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Abstract

Polymer Light-Emitting Electrochemical Cells (PLECs) are solid state devices
based on the in situ electrochemical doping of the luminescent polymer and the formation
of a p-n junction where light is emitted upon the application of a bias current or voltage.
PLECs answer the drawbacks of polymer light-emitting diodes as they do not require an
ultra-thin active layer nor are they reliant on low work function cathode materials that are
air unstable. However, because of the dynamic nature of the doping, they suffer from
slow response times and poor stability over time. Frozen-junction PLECs offer a solution
to these drawbacks, yet they are impractical due to their sub-ambient operation
temperature requirement. Our work presented henceforth aims to achieve room
temperature frozen-junction PLECS. In order to do that we removed the ion
solvating/transporting polymer from the active layer, resulting in a luminescent polymer
combined solely with a salt sandwiched between an ITO electrode and an aluminum
electrode. The resulting device was not expected to operate like a PLEC due to the
absence of an ion-solvating and ion-transporting medium. However, we discovered that
the polymer/salt devices could be activated by applying a large voltage bias, resulting in
much higher current and luminance. More important, the activated state is quasi static.
Devices based on the well-known orange-emitting polymer MEH-PPV displayed a
luminance storage half-life of 150 hours when activated by forward bias (ITO biased
positively with respect to the aluminum) and 200 hours when activated by reverse bias.
More remarkable yet, devices based on a green co-polymer displayed no notable decay in
current density or luminance even after being stored for 1200 hours at room temperature!
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PL imaging under UV excitation demonstrates the presence of doping. These devices are
described herein along with an explanation of their operating mechanisms.
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Chapter 1
Introduction

1.1 Background
The world we live in is constantly thriving for new technologies and innovative
ways to store and share information more efficiently. Semiconductor technology is the
reason we are in an information age as it is the basis of all cell phones, computers,
televisions sets etc. Indeed, semiconductor devices such as transistors, light-emitting
diodes, integrated circuits and microprocessors are ubiquitous in our daily lives [1].
While a majority of today’s semiconductor devices are based on silicon or group III-V
semiconductors, devices based on organic semiconductors have emerged in recent years
with the promise of a lower cost and novel functionalities. When electroluminescence,
that is, the generation of light, other than black body radiation, by electrical excitation [2]
was first reported in 1963 in single crystal anthracene – an organic material – it seeded
half a century’s intensive research and development on organic conductors and
semiconductors that eventually led to cell phone displays and TVs based on the organic
light-emitting diodes (OLED) [3]. Figure 1.1 shows a curved 55 inch OLED TV made by
Samsung which promises much better viewing characteristics than the current TVs based
on liquid crystal displays.
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Figure 1.1: Samsung 55 inch curved OLED TV on display in the London Eye on September 13 th
2013, now on sale in the UK for £7000 [4].

Organic semiconductors can also be high polymers that possess tremendous
mechanical and processing advantages. Some organic conjugated polymers are excellent
emitters or light absorbers that have found applications in photonic devices [5]. Some can
have conductivities approaching that of a metal when chemically or electrochemically
doped. The 2000 Nobel Prize in Chemistry was awarded to Profs. Heeger, MacDiarmid
and Shirakawa for their “discovery and development of conductive polymers” [6]. My
thesis research focuses on salt-doped polymer light-emitting devices that use a
luminescent conjugated polymer as the main component of the active layer. In the
reminder of this chapter I introduce the background relevant to my thesis research.
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1.2 Organic Polymer Semiconductors
Organic polymers that have semiconducting properties are typically conjugated
polymers. They consist of a continuous chain of unsaturated carbons atoms, such as
carbon atoms in the sp2 hybridized state [7]. They didn’t receive much attention until the
first report in 1977 that metallic conductivities could be reached upon doping of the
polymer [8]. Heeger, MacDiarmid and Shirakawa discuss the different ways to dope
conjugated polymers in their Noble lectures [9]–[11], the main ways being chemical and
electrochemical doping.

1.2.1. Conjugated Polymers
The classic example of conjugated polymers, polyacetylene, shown in Figure 1.2,
led to the discovery that this class of polymers could conduct electricity.

Figure 1.2: Segment of trans-polyacetylene [12].

The backbone of an organic conjugated polymer consists of alternating single and
double bonds. The carbon atoms are in the sp2pz configuration. The sp2 orbitals are
formed from individual atomic orbitals (s, px, py) that overlap to form covalent bonds
otherwise called σ bonds. Two adjacent, parallel, overlapping pz orbitals, that are
perpendicular to a σ bond form a π bond. A π bond has two lobes, one above and one
below the plane of the σ bond as shown in Figure 1.3. The electron which resides in the π
3

bond is referred to as a π electron. Figure 1.3 illustrates the sp2pz configuration of a C2H4
molecule with the individual atomic orbitals and the bonds that result from their
overlapping.

Figure 1.3: Orbitals and bonds in a C2H4 molecule [13].

π bonding causes electron delocalization and one would expect metallic behavior
in a long polymer chain as a result of overlapping π bonds. But due to Peierls instability
that leads to energetically favorable transitions [14] dimerization occurs resulting in
alternating shorter and longer bonds. As a result a band gap develops between the π band
and the high π* band. The conjugated polymer becomes a semiconductor or insulator
depending on the size of the band gap. The energy difference between the highest
occupied molecular orbital (HOMO) in the π band and the lowest unoccupied molecular
orbital (LUMO) in the π* band is the energy band gap Eg. The HOMO and LUMO are
the organic equivalents to the valence band and conduction band edges of inorganic
semiconductors. This energy difference usually ranges from 1 eV to 4 eV which
corresponds to photon energies in the visible spectrum [7].
Electrons are easily delocalized in conjugated polymers thereby facilitating
charge transport. Once charges exist in the polymer, either by injection through an
4

electrode or by photo-excitation, they can travel along the polymer backbone. However,
polymer chains always include various breaks, such as chemical defects, configurational
imperfections and torsional disorder [15]. As a consequence, the motion of charges is
incoherent and is described as diffusive hopping [16]. This means electrons and holes
move by a hopping process from bond to bond in the direction of the present electric field
(whether it is applied or built-in). A schematic of polyacetylene and how charge transport
is facilitated is shown in Figure 1.4. The polyacetylene film is subject to iodine vapor
which leads to an oxidization reaction that causes the electrons to be jerked out of the
polymer chain, leaving holes in the form of positive charges that move along the chain.

Figure 1.4: Polyacetylene being subject to oxidation by iodine vapor. Electrons are removed from
the polymer backbone increasing the conductivity and generating a current when a voltage bias is
applied [17].

1.2.2 Optical Processes
Conjugated polymers can also emit and absorb light. Upon the application of a
bias, if charges are successfully injected into the polymer film they will travel along the
polymer backbone by a hopping process until they form excitons – electron hole pairs
bound by coulomb interaction. Excitons also travel by hopping motion but because they
are neutral particles their motion is random [16]. Excitons will finally spontaneously
5

annihilate with the emission of a photon (single exciton) or in the form of heat (triplet
excitons) [18]. Singlet and triplet configurations are an indication of the spin state the
exciton is in; the triplet state has three possible spin states whereas the singlet state only
has one. As a result there is a 1:3 probability excitons will recombine radiatively
according to the Langevin model [2]. The color of the emitted light is determined by the
exciton energy which is close to the energy band gap of the polymer, which in turn is
determined by the molecular structure of the polymer conformation [16]. This is a real
advantage for polymer chemists as they can synthetize polymers to match specific colors.
When photons of energy larger than the Eg of the luminescent polymer are shined
upon the polymer film, electrons are excited from the ground state (π) to the excited
stated (π*). They then relax to the bottom of the π* band and finally decay back to the
ground state either radiatively or thermally. In the case of radiative decay the energy of
the outgoing photon will be lower than that of the incoming photon. In other words the
outgoing photon will have a larger wavelength than the incoming one resulting in an
emission redshift, also called a Stoke shift [19]. When photo-excited, excitons are formed
solely in the singlet configuration whereas they are created in the triplet and singlet
configuration when electrically injected; as a result, photoluminescence (PL) is a more
efficient process than electroluminescence. However, PL can be quenched due to exciton
migration to quenching sites as well as to interchain interactions that produce lower
energy states that are less prone to radiative emission [20]. PL quenching can drastically
decrease the electroluminescence yield.
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1.2.3 Doping and Charge Transport
In 1977, A. MacDiarmid, H. Shirakawa and A. J. Heeger discovered that organic
polymers which are originally electrical insulators or semiconductors can be doped to
have metallic conductivities. This Nobel prize discovery opened the way to conducting
polymers and low cost, thin film, electronic devices [10].
Doping of a conjugated polymer is a reversible process causing little or no
degradation of the polymer chain. It involves the partial reduction (n-doping) or oxidation
(p-doping) of the π-π* system [21] along with the insertion of counter “dopant” ions to
ensure charge neutrality of the system. This process alters the number of electrons
associated to the polymer backbone. This can be achieved via chemical or
electrochemical doping [9]. Chemical doping involves the addition of a non-ionized
dopant molecule, such as iodine, to the polymer mixture [8]. Electrochemical doping on
the other hand involves the addition of dopant ions. The application of a bias causes the
redox reaction of the polymer and the introduction of the dopant ions allows them to
maintain charge neutrality as well as to stabilize the charges on the polymer backbone
[10]. Below is shown the electrochemical n-doping of a trans-polyacetylene (trans(CH)x) film by a solution of LiClO dissolved in tetrahydrofuran. The film is attached to
the negative terminal of a DC power source with the positive terminal attached to an
electrode [10].
trans-(CH)x + (xy)Li+ +(xy)e-

[Liy+ (CH)-y]x (y ≤ 0.1)

The applied bias can control the level of doping making electrochemical doping a
more stable doping mean than the more straightforward chemical doping process [9].
Doping results in a system with added charge carriers in high density since each
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monomer is a potential redox site [8] and because charge carriers have the ability to move
along the polymer backbone thanks to the conjugated structure. Those added charge
carriers lead to the formation of new energy levels in the π/π* energy band gap [22].
When doping is sufficient it allows for partially filled energy bands to form causing a
drastic increase in conductivity (10-10-10-5 S/cm to 1-104 S/cm [10]) as shown in Figure
1.5.

Figure 1.5: Conductivity of electronic polymers as a function of doping level [10].

The new energy levels can also alter the polymer’s optical properties. Additional
energy levels lead to smaller energy transitions which can result in the complete or partial
photoluminescence quenching of the film [22].

1.3 Polymer Light-Emitting Diodes (PLEDs)
PLEDs were invented in 1990 by Richard Friend and his colleagues at Cambridge
University. The Cambridge PLED is composed of a luminescent polymer sandwiched
8

between two electrodes, one being semi-transparent to allow the light to escape the
device. Before this invention little attention had been paid to conjugated polymers’ ability
to emit light. Instead the focus was more towards their properties as conducting materials.
The reason for this is that polyacetylene, the most widely studied conjugated polymer,
showed only very weak PL [23]. Yet, there are conjugated polymers with large
semiconductor band gaps that can yield high level of PL, and among these, poly( pphenylene vinylene) (PPV) could easily be made into a high quality film suitable for
device application.
The electrode materials are chosen in terms of their work functions. Indeed,
charge injection occurs mainly via tunneling and thermionic emission, therefore the
energy difference between the Fermi level of the metal electrode and the band edges of
the conjugated polymer must be minimized. ITO having a high work function and being
semi-transparent is a common choice for the anode. For the cathode a low work function
metal such as calcium is a good candidate due to its small offset with the LUMO of the
conjugated polymer. The band diagram shown in Figure 1.6 is specific to MEH-PPV.
Unfortunately, calcium is unstable in air and devices made with it must be encapsulated
to protect them against oxygen and water.
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Figure 1.6: Band model indicating the positions of the metal Fermi levels relative to the HOMO
and LUMO of the conjugated polymer MEH-PPV [24].

Figure 1.7: Characteristics of an ITO/MEH-PPV PLED with different cathode materials [24].

As shown in Figure 1.6 and Figure 1.7 the device efficiency is very sensitive to the
height of the potential barriers. This is optimized by the choice of the electrode material.
However, since the operating voltage is actually determined by the electric field strength
that enables charges to tunnel through the potential barrier, the operating voltage can be
10

further optimized by reducing the film thickness. Yet, ultra-thin films can often lead to
shorts and pinholes.
Typically, operating lifetimes in excess of 10,000 hours and storage lifetimes in
excess of 5 years are required for most applications [2]. Stability is therefore a crucial
component of light-emitting devices. Accelerated lifetime testing has been performed that
confirms it is possible to meet the stability requirements for applications [25].
PLEDs meet the targets necessary for display applications. They are especially
attractive for computer monitors and video displays because they provide full viewing
angle and video rate response times unlike liquid crystal displays [2]. Despite the many
appealing aspects offered by PLEDs the use of air unstable electrodes and ultra-thin films
are major drawbacks for commercialization. A possible solution to these drawbacks is
offered by a new type of light-emitting devices, the polymer light-emitting
electrochemical cell.

1.4 Polymer Light-Emitting Electrochemical Cells (PLECs)
PLECs were invented in 1995 by A. J. Heeger and colleagues in Santa Barbara as
an alternative to the PLEDs [26]. PLECs have many attractive device characteristics that
are unattainable in conventional PLEDs. In particular, the performance of PLECs is
insensitive to the electrode work function and to the thickness of the active layer.

1.4.1 Device Structure and Characteristics
In addition to the luminescent polymer used in the PLEDs, PLECs have a salt
mixed with an ion-solvating/transport polymer forming a polymer electrolyte. The
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polymer electrolyte and the luminescent polymer are dissolved and mixed together using
a common solvent. The luminescent polymers of the first PLECs were PPV and its
soluble derivative poly[5-(2’-ethylhexyloxy)-2-methoxy-1,4-phenylene vinylene] (MEHPPV), the salt used was lithium trifluoromethanesulfonate (LiTf) and the ion solvating
polymer was poly(ethylene oxide) (PEO). PLECs can be made in either a sandwich or a
planar configuration, as shown in Figure 1.8.

Glass substrate

Insulating substrate

Figure 1.8: (a) Sandwich configuration (b) Planar configuration. The active layer with the
predicted p- and n-doped regions are colored and the direction of electroluminescence (EL) is
indicated [27].

In the sandwiched configuration the active layer is cast on a glass substrate coated
with pre-patterned conductive ITO electrode. Aluminum, or another electrode material, is
then evaporated on top of the polymer film. Light is emitted through the ITO glass when
a DC bias is applied to the device.
In the planar configuration both electrodes are formed on the same surface of the
polymer film. Figure 1.9 shows the first planar LEC which was made by casting the
polymer film on a glass substrate coated with micro-fabricated interdigitated gold
electrodes.
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Figure 1.9: First polymer LEC in planar configuration with interdigitated gold electrodes. The
inter-electrode spacing is 15 μm. 4 V is applied across each pair of electrodes [26].

A PLEC contains solvated ions that are randomly distributed throughout the
polymer film. When a bias is first applied there is a build-up of ionic charge on the
surface of the polymer film and an equal build-up of electronic charge on the electrode
surface [28]. This “double layer” creates a very strong electric field at the interface
enabling the electronic charges to tunnel through into the polymer. Once the applied
voltage is equal to Eg/e, where Eg is the polymer energy band gap and e is the electronic
charge, charge injection occurs with electrons injected from the cathode and holes
injected from the anode. As a result the luminescent polymer is reduced at the cathode
side by gaining electrons and oxidized at the anode side by losing electrons.
The mobile ions then redistribute themselves to compensate the injected
electronic charges. They don’t break any covalent bonds but instead insert themselves
between the polymer chains [29]. As such the conjugated polymer is electrochemically
doped in situ: n-doping on the cathode side and p-doping on the anode side. The doped
regions increase in size until they meet to form a p-n junction. Electroluminescence is
observed in the vicinity of the p-n junction where excess charge carriers recombine
radiatively [30]. A schematic of the PLEC operation is shown in Figure 1.10 below.
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Figure 1.10: In situ electrochemical doping process [31].

As a result of the doping, PLECs turn on at a low applied voltage approximately
equal to the energy band gap Eg/e. For example, a PLEC made from MEH-PPV has a turn
on voltage of 2.1 V [29]. The energy of the resulting photons agrees with the optical band
gap energy.
PLECs can operate efficiently under either forward or reverse bias. As seen in
Figure 1.11, the current is anti-symmetric about zero bias and the light intensity is
symmetric about zero bias. This bipolar behavior contrasts with the diode-like behavior
of PLEDs.

14

Figure 1.11: I-V-L characteristic of an ITO/PPV+PEO(Li)/Al device. The voltage was scanned
from 0 to 4 V and from 0 to -4 V [30].

However, the PLEC operating mechanism described above, called the
“electrochemical doping model” is not universally accepted. In 1998, the Cambridge
group proposed a seemingly plausible, albeit contradictory model called the
electrodynamic model [32]. According to this model, upon the application of a voltage
bias across the device cations move towards the cathode and similarly anions move
towards the anode. The build-up of ionic charges at the polymer electrode interfaces
creates electric double layers which then render the interfaces ohmic. Charge carriers are
then injected and travel throughout the film by diffusion until they meet and recombine
radiatively, similarly to a PLED. The electrodynamic model does not invoke doping and
the formation of a light-emitting p-n junction. These two models differ significantly in
their descriptions of the distribution of the electric field in the device. Many recent
studies, in particular those carried out by our group on extremely large planar PLECs (see
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Section 1.4.3) have directly confirmed the existence of doping and of a p-n junction in
PLECs [33]–[35].
Since the electrochemical doping is dynamic, the removal of the applied voltage
bias causes the ions to diffuse out of their doped locations, and the doping relaxes.
Doping relaxation manifests as a discharging current when a previously-biased PLEC is
operated under short circuit condition, as shown in Figure 1.12.

Figure 1.12: Current response of stressed ITO/PPV+PEO(Li)/Al device at 3 V and subsequent
response when device is short circuited at t = 12 min [30].

If a previously-biased PLEC is left in an open circuit, a decaying voltage can be
detected between the electrode terminals, as seen in Figure 1.13. In this sense a PLEC is
also a rechargeable battery. However, the capacity of such a battery is insufficient and the
discharging is too fast to be useful.
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Figure 1.13: Decay of the open cicuit voltage of an ITO/PPV:PEO:Li/Al after applying +3 V to
the ITO for 12 minutes [30].

1.4.2 Polymer Electrolyte
The role of the polymer electrolyte in a PLEC is to increase the ionic conductivity
of the luminescent polymer film. Polymer electrolytes based on alkali metal complexes of
polyethers have significant cation mobility. The most commonly used electrolyte
polymer in PLECs is polyethylene oxide, (CH2-CH2-O)n. Its backbone is based on ether
oxygens separated by two carbon functional groups. The polar oxygen ether groups
enable the dissociation of the cation/anion complex. The formation of these new
complexes has to be energetically advantageous and therefore the energy of complex
formation should closely correlate with the lattice energies of the alkali metal salts [36].
The lattice energy represents the strength of the bonds in the ionic compound. PEO’s
flexible backbone permits strong polymer segmental motion, which when coupled with
the breaking and the making of cation/oxygen interaction enables cation transport [36].
The anion is simultaneously released and its mobility is unrestricted [37]. In polymer
electrolytes, it is assumed that polymer segmental motion provides the free volume into
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which the ions can diffuse under the influence of an electric field [38]. Figure 1.14
illustrates the different ways cations and ionic complexes move along a polymer chain
(a),(c) and between chains (b),(d).

Figure 1.14: Representation of cation motion in a polymer electrolyte (a,b) assisted by polymer
chain only and (c,d) with ionic cluster contributions [38].

The conductivity of ions in polymer electrolytes is described by the VogelTamman-Fulcher equation:
{

}

Where A and K are empirical constants and T0 represents the temperature below which
the polymer motions responsible for ion transport are frozen out and is therefore
approximately equal to the glass transition temperature Tg [39]. According to this
equation it becomes evident that the ionic conductivity in a polymer electrolyte is highly
sensitive to temperature. It is therefore not surprising that amorphous polymers have
higher conductivities than crystalline polymers due to the ease of chain segmental
motion. Figure 1.15 shows the temperature dependent ionic conductivity of some
common polymer electrolytes.
18

Figure 1.15: Temperature variation of the conductivity of various polymer electrolytes [38].

Finally, polymer electrolytes offer the same attractive mechanical and processing
benefits than the conjugated polymers used in LECs: flexibility, conformability and ease
of processing in thin film configuration [39], [40], making them compatible for device
fabrication.

1.4.3 Planar PLECs
In a PLEC the electrode/polymer contacts become ohmic when the level of
doping becomes sufficiently high. In addition, doping reduces the resistance of the bulk
polymer film. As a result, PLECs are much less sensitive to the active layer thickness
than PLEDs. PLECs can therefore be made to operate in a planar configuration as
introduced in 1.4.1. The obvious advantage of a planar configuration is that it allows the
direct visualization of the formed p-n junction. The original planar PLECs had an
interelectrode spacing of 15 μm and can only be imaged under a microscope. In 2003, our
group first demonstrated planar PLECs with extremely large, millimeter-sized
interelectrode spacing [41]. The record was an inter-electrode spacing of 11 millimeters
[42]. Our group also first applied fluorescence imaging techniques that allowed for the
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visualization of the dynamic doping process [42]. As shown in Figure 1.16,
electrochemical p- and n-doping manifest as dramatic photoluminescence quenching
when imaged under UV illumination. The doping fronts propagate with time under an
applied voltage bias (a-d). Finally, the p- and n-doping fronts make contact to form a p-n
junction (e). Electroluminescence can be observed when the UV light is turned off (f).
The extremely large planar cells have been used extensively as a powerful tool to study
how various parameters, such as types of salt, electrode work function and thermal
annealing affect the doping process [43], [44], [45]. The electrical and optical probing of
a frozen-junction planar PLEC confirmed the PLEC electrical field as being that of a
stabilized p-n junction [34], [46], [47].

Figure 1.16: Visualization of doping propagation and junction formation of a MEHPPV:PEO:Eu(CF3SO3)3 in the planar configuration with an inter-electrode spacing of 11 mm. The
pictures are taken under UV illumination. (a) Before any bias is applied. Time after activation by
800 V: (b) 1.5 min, (c) 2.5 min, (d) 4.0 min, (e) 7.5 min, (f) 6.5 min not illuminated under UV.
Photoluminescence is highly quenched on the p-doping side [48].
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1.5 Frozen-Junction PLECs
Because of their many attractive characteristics, PLECs have attracted intense
research interest since their invention. However, the very dynamic doping that gives rise
to the PLEC benefits is also responsible for the PLEC’s generally slow response time and
poor stability. The obvious solution is to immobilize the ions once the desired doping
profile is realized. Gao et al. were the first to successfully demonstrate a way to do so, by
freezing the ions in place once the junction is formed [50]. Once the PLEC was turned on
at a temperature higher than the glass transition temperature Tg of the ion solvating
polymer they lowered the operating temperature to below Tg while the device was still
under an applied bias [51]. In conventional PLECs PEO is the ion solvating polymer of
choice and it has a Tg of 208 K [52] meaning that the device can be turned on at room
temperature but that a temperature lower than 208 K is necessary to successfully freeze
the junction. Below Tg the chain segments of PEO are immobile and the ion mobility is
inhibited [50][53]. The ions are therefore frozen into place. This results in a “frozenjunction” PLEC with much higher response speed, comparable to that of PLEDs, as
shown in Figure 1.17 [50][54].
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Figure 1.17: Time response of the light emission of the frozen-junction PLEC at 100 K (up) and
of the dynamic junction PLEC at 300 K (down) [50].

Furthermore, because the doping profile is frozen there is no more risk of
overdoping and the frozen-junction devices display better stability even when driven at
voltages outside the electrochemical stability window [50]. Frozen-junction PLECs have
also been studied in the planar configuration and a static doping profile has been directly
observed [55].

1.6 Attempts at Room Temperature (RT) Frozen-Junction
An ideal polymer device that has both the benefits of a PLEC and the fast
response time of a PLED is a frozen-junction PLEC that can be operated at room
temperature. There have been many attempts toward this ultimate goal. PLECs with a
completely stabilized p-n junction at room temperature are still absent. The following
sections describe typical approaches that have been attempted and their effectiveness
toward a room temperature frozen-junction.
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1.6.1 High Tg electrolyte
Yu et al. used crown ether-based electrolyte instead of PEO-based electrolyte in
sandwich PLECs since the former’s ionic conductivity is much smaller at room
temperature [56]. The PLECs were made with either a green-emitting or a yellowemitting co-polymer. The co-polymer was mixed with crown ether and LiTf. The
resulting devices initially behaved like PLEDs at room temperature. The PLECs were
turned on with a low voltage bias, 3 - 4 V, while running at an elevated temperature (6080°C). The high temperature improves ionic mobility and enables the activation of the
PLECs. Once activated the PLECs were cooled to RT while still under bias. J-V-L scans
showed that both current density and luminance increased drastically, indicating that
devices were successfully doped. These devices exhibited fast response time. The PLECs
can also operate as a photovoltaic cell exhibiting a large open-circuit voltage. However,
the authors made no mention of the device operating and storage stability.
Edman et al. also used crown ether mixed with LiTf in planar PLECs [54].
Devices were turned on at 85°C and then cooled to RT under the applied voltage. The
resulting devices exhibited fast response time of less than 1 s at low voltages at RT.
Devices were stored in open circuit mode for one hour at RT without any detectable
changes and could be completely discharged by heating the device back to 85°C. Due to
the crown ether/LiTf complex having a melting temperature Tm of 56°C, the authors
attribute the stabilization of charged devices to the passage of the Tm between activation
and operation.
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Since crown ether-based electrolytes do have finite ionic conductivity at room
temperature, it is likely that the junction is only quasi-frozen. Indeed crown ether was
initially used by Cao et al. [57] in an effort to optimize the PLEC by minimizing phase
separation between the nonpolar luminescent polymer and the polar solid electrolyte.
Those PLECs could be turned on at room temperature, indicating the possibility of
doping relaxation at room temperature as well.
Following a similar approach, Wantz et al. synthesized ion solvating polymers
with Tg above RT so that the devices could be turned on above Tg but then cooled to RT
where polymer chain motion is inhibited, thereby freezing the doping profile [58]. The Tg
of the synthetized polymer is indicated by the number following the letter P in Figure
1.18. The higher the Tg the more stable the device is under open circuit conditions with a
half-life in current in excess of 20 hours for P75.

Figure 1.18: Current relaxation versus time at RT in open circuit mode. The current is measured
at 5 V and then normalized to its initial value [58].
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The main cause identified for the poor lifetime of PLECs is phase separation
between the non-polar conjugated polymer and the polar electrolyte. To alleviate this
problem groups have replaced the ion solvating polymer and salt duo by an ionic liquid
with a high melting temperature and compatibility with the luminescent polymer
[59][60]. In the study led by Yang et al. the device was turned on above the ionic liquid’s
melting temperature and then cooled rapidly to RT with the bias still applied. However,
this study [59] did observe that the junction relaxed gradually when kept at biases lower
than the activation voltage and that the device wasn’t really frozen.
Shao et al. reported PLECs made with a yellow-emitting co-polymer and an ionic
liquid sandwiched between an ITO anode and a barium cathode [61]. The devices were
turned on at 80°C and cooled to RT where they exhibited frozen-junction characteristics:
short response time (approx. 2 ms) and long lifetime. The authors refer to these devices
as PLED and PLEC hybrids as they have both mobile ions and a low work function
cathode. They show results of the operational lifetime of these devices but not of the
storage lifetime.

1.6.2 Cross Linking
Frozen-junction LECs can also be realized chemically. In this chemical approach
the device is doped at room temperature and subsequently chemical reactions are
introduced to immobilize the ions. Tang et al. used cross linking of ions and ion transport
material with an added initiator and measured that 87% of the initial maximum
luminance value was retained after 12 hours left unbiased at RT [62].
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Yu et al. recorded that half of the initial maximum luminance was retained after
10 hours of continuous operation at RT when using TMPTMA instead of PEO which are
small molecules that polymerize when cured [63]. They successfully turned on the
devices with a large forward bias (12 V for 800 s) at RT. They tested the operational
lifetime at 10 V as well as the shelf life where they observed no notable decay after 72
hours. In agreement with a stable junction is an unchanged photovoltaic response of the
device after being turned on and subsequently left unbiased for 16 hours as shown in
Figure 1.19.

Figure 1.19: Photovoltaic response of PLECs with PEO (left) and TMPTMA (right) [63].

1.7 Motivation and Organization
My research focuses on achieving room temperature frozen-junction PLECs. To
achieve doping in PLECs the ionic mobility must be high, yet to stabilize the formed p-n
junction the ionic mobility should ideally be null. Previous work has attempted to freeze
out ionic motion at room temperature by various means, a prominent one being the use of
a polymer electrolyte with Tg or Tm higher than room temperature. This way, polymer
segmental motion is impeded at room temperature thereby restricting ionic motion. We
also followed a similar approach initially by employing a high Tg electrolyte in our
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PLEC: poly(methyl methacrylate) (PMMA) with a Tg of 122°C. During turn on the
temperature was elevated to one higher than the Tg and once the device was activated the
temperature was cooled to room temperature. We tested the storage lifetime of these
devices by doing J-V-L scans periodically but the doping wasn’t stable. The junction was
not frozen under Tg. We later found we could successfully turn on these devices at a
temperature below Tg. However, below Tg polymer chains are supposedly frozen and no
turn on should occur. This was unexpected and since PMMA seemed to have no effect on
our cells we removed it from our polymer matrix leading to our first binary device
consisting uniquely of a luminescent polymer mixed with a salt sandwiched between two
electrodes: ITO and aluminum. Without the presence of an ion solvating polymer we did
not expect the devices to turn on. It was therefore very interesting when they did under a
large applied voltage bias.
Chapter 2 gives a detailed description of the experimental techniques used in my
research. These include the materials and equipment that we used as well as the
experimental procedures.
Chapter 3 presents the first successful activation of polymer/salt devices. We
show that a large voltage bias is needed to achieve activation, one much larger than Eg/e
used for conventional PLECs. Once activated, the storage lifetime at room temperature
was tested by recording the current and luminance at a set voltage daily and then weekly.
Chapter 4 presents the operation of polymer/salt devices under reverse bias,
meaning the ITO is biased negatively relative to the aluminum electrode. For this set of
experiments an additional co-polymer was used and tested alongside MEH-PPV.
Uniform light emission is achieved by applying a large reverse bias. The activation is

27

confirmed by comparing the short circuit current before and after the application of the
bias. Reverse bias activation leads to devices with higher current efficiency than forward
bias activated devices. Furthermore, we observe that devices activated with a reverse bias
exhibit vastly improved storage lifetime.
Chapter 5 discusses the operating mechanisms of these novel devices, notably
how charge injection occurs, the state of the salt before and after activation and how
doping can occur without an ion solvating polymer such as PEO.
Chapter 6 will present the main conclusions and suggest some future work that
could be done to further the findings of these salt-doped polymer devices.
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Chapter 2
Experimental Methods

My thesis work involves both device processing and electrical characterization of
the finished devices. Polymer light-emitting electrochemical cells are fabricated using
solution processing techniques and thermal deposition of top electrodes. They are tested
in a nitrogen environment while monitored externally.

2.1 Procedure for Preparing Solutions

2.1.1 Materials
My devices are based on a polymer/salt mixture. For most of our experiments we
used the luminescent polymer poly[5-(2’-ethylhexyloxy)-2-methoxy-1,4-phenylene
vinylene] (MEH-PPV, an orange-emitting polymer). Its molecular structure, as well as
absorbance and emission spectra, are shown below in Figure 2.1 (left). The advantage of
using this polymer is that it is one of the most studied luminescent conjugated polymers
and has been widely used in both PLEDs and PLECs. It has an emission maximum at 585
nm and thus emits orange light when excited. The MEH-PPV used in our lab was sourced
from Canton Oledking Optoelectric Materials Co. Ltd., China. Its molecular weight was
determined by a previous group member using gel permeation chromatography to be 3.3
105 g/mol and the PDI to be 1.40 [64]. In our final set of experiments, presented in
Chapter 4, we used a green-emitting co-polymer poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-{2-methoxy-5-(2-ethyl-hexyloxy)-1,4phenylene}], synthetized by
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American Dye Source. The molecular weight is 30 000-50 000 g/mol. Its structure and
absorption/emission spectra are shown in Figure 2.1 (right). Its emission maximum is at
539 nm which corresponds to green light. The green co-polymer has been successfully
used by the group to make large planar PLECs. The salt used was lithium
trifluoromethanesulfonate (LiCF3SO3, abbreviated to LiTf), its molecular structure is
shown in Figure 2.2 and it has a molecular weight of 156.01 g/mol. This salt has been
widely used in PLECs and was the salt used in the first PLEC [26].

Figure 2.1: Molecular structure of MEH-PPV (upper left) and ADS108GE, green co-polymer
(upper right) and their respective spectra on the bottom panels. In both spectrum, the left curve
represents the absorption spectra and the right curve the emission spectra [65], [66].
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Figure 2.2: Molecular structure of Lithium Triflate.

2.1.2 Composition of the Active Layer
The luminescent polymer and salt are weighed separately in air using a
SCIENTECH analytical balance with 0.0001 g resolution. The vials containing the
weighed materials were then brought into the glove box. The solvent cyclohexanone was
added to the vials using a 1 ml glass pipette. The concentrations of the polymer solutions
were 1% (10 mg of polymer per 1 ml of solvent) whereas the LiTf solution was of 1.25%
(12.5 mg of salt per 1 ml of solvent). The vials containing the solutions were sealed with
Teflon lined caps and the solutions were stirred on a stirring hot plate for approximately 2
days at 50°C until the materials were completely dissolved as verified visually.
For the devices presented in Chapter 3 the MEH-PPV and the LiTf solutions were
mixed in a vial to create a PLEC solution containing 10mg of MEH-PPV and 1mg of
LiTf per 1.1ml of solvent. This corresponds to a 10:1 polymer to salt ratio.
In Chapter 4 two different PLEC solutions were made: the first contained 10 mg
of MEH-PPV and 0.8 mg of LiTf per 1.06 ml of solvent and the second contained 10 mg
of the green co-polymer and 1 mg of LiTf per 1.08 ml of solvent. Both of those solutions
correspond to a 10:1 polymer to salt ratio. All PLEC solutions were stirred for 4 hours at
50°C.
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2.2 Device Fabrication
This section describes the procedures of device fabrication in detail.

2.2.1 Substrate Cleaning
The sandwich PLECs were fabricated on ITO-coated glass substrates. The ITO
glass substrates are of the dimension of 16.45 mm by 15.95 mm and are pre-patterned
with ITO as shown in the following schematic (Figure 2.3).

ITO
Glass

Figure 2.3: Schematic of our glass substrates pre-patterned with ITO as indicated by the labels.

The ITO pattern partially covers the glass: the bottom half of the substrate is void
of ITO. All substrates are thoroughly cleaned in solvents before use. They are placed in a
home-made Teflon rack leaving the ITO side well exposed. The rack is placed in a glass
beaker and submerged in acetone. The beaker is left in an ultrasonic bath for 10 minutes.
Once done, the substrates are rinsed with clean acetone over the beaker; the rack is
transferred to another beaker, this one filled with isopropanol. Similarly, the substrates
are subject to another 10 minutes ultrasonic bath. With tweezers each substrate is taken
out one by one, rinsed with isopropanol over the beaker and dried with a nitrogen blower.
It is critical that the wet substrates are dried by blowing with clean (grade 5) nitrogen to
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prevent the deposition of any residual. The cleaned substrates are stored in a clean glass
petri dish in a 120°C oven before use. The substrates are not reused once polymer films
are cast.

2.2.2 Spin Casting of Polymer Film
Before casting the polymer film the substrates are taken out of the oven and
treated in an UV-ozone oven for 10 minutes to remove any organic residue. They are then
transferred to the glove box. The custom made MBraun glove box/evaporator system
consists of two boxes as shown in Figure 2.4, one for wet processing and one for
electrode deposition. The glove boxes are filled with dry nitrogen which is constantly
circulated and purified. Periodic regeneration of the purifier is made. The oxygen and
water levels inside the boxes are typically less than 1 ppm. Solution making and film
casting are carried in the left hand side box, which has a solvent absorber to remove any
evaporated solvent. The temperature is ambient and was measured to be approximately
26°C.
Film casting was performed using a Chemat Technology KW-4A spin coater
which allows for both the control of the spin speed and duration of the spin cycle. The
substrate is placed on the spin coater and a vacuum is created in order to hold the
substrate in place. 75 μl of solution is dispensed onto the substrate with a pipette of ± 1 μl
precision, and spun directly after. Varying the spinning speed affects the film thickness.
We used this fact to make devices of various film thicknesses and will therefore not list
the spinning speeds used. The films were finally dried at 50°C for 4 h on a hot plate
placed beside the spin coater.
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Figure 2.4: MBraun glove box system.

2.2.3 Electrode Deposition
Once dried, the films are transferred to the right hand side box though the T
chamber without exposing them to air. The diffusion pump that creates the vacuum
necessary for physical vapor deposition (PVD) takes about 30 minutes to warm up.
During this time, the polymer films are prepared by exposing the long ITO stripes where
the anodes will be deposited. The substrates are then put face down on the metal shadow
masks. Two different designs of mask were used, both made in house, which resulted in
different active surface areas: 1.77 mm2 and 12.2 mm2. The latter were measured with a
digital caliper with a ± 0.01 mm precision.
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The thermal evaporator - BOC Edwards AUTO 306 - is integrated into the glove
box to prevent exposure to air. A vapor diffusion pump backed by a BOC Edwards RV12
Rotary Vane Pump creates the high vacuum, up to 10-7 Torr. To avoid oil back diffusion
a cold trap above the diffusion pump is filled with liquid nitrogen before the pump down
cycle begins. A water chiller is turned on which provides cooling water at 20°C to the
diffusion pump. The substrates/shadow masks are placed on a top plate with an opening
above the evaporation source. The evaporation source is a spiral tungsten filament. High
purity aluminum wires are cut and hung on the filament. A source shield is then screwed
on to prevent vapor deposition on unwanted surfaces. Some devices used calcium
cathode which was evaporated using a tungsten basket.
The bell jar is then sealed and the pump down sequence initiated. Once the desired
vacuum has been reached, the power supply to the evaporation source is turned on and
the deposition process is initiated. When a current passes through the filament it heats up
and vaporizes the aluminum in contact with it. Increasing the current will increase the
temperature thereby increasing the rate of deposition. The instantaneous rate of
deposition and the accumulated film thickness are monitored with a quartz crystal
microbalance. All our devices have an aluminum thickness of approximately 100 nm.
Once the desired electrode thickness is reached the current is brought down to zero and
the vacuum chamber is vented with nitrogen after a brief delay. As soon as the pressure is
equalized we are able to open the bell jar and retrieve the devices. They are ready to be
tested. The same sequence as the one performed for electrode deposition is initiated to
shut down the pump. Once a high vacuum is reached, of the order of 10-6 Torr we seal the
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vacuum and shut down the pump. Because the pump is still very hot this takes about 20
minutes after which we can turn off the chiller and the main power of the system.

2.3 Device Testing
After electrode deposition devices are ready for testing. All of our testing was
done in the right hand side (RHS) glove box. The RHS box is equipped with air-tight
BNC connectors and optical fibers which allow for electrical and optical connections to
the device inside the box.

2.3.1 Electronics and Software
All of the testing, aside from photovoltaic measurements, was done with the
device mounted inside a light tight test box. The test box is a black box designed to
isolate the device being tested from ambient light. Inside the test box are connections
which contact the electrodes of the device being tested, and a photodiode which measures
the light intensity from the device. The photodiode output and the electrical connections
to the device are connected to a digital multi-meter (Keithley 2010) and a Keithley
Source Measurement Unit (Keithley 238) which are controlled by a computer. A custom
LabVIEW program was used to perform the current vs. voltage vs. luminance
measurements. The photodiode was calibrated with a Minolta luminance meter for every
set of experiments. Figure 2.5 displays the front panel of the LabVIEW program. A
separate LabVIEW program enables the application of a constant voltage or current while
simultaneously reading the output current or voltage, as a function of time.
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Figure 2.5: Front panel of LabVIEW program that controls and monitors the Keithley power
supply and the photodiode.

The recorded data was finally analyzed and graphed using the software
KaleidaGraph.

2.3.2 Solar Simulator
The photovoltaic tests were done by placing the device against the transparent
window of the glove box in the beam of a solar simulator. An AM 1.5 solar simulator
with an input power of 300 W was placed in front of the device, outside the glove box, at
an adjusted distance so that the illuminated intensity is one sun. The light intensity was
calibrated with a Thorlabs power meter with a thermopile detector. Current vs. voltage
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scans were carried out in the dark and under illumination to determine the photovoltaic
response of the devices.
Devices were photographed with a Nikon D300S camera and a Tamron 90mm
macro-lens through the glove-box window. Finally, the device photoluminescence was
observed using a 365 nm UVGL-25 compact UV lamp.

2.3.3 Interferometer
Keeping track of the film thickness is of key importance in our study as it gives us
information on the operating mechanism of our devices. When we were done testing our
devices we carefully measured the film thickness using optical interferometry. This is
done with an Ambios Technology Q-View Interferometer Module. Before any set of
measurements the interferometer was calibrated using a reference device. The film of
each device was scratched along its width. The difference in height between the glass and
the film was measured along the scratch on both sides to increase the accuracy of our
reading. All measurements are averages of several measurements on the same film.
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Chapter 3
Salt-Doped Polymer Light-Emitting Devices

In this chapter I describe a novel type of organic polymer light-emitting device
based on a conjugated polymer/lithium salt mixture. The sandwich devices originally
behave as poor conductors and poor emitters. However, they undergo a unique activation
process when a large positive voltage bias is applied to the ITO electrode at room
temperature. Once activated the current density and luminance of these devices is
dramatically improved. Furthermore, we record a luminance shelf half-life of
approximately 150 hours when the activated device is stored unbiased. We show detailed
device characteristics and discuss operating mechanisms for such devices.

3.1 Early Attempts at Room Temperature (RT) Frozen-Junction PLECs Using a
High Tg Ion Solvating Polymer
Gao et al. previously showed that ion motion could be frozen out by lowering the
operating temperature of PLECs to one below the Tg of the ion solvating polymer [50].
Doing so stabilizes the p-n junction. The drawbacks of the dynamic junction are
overcome; in particular the response speed is comparable to that of PLEDs. Yet, when
PEO is used as the ion solvating polymer this requires lowering the temperature to one
below 208 K which lacks practicality in commercial applications. Following this train of
thought, we tried to freeze out ion motion at room temperature by using an ion solvating
polymer that has a Tg above room temperature. Poly(methyl methacrylate) (PMMA), a
common material often used as an alternative to glass, with its Tg of 122°C made for a
39

suitable candidate. PMMA is an ion solvating polymer with high ionic conductivity at
ambient temperatures and as a result has been the focus of research for unique
applications such as separators in high power, versatile, rechargeable lithium batteries
[67].
ITO/MEH-PPV:PMMA:LiTf/Al devices were biased at 130°C on a hot plate and
then rapidly cooled to RT by placing them on a thick copper plate that acts like a heat
sink. Afterwards J-V-L scans were performed at room temperature. We observe that both
current density and luminance have considerably increased. The device shown in Figure
3.1 (left) initially has a luminance reading close to zero at 9.5 V. After activation
however, the luminance reaches 47 cd/m2 at the same voltage. Candela (cd) is the SI unit
for luminous intensity, which is the power emitted by a light source weighted by the
sensitivity of the human to certain wavelengths. Note that the luminance had not been
calibrated at the time so these are not absolute values. Similarly, the current density
increases from 10 mA/cm2 to 30 mA/cm2 upon activation at 9.5 V. Under storage the
luminance had a half-life of 12 hours as shown in Figure 3.1 (right), which is much more
stable than a PEO-based PLEC. However, the device wasn’t very efficient compared to
PEO-based PLECs.
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Figure 3.1: ITO/MEH-PPV:PMMA:LiTf(20:5:1)/Al turned on at 130°C under 7 V and then
rapidly cooled to room temperature. Left: device characteristics before and after activation. Right:
Shelf life recorded at 9 V.

Because 130°C is fairly close to PMMA’s Tg we increased the turn on temperature
to 160°C and finally 200°C in the attempt to obtain a more efficient activation. Yet, doing
so resulted in the same activated characteristics: the current and luminance reached the
same levels with no substantial increase. This is really puzzling since PLECs in general
are highly sensitive to the operating temperature due to the strong temperature
dependence of ionic conductivity as introduced in section 1.4.2. We suspect that the
PMMA has not been able to solvate sufficient quantities of salt even at well above its
glass transition temperature.
This observation motivated us to remove PMMA altogether leaving us with a
conjugated polymer/lithium salt active layer. And indeed the polymer/salt devices did not
seem to behave very differently from devices containing PMMA when subjected to the
same activation process. Eventually we realized that it is the voltage, not temperature that
is the key to the efficient activation of these salt-doped polymer devices. The successful
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activation of salt-doped polymer devices at room temperature is totally unexpected and
has led to a new class of polymer devices. In the reminder of Chapter 3 I describe the
unique device characteristics of salt-doped polymer devices activated with a forward bias.

3.2 Activation Process
We were able to successfully turn on these devices by applying a large forward
bias, much larger than Eg/e needed for conventional PLECs. Forward bias is defined as
having the ITO as the anode and the aluminum as the cathode. Originally, the devices
behaved like poor PLEDs due to the choice of cathode material. The current was very
small even at high voltages such as 12 V and there was barely any EL at that same
voltage. To turn on a device a constant voltage was applied. The voltage was gradually
(by 1 V) increased if device activation did not occur in 60 s. This process continued until
a “threshold voltage” is reached under which the device is activated in less than 60 s. The
60 s allotted time is arbitrary. We found the devices could also be turned on by applying a
voltage up to 3 V lower than the apparent threshold voltage, but the wait time would
increase exponentially. However, when the turn on voltage was lowered by more than 3
V the device would not activate even when the wait time reached 40 hours. There is
therefore a clear voltage threshold for device turn on. The turn on under constant voltage
of devices is characterized by a sharp increase in current immediately followed by a sharp
increase in luminance. Figure 3.2 shows the activation process of three nominally
identical polymer/salt devices (in composition) under a 15 V forward bias. All exhibit a
similar turn on behavior.
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Figure 3.2: Turn on characteristics of three nominally identical polymer/salt devices at room
temperature under a forward bias of 15V. The applied voltage was stopped when the light
intensity and current density reached their peak.
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The current density increases gradually when the voltage bias is first applied. It
then stabilizes. During this time, close to no light emission is recorded. This indicates
there is only one type of injected charge carrier contributing to the overall current. Those
are most probably holes seeing that the potential barrier to overcome for hole injection is
0.35 eV whereas the one for electron injection is 1.60 eV, which is substantially larger.
The energy band diagram of MEH-PPV and the Fermi levels of ITO and Al electrodes
are shown in Figure 3.3.

Figure 3.3: Energy band diagram of the potential barriers to overcome for charge injection when
ITO is the anode and aluminum is the cathode.

The injection of holes causes hole current to flow. A sharp increase in current
finally occurs, directly followed by a sharp increase in luminance. Until this sharp
increase occurs we suspect that the film is getting p-doped. The p-doped region gradually
extends towards the cathode. At some point the voltage drop on the cathode side is high
enough for electron injection and for the subsequent n-doping to begin. The device is
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suddenly activated with both electron and hole currents flowing, explaining both the
increase in current and luminance.
Robinson et al. [68] suggest that the turn on of conventional PLECs is limited by
field driven ionic motion in the un-doped region. According to them it is the motion of
ions that governs the propagation of the doping fronts during turn on. They assume a
constant ionic conductivity and approximate the electric field in the un-doped, insulating,
region to be Ei = Vi/xi where xi is the width of the insulating region. Vi is the potential
drop across the same region and is defined as being equal to the applied potential minus
Eg/e. Once a sufficiently large voltage is applied, charges are injected at the electrodes,
the p- and n-doped regions increase thereby reducing the size of the insulating layer. As a
result Ei increases with time. It must therefore be ionic motion in the insulating region
that limits the speed of propagation of p- and n-doped regions. This realization leads to a
direct dependence between Vi, and thus Ei, and the speed of propagation of the fronts as
shown in Figure 3.4.

Figure 3.4: Average position of the p-doping front position as a function of time and applied
potential, plotted until the p- and n-doping fronts meet [68].
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Even though polymer/salt devices are not conventional PLECs, because both
contain ions an analogy can be made. The delay between t = 0 s where current density but
no luminance is recorded and t ≈ 60 s where current density and luminance is observed
can be similarly explained by the slow ionic motion in the insulating layer. Indeed,
without the presence of PEO, ionic motion is expected to be much hindered. Moreover,
as mentioned earlier, slight variations (1-3 V) of the applied voltage affect the speed of
turn on, similarly to what Robinson et al. observed. Finally, they note, along with others
[41], that the n-doped region is smaller in size than the p-doped region, reinforcing the
thought that in the first approximate 60 s only p-doping takes place in our devices.
Making polymer/salt devices in the planar configuration would be of great aid in
understanding their mechanisms and kinetics. An attempt was made to do so, with the
smallest interelectrode spacing available, 50 μm, however the voltage required to activate
them exceeded the capacity of the lab’s Keithley Power Supply.
Furthermore, the turn on voltage varied from device to device made from the
same solution. We suspect that the variation in active layer thickness is the cause. The
thickness of polymer films was measured after activation post-mortem and plotted
against the turn on voltage. The polymer film thickness ranged from 73 ± 6 nm to 502 ±
3 nm. The turn on voltage of the devices varied respectively between 9 V and 23 ± 6 V, as
shown in Figure 3.5.
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Figure 3.5: Turn on voltage dependence on film thickness of devices of similar composition.

The sensitivity of the polymer/salt devices to the active layer thickness is similar
to the behavior of PLEDs [24].This indicates that the initial injection of charge carriers
(electrons in particular) that is necessary for doping to occur is not assisted by the
presence of ions. Due to the absence of an ion-solvating/transport polymer, the ions are
either tightly bound or immobile without a sufficiently high electric field.
The polymer/salt devices can also be turned on by applying a large enough
constant current. In order to reach the set current, the LabVIEW-controlled Keithley
SMU had to apply a large driving voltage which causes the device to turn on. As the
device is turned on the conductance increases and the driving voltage is automatically
lowered. This operating mode is therefore less likely to cause catastrophic destruction of
the device.
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3.3 Device Characteristics - current density and luminance
The current density-voltage-luminance characteristics of the polymer/salt devices
undergo a dramatic change after the activation process. Prior to the application of the
high voltage bias no light and very little current, less than 0.1 mA, is recorded when the
voltage bias is scanned from 0 to 12 V. However, after the activation under a high
forward voltage bias both the luminance and current density easily increased by
approximately two orders of magnitude. In the case of the device shown in Figure 3.6 the
luminance reaches approximately 650 cd/m2 at 11.8 V and the current density reaches
220 mA/cm2 at the same voltage after the device has been activated by 15 V.
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Figure 3.6: J-V-L characteristics of an ITO/MEH-PPV:LiTf(10:1)/Al device before and after
activation under a 15V voltage bias at room temperature.
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Once activated, light emission is first recorded at slightly higher than 2 V for the
specific device shown in Figure 3.6. The luminance data of Figure 3.6, which
corresponds to a scan effectuated directly after turn on, was put in log form so that the
voltage for first EL could be easily observed. In Figure 3.7 we can see a sharp luminance
increase at close to 2.5 V. The accuracy of the reading is limited by the scan step size
which was set to 0.5 V increments. However, the voltage for first EL seems to closely
correspond to MEH-PPV’s bad gap: 2.1 V - 2.4 V [29][22].
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Figure 3.7: Luminance of an ITO/MEH-PPV:LiTf(10:1)/Al device directly after activation under
15 V at RT. The voltage for first EL is extrapolated from the log curve to be 2.5 V.

The turn on voltage for first EL of the activated polymer/salt device is therefore
very close to that of a conventional PLEC or a PLED with optimized electrodes. The
much improved luminance and low turn on voltage for first EL of the activated device is
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very appealing. The question is whether the activated state is stable with or without an
applied voltage bias.

3.4 Device Characteristics - stability under storage
The ion solvating/transporting polymer, usually PEO, is responsible for both the
easy turn on and the subsequent relaxation of conventional PLECs once the bias is
removed. Since the polymer/salt devices can be turned on without any PEO, we expect
the activated state to be more stable. Indeed, both the current density and the luminance
of the activated devices exhibit excellent stability during extended storage period with no
applied bias.
We tested the shelf, or storage, stability of our devices. To that effect, we recorded
the current density and luminance of activated devices at a set voltage every few days at
room temperature. In between J-V-L scans devices were left unbiased in the glove box.
Once enough data was acquired the luminance half-life of devices was determined. This
corresponds to the time it takes for the luminance to reach half of its initial value. The
luminance half-life is a key device characteristic for commercialization as well as one of
PLECs’ main drawbacks.
Figure 3.8 (top) shows a device that was activated by 15 V and tested for 600
hours at RT in the glove box. The current density and luminance were recorded at 6 V.
The luminance experiences a faster decay in the first 200 hours than during the rest of the
study where it decays much more slowly. During the whole study the current is very
stable. The luminance half-life was determined to be approximately 150 hours. Similar
observations can be made of the device shown in Figure 3.8 (bottom). It was turned on by
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12 V and the data was recorded at 6 V, all at RT. A luminance half-life of 90 hours is
recorded along with a stable current throughout the study.
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Figure 3.8: Shelf life of two sandwich ITO/MEH-PPV:LiTf/Al(10:1) devices after activation. The
top device was turned on by 15 V while the bottom one was turned on by 12 V. Fast J-V-L scans
were then performed and the current density and luminance are recorded at 6V for both devices at
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room temperature. Between scans the devices were left unbiased. The half-life were determined
to be ~150 hours (top device) and ~90 hours (bottom device).

For current to be stable but EL to decrease implies that it is the minority current
that has decayed with time. Due to the known potential barriers to overcome for both hole
and electron injection we can safely assume that it is the electron current that has
gradually decreased as a result of relaxed n-doping. N-doping has been shown to be less
stable than p-doping by Holt et al. in their paper on the electrochemical and optical
characterization of p- and n-doped MEH-PPV [22].
The long shelf life of the activated polymer/salt devices is expected due to the
absence of PEO. Since MEH-PPV has a Tg of 75°C [73] and is not a known iontransporting material, the ions are much less mobile once being incorporated into the
doping sites. Yet, the net decay in luminance we observe raises the question of how ions
re-organize throughout the film with time and why it affects n-doping more than pdoping? Because devices are left unbiased between each data point in this study, this
suggests that ions reorganize by diffusion. The reorganization of the cations leads to a
decrease of n-doping of the polymer, thus making the polymer/aluminum interface more
resistive. Because the n-doped region is typically much smaller than the p-doped region,
as observed in planar PLECs, its relaxation when left unbiased occurs faster than for pdoping. This, in addition to the large potential barrier between polymer and aluminum,
makes electron injection harder over time. On the other hand, the small potential barrier
between the polymer’s HOMO and the ITO secures an efficient hole injection even
without doping. Fewer electrons lead to fewer radiative recombinations and luminance
decay over time.
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3.5 Device Characteristics - constant current stress
We also tested the operational stability of our activated devices. This is done by
applying a constant current to an already activated device. The voltage and luminance
over time is then recorded. The device shown below in Figure 3.9 was turned on under 15
V at RT. Once turned on we stressed it at 0.2 mA over 3 days. The voltage increased
from 6 V to 9 V, meanwhile the luminance decreased from 40 cd/m2 to less than 15
cd/m2. This shows that the device is becoming more resistive with time since more
voltage is needed for the same current to be reached. The film becoming more resistive
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Figure 3.9: Operational stability: ITO/MEH-PPV:LiTf(10:1)/Al device stressed by 0.2 mA over 3
days after being previously turned on by a 15 V forward bias.
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its light emission is lost. When it is stressed at a lower voltage and thus lower light output
the stress lifetime is significantly longer. For instance when stressed at + 3 V and – 3 V
the light intensity decays by only 5% in 24 hours [30]. In comparison, the ITO/MEHPPV:LiTf/Al device shown above has its light intensity decay by 32% in 24 hours, and by
50% in 50 hours.

3.6 Device Characteristics - emission uniformity
As mentionned earlier, the EL of our activated devices was not uniform. In an
attempt to understand what occurred during the activation process we captured a video of
the device activation process under constant current. A current of 10 mA was applied to
the device shown below. Images of Figure 3.10 (a-j) were captured in video mode with a
frame rate of 24 frames/s. The activated device initially displayed uniform emission (a
and b). But a dark spot quickly formed in the center of the device and expanded into a
dark ring (c and d). Then a bright spot appears in the center and gradually increases in
size (e-h). The smaller bright spots at the lower half of the device are artifacts caused by
reflection, providing a less saturated view of the real emission above. The device then (ik) shows a fascinating “bull’s eye” emission pattern. Illuminating the device with a UV
lamp revealed a thick, dark circle with a dark spot in the center (l). The darkening of the
film is a result of electrochemical doping, which quenches the photoluminescence [49].
The pattern of photoluminescence quenching is consistent with the EL pattern. The
bull’s-eye EL pattern has been consistently observed in devices under constant current
activation. Constant voltage activation typically results in the formation of a single ring
of emission along the outer edge of the devices.
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Figure 3.10: Images of an ITO/MEH-PPV:LiTf(10:1)/Al device during and after activation. A
constant current of 10 mA was applied to the device at room temperature. Time elapsed since the
light-emitting image (a) is captured: (b) 1/24 s, (c) 6/24 s, (d) 11/24 s, (e) 12/24 s, (f) 13/24 s, (g)
61/24 s, (h) 10 s, (i) 22 s, (j) 34 s. Image (k) was shot in still mode. Image (l) shows the device
without applied current and illuminated with 365nm UV light [69].

3.7 Device Optimization
Since a non-uniformly emitting light-emitting device isn’t of much commercial
relevance we tried to achieve uniform EL by varying the polymer to salt ratio. Indeed, we
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believe that the darkening of the film is due to excessive doping. As it is shown in Figure
3.10 the areas that are non-light-emitting correspond to the areas where the
photoluminescence is quenched, which is a sign of heavy doping. We made devices of
polymer to salt ratio 1:1, 2:1, 5:1, 10:1, 15:1 and 30:1. The 30:1 devices exhibited
uniform EL (Figure 3.11) and a more controllable activation process: the increase in
current and luminance wasn’t as sharp as with the 10:1 devices, making it possible for us
to stop the applied bias at the peak in luminance before the device started decaying
(Figure 3.12). However, no real comparisons of these devices could be made as they all
have an active layer of different thickness. It can be said nonetheless that the salt
concentration affects the EL uniformity and the device efficiency.

Figure 3.11: Picture of an ITO/MEH-PPV:LiTf(30:1)/Al device at 9 V after being turned on at 9
V.
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Figure 3.12: Turn on characteristics of an ITO/MEH-PPV:LiTf(30:1)/Al device at room
temperature at 9 V.

Furthermore, although these 30:1 devices display uniform light emission, their
storage lifetime is inferior compared to devices with higher salt content: a half-life of 17
hours was recorded for the device shown below (Figure 3.13).
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Figure 3.13: Shelf half-life of a sandwich polymer/salt (30:1) device at 6V at RT. The device was
turned-on by 9 V and the recorded half-life is ~17 hours.

3.8 Summary
Devices solely comprised of MEH-PPV and a lithium salt sandwiched between
ITO and aluminum electrodes were made. In their pristine state they are poor conductors
as well as poor light emitters, resembling PLEDs with an aluminum cathode. Upon the
appliaction of a large forward bias they are able to be activated to a highly conducting
and light-emitting state, resembling PLECs. Because they do not contain an ion solvating
polymer and require the application of large bias for activation we cannot refer to them as
PLECs but more as a hybrid between the two well known polymer organic light-emitting
devices. Once turned on, the dramatic increase in both current and luminance suggest the
film has been in situ electrochemically doped. This means that the anode side gets p58

doped, the cathode side n-doped, the doping fronts propagate under the applied bias, meet
and form a p-n junction where the injected excess charge carriers meet and recombine
radiatively. Doping is confirmed by the observation of significant photoluminescence
quenching in activated devices. The absence of an ion solvating polymer in our devices
makes them harder to activate but once activated makes them highly stable at room
temperature over time. The stability of activated devices when left unbiased in bewteen
tests was studied and a luminance shelf half-life of 150 hours was recorded. Achieving
stable PLECs when stored has been the focus of much research since 1997 when the first
frozen-junction PLEC was made [50]. Since then, the aim has been to achieve frozenjunction at room temperature for PLECs to become viable in commercial applications.
Salt doped polymer light-emitting devices appear to be a very promising alternative for
stable and highly conducting organic light-emitting devices.
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Chapter 4
Salt-Doped Polymer Light-Emitting Devices Under Reverse Bias

In this chapter I demonstrate that the salt-doped polymer devices described in
Chapter 3 can be successfully activated by the application of a large reverse bias. This
means the ITO electrode is now biased negatively relative to the aluminum electrode. The
devices consist of either MEH-PPV or a green-emitting co-polymer along with the
lithium salt. Instead of applying a forward voltage bias or current to activate the device as
described in Chapter 3, a large reverse bias was applied causing a dramatic increase in
both current and luminance. Light emission is uniform and covers the whole surface area
of devices. Moreover, the activated devices exhibit remarkable shelf-life when stored at
room temperature without bias: in the case of devices made with MEH-PPV the
luminance has a half-life of approximately 200 hours. More remarkable yet, the greenemitting devices show no significant decay in either current density or luminance even
after 1200 hours. Photovoltaic measurements of the activated devices give rise to a
positive short circuit current and a negative open-circuit voltage, indicating the presence
of a built-in electric field in the direction of the applied reverse bias. No notable decay in
short-circuit current, even after 545 hours stored at room temperature, is recorded in
MEH-PPV devices.

4.1 Motivation
Although the polymer/salt devices can be activated by applying a forward voltage
or current, the light emission is frequently non-uniform. Part of the activated device is
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highly doped and non-emitting. In some (thinner) devices the turn on is impossible due to
the large current flow before the applied forward bias could reach the threshold for
activation. This current flow is mostly due to holes injected from the ITO electrode,
whose work function is well matched to the HOMO of MEH-PPV. This prompted us to
attempt device activation by applying a reverse bias, meaning the ITO electrode is biased
negatively relative to the aluminum electrode. Doing this alters the potential energy
barriers for charge injection. Figure 4.1 represents the band diagrams for the forward bias
case (a.) as well as the reverse bias case (b.) with the electrode work functions indicated.
The value used for the ITO work function was measured by Schlaf et al. [70] for ITO
coated on glass that had been cleaned chemically and treated in an ozone environment
prior to being used as were ours. The aluminum work function value was taken from
[29].
b.

a.
LUMO 2.7 eV LUMO 2.7 eV

Al 4.3 eV

ITO 4.75 eV
ITO 4.75 eV
HOMO 5.1 eV

Al 4.3 eV

HOMO 5.1 eV

Figure 4.1: Band diagram of an ITO/MEH-PPV:salt/Al device biased a. in the forward direction
and b. in the reverse direction. The HOMO and LUMO are indicated in each case as well as the
electrode work functions.

In forward bias, the potential barrier for electron injection is 1.60 eV and only
0.35 eV for holes. This small potential barrier allows for holes to be injected abundantly
in pristine devices before the onset of doping. This leads to a very high current at low
voltages. In the case of thin devices doping activation could not be achieved because the
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current had reached compliance before the threshold voltage could be met. In reverse bias
however, both potential barriers for charge injection are increased: 2.05 eV for electrons
and 0.8 eV for holes, according to the above notation. As a result, very little current flows
until the device is activated by significant doping, thereby allowing the application of a
sufficiently large voltage for device activation. The charge injection barriers not only
depend on the electrodes, but also on the luminescent polymer itself. On top of the
conjugated polymer MEH-PPV we previously used, a green co-polymer with a slightly
larger energy gap was tested in this study.

4.2 Activation Process
We were able to successfully activate the polymer/salt devices using a large
reverse bias. Activation was achieved by applying either a constant voltage or a constant
current. The device current density was constantly monitored after a reverse bias was
applied. If the activation did not occur within 60 s the magnitude of the reverse bias was
increased gradually. The process was repeated until a sudden increase in both device
current density and luminance occurred. When maximum luminance was reached the bias
was promptly removed to avoid any film degradation. Figure 4.2 (top) shows an example
of a MEH-PPV based device subject to – 18 V. Initially close to zero luminance is
recorded. The initial current appears to be zero on the graph but is approximately 10
mA/cm2. After 24 seconds a sharp increase in current is directly followed by a sharp
increase in luminance. The applied voltage was stopped after these sharp increases as the
current started decaying.
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Alternatively, activation is also possible by applying a large reverse current. Since
there is a large potential energy barrier for both electron and hole injection under reverse
bias, a large bias typically higher than the required threshold voltage is applied in order to
reach the set current. This leads to the activation of the device. For the specific device
shown in Figure 4.2 (bottom) a constant current of – 40 mA is applied, which
corresponds to an initial voltage of - 15 V. The luminance starts increasing when the
voltage reached about -18V. During the gradual increase in luminance the supplied
voltage stabilizes. It finally starts increasing, at which point the applied current is stopped
to avoid any film degradation. Using a constant current rather than a constant voltage for
turn on enables a better control of when to stop the applied bias as Figure 4.2 shows.
When a constant current is used for device activation, the decrease in voltage, or turn on,
occurs at the same voltage as the turn on voltage used for activating an identical device
on the same substrate. This agrees with the observations made in Chapter 3 where a
voltage threshold is needed for device activation.
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Figure 4.2: Turn-on (or activation) process of both an ITO/MEH-PPV:LiTf(10:1)/Al device (top)
using a constant -18V bias and an ITO/ADS108GE:LiTf(10:1)/Al device (bottom) using a
constant -40mA. Both activations were done at room temperature.
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Whether constant voltage or constant current were used for turn on, activated
devices all exhibited uniform light emission. This differs from when they were activated
by a forward bias (for the same 10:1 polymer to salt ratio). This will be further discussed,
yet it is important to keep in mind when comparing both types of activation processes.
Notice that the voltage needed to activate devices in forward bias mode (as shown
in Chapter 3) is lower than the one needed in reverse bias mode. This could partially be
explained by the higher potential barriers to overcome for initial charge injection in the
latter case. This would mean that a stronger field is needed to bend the bands for initial
hole and electron injection and thus the higher required applied voltage.

4.3 Device Characteristics - current density and luminance
The effect of device activation is drastic and is illustrated in Figure 4.3 and Figure
4.5, which show how a green co-polymer based device and a MEH-PPV based device
respectively behave before and after turn on. Looking at Figure 4.3 we see that before
any activation, when ITO is biased positively the current density and luminance reached
389 mA/cm2 and 13 cd/m2 at 3.6 V (top). In comparison, very little current (on the order
of 10-1 mA or equivalently 100 mA/cm2) and no luminance are recorded when biased
negatively (bottom). The device initially behaves like a diode that is conductive and
weakly emitting under forward bias. However, after applying – 40 mA to the ITO for
approximately 100 s the current density and luminance vs. voltage characteristics change
completely. Close to no current and no luminance is recorded when ITO is positively
biased while enhanced current density and luminance is recorded when ITO is negatively
biased: 21 mA/cm2 and 24 cd/m2 at – 16 V, respectively.
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Figure 4.3: J-V-L characteristics of an ITO/ADS108GE:LiTf(10:1)/Al device before and after
activation from 0 to 4V (top) and from 0 to -17V (bottom) The device was turned on under 40mA at RT.
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For this particular green device, light emission is first recorded at - 7 V as shown
in Figure 4.4 which depicts the first L-V scan after activation in log form. The voltage for
first EL was extrapolated from the graph. This is still higher than Eg/e which suggests that
even when doped polymer/salt devices behave differently than conventional PLECs.
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Figure 4.4: Luminance of an ITO/ADS108GE:LiTf(10:1)/Al device directly after activation under
-40 mA at room temperature. The voltage for first EL, - 7 V, is extrapolated from the log curve.

Figure 4.5 shows a MEH-PPV based device before and after being turned on by
applying – 40 mA to the ITO electrode for 16 s. Once activated, it reached 130 mA/cm2
and 115 cd/m2 at – 15 V against close to no current or luminance before activation at that
same voltage. Here again, we observe a drastic increase in both current density and
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luminance. This suggests that doping has occurred, making the film more conductive and
the contact resistance smaller so that both types of charge carriers can be injected.
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Figure 4.5: J-V-L characteristics of an ITO/MEH-PPV:LiTf(10:1)/Al device before and after
activation in the negative biases only. The device was turned on under -40mA at RT.
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Figure 4.6: Luminance of an ITO/MEH-PPV:LiTf(10:1)/Al device directly after activation under
-40 mA at room temperature. The voltage for first EL is extrapolated from the log curve.

The voltage for first EL is extrapolated from Figure 4.5 in Figure 4.6 by taking
the log of the luminance. It can then be approximated to – 3 V where the first jump in
luminance from the background occurs. This is slightly higher than the voltage for first
EL recorded in Chapter 3 when the device was activated by a forward bias.

4.4 Device Characteristics - stability under storage
In Chapter 3 I showed that the polymer/salt devices activated by applying a
forward bias or current retains the activated state for approximately 150 hours. The socalled luminance shelf-life was determined by recording the time it takes for the
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luminance of an activated device to reach half of its initial value when stored unbiased.
Here I conducted similar tests on two devices activated by applying a large reverse bias.
The MEH-PPV device displayed in Figure 4.7 (top) was turned on by – 20 V. The
J-V-L scans performed for the purpose of this study went from 0 to -18 V. The data
shows the current density and luminance as a function of time at a corresponding - 17 V.
This device was tested for 1600 hours, at the end of which a picture of it was taken when
stressed at – 4 mA. A luminance shelf half-life of approximately 200 hours was reached.
This is considerably longer than in the forward bias mode. Since the MEH-PPV based
device displayed below experiences an extremely sharp initial decay in both current and
luminance we calculated its shelf half-life by removing the first data point. Doing
otherwise would not be representative of its actual decay trend.
The green co-polymer based device (Figure 4.7 bottom) was activated by - 21 V.
The punctual J-V-L scans were performed from 0 to – 17 V and the data displayed
corresponds to current density and luminance at – 16 V. The device was tested for 1200
hours, in which time no substantial decay in luminance or current density is observed. We
can therefore describe it as quasi-frozen! The photograph inserted in the graph represents
this same device at the end of the study under – 4 mA. Other similar devices were tested
and similar results were obtained.
After 1600 hours and 1200 hours respectively the two devices still exhibit
uniform EL though the presence of dark spots can be observed. These could be due to
phase segregation that happened with time. Based on these results, it seems that the
device stability and the pace at which doping relaxes is affected by the luminescent
polymer used.
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Figure 4.7: Shelf stability of an ITO/MEH-PPV:LiTf(10:1)/Al device after activation under a 20V reverse bias (top) and an ITO/ADS108GE:LiTf(10:1)/Al device after activation under a 21V reverse bias (bottom). These devices were stored at room temperature without bias.
Successive fast J-V-L scans were performed and the current and luminance were recorded at 17V and -16V respectively. The inserted pictures show the devices at the end of the study at t =
1680 hours and t = 1140 hours respectively. Both devices are stressed by -4 mA when the
pictures are taken.

71

The stability of these devices could be affected by the electric field applied during
turn on as well as during the J-V-L scan performed for data collection. Indeed, the
electric field applied during turn on of MEH-PPV based devices is higher than the one
applied for green co-polymer devices by a factor of 2 to 3. This was calculated by
dividing the applied voltage by the film thickness. Experiments suggest that MEH-PPV
based devices are less stable than green co-polymer based devices when stored without
bias. A high applied electric field could have damaged the metal/polymer contacts
causing the contact resistance to increase thereby leading to a decrease in device stability.

4.5. Photovoltaic (PV) Measurements
Both PLEDs and frozen-junction PLECs display a photovoltaic response when
illuminated with photons of sufficient energy. In the former the PV response is due to
difference in electrode work functions. Therefore, the built-in electric field always points
from the low work function electrode to the high work function electrode. In a PLEC
with a frozen, or stabilized doping profile the PV response is due to the p-n junction
itself. Since the polarity of the p-n junction is reversible, the polarity of the PV response
depends on the polarity of the voltage bias that was applied to turn on the PLEC in the
first place.
The excellent stability of the activated devices suggests reliable PV measurements
can be made. The PV response of both MEH-PPV and green devices was measured both
before and after activation. Devices were taken out of the black test box containing the
photodiode, to be placed against the window, with the glass side exposed. A solar
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simulator, with a AM1.5 spectrum, was then shined on the devices, directly on the active
area. Devices were then stressed from – 2 to 1 V and their open circuit voltage as well as
their short circuit current were recorded.
Figure 4.8 displays the PV response of a MEH-PPV device (left) and a green device
(right) before and after activation. Before turn on the short circuit current of the MEHPPV device is – 1.89 μA. It becomes 0.67 μA after turn on. The fill factor, which is a
measure of the realizable power from a solar cell, is 0.22 after turn on. In comparison, the
typical fill factor for an inorganic solar cell is 0.7-0.8 [1]. The green device displays a
short circuit current of – 0.51 μA in the pristine state and of 0.06 μA in the activated
state. Its corresponding fill factor after turn on is 0.16.
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Figure 4.8: Photovoltaic response before and after activation of an ITO/MEH-PPV:LiTf(10:1)/Al
(left) and of an ITO/ADS108GE:LiTf(10:1)/Al (right) device turned on under a reverse bias of –
40 mA and – 50 mA respectively. The devices are under AM1.5 illumination.

Devices activated with a large reverse bias have a negative short circuit current
before turn on and a positive one after turn on. This indicates the presence of a p-n
junction and therefore of doping. Figure 4.9 illustrates how this change comes into place.
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Before turn on, the built-in electric field present due to the difference in work function of
the electrodes (from aluminum to ITO) makes the photo-generated electrons and holes
drift to the aluminum and ITO respectively when zero volt is applied. This generates a
negative short circuit current, from aluminum to ITO.
After turn on, the PV response depends on the bias applied during turn on. Both
these devices having been activated by a reverse bias makes the region by the ITO ndoped and the region by the aluminum p-doped. When zero volts is applied the photogenerated electrons and holes diffuse to the n- and p-regions respectively (and therefore
towards the ITO and aluminum respectively), resulting in a positive short circuit current.
If there were no doping and no p-n junction, the electrons and holes would drift according
to the built-in electric field which would produce a negative short circuit current,
similarly than prior device activation.

Ebi

ITO

Al

ITO

Al

Isc

Isc

Figure 4.9: Schematic of electron and hole flow under zero applied bias before turn on (left) and
after turn on (right). The red circles represent electrons while the green ones represent holes.
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Because PV measurements can only be performed on stable devices, following
the evolution of the PV response with time is a great indication of the stability of devices
as well as the pace of doping relaxation.
The MEH-PPV device shown in Figure 4.7 was turned on under -20 V, the
current density and luminance were recorded at -17 V. Meanwhile the green device was
turned on under - 21 V. The current density and luminance in this case were recorded at 16 V. Such high test voltages could have modified the doping. A more reliable test of the
stability is done by measuring the decay of the short circuit current as devices are then
only stressed in the range of – 2 V to – 1 V. This ensures the devices are not being turned
back on when applying high potentials.
The graph in Figure 4.10 represents a MEH-PPV device turned on under -40 mA.
The short circuit current was measured to be – 1.89 μA before turn on and 0.67 μA
directly after turn on. The stability of the short circuit current was tested in a similar
fashion as the storage stability of the current density and luminance. After being activated
the short circuit current was recorded every few days. In between tests the device was left
unbiased. After 545 hours the short circuit current was measured to be 0.59 μA; hence no
substantial decay has occurred. According to our postulate that the positive short circuit
current is an indication of doping, the fact that it has not substantially decayed indicates
that the doping profile has not changed and therefore our devices are essentially frozen at
room temperature. The error bars come from slight variations of data with the position of
the solar simulator, even though efforts were made to keep it at a fixed position.
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A clarification must be made, the two currents in Figure 4.7 and 4.10 are not of
the same type. The first is generated current due to an applied voltage bias whereas the
second is photocurrent. In the case of MEH-PPV the generated current decays with time
while the photocurrent stays stable. This suggests that doping relaxation is not the cause
of the decreasing generated current, but that instead it could be explained by the contact
resistance between the metal and polymer increasing. This could be due to interface
degradation triggered by the high electric field applied during the stability tests.
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Figure 4.10: Evolution of Voc and Isc with time of an ITO/MEH-PPV:LiTf(10:1)/Al device turned
on under a -40mA reverse bias. The device was stored without bias.

4.6 Photoluminescence (PL) Imaging
When MEH-PPV devices are turned on by the application of a forward bias the
presence of doping can be directly observed with the quenching of the
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photoluminescence (PL). Experiments performed on planar PLECs have shown that pdoping quenches the PL much more than n-doping [41][49][68][71]. We therefore
postulated that p-doping was majoritarily present in forward bias activated devices.
Devices activated using a large reverse bias were observed and photographed
under zero bias with a hand held UV light. A picture of 3 MEH-PPV:LiTf(10:1) devices
on the same substrate are show in Figure 4.11. A is pristine; B was activated by – 17 V
while C was activated by 7 V. The contrast in PL can be clearly seen. The top part of the
devices where the bold letters are displayed is where ITO stops covering the glass
substrates; it is therefore not part of the active area. It is also brighter than the ITO
covered part as ITO blocks some of the UV. This explains why the ITO side appears
darker, even on device A which is pristine.

A

B

C

Figure 4.11: Three devices ITO/MEH-PPV:LiTf(10:1)/Al on the same substrate activated
differently. A: pristine, B: turned on with – 17 V, C: turned on with 7 V. The devices were under
UV illumination from a hand-held UV lamp.
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As one can clearly see, in the case of reverse bias activation (of MEH-PPV based
devices) a very interesting phenomenon is observed: the PL gets enhanced rather than
getting quenched. This could be explained by the film being majoritarily n-doped rather
than p-doped. It may also mean that p-doping is “hidden” behind the n-doping region.
Indeed, when looking at a device’s PL under UV the glass side is facing the viewer’s eye
and therefore the n-doping region is in front of the p-doping region which may explain
why p-doping, and therefore PL quenching, is not seen.
Holt et al. [22] also observe this PL recovery phenomenon in MEH-PPV:LiTf
devices where ITO is the cathode. According to them, it is possible that prior to testing
there are already defect sites in the polymer film from reactions with ITO. Moreover,
they indicate that anions initially present in the film could contribute to a limited amount
of PL quenching. This would agree with our observations: Figure 4.12 displays 4 films
under UV excitation, the first 3 containing salt and the last one being comprised solely of
MEH-PPV. As one can see the three polymer/salt films have their PL slightly quenched
compared to the polymer only film. This means that the presence of salt, without applied
bias, can quench the PL of a luminescent polymer via chemical doping. This suggests the
salt introduces some impurities in the polymer prior to any applied bias. As mentioned
above Holt et al. state that the presence of the anions contribute to PL quenching of undoped films. This suggests that polymer/salt films were initially slightly p-doped and that
the application of a large negative bias to the ITO electrode enabled the n-doping of the
film, leading to the recovery of the PL since n-doped MEH-PPV is much less quenched
than p-doped MEH-PPV. Hu et al. also observed strong PL recovery in planar
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conventional PLECs where AgTf is the active salt rather than LiTf. They too associate
this recovery to the electrochemical n-doping of the polymer film [72].
This behavior isn’t observed in green co-polymer based polymer/salt devices
turned on under reverse bias. In the contrary, the PL is heavily quenched. Perhaps there
are no such impurities to be removed or that because of the different chemical structure
of this polymer it is not affected the same way. Another plausible explanation would be
that p-doping is majoritarily present in this case, rather than n-doping.

Figure 4.12: Four films spin coated on glass substrates pre-coated with ITO without any top
electrodes illuminated under UV (365 nm). The first three are MEH-PPV:LiTf(10:1) while the
last one is pure MEH-PPV. We can see the PL quenching present even before any applied bias.

4.7 Summary
We were able to successfully activate polymer/salt devices by reversing the
applied bias. MEH-PPV based devices were tested, similarly to Chapter 3, along with
green co-polymer based devices. This was done to see whether a different polymer, and
therefore a different chemical structure and different energy band gap would affect the
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characteristics of these novel devices. Turn on is achieved by the application of either a
large reverse current or a large reverse voltage. Both yielded a dramatic increase in
current density and in uniform luminance, as well as in the change of sign of the short
circuit current. These changes can be explained by the in situ electrochemical doping of
the polymer film. A defining characteristic of these devices is their remarkable stability at
room temperature. Activated MEH-PPV based devices tested at room temperature
exhibited a luminance half-life of approximately 200 hours when left unbiased in
between tests. A picture taken after 1600 hours revealed the device under study was still
uniformly emitting. Similar tests performed on the green co-polymer based devices
showed that no noticeable decay in current density or luminance was recorded even after
1200 hours. This is a record duration for any frozen-junction devices. The stability of
these devices was further confirmed by measuring the evolution of the short circuit
current over time. The short circuit current showed no substantial decay even after 545
hours thereby indicating no substantial decay of the doping profile. The very interesting
phenomenon of photoluminescence recovery in MEH-PPV based devices suggest that ndoping is mainly present when devices are activated with a reverse bias rather than a
forward one. This leads to a two-fold increase of device efficiency.
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Chapter 5
Discussion

In this chapter I summarize our main findings and the key features of the novel
polymer/salt devices. An explanation is given as to how doping is achievable even though
no PEO is present in the active layer.

5.1 Main Findings
Devices based on a luminescent polymer - MEH-PPV or a green-emitting copolymer - mixed with a salt sandwiched between ITO and aluminum were made. Due to
the large injection barrier for electrons on the cathode side, the devices are poor lightemitting diodes. However, upon the application of a large voltage bias, either positive or
negative, the devices underwent a sharp turn on in both current and light output. The
activated devices exhibit unipolar J-V-L characteristics in the direction of the activation
bias. All devices are turned on and tested at room temperature in a nitrogen environment.
The vastly improved current density and luminance, similar to those of conventional
PLECs, suggest the film has undergone in situ electrochemical doping.
The storage lifetime of activated devices was evaluated by conducting fast voltage
scans in the direction of the activation bias. Current density and luminance at a set
voltage were recorded and used as a measure of the stability of the activated state. The
devices were not biased between the voltage scans. For MEH-PPV devices the luminance
half-life reached 150 hours or 200 hours when activated with a forward or reverse bias,
respectively. More remarkable yet, green-emitting devices activated by reverse bias did
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not display notable decay in current density or luminance even after 1200 hours! This
highly stable current and luminance suggest a static doping profile, reminiscent of a
frozen-junction PLEC. Photovoltaic (PV) measurements of the activated devices show
that the short circuit current, while initially negative, becomes positive upon reverse bias
activation. This indicates the presence of a p-n junction whose polarity is dictated by the
polarity of the activation bias. Moreover, the short-circuit current did not degrade with
extended storage, again confirming the static doping profile of the salt-doped polymer
devices.
Further proof of doping comes from the photoluminescence (PL) imaging of the
devices under UV excitation. Significant PL quenching was observed in devices activated
with a forward bias. In contrast, reverse bias activation leads to enhanced PL compared to
a pristine device. In the following section I discuss the possible operating mechanism of
the salt-doped devices.

5.2 In situ Electrochemical Doping
The two requirements for the electrochemical doping of a conjugated polymer are
charge injection leading to the reduction/oxidation of the polymer chain, and the presence
of counterions to ensure electrical neutrality of the polymer chain.

5.2.1 Pristine State
Doping is easily achieved in conventional PLECs due to the ample ions that on
one hand facilitate charge injection and on the other hand stabilize the injected charges.
Because of the absence of PEO, polymer/salt devices do not behave like PLECs. The

82

former require an applied bias much larger than Eg/e to induce doping. In addition, the
activation of polymer/salt devices is insensitive to temperature. On the other hand, the
operation of conventional PLECs is highly temperature dependent [55]. Frozen-junction
PLECs illustrate this temperature dependency greatly since lowering the temperature to
one below PEO’s Tg enables the freeze-out of ionic motion and thus of the junction [50],
[51], [54].
The importance of applied voltage rather than temperature suggests that the salt in
our polymer/salt devices is not solvated. And the applied voltage bias serves to separate
the cations and anions. However, when illuminated under UV excitation, films containing
salt appear slightly quenched compared to films without any salt. It appears the salt
chemically dopes MEH-PPV to some extent leading to the partial quenching of the
photoluminescence.

5.2.2 Previous Work
Other groups working on organic light-emitting devices have also experimented
with adding salt to a luminescent polymer or small molecules active layer. Most used
ammonium-based salts. In some cases the devices exhibit similar activation behaviors as
we have observed, yet none provide information as to the state of the salt in pristine
devices [73][74]. They, however, offer various explanations for the turn on of their
devices.
Lee et al. [75] as well as Itoh et al. [76] suggest that the high field they apply for
turn on leads to the dissociation of the salt and the subsequent accumulation of separated
ions at the respective polymer/metal interfaces. This in turn leads to the distortion of the
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electric field, making the barriers for electron and hole tunneling thinner, thereby
enabling charge injection. This charge injection mechanism correlates with deMello’s
electrodynamic model [32]. Yap et al. [77] offer a similar analysis along with the
thickness dependency of their devices on the turn on voltage. Similar observations of our
devices were made in Chapter 3 and 4. Figure 5.1 shows a schematic of how Yap et al.
described the turn on process. At a constant voltage, if the film thickness is reduced the
electric field and the band slope becomes higher in the organic layer which increases the
probability for charge injection (shaded area becoming smaller) thus leading to the
reduction of the effective energy barrier to charge injection.

Figure 5.1: Representation of the electron injecting barrier lowering for the devices with different
thicknesses [77].

Sakuratani et al. [73][78] as well as Oh et al. [79] suggest that their devices with
added Bu4NBF4 get p-doped on the ITO anode side upon the application of a large
voltage bias. This leads to the accumulation of cations on the cathode side allowing for
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the lowering of the tunneling barrier via electric field distortion. An illustration is given
in Figure 5.2. The authors do not mention the presence of n-doping.

Figure 5.2: Schematic band diagram for an ITO/PVCz:Bu4NBF4/Al device operating in forward
bias [73].

Park et al. [80] and Lee et al. [81] made PVK based devices with added Bu4BNF4
while Romero et al. [82] made PS-P3HT devices with added FeCl3. They explain the
increased current and luminance characteristics of their devices after the application of a
large voltage bias by the adsorption of ions on the polymer/metal interfaces due to the
high applied field. This reduces the tunneling barriers thereby enabling charge injection.
To that follows the p- and n-doping of the film.

Figure 5.3: (a) Architecture of the device during thermal and electrical annealing. (b) Schematic
of energy levels after thermal and electrical annealing [80].
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All these studies based on luminescent polymer/small molecules mixed with salt
have some key similar features to our polymer/salt devices. They all observe an increase
in current density and luminance upon the application of a large voltage bias. All authors
seem to agree that the high electric field existing from the large applied voltage is
responsible for salt dissociation that further facilitates charge injection either by the
accumulation of ions at the polymer/metal interfaces that distorts the electric field thereby
enabling tunneling or by the electrochemical doping of the polymer chain due to the
combined presence of ions and charge carriers.

5.2.3 Threshold Voltage
PL imaging under UV of our activated polymer/salt devices revealed the presence
of doping. The question now is, how is doping achieved without the presence of PEO?
We believe the high applied bias is the key to device activation. As mentioned earlier a
threshold voltage was determined if it caused the device to activate within 60 s from the
time of application. Device activation was also attempted at lower voltages and it was
found that the voltage could be lowered by up to 3 V and still activate the device.
However, the time it took for the device to activate increased exponentially when the
voltage applied was lowered. Results are shown in Figure 5.4.
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Figure 5.4: Time response to varying the turn on voltage.

At more than 3 V below the observed threshold voltage the maximum luminance
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Figure 5.5: Light intensity response to the chosen turn on voltage.
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These results show that there is a clear voltage threshold below which the device
will not activate.

5.2.4 Salt Dissociation
However, for doping to be achieved charge injection alone is not sufficient. The
presence of ions is mandatory. As we mentioned earlier it seems the salt is still in its nondissociated form prior to the application of the large bias. The strong electric field must
therefore also be the reason for salt dissociation. The binding energy of LiTf, meaning the
energy required to dissociate the salt into its ionic components, is 6.14 eV [83]. The
dissociation energy of a salt depends on several factors, one of which is the size of the
ions. Accordingly, a salt with larger ions would have a smaller binding energy and
therefore a smaller turn on voltage.
In order to test this hypothesis a different salt, Li(CF3SO2)2N, was used with a
bigger anion than that of LiCF3SO3 (LiTf). Using this salt resulted in a lower threshold
activation voltage and a lower electroluminescence (EL) turn on voltage after activation.
Figure 5.6 (left) shows the activation of a MEH-PPV:Li(CF3SO2)2N(10:1) device under
an applied current of – 20 mA and a compliance voltage of – 10 V. We observe the
voltage reached was less than - 5.5 V during the activation. Once activated,
electroluminescence was detected at a voltage close to Eg/e, as shown in Figure 5.6
(right). The results therefore support the hypothesis of salt dissociation by applied electric
field.
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5.2.5 Thickness Dependency
Because of the field dependency of these devices the thickness of the active layer
affects the threshold voltage. This was shown in Chapter 3 in Figure 3.5. For devices of
the same composition the thicker they are the higher the threshold voltage for activation
is. This is reminiscent of PLEDs that are also field dependent. However, in PLEDs,
according to Parker’s model, the high field is necessary for the tunneling of charge
carriers through the polymer/metal interface. In the case of salt-doped polymer lightemitting devices we postulated above that the high applied field is necessary to dissociate
the salt into its ionic components.
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5.3 Device Activation
Figure 5.7 is a recapitulative schematic of what I postulate occurs when a device
is activated under forward bias. When the high bias is first applied, due to the small
barrier height, holes alone are injected in the active layer, providing the only source of
current (i). If the applied bias is sufficiently high it provides the energy necessary for salt
dissociation. The ions then reorganize throughout the film under the influence of the
same applied field (ii). When holes and anions are present the film gets p-doped by the
anode. Meanwhile the accumulation of cations at the polymer/Al interface reduces the
tunneling barrier thereby leading to the injection of electrons after a time delay (iii). This
delay corresponds to the time between the application of the bias and the sharp increase
in current density and luminance. Once the electrons are injected the polymer chain gets
reduced and subsequently n-doped by the presence of the cations (iv). Similar kinetics
drive the turn on of reverse bias activated devices with the difference that it seems ndoping is dominant in that case, which explains the PL enhancement imaged under UV. It
has been demonstrated by Hohertz et al. [44] that the electrode material by which doping
originates and further propagates strongly affects nearly every aspect of PLEC operation.
It is possible that n-doping appears more dominant when it originates from ITO rather
than from aluminum.
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Chapter 6
Conclusion and Future Work

6.1 Conclusion
The original goal of my research was to achieve room temperature frozenjunction polymer light-emitting electrochemical cells (PLECs). Our first attempt, using a
high Tg polymer electrolyte, did not yield improved stability but did reveal the fact that
the polymer electrolyte itself may not be mandatory. This led to the realization of the first
salt-doped polymer devices based on a luminescent polymer and lithium salt sandwiched
between ITO and aluminum. Initially, devices behaved like poor polymer light-emitting
diodes (PLEDs) due to the presence of a large injection barrier for electrons. However,
upon the application of a large voltage bias at room temperature the current density and
luminance experienced a drastic increase. The vastly improved device current and
luminance indicate the in situ electrochemical doping of the device. Once activated, the
stability of the doping profile at room temperature was studied. This was done for devices
activated by both forward and reverse bias. The luminance was recorded to decrease to
half its initial value in 150 hours in the former case against 200 hours in the latter case.
This is a significant achievement considering that conventional PLECs typically relax in
minutes at room temperature. More remarkable yet, similar devices based on a green copolymer, activated by reverse bias displayed no notable decay in current density or
luminance even after 1200 hours. The frozen doping profile of these devices enabled us
to perform photovoltaic tests (PV). The devices showed a change of sign in short circuit
current from negative to positive upon reverse bias activation. The sign of the short92

circuit current is consistent with the polarity of the p-n junction formed in the PLEC film.
Furthermore, the short circuit current does not degrade over time, thus again confirming
the quasi static doping profile of the activated polymer/salt devices. Finally, PL imaging
under UV illumination revealed the presence of doping in activated devices. Devices
activated with a forward bias exhibit significant PL quenching due to the electrochemical
p-doping of the LEC film. Whereas devices activated with a reverse bias display PL
enhancement due to the reversal of the PL quenching caused by the salt caused by the ndoping of the film. These quasi frozen salt-doped polymer devices are a major step in the
direction of stable room temperature frozen-junction devices that possess the advantages
of both PLEDs and PLECs.

6.2 Future Work
This study of salt-doped devices is a major step towards frozen-junction
conductive and light-emitting organic polymer devices. However, because it is the first
time these devices are studied they still suffer some limitations. Those encompass the
limited materials used during fabrication whether it is polymers or salts, the poor device
efficiency as well as the high driving voltage. Further work on these devices would allow
us to try different compositions of the active layer, which by optimizing them would
increase the device efficiency and lower the driving voltage. The salt Li(CF3SO2)2N is an
example that lower driving voltages can easily be reached.
Moreover, salt-doped polymer devices are new and still not fully understood. The
first focus should be to better understand their operating mechanisms. This can be done
by trying different luminescent polymers as well as different salts. Trying various salts
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with the same cation and similarly with the same anion could help understand further the
salt dissociation process as well as possibly balance the size of the doped regions as Hu et
al. showed in their study on the effect of cationic size on doping propagation [43].
Making these devices in the planar configuration would enable the visualization of the
doping fronts propagating and the junction formation. Planar PLECs have greatly aided
in the understanding of PLEC operating mechanisms and could be of similar worth here.
An initial attempt to activate a salt-doped polymer device with a planar configuration was
unsuccessful due to the relatively large interelectrode gap of 50 μm, which by scaling
would have require a threshold voltage of several thousand volts. This experiment could
be repeated with a smaller gap or a different salt such as Li(CF3SO2)2N.
Furthermore, improving the device performance for practical applications should
be another major focus. The green co-polymer based devices exhibit remarkable stability
compared with MEH-PPV based devices. Further investigation of devices based on this
co-polymer could lead to enhanced device efficiency as well as a lower turn on voltage,
while keeping the high stability. The salt Bu4NBF4 seems to have yielded successful
results in many other experiments and could be a suitable salt candidate for higher
performance devices. Finally, altering the polymer to salt concentration as well as the
film thickness is a means for optimization.
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