOEP’s response to differend][@he amplitude difference between the
on-pulse signal intensity and the start of the FR@BRosphorescent decay relates to
the pH value + a constant OLED background. Hereechange in this difference is
indicative of the pH. That is, the DO and pH carsimeultaneously analyzed with the

randl modes, respectively.
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Fig. 6-5 (a) The components of the monitored signal follayihe OLED pulse: the
phosphorescence decay of PtOEP, the fluoresceey défluorescein and the
OLED background. (b) Luminescent signals obtaingd$ing the greepC OLED at

(i) 0%

Oy, pH ~ 10, (ii) 100% @ pH ~ 10, (iii) 0%

Q, pH ~ 4, (iv) 100% @ pH ~ 4.

In order to prove the validity of such an analysie compared the time-resolved
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decay signals at four extreme conditions006 G, pH~10, {i) 100% Q, pH~10, {ii)
0% O, pH~4 andify) 100% Q, pH~4. The transient signals of these four coadgi

are shown at the top left part of Fig. 6-5(b). Bifdwing the downward arrow to
compare signals with the same,JQt is found that for exposure to both 0% and %00
gas-phase £the on-pulse amplitudes are higher for pH ~ 1dlawer for pH ~ 4

with the same PL decay times at tkeerange. By following the arrow to the right to
compare signals at the same pH, as seen, theetifferof the transient decays
between 0% and 100%,@re obvious. With the contributions of the PtOEP P
subtracted, the fast-decaying amplitudes are urggthat a constant pH.

6.3 Conclusions

In summary, we have successfully constructed aaorghnic electronic-based
novel sensing platform architecture for simultarsdpmonitoring Q and pH. This
was achieved by applying various methods to imptheesensor performance and
analyze the obtained data. For oxygen detectiddEPtembedded in highM
PS:PEG matrix was directly cast on the back ofQh&D substrate for higher O
permeability and stronger OLED EL. The detectioms#évity consequently improved
from ~11 to ~21. PEG was blended with PS to forattecing microstructures that
enhance the detectable signal intensity ~2.7 fédd.better signal to noise ratio, green
MC OLEDs, with spectrally narrowed and concentr&kdtogether with a
CuPc/Gg-based OPD, whose spectral response is bettedtaitee PtOEP PL, were
utilized. For the dual sensing of DO and pH, @ OLED excitation sources were

fabricated combinatorially with the normal directipeak emission wavelengths



146

designed for the ©sensitive PtOEP and the pH-sensitive fluoresdaithis way, one
could extract a 2-D data table for monitoring thige important analytes.
Furthermore, from the transient decay signals valg the OLED pulses, one could
resolve the signals related to DO and pH by emplp¥ioth ther andl detection
modes. Hence, the two analytes could be monitarediteneously. The combination
of the PtOEP:PS:PEG sensing film coupled with thétiocolor microcavity OLEDs
and the appropriate OPD and the possibility to dombme- and intensity-domain
analyses pave the way for realizing a more simptecmst-effective all organic
electronic Q and pH sensors, which can be expanded to detsat (tio)chemical
analytes.

6.4 Experimental Section

Sensing elements preparatid?tOEP was obtained from H. W. Sands, and PS,
with M,, ~45,000 and ~280,000, from Sigma-Aldrich. Thesénsing films were
prepared by dropcasting 2@ of toluene solution on the back of thellinct
OLED substrates with 1mg/mL PtOEP embedded in ttiféerent matrices: 40
mg/mL low M,, PS (M, ~ 45,000), 40 mg/mL high MPS (M, ~ 280,000) and 40:10
mg/mL high M, PS (M, ~ 280,000): PEG (M~ 1,000), denoted as samples L40,
H40, and H40G10, respectively. The resulting filonsthe encapsulated OLED
devices were allowed to dry in the dark at ambientperature for at least 12 hours.

The concentration of the fluorescein wagshd in pH 10 buffer.

OLED and OPD fabricationuC OLEDs were thermally evaporated on the glass

substrates in a vacuum chamber (background pressil& Torr) located in an
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Ar-filled glovebox with structures as 40 nm Ag/3 mioOs/42 nm NPB/56 nm Alg/1
nm LiF/100 nm Al for the blugC OLED and 40 nm Ag/7 nm Maf2l19 nm NPB/61
nm Alg3/1 nm LiF/100 nm Al for the gregrC OLED. The evaporation rate of
organic layers was ~ 1A/sx3 mnt individually addressable OLED pixels were
fabricated with 3 mm gap between them. The encapsglcover glasses were glued
using Torr Seal epoxy to prevent water andcesposure of the pixels. The

P3HT:PCBM and CuPcHg OPDs were fabricated as described by Xiao etl33].

InstrumentationFor the time-resolved signal analysis, the OLE®Rse driven
with a 100us electrical pulse generated by an Avtech AV-10pliBe-generator. The
PL was monitored with either a Hamamatsu R6060 PMOPDs. Various levels of
O, were generated by flowing\r mixtures controlled by Tylan FC-280 mass flow
controllers while maintaining a constant total floate. The pH was controlled by

stepwise adding 3(L of diluted HCI (Fisher Scientific) into a 2 mLsténg reservoir.
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Chapter 7. Summary

As mentioned in the Introduction, guest-host OLEDss largely applied for
higher efficiency and brightness as they allevibgeconcentration quenching issue.
Such OLEDs are good candidates for OLED-baseddhéhical sensing platforms.
However, in Chapter 2, we showed that ITO/CuPc/NFBdoped Alg/Alqs/LiF/Al
devices and other charge trapping guest-host SMQL&EDIbit EL spikes at 70 — 300
ns andus long EL tails following a bias pulse. The spilaes not affected by
early-stage device degradation, but are strondlyenced by temperature, pulse
amplitude, duration, the distance of the dopedrl&gen the HTL and the reverse bias
applied after the pulse. They are also signifigamaker in devices where charge
transport is largely enhanced. Such EL spikes aitglraise an issue for OLED-based
sensing as they may distort the PL sensing signals.

Good agreement is found between the experimentalashel a model based on
recombination of CCPs and charges that are injitiaipaired. The generation of
spikes exceeding the on-pulse EL level is attrithtitethe combination of CCP
formation and reduced electric field-induced SEddcsation after the pulse. The
comparison of the transient EL behavior of variSBlOLEDs suggests that the EL
spikes are an additional reliable tool to identifg main emitting mechanism in
guest-host OLEDs.

In Chapter 3, we have demonstrated a simple maiofbrication method for
achieving multicolopC OLEDSs by tuning the thickness of the HIL/spacer®d The

peak emission wavelength was tunable from 493 gors8 with the electrical
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characteristics of the OLEDs unchanged. Such aadettas applied to fabricate the
OLED light source for dual sensing in Chapter 6e FilgherL . o0btained with the
MoOx-baseduC OLEDs provides further evidence that the breakdofthe
conventional CuPc-based OLEDs likely occurs dugotde heating produced by the
accumulated charges at the unfavorable HIL/HT Lifate.

We also successfully fabricated controlled micropsrstructures to enhance the
forward light extraction of OLED by up to ~60% bgog@casting toluene solutions of
various PS:PEG ratios on the back side of the mtiesAs shown in Chapter 4, this
enhancement originates from scattering by bothaserbind bulk micropores of the
film and provides an extremely simple and econohmezans for outcoupling
enhancement in OLEDs and potential applicatiorGL&D-based luminaires and
sensors.

In Chapter 5 and 6, we utilized the findings andedi@oment described in Chapter
2-4 to improve the OLED-based PL sensor performaineefound that at high O
levels, the decay curves contain contributions ftbenpost-pulse transient EL due to
the EL spikes and tails generated in guest-hosti3LmEentioned in Chapter 2. This
issue is alleviated when using CBPu&@ Algs-based OLEDs as the excitation source,
where (in addition to the absence of a post-pytdee¥ the absorption of the sensing
film is significantly more efficient and the interence from the long-wavelength tail
of typical EL bands is minimized, respectively. Adthally, uniform 2pum-pitch
MLAs made from polyurethane, attached to the baeksfich CBP OLED,

significantly enhance the detected signal intensytyirecting the otherwise isotropic
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and partially blocked PL toward the PD.

A similar approach is applied in Chapter 6, whet@HEP embedded in high M
PS:PEG matrix was directly cast on the back ofQh&D substrate for higher O
permeability and stronger OLED EL. The detectionsgiévity consequently improved
from ~11 to ~21. PEG was blended with PS to foraitecing microstructures that
enhance the detectable signal intensity ~2.7 folgteenuC OLED together with a
CuPc/Gy-based OPD, whose spectral response is bettedgaitte PtOEP PL, were
utilized to achieve an all-organic basegigensor.

With the method demonstrated in Chapter 3, M20OLED excitation sources
were fabricated combinatorially with the normaledtion peak emission wavelengths
designed for the ©sensitive PtOEP and the pH-sensitive fluoresdaithis way, one
could extract a 2-D data table for monitoring thige important analytes.
Furthermore, from the transient decay signals valg the OLED pulses, one could
resolve the signals related to DO and pH by emplp¥ioth ther andl detection
modes. Hence, the two analytes could be monitareditgneously.

The combination of the PtOEP:PS:PEG sensing filaptad with the multicolor
microcavity OLEDs and the appropriate OPD, andpibesibility to combine time-
and intensity-domain analyses have shed light erogiportunities to realize simple,
compact, potentially disposable sensors for theddiein of Q, pH and other

(bio)chemical analytes.
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