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Abstract
The polymer light-emitting electrochemical cell (LEC) is an alternative method for
producing electroluminescence (EL) from conjugated luminescent polymers. The in
situ electrochemical doping process that leads to a dynamic p-n junction makes the
devices highly insensitive to device thickness and relatively insensitive to electrode
materials. These characteristics make an extremely large planar configuration accessible for observing the cross-section of the device and watching it turn on dynamically. By cooling the device to freeze ionic motion, the junction can be stabilized
and photovoltaic (PV) characteristics investigated. In the planar configuration, the
p-n junction was found to make up a small fraction of the inter-electrode spacing.
Enabled by the insensitivity to electrode materials, small metallic particles embedded
in the LEC film led to a large number of p-n junctions that could be turned on in
series and parallel. This alleviates the issue of low specific emitting area suffered
by planar devices and leads to improved EL efficiency as well as a high open circuit voltage (VOC ) when operated as a PV cell. The bulk homojunction fabrication
process has been optimized by segregating the metallic particles to eliminate large
aggregates. A new technique to achieve highly uniform EL from large planar LECs is
also presented here. By the evaporation of a thin gold or silver film on top of an LEC,
independent islands form that act as doping initiation sites across the device width.
i

A bulk homojunction is turned on in the top layer of the LEC with a high applied
bias. Island diameters and spacings are several orders of magnitude smaller than the
particles in previously-reported bulk homojunction devices. Both island and particle
devices had their interelectrode spacings scaled down by at least a factor of 10. The
successful scaling is a promising result for the possibility of a sandwich configuration
bulk homojunction device. In the case of silver island devices, cooling a 50 µm wide
device after turn-on resulted in a PV cell with an open circuit voltage of 8.3 V, several
times the band gap of the luminescent polymer used.
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Chapter 1
Introduction
With the discovery of conducting conjugated polymers in 1977 came a promising
new material platform on which to build electronic devices.[2, 3] The advantage of
polymer electronics is immediately apparent: solution processing leads to cheaper
manufacturing costs, particularly in large-area applications. The two fundamental
large-area applications that can best take advantage of solution processing for cheap
manufacturing are panel lighting and solar cells. With ever-increasing social and
political support for “green” technologies, the demand for a next generation solar
cell technology is prompting great economic and scientific efforts to reach that goal.
There is an international push, both academically and commercially, to achieve high
efficiency, low cost, and long lasting solar cells in any technology platform possible.
Polymers are one of the relatively new but encouraging technologies in competition.
Ultimately to be a viable source for large-scale energy generation a solar cell must
achieve a $/kWh value comparable to that of traditional sources such as nuclear
power or natural gas.
A third major application for polymer electronics is in display technologies. Here
1
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the advantages are not limited to cost efficiency, but extend to the performance
relative to traditional display technologies. A polymer light emitting diode (PLED)
display would consist of individual light-emitting pixels. This feature would alleviate
several of the problems faced by liquid crystal displays (LCDs), the current technology
that dominates the flat panel display market. LCDs have a white backlight that is
transmitted through a matrix that selectively filters each pixel so that the desired
colour is transmitted. Despite recent improvements, this technology leads to poor
representation of black, narrow viewing angles, and relatively slow response speed.
Because there is no optical element between light source and viewer in a PLED display
narrow viewing angles would be a concern of the past and black is achieved by simply
turning off the light source (the pixel). Organic LED (OLED) displays are similar to
PLED displays but use oligomers and small molecule organics instead of polymers.
They have seen recent introduction to the market in high end television sets and
even keyboards with dynamic displays rather than static letters on the keys. PLED
televisions are currently at the prototype stage, with an expectation of consumerready models available in the next few years.
Other narrower applications are also being explored. The clever fabrication techniques available for polymer electronics make curved and flexible substrates a new
frontier for electronics. Furthermore, the development of organic transistors make allplastic disposable electronics a real possibility: we may someday see a milk container
with a sensor embedded to determine the freshness of the contents and present the
result on a plastic display on the label.[4–7]
Beyond the potential real-world applications, the study of conducting polymers
is interesting from a materials science perspective. A deeper understanding of the
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physics and interactions of this relatively new class of materials has been gained
through the fabrication and study of devices.

1.1
1.1.1

Background
Polymer Light-Emitting Diodes

Semiconducting luminescent conjugated polymers are the fundamental building blocks
for the fabrication and design of both PLEDs and polymer photovoltaic (PV) cells.
The alternating π and σ bonds lead to delocalized π-orbitals along the chain, as seen
in Figure 1.1 for poly(phenylene vinylene) (PPV). The bonding and antibonding (π
and π ∗ ) states in the conjugated polymer give rise to valence and conduction bands
that support charge carriers.[8, 9] The π orbitals of double or triple bonds are so close
that they overlap and delocalize an electron cloud over the backbone of the polymer.

Figure 1.1: Conjugated structure of PPV. Alternating π and σ bonds lead to
delocalized π-orbitals along the chain.
The π and π ∗ bands are also known as the the highest occupied/lowest unoccupied
molecular orbitals (HOMO and LUMO respectively). The HOMO and LUMO are
analogous to the valence and conduction bands in inorganic semiconductors, although
the HOMO and LUMO have more narrowly defined energy levels. The energy gap
(Eg ) between these two levels tends to be about 1.5 – 3 eV giving the polymer its
semiconducting properties and a pathway for radiative decay.
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Electroluminescence (EL) from organic materials was first reported in the 1960s
in single crystals of anthracene.[10, 11] A major breakthrough in efficient EL from an
organic material was the introduction of the “Tang cell” in 1987.[12] This first OLED
structure had a hole transport layer of an aromatic diamine between the anode and
active 8-hydroxyquinoline aluminum (Alq3 ) layer. The diamine layer acts as a good
hole conductor, which has the additional benefit of being an electron blocking layer,
preventing electrons injected at the cathode from escaping without recombination in
the Alq3 layer. The Tang cell had an external quantum efficiency (ηeqe ) of about 1%
and could be operated with biases under 10 V.
The first report of EL in conjugated polymers was in 1990 by Burroughes et al.[13]
where PPV was used as the active semiconducting layer. The PPV cell was made
by spin casting a thin layer of a PPV precursor onto a transparent electrode such as
indium tin oxide (ITO). The precursor film was then converted to PPV. This PLED
marked a departure from cumbersome fabrication involving multiple vapour deposited
layers as was carried out in Tang and van Slyke’s OLED. Other conjugated polymers
commonly used in polymer optoelectronic applications include poly(p-phenylene)s
(PPPs), polyfluorenes (PFs), and polythiophenes as seen in Figure 1.2.[9, 14] The
addition of an alkoxy side chain in MEH-PPV drastically improves the solubility of
the PPV, a valuable addition. The addition of this side chain to the backbone also
acts to shift the emission from green in PPV to an orange-red colour. MEH-PPV is
the most thoroughly studied luminescent polymer for PLEDs.
In a PLED, dissimilar electrodes are sandwiched around a luminescent polymer
such as MEH-PPV, as seen in Figure 1.3. The band structure for this device is shown
in Figure 1.4. With an applied bias, holes are injected from the high work function
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Figure 1.2: Chemical structure of commonly used conjugated polymers. PPP = poly(p-phenylene), PPV = poly(p-phenylene vinylene), MEH-PPV
= poly[5-(2’-ethylhexyloxy)-2-methoxy-1,4-phenylene vinylene], PFO = poly(9,9dioctylfluorene), PT = polythiophene. Image reproduced from [9].
anode into the HOMO of the polymer as electrons are injected from the low work
function cathode into the LUMO of the polymer. The electrons and holes are transported through the polymer layer before recombining radiatively. There is also the
possibility that the electron and hole will recombine non-radiatively, reducing the
overall efficiency. An LED’s efficiency is typically characterized by one of a few different metrics: external quantum efficiency, ηeqe = photons/electrons, counts the output
photons vs. the input electrons; current efficiency, ηce = EL/current, compares the
luminous intensity in candela vs. the input current; and power efficiency, comparing
luminous flux output vs. electrical power input.

Figure 1.3: Sandwich structure PLED. EL is observed through the transparent
indium tin oxide (ITO) anode. The active layer can be one of many luminescent
polymers such as MEH-PPV.
First efforts at increasing efficiency were to ease the charge injection over the
energy barriers ∆Eh and ∆Ee in Figure 1.4 by reducing those barriers. Charge
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Figure 1.4: Band structure of a PLED.
injection occurs either through tunneling or thermionic emission over the barrier, both
of which have exponential dependencies on the magnitude of ∆E.[15] This dictates
the use of highly asymmetric electrode materials for efficient and balanced charge
injection: a high work function anode for hole injection and a low work function
cathode for electron injection. In addition, by including intermediate thin layers that
act as energy level steps between either the cathode or the anode and the polymer,
injection efficiency can be improved. The work functions of an electron transporting
layer, for instance, would be between that of the cathode and the LUMO of the
polymer. The goal is to make multiple small energy barriers that are more efficiently
overcome by either electrons or holes than a single high barrier. Further means to
boost efficiency include reducing the polymer thickness to reduce the bulk resistance,
and the addition of electron blocking layers on the anode side and/or hole blocking
layers on the cathode side. These blocking layers help to prevent leakage current and
thus increase the number of electrons and holes that recombine radiatively in the
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film.[8]
Recent work has demonstrated PLEDs in red, blue, green, and white with high
efficiencies and long lifetimes approaching commercial readiness for display and lighting applications.[16–20] A common device configuration involves a high work function anode (typically the transparent ITO) with one or two hole transport layers
(PEDOT:PSS and PVK for instance), followed by the active emissive layer, then by
either an electron transport layer or a reactive low work function metal, and finally
capped with aluminum. Much of the tuning currently is in synthesis of favourable
luminescent polymers to adjust both the colour of emission and overall efficiencies.
A summary of recently reported PLED efficiencies is found in Table 1.1. Of note,
the white PLED in the table had a power efficiency of 5.75 lm·W−1 with a single
polymer layer. This is comparable to the power efficiency of more complex white
OLED multilayer devices. OSRAM Opto Semiconductors very recently publicized
the achievement of a 46 lm·W−1 white polymer LED with a lifetime in excess of
5000 h.[21] Being a commercial venture, however, the complete details of the device
structure have not been published to date.

EL colour

ηeqe (%) ηce ( cd·A−1 )

Source

red

2.9

2.0

[19]

green

3.8

10.6

[19]

blue

2.8 – 3.7

2.5 – 3.8

[16, 18]

white

3.8

8.99

[20]

Table 1.1: Summary of recently reported PLED efficiencies.
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Polymer Photovoltaic Cells

The first crystalline silicon PV cell was reported in 1954 at Bell Laboratories and
had an efficiency of 6%.[22] Since then the highest efficiency for a silicon PV cell
has increased to 25%, near the theoretical limit of 30% in that system.[23] Nearly
all inorganic PV cells operate via a p-n junction formed by doping a semiconductor.
The p doped region has an excess of holes while the n doped region has an excess of
electrons and a built-in electric field is present at the p-n junction between the two
regions. An incoming photon is absorbed by the semiconductor creating an electron
and a hole which then diffuse to the junction and are separated to either electrode
by the built-in field.
In organic PV cells, the absorption of an incident photon generates an electron
and hole that are bound to one another as a pseudo particle called an exciton. This
distinction from the free electron-hole pairs generated in inorganic solar cells arises
from the partial confinement of the charge carriers to the polymer chain.[24] The
challenge is the efficient separation of the exciton and the transport of the electron
and hole to the cathode and anode respectively for collection.
Common polymer PV cells come in a number of different configurations, with
varying degrees of complexity. The simplest form is the single layer cell (Figure 1.5a),
where the active layer could be a material such as MEH-PPV. As in a PLED, the work
functions of the electrodes must lie close to the HOMO and LUMO of the polymer, so
that a built-in electric field exists in the film to drive the separated electron and hole
toward opposite electrodes. This is obviously not a very efficient structure due to a
high probability of recombination, especially when a luminescent conducting polymer
is used as the active layer. Increasing the complexity slightly is the double layer
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structure (Figure 1.5b), where an acceptor material is placed in contact with the active
polymer. The acceptor is typically C60 -based and its presence increases the efficiency
of charge separation at the interface and allows the charges to be transported to their
respective electrodes in different layers, reducing the likelihood of recombination.
When the acceptor is instead mixed with the donor, the phase separation between
the two components forms a high interfacial surface area between donor and acceptor
allowing charge separation to occur nearly anywhere throughout the film.[25] Such
a structure is called a bulk heterojunction and is seen in Figure 1.5c. Charges can
be separated in sub-picosecond times with C60 derivatives,[25] and charge separation
efficiency approaches unity. Lastly, we see the hybrid cell in Figure 1.5d where the
central bulk heterojunction has additional donor and acceptor layers on either side
to aid with charge extraction. These cells are more complicated to fabricate than the
other structures in Figure 1.5, but can achieve high efficiencies.[24]
A number of methods exist for characterizing a PV cell, the most common of which
involves a voltage sweep while measuring the output current of the cell. The currentvoltage (I − V ) curve for an illuminated PV cell can be used to extract the efficiency.
A general I − V curve for a PV cell under illumination is shown in Figure 1.6, and
the efficiency is given by:

ηp =

where the variables are:

Pmax
F F × VOC × ISC
=
E×A
E×A

(1.1)
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Figure 1.5: Structures of common polymer PV cells. a, Single layer, b, double
layer, c, bulk heterojunction, and d, hybrid cell. Figure reproduced with permission
from Salima Alem.
FF

fill factor

VOC

open circuit voltage

ISC

short circuit current

E

incident light power

A

illuminated area of cell

Pmax

maximum output power

The power conversion efficiency, ηp , of the cell is simply the ratio of the output
electrical power over the incident light power. It is inherently defined for the nominal
load resistance (RL ) that gives a maximum output power. An equivalent circuit of a
PV cell is shown in Figure 1.7. When the cell is illuminated the current source Iph is
on. VOC is the voltage between A and B when RL → ∞ while the ISC is the current
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Figure 1.6: Current-voltage curve for a PV cell.
through RL when RL = 0. The diode in the model is the fundamental limiting factor
for VOC in whichever technology the PV cell was built. Most often this amounts to
the bandgap of the semiconductor used. An increased series resistance will lead to
a lower fill factor, but the open circuit voltage will not be affected. A finite shunt
resistance will reduce both the open circuit voltage and the short circuit current.[26]
These resistances can be read from the I − V curve: the slope of the line at V > VOC
is Rs−1 ; and the slope of the line at V ≈ 0 is Rp−1 .

Figure 1.7: Electrical model of a PV cell. VOC is the voltage between A and
B, while the ISC would be the current through the load if RL = 0. A non-zero
series resistance (Rs ) has the effect of lowering ISC . Similarly, a finite parallel (shunt)
resistance (Rp ) will divert current away from the load and reduce VOC .
Polymer bulk heterojunction PV cells have seen efficiencies of approximately ηp =
5%.[27, 28] In these devices, VOC ≈ 0.6 V, JSC = ISC /A ≈ 10 mA·cm−2 and F F ≈ 0.6.
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The VOC value is low because it is limited not by the band gap of the polymer, but
rather by the energy difference between the LUMO of the acceptor to the HOMO of
the donor, which is necessarily smaller than Eg for the donor.
A recent report demonstrated a tandem solar cell with an efficiency of ηp =
6.5%.[29] This improved efficiency comes at the cost of simplicity in fabrication. Two
active layers sensitive at different wavelengths of light were prepared in series in the
tandem cell. Sandwiched between an ITO anode and aluminum cathode were six
layers which included both hole and electron transporting layers around each active
layer. By using two cells in series, however, an increase of VOC to 1.24 V was achieved
at the expense of JSC which was 7.8 mA·cm−2 . The fill factor was 0.67. With the
extra steps in fabrication, there are ever-increasing risks of defects. Each of the layers
must be on the order of 100 nm thick, and a pinhole in an active layer will lead to a
short across that layer and thus no PV response would be achieved for that device.
A remaining challenge for polymer photovoltaics is to obtain high VOC without
increasing device complexity. I will show that this goal can be achieved with the
construction of a bulk homojunction.

1.2

Light-Emitting Electrochemical Cells (LECs)

The PLEDs described in Section 1.1.1 share a similar name with traditional inorganic
LEDs, but do not operate on the same principle whatsoever. The PLED structure
is metal/insulator/metal and the diode characteristics are principally caused by a
large work function difference between the electrodes. To achieve a high efficiency
the insulating (polymer) layer’s thickness must be carefully controlled to be on the
order of 100 nm, and highly reactive metals are used for the cathode. While these
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restrictions can be achieved in a research setting, it would be rather difficult to scale
such devices to a large capacity manufacturing environment. By contrast, a silicon
p-n junction LED can use the same metal for both anode and cathode, and the
interelectrode spacing can be much larger than in PLEDs. This is because the high
conductivity of the doped regions permits both ohmic contacts with the electrodes
and efficient charge transport to the p-n junction where recombination occurs.
In 1995 Pei et al. introduced the light-emitting electrochemical cell (LEC).[30]
The mode of operation of an LEC was found to be fundamentally different from that
of a traditional PLED. Rather than the active area consisting only of a conjugated
polymer, the polymer in an LEC is blended with a salt and a solid state ionic conductor. The salt and ionic conductor together constitute an electrolyte, and a variety
of materials with different structures have been used in this role. LECs take advantage of the electrochemical doping property of luminescent conjugated polymers when
blended with an electrolyte. The operating mechanism of an LEC is illustrated in
Figure 1.8. Electrons injected from the cathode will reduce the polymer causing a
local non-uniform charge distribution that causes anions to redistribute to maintain
local charge neutrality. Likewise, the injection of holes from the anode lead to the
motion of cations to counter the local charging. In each case, an excess charge carrier
has been introduced to an electrically neutral film, and thus the film has been electrochemically doped. When the p and n doped regions reach one another between
the electrodes, a light emitting p-n junction is formed. The p-n junction operates in
the same way as an inorganic p-n junction: the injection of minority charge carriers
leads to recombination in the vicinity of the junction.
By its very nature, the in situ electrochemical doping process is balanced. A
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Figure 1.8: Operating mechanism of an LEC. A series of schematics at top and
corresponding photos of an actual LEC in operation below under UV illumination.
At left is a pristine film, with cations and anions evenly distributed throughout the
film. At centre a voltage has been applied across the electrodes. The oxidized and
reduced polymer chains are being surrounded by anions and cations doping the film.
At right is a fully turned on LEC with a light emitting p-n junction between the
electrodes.
perfectly centered p-n junction would lead to equal doping concentrations as well,
however it is typical to find that the rate of propagation of p and n doping is uneven
due to the different cation and anion mobilities.[31] The resultant off-centre junction
indicates unbalanced doping concentrations, leading to unequal charge injection barriers for electrons and holes. It has been shown that by changing the salt ions in the
LEC the location of the junction can be tuned.[32]
The doped polymer is very conductive, with a conductivity several orders of magnitude higher than the undoped polymer.[9] The electrode material and device thickness are thus less significant in an LEC because ohmic contacts are made with the
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heavily doped polymer. Therefore LECs can use air-stable electrodes and still achieve
balanced charge injection unlike in a PLED where the electrode materials are critical
to achieving balanced injection.
The turn-on process of an LEC is dynamic and reversible. The ions must be mobile
in order to dope the film and form a p-n junction, but once the applied voltage is
removed, the ions will rearrange and the doping will recede. There is a window of
electrochemical stability, however, where an LEC operated at a voltage outside that
window will become over-doped and permanently altered. This stability was observed
in cyclic voltammetry characterizations,[33] and confirmed by others characterizing
their own devices.[34–37] Over-doping can break polymer conjugation and split the
polymer chain, leading to a reduction in conductivity and EL.
Since the junction is formed each time a voltage is applied, the response time (time
between applying voltage and when 90% of maximum EL is achieved) is typically on
the order of milliseconds to minutes in the sandwich configuration.[9, 30, 38] This
is a large step backwards from the ∼100 ns response time of PLEDs.[39] The ideal
situation for an LEC would be to turn-on the device and then remove the ionic
conductor, leaving the ions fixed in place with a permanently doped film. The ionic
conductivity of most materials used in LECs is heavily dependent on temperature. As
such, after the formation of a p-n junction, by cooling the device low enough, ionic
motion can be frozen in place and a frozen junction formed.[40] Device operation
becomes unipolar with an I-V -L curve that looks similar to an inorganic p-n junction.
The response time is greatly reduced as well since the junction does not need to be
reformed each time a bias is applied. Response times with an upper limit of ∼25 µs
have been measured, but were limited by the response time of the photodetector
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PLED

LEC

Active layer

conjugated
polymer

luminescent

conjugated
luminescent
polymer, salt, and ionic
conductor

Thickness

∼50 – 150 nm

highly insensitive

Anode

high work function

relatively insensitive

Cathode

low work function

relatively insensitive

Response time

∼100 ns

∼1 s∗

Turn-on voltage
∗

> Eg , sensitive to thick- > Eg
ness
Much smaller response time in frozen junction LECs
Table 1.2: Comparison of PLED and LEC properties.

used.[40, 41]
A comparison of the properties of PLEDs and LECs is given in Table 1.2, as
adapted from [9].

1.2.1

LECs as PV cells

It was quickly noted that a frozen junction LEC will produce a current in response to
optical excitation of the junction region.[42] Electron-hole pairs formed near the p-n
junction become separated by the built-in field and are transmitted to the cathode
and anode through the heavily doped polymer regions. This idea was first exploited as
a functioning PV cell by Gao et al. in 1998.[43] Their cell was a donor-acceptor blend
mixed with an electrolyte to provide LEC properties, and the device was made in a
sandwich configuration. With a device cooled to 100 K after turn-on, VOC of 1.2 V
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and JSC of 13 µA·cm−2 were obtained, with an overall power conversion efficiency
of ηp = 0.1%. This result was compared to the efficiency of the same cell without
turning on and freezing a junction: the frozen junction had a more than 50× greater
efficiency.
Poly(ethylene oxide) (PEO), one of the most commonly used solid state polymer
ionic conductors, must be cooled below the glass transition temperature (Tg = 206 K)
to freeze the ionic motion.[31, 43] A frozen junction PEO device is made by turning
the device on at about room temperature and subsequently cooling to < 206 K. This
is clearly not ideal for most applications, but other materials can operate at higher
temperatures, and there is even a claim of “room temperature” frozen junction devices
where they were initially turned on at an elevated temperature and then cooled back
to room temperature.[41] These devices used crown ether, a material with a lower
ionic conductivity than PEO, and were turned on at temperatures of 60 – 80◦ C before
being cooled back down to room temperature. These devices recorded a VOC and JSC
of 1.8 V and 0.1 µA·cm−2 .
Another unique approach to the frozen junction was a chemically stabilized junction, where polymerization between p and n doped regions fixed the junction in
place.[44] This was achieved by the use of ion-pair monomers for the electrolyte
component, and then the radical polymerization of these monomers after junction
formation, fixing them in place within the film. For a device of this fashion, the
reported PV parameters were a VOC of 1.05 V, ISC of 637 nA, and F F of 0.3 under
1000 W·m−2 illumination.
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Planar LECs

The aforementioned insensitivity that LECs have to thickness, allows the possibility
of an entirely different device structure. Planar (or surface cell) LECs have been
demonstrated for sizes as large as 11 mm by our group,[31, 32, 45–54] offering incomparable access to the active cross section of the device. This structure is compared
to the sandwich cell structure in Figure 1.9.

Figure 1.9: Sandwich and planar (surface) cell LEC configurations.
The planar structure was highly useful in elucidating the operating mechanism of
LECs, allowing the turn-on process to be observed visually in situ as already seen
in Figure 1.8. The first report of an LEC included work in a planar structure (Figure 1.10) that formed a basis for the original description of an LEC’s operation.[30]
In 1996 Dick et al. measured the optical beam induced current in a planar
LEC.[42] With this technique, a planar LEC with 22 µm space between the electrodes was turned on, the applied bias removed, and then an optical beam scanned
across the device measuring the photocurrent at each location. It was found that current was being produced only in the vicinity of the junction, confirming the presence
of a built-in electric field and a photovoltaic effect. The location of the junction was
also confirmed by observing photoluminescence (PL) quenching of the doped regions.
PL quenching of the doped LEC film occurs as the introduction of an intermediate
energy level permits non-radiative multiple-step recombination.[55] This characteristic allows direct imaging of the doping and turn-on mechanism of the device. It gives
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Figure 1.10: Interdigitated planar LEC. The gold electrodes are 15 µm apart
and the active layer is PPV/PEO/LiTf. Image reproduced from [30].
contrast when imaging a large planar device operating under UV illumination, as the
p and n doped regions appear darker than the pristine film. Direct observation in
planar cells has permitted the quantification of doping propagation speeds and the
effects of temperature and different salts on said speeds.[31, 32] Although LECs are
generally considered insensitive to electrode materials, the sensitivities that do exist
have been probed with direct observation as a primary tool. These studies provide
insights that aid in tuning the efficiency of sandwich cell LECs.
Another breakthrough was the observation and manipulation of the dedoping
process in LECs. By taking a fully turned-on frozen junction LEC and carefully
raising the temperature to allow the junction to relax, p-i-n junctions with increased
EL and PV efficiencies were fabricated.[52, 54] The relaxation process increases the
breadth of the emission zone, and using this technique, a VOC approaching Eg of the
polymer has been achieved.
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Turn-On and Operating Characteristics

A current and EL vs. time turn-on plot is shown in Figure 1.11 for a 50 µm wide planar
device. The active layer is a blend of MEH-PPV, PEO, and lithium triflate, and it was
turned on at a temperature of 300 K and a voltage of 35 V. The heavy dependence
of doping propagation on temperature and voltage means that the response time
can only be quoted with respect to these parameters, but in this case the time to
reach 90 % of the maximum EL was 400 s (6.5 minutes). EL was first detected 3 s
after application of a bias, implying that it took that long before the p and n doped
regions met and formed a p-n junction. The current is initially very low, because
the intrinsic conductivity of the polymer very low. The low injection current limits
the rate of doping initially, but once the p-n junction junction forms, a pathway for
higher current is opened. The higher current in turn drives further doping on either
side of the junction, and a drastic increase in both current and EL.

Figure 1.11: Turn-on current and EL for 50 µm planar LEC. Device was
turned on at 300 K and 35 V.
An identical device was cooled once the current reached 2 mA. With a frozen
junction, a voltage sweep can be performed, measuring both current and EL, to find
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the voltage at which EL is first detected. This current-voltage-luminance plot is
shown in Figure 1.12, and EL was first detected at 3 V.

Figure 1.12: I-V -L plot for 50 µm planar LEC. Data taken at 180 K and shows
first detection of EL at 3 V.
Lastly, with a frozen junction, the PV properties of the device can be extracted.
As mentioned in Section 1.1.2, this is achieved by successive I − V scans with the cell
both in dark and illuminated. These I − V scans are shown in Figure 1.13, and this
particular cell was found to have VOC = 0.48 V, ISC = 28 nA, and ηp = 1.1 × 10−3 %.
The I − V scan in Figure 1.13 is plotted both as a linear plot (left) and as a semi-log
plot (right) where the y-axis is abs[I] as the dip in this curve corresponds to the VOC
of the device.
This same device after doping relaxation at elevated temperatures achieved a
maximum efficiency of ηp = 1.4 × 10−3 % at which point the VOC was 0.70 V and
ISC was 27 nA. Data for this device was recently collected and provided by Yanguang
Zhang but analysis was performed by the author.
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Figure 1.13: PV characteristics for 50 µm planar LEC. PV parameters
extracted from this plot are: VOC = 0.48 V, ISC = 28 nA, F F = 0.32, and
ηp = 1.1 × 10−3 %

1.3

Motivation and Organization

Advances in the efficiency of polymer LECs have made them more and more attractive
alternatives for display, lighting, and power conversion applications. The research
presented here has the goal of exploiting some of the unique characteristics of LEC
operation to make novel device structures able to improve on the efficiency of current
devices. In particular the goal herein is the improvement of the specific emitting area
of planar LECs, and the achievement of high VOC in a two terminal electrochemical
PV cell by the introduction of conducting particles into the film.
The remainder of the document is organized as follows: Chapter 2 outlines the
experimental methods followed; Chapter 3 introduces the bulk homojunction device
concept and efforts to optimize the original device structure; Chapter 4 introduces a
novel structure for bulk homojunctions based on island formation of gold on a polymer
surface; Chapter 5 presents the work of scaling down the bulk homojunction concept
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and the photovoltaic properties of these devices; and lastly Chapters 6 and 7 suggest
directions for future work and offer concluding remarks.

Chapter 2
Experimental Methods
2.1

LEC Materials

Three components make up the active layer of an LEC: luminescent polymer, solid
state ionic conductor, and a salt that can be dissociated and conducted by the ionic
conductor. The latter two components make up a solid state electrolyte. In the work
presented here, the three components are distinct, but other work has been reported
where two of the components were engineered together. For instance, a luminescent
polymer can be functionalized with an ionic conducting side chain,[38, 56] or have an
ion conducting group inserted into the chain as a block copolymer.[57]
The most studied luminescent polymer is PPV and its derivatives. The solution processable PPV derivative poly[5-(2’-ethylhexyloxy)-2-methoxy-1,4-phenylene
vinylene] (MEH-PPV) was used in the work presented here. The chemical structure
and absorption/PL spectra are shown in Figure 2.1. The absorption maximum is
at 490 nm and the PL maximum is at 585 nm (orange-red). The Eg of the polymer is 2.4 eV,[55, 58] and average molecular weights of 2 and 2.5 million were used.
24
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MEH-PPV is an ideal polymer for demonstrating new and unique device structures
because its well-studied nature ensures that new observations can be linked to the
device structure rather than an anomalous active layer property.

Figure 2.1: Chemical structure and absorption/PL spectra for MEH-PPV.
Image reproduced from [59].
The ionic conductor poly(ethylene oxide) (PEO) was used, similarly due to its
well-studied nature. While in the solid state, at temperatures above the glass transition temperature (Tg = 206 K) PEO can exhibit segmental motion.[60] The chemical
structure of this polymer is in Figure 2.2 on the right. High molecular weight PEO
(Mw = 2 million) was used in these studies for its better ion conductivity.
In a solid state electrolyte, large molecular salts are typically used because their
weak bond is easily dissociated. The salt used for the work in Chapter 4 was CF3 SO3 Li
or lithium trifluoromethanesulfonate (lithium triflate) and the chemical structure is
in Figure 2.2. This is again part of the most studied LEC system, and was originally
presented in the first LEC report by Pei et al.[30] The solid state complex between
lithium triflate has a conductivity of ∼ 10−6 Ω−1 ·cm−1 at room temperature.[9] In
Chapters 3 and 5, the salt CsClO4 (cesium perchlorate, seen in the centre of Figure 2.2) was substituted. Studies of the impact of molecular salts in LECs found that
cesium perchlorate gave the most balanced p and n doping propagation speeds in an
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MEH-PPV:PEO LEC film.[32] The change of materials was for the goal of achieving
more balanced doping concentrations that are assured with more balanced doping
speeds.

Figure 2.2: Chemical structures of molecular salts and ionic conductor.
From left to right: CF3 SO3 Li (lithium triflate), CsClO4 (cesium perchlorate), and
poly(ethylene oxide) (PEO).
Aluminum was used for both anode and cathode throughout this work. Aluminum’s intermediate work function leads to a balanced injection of electrons and
holes and this has been noted in doping profile comparisons with other electrode
materials.[49] In bulk homojunction devices presented, small silver and gold particles
were also either embedded in the film or deposited on the film. The details of these
particles are provided in the relevant sections.
Devices were fabricated on sapphire substrates of 15×15×1 mm. Sapphire is used
because it has a high thermal conductivity simultaneous with being a good electrical
insulator. It is also very durable and can be recycled many times.

2.2

Fabrication

The sensitivities of the LEC components necessitates fabrication and testing to take
place in a controlled environment. An MBraun double glovebox system with a dry
nitrogen environment was used for all fabrication steps. Oxygen and water levels were
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maintained at or below 1 part per million. In the presence of oxygen and light, MEHPPV suffers photooxidation that destroys extended chain conjugation by breaking the
double bond in the vinyl group of the MEH-PPV monomer.[61] PEO, lithium triflate,
and cesium perchlorate will all readily absorb water vapour from their surroundings.
In an LEC device, absorbed water can cause swelling and delamination of electrodes
from the polymer film.
LEC solutions were prepared by first weighing the component powders in air before being brought into the glovebox. Items transported into the glovebox were cycled
through vacuum of -30 mm Hg and dry nitrogen purges to eliminate any residual water and oxygen. The LEC components would then be dissolved in cyclohexanone,
which is a common solvent for MEH-PPV, PEO, and both salts used. Solutions were
typically stirred for at least one day at 100 rpm and a temperature of 50◦ C. An MEHPPV solution was prepared separate from a PEO:salt solution and then the two were
combined later. The concentration of the final solutions were dependent largely on the
Mw of the polymers. The concentration was found through trial and error to achieve
a viscosity suitable for spin casting. Typical LEC solutions had w/v concentrations
of 0.5 – 0.7% (Mpolymer /Vcyclo ). In devices with lithium triflate, the LEC solution had
concentrations by mass of 5:5:1 (MEH-PPV:PEO:lithium triflate). In contrast, for
cesium perchlorate the concentrations were 5:5:1.5 (MEH-PPV:PEO:cesium perchlorate).

2.2.1

Spin casting

Before making an LEC film, the sapphire substrate was first cleaned thoroughly.
It went through a series of cyclohexanone, sodium hydroxide, water, acetone, and
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isopropynol baths to clean off any organics or metals that might be contaminating
the surface. At each stage the substrates were sonicated for 10 minutes. The acetone
and isopropanol baths were administered last and then dried quickly with a nitrogen
blower. They then moved to an oven to evaporate any residual solvents, and lastly
went through a UV/ozone treatment to attack any organics that may still be present.
Thin polymer films were fabricated by spin casting on the sapphire substrates from
solution. The sapphire was first blown to remove any dust that might have settled
on it. The typical spin casting procedure followed was to take ≈70 µL solution that
had been stirring at 100 rpm and a temperature of 50◦ C, eject onto the stationary
substrate, then spin for 1 min at 2000 rpm and 2 min at 4000 rpm. The film thickness
is determined by the initial spinning speed and second, faster spin helps to dry the
film. LEC films presented here are approximately 200 nm thick. After spinning, the
films were dried at 50◦ C for at least three hours.
This procedure has proven itself as a simple and effective technique for making
well-controlled thin films. The fast exit of the solvent from the film quenches the
component polymers and salt molecules into a film with high uniformity. This is
essential in an LEC to prevent the multi-component solution from phase separating
during the film formation.

2.2.2

Physical vapour deposition

Aluminum electrodes were fabricated via thermal evaporation. This physical vapour
deposition (PVD) system, illustrated in Figure 2.3, resides within the glovebox system
so that substrates can have electrodes deposited on them without being exposed to
air in transit. In the evaporator, the substrate is suspended above a tungsten filament
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containing pieces of aluminum wire. The enclosure is pumped down to a vacuum of
approximately 10−6 Torr, and then a current is applied through the tungsten filament.
With the increasing temperature of the filament, the aluminum wires melt and start to
evaporate. A quartz crystal is used as a thickness monitor; the change in its frequency
of oscillation can be linked to the quantity of metal deposited on its surface.[62]
When an appropriate deposition rate is found (by varying the current through the
filament), the shutter is moved allowing aluminum atoms to deposit on the substrate.
Thicknesses could be measured to a precision of 1 Å, and the thickness monitor was
calibrated using a profilometer to measure the thickness of a film ex situ.

Figure 2.3: Schematic of a thermal evaporation PVD system.
Electrode patterns were achieved by shadow masking. Shadow masks were custommachined from brass to hold a substrate in place, and have an inverse pattern of holes
through which aluminum would be deposited. In this way electrodes with spacings
as small as 0.5 mm were patterned on top of LEC films. For the work in Chapter 5,
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spacings as small as 50 µm were patterned using the same shadow technique, except
with a thin wire drawn across the film.

2.3

Device mounting and testing

Each fabricated device was mounted into a CryoIndustries cryostat for testing. The
cryostat, seen in Figure 2.4, had the device mounted while inside the glovebox and
then the evacuation port valve was closed prior to removal from the glovebox. The
cryostat was mounted on an optical table and had a vacuum pump connected to
bring the internal pressure down to 10−5 Torr. This procedure ensures that the device
experiences the glovebox environment right until the cryostat is evacuated.
The cryostat was connected to the liquid nitrogen source and temperature controller. The liquid nitrogen enabled the device to be cooled through the copper
coldfinger on which the device was mounted. The temperature was measured and
heating applied directly in the copper coldfinger near the device. Temperature is
maintained to within 0.1 K of the desired value with this setup.

2.4

Measurements

There are a number of characterization techniques for planar LECs, but it is unfortunately impossible to employ all of them on the same device. For instance, the
device cannot be photographed simultaneous with measurements of EL with a sensitive photodiode. Observational dichotomies exist for imaging vs. measuring EL
during turn-on and for observing a full turn-on process vs. cooling to measure PV
response. To circumvent this, there are normally two or more identical devices made
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Figure 2.4: Microscopy cryostat for device testing. Sample is mounted on the
copper coldfinger below a quartz window for observation. Liquid nitrogen cools the
device indirectly through the coldfinger, and the chamber can be evacuated by an
external pump. High voltage electrical feedthroughs connect to the sample holder for
connections to the device.
on a given substrate that enable a more broad set of tests to be carried out. If one
characteristic is of primary importance, then often full characterization on a single
substrate will not be carried out.

2.4.1

Imaging

For larger devices where a lower magnification and large field of view was desired,
imaging was carried out with a Nikon D200 10 megapixel DSLR camera with a Tamron
90 mm 1:1 macro lens. The 15 mm substrate fills the entire camera sensor in this
configuration. With the edges of the substrate within the field of view, a scale exists
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for extracting distance measurements from these images. A 4W 365 nm fluorescent
lamp was used for UV imaging of the device so that contrast from PL quenching
could be directly observed.
For smaller devices where a higher magnification was required, a Nikon L-1m
optical microscope with either a 5× or 10× objective was used with a QImaging
CCD camera. For UV imaging in this setup a super-high pressure mercury lamp
through a UV band-pass filter was used as a source. The source could be attenuated
to a suitable intensity with neutral density filters. The increased magnification from
the optical microscope came at the expense of sensitivity as the objectives could not
collect as much light as the large macro lens. The microscope has a fixed focal length,
so by imaging a microscopy measurement grid with each objective, a scale could be
found for making measurements in images that had no standard dimension.
In both setups, settings and time-lapse images were computer-controlled with typical exposures of 2 – 4 s and images taken with a frequency of 6 – 10 min−1 . The D200
camera was controlled by Nikon Capture software, while the QImaging camera operated with QCapture software where focusing could also performed on the computer
monitor.

2.4.2

Electrooptical measurements

A Keithley 237 High Voltage Source-Measure unit was the principal piece of equipment for the electrical characterization of LEC devices. With a maximum voltage of
1100 V for currents under 10 mA, the measurement sensitivities of 10 µV and 10 fA
are remarkable. During the turn-on of a device with a constant voltage, the Keithley
both acted as the voltage source and simultaneously measured the currents.
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For relative EL monitoring, a Hamamatsu S2281 silicon photodiode amplified by
a Hamamatsu C2719 amplifier was placed over the cryostat’s window. The whole
assembly was covered to avoid stray light, and the voltage on the photodiode was
monitored by a multimeter. Absolute luminance measurements were carried out in a
dark room with a Minolta LS-110 luminance meter with a sampling area of 1 mm2 .
The luminance measurements made were for a 0.5 mm wide device, and thus the
emitting area filled only slightly more than half of the sampling area.
The control and measurement of voltage, current, photodiode voltage, and temperature were all controlled by a LabVIEW program. Measurements were recorded
with a frequency of about 1 s−1 .
For PV characterization a Solar Light Co. 16S-300V3 solar simulator was used at
an intensity equivalent of one sun (1000 W·m−2 ) through an Air Mass 1.5 (AM 1.5)
filter. The AM 1.5 filter simulates the atmospheric filtering by 1.5× the quantity of
atmosphere between the surface of the earth and the zenith. Again using the Keithley
237, I − V scans were made both with the PV cell illuminated and in dark.

Chapter 3
Fabrication of Bulk Homojunction
LECs
Planar LECs have a small specific light emission area relative to the device area. As
the inter-electrode spacing increases, the relative emitting area decreases. The doped
polymer surrounding the p-n junction quenches luminescence with non-radiative recombination, a source of inefficiency in an LEC device. On the other hand, one of
the most intriguing characteristics of an LEC is its relative insensitivity to electrode
materials. This quality alone should make LECs the ideal platform on which to
fabricate tandem devices without the complicated processes seen elsewhere.[63, 64]
By simply adding small metallic particles to an LEC solution prior to spin casting
a film, the current and EL characteristics can be drastically modified.[65, 66] Upon
the application of a large bias, a device of this kind will form many small junctions
and have nearly uniform EL from the entire active region. This chapter explores a
simple fabrication process for making bulk-emitting LECs, and the optimization of
the process for increased reproducibility.
34
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Multiple junction LECs

The first tandem LEC device was reported in 2003 by Gao and Dane.[46] Two 1.5 mm
devices based on different luminescent polymers were turned on in series. The anode,
cathode, and floating central electrode were all aluminum and were deposited in one
step with a simple shadow mask. This device in operation is reproduced in Figure 3.1.

Figure 3.1: Two LEC devices turned on in series. Image reproduced from [46].
By adding more electrically floating electrodes and scaling them down in size and
spacing, many p-n junctions were able to be made in series with only two contacts.
These ‘multiple junction devices’ were characterized in [65]. The fabrication was
carried out by evaporating aluminum through a carefully constructed wire shadow
mask with many wires aligned next to one another with a consistent spacing between
them. Figure 3.2 shows the device as fabricated and in operation. The concept
of placing PV cells in series to achieve the desired open circuit voltage has been
around for as long as solar cells have, but it is most often done by wiring multiple
cells together externally rather than within the device architecture. A review of this
concept in organic solar cells is found in [64]. The PV response of several multiple
junction devices is summarized in Figure 3.3, where the largest VOC ever reported for
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a single two-terminal device is found: 63.5 V for a 53-junction device. This device
was tested under 40 mW·cm−2 blue/UV laser illumination (with wavelengths 325 nm
and 442 nm simultaneously).

Figure 3.2: Characterization of 53-junction device. left, A 53-junction device
imaged under room lighting before turning on. middle, The same device imaged
during turn-on in dark at 320 K and 565 V with effectively uniform emission. right,
Close-up image showing individual p-n junctions. Image reproduced from [65].

Figure 3.3: Open circuit voltage of multiple junction devices as a function
of number of junctions. Image reproduced from [65].

3.2

Bulk homojunction LECs

A more elegant solution for fabricating LECs with high emitting areas that also
generate a high VOC involves the inclusion of small metallic particles in the film.
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Such a method would be easily scaled to different device dimensions and removes
the need for careful electrode patterning as required for multiple junction devices.
This structure was realized by Tracy and Gao in 2005,[65] and further explored in
2006.[66] By mixing micron-sized metallic particles with an LEC solution, so-called
bulk homojunction devices were fabricated where thousands of light-emitting p-n
junctions were formed in a single two-terminal device. Examples of these devices,
made with ITO particles, are shown in Figure 3.4.

Figure 3.4: Red, green, and blue bulk homojunction LECs. a, 2 mm MEHPPV device operated at 315 K and 600 V. b, 2 mm green-emitter operated at 320 K
and 500 V. c, 1.5 mm blue-emitter operated at 335 K and 700 V. All photos taken in
dark at f/16 and a 1 s exposure. Image reproduced from [66].
Although the nominal particle sizes are typically on the order of ∼1 µm, the particles tend to aggregate in final bulk homojunction films. This is evident in the analysis
of scanning electron microscopy (SEM) images of a green-emitting ITO particle device
as seen in Figure 3.5.
The mechanism of bulk homojunction formation is visualized by fabricating a
regular planar LEC with a single floating dot of aluminum in the centre achieved
with a customized shadow mask and vapour deposition. As seen in Figure 3.6, one
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Figure 3.5: SEM image of ITO in green LEC film. Nominally < 1 µm in
diameter, the ITO particles were found to aggregate into clusters as large as 60 µm
across. Image reproduced from [66]
aluminum dot produces two junctions in series. Such a pattern is expected to form
between each of the metallic dots embedded within the LEC film, resulting in many
junctions formed in series and in parallel.

Figure 3.6: Floating aluminum dot in a planar LEC. a, PL before turn-on;
b, at beginning of turn-on; and c, with a fully formed junction. d, EL from two
junctions taken in dark. Image reproduced from [65].
Due to their unique and complex combination of series and parallel p-n junctions
being formed simultaneously, bulk homojunctions have a rather different signature
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turn-on profile. As seen in Figure 3.7, both the current and EL peak far earlier and
higher in the bulk homojunction device when compared to the control device. The
onset of EL is seen to occur almost as soon as the voltage is applied due to the short
distance that the doped regions must travel in order to form p-n junctions.

Figure 3.7: Current and luminance during turn-on of a green bulk homojunction. 2 mm devices, where the bulk homojunction has ITO particles embedded
in the film and was operated at 325 K and 700 V compared to the control at 330 K
and 700 V. Image reproduced from [66].
The highest open circuit voltage for a bulk homojunction achieved thus far is
25.5 V and had an ISC of 0.6 nA. This device was a 2 mm green-emitting device
similar to that shown in Figure 3.4b. The device was turned on at 325 K and 600 V
and was cooled to 200 K once the current reached approximately 5.5 µA. This device
was also characterized under illumination from a blue/UV laser at 40 mW·cm−2 , and
the I − V curve is shown in Figure 3.8.

CHAPTER 3. FABRICATION OF BULK HOMOJUNCTION LECS

40

Figure 3.8: I − V curve for 2 mm green bulk homojunction. Device was
turned on at 325 K and 600 V, cooled to 200 K when its current reached 5.5 µA and
achieved VOC = 25.5 V, ISC = 0.6 nA. Image reproduced from [65].

3.3
3.3.1

Optimizing fabrication
Fabrication technique

Although the results for the new device structure presented by Tracy and Gao were
promising, the fabrication technique was not optimized and thus results were not
easily reproducible. A major concern was the aggregation of particles, with clusters
on the order of 60 µm forming from ITO particles whose nominal diameter was less
than 1 µm (seen in Figure 3.5). The fabrication process utilized by Tracy consisted of
two important steps: solution preparation and spin casting conditions. Typically, all
LEC components in powder form were added to a vial together with some metallic
powder. Cyclohexanone was added last, and the mixture was stirred and heated to
properly dissolve the LEC components. When a film was to be spin cast, the solution
was stirred, and then sonicated for a short time to break up any aggregates. After
the sonic agitation, the mixture would be allowed to settle for approximately an hour.
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This settling time was intended to eliminate large aggregates from appearing in the
final film. Solution was drawn from the top third of the vial for spin casting.
Understanding the original fabrication technique allows for systematic attempts
to improve upon it. Efforts to improve upon the reproducibility and particle sizes in
the final films are discussed in the following sections.

3.3.2

Size selection of metallic particles

The metallic particles for all bulk homojunction studies to date were purchased in
powder form and specified to contain spheres between 0.5 and 5 µm of a given material.
In practice, as seen above, the spheres were found to aggregate into clusters up to
60 µm across. The primary goal of this research was to eliminate the large aggregates
from the final films. The silver powder used in these studies had a specified diameter
of 0.5 – 1 µm.
A simple treatment of a small sphere of radius a settling in a liquid finds that
the time taken to fall a given distance is proportional to a−1 .[67] Thus small spheres
take longer to settle out of a solution than larger spheres of the same density. The
viscosity and the density of the supporting liquid both also impact the time, with more
viscous or dense liquids increasing the time for particles to settle. With this in mind,
experiments were designed to try to separate small particles from large aggregates by
allowing mixtures with the particles to settle before use.
An LEC/silver particle mixture was allowed to settle without agitation for times
between one minute and 48 hours. This technique mimics the original fabrication
methods with the added settling time and is shown in the top of Figure 3.9. From
SEM images, the particle sizes did not seem to vary greatly for different settling times
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(Figure 3.10). Furthermore, the adverse effects of an improperly stirred LEC solution
on final device characteristics made this technique ill-suited to device fabrication.
An additional materials problem also arose where white spots were visible in LEC
films (without silver particles) under 5× and 10× magnification in room lighting.
These spots were thought to be undissolved MEH-PPV and although they were not
detrimental to device operation they did obscure the process of determining which
species in an SEM image were silver and which were the spots visible under an optical
microscope.

Figure 3.9: Flow diagram of solution preparation. At top is original fabrication
process while the lower diagram shows modified technique.

Figure 3.10: SEM images of silver particles settled in LEC solution. a – g, LEC films with silver particles
embedded where the solution was allowed to settle for between one minute and 48 hours before spin casting. Images
are magnified at 500×. h, A tilted view of the film in a at 2000× magnification. i, The film in b magnified at
20,000× to show film morphology.
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To rectify both the issue of identifying particles in the SEM images and the problems with device performance degradation in films from unstirred LEC solution, a
silver/cyclohexanone mixture was spin cast on a silicon substrate for SEM imaging.
Samples were again made after several settling times, but in this case the time scale
was reduced to a maximum of 20 minutes due to the lower viscosity of cyclohexanone
as a supporting liquid. The SEM images are seen in Figure 3.11. After a settling
time of 5 minutes nearly all large aggregates were eliminated. There still remained a
small number of particles on the order of 10 µm across, but these were less numerous and smaller than the clusters that appeared in Figure 3.5. The majority of the
settling occurs within the first five minutes in cyclohexanone. With knowledge of the
approximate particle sizes resulting from this technique, a full LEC bulk homojunction solution was made by adding some of the silver/cyclohexanone mixture to an
already-prepared LEC solution, as seen in the bottom of Figure 3.9.
A careful balance must be met when selecting silver particles in this manner. On
one side, it is desirable to have a tight distribution of small particles in the final film,
while there is a simultaneous need for a high particle density with short inter-particle
spaces. Moreover, in order to achieve a sufficiently thick film, the solution’s viscosity
must be maintained and thus diluting with too much silver/cyclohexanone can also
have a negative impact. With these constraints in mind, an LEC solution was made
with silver particles added that had been settled in cyclohexanone for five minutes.

3.4

Bulk homojunctions with selected particles

Bulk homojunction LECs were fabricated with a solution of MEH-PPV:PEO:CsClO4
containing silver particles that had been settled in cyclohexanone for five minutes
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Figure 3.11: SEM images of silver particles on silicon. Particles were spin
cast on silicon from mixture with cyclohexanone after settling for a, 0, b, 5, c, 10,
and d, 20 minutes.
as described in the previous section. The bulk homojunction solution was stirred,
sonicated to break up any aggregates that may have formed in solution, and then
continued stirring up until some solution was taken for spin casting. Aside from
the added step of sonicating the solution shortly before a film is spin cast, device
preparation was identical to the preparation of a standard planar LEC.
Similar devices were fabricated at different times using the same solution and were
found to have consistent results. A representative 0.6 mm device is profiled here. The
turn-on current and EL are shown in Figure 3.12, where the device was turned on at
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290 K and 1000 V and cooled to 180 K upon reaching a current of about 6 µA. As is
expected in bulk homojunction devices, the onset of EL is nearly instantaneous with
the application of a voltage bias.

Figure 3.12: Turn-on profile of 0.6 mm silver particle bulk homojunction.
Device was operated at 290 K and 1000 V; it was cooled to 180 K once the current
reached 6 µA.
After the device was cooled, a voltage sweep found that EL was first detected at
a bias of 120 V. This large turn-on voltage is consistent with many junctions formed
in series and parallel. A photograph of the device operating at 180 K and 1000 V
is shown in Figure 3.13. The exposure was quite long since the device is very dim
when operating at such a low temperature, but the image clearly shows the uniform
junction density.
The frozen bulk homojunction device is suitable for PV testing. Dark and illuminated PV scans are found in Figure 3.14. The device was found to have VOC = 10.1 V,
and an efficiency of ηp = 1.3 × 10−5 % under illumination of 1000 W·m−2 . The VOC
is several times the Eg of the polymer (2.4 eV) and indicates that there are many
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Figure 3.13: Image of frozen junction bulk homojunction. The same device
as in Figure 3.12, operated at 180 K and 1000 V. Image was taken in dark with an
exposure of 30 s, f /11, and ISO400.
junctions being formed in series. The efficiency of the device is quite low due to the
very low ISC associated with the high series resistance of the device configuration.

Figure 3.14: PV response of 0.6 mm silver particle bulk homojunction.
Device had VOC = 10.1 V, ISC = 0.22 nA, FF= 0.26, and ηp = 1.3 × 10−5 %.

3.5

Conclusions

A new technique for the preparation of bulk homojunction solutions was presented
here. A systematic study of the settling of silver micro-particles both in a solvent
and solution was carried out with the goal of finding a method to eliminate large
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aggregates from the final bulk homojunction film. A simple technique of mixing the
silver particles with a solvent (cyclohexanone) and then allowing the mixture to settle
on the order of five minutes was found to efficiently eliminate large aggregates from
the top section of the mixture. When particles chosen in this fashion were added to
an LEC solution, the resulting bulk homojunction devices could be reproduced with
ease.

Chapter 4
Gold Nano-Island Bulk
Homojunction LECs
As mentioned in the Statement of Co-Authorship, the work presented
here is to be published in [1]. Citations throughout are omitted throughout
the text, but images are referenced as usual.
The bulk homojunction devices, both presented previously by Tracy and Gao[65,
66] and in Chapter 3, show promising improvements to EL current efficiency, specific
emitting area, and open circuit voltage, but are clearly not optimized systems. If
sandwich cell bulk homojunction devices are to be realized, there are two primary
issues to address: how well does the bulk homojunction system scale down, and how
can we embed nano-particles throughout the cross-section of the polymer film? In this
chapter, I address the scaling issue with a novel bulk homojunction device structure
operating with true nano-particles.
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Thin film growth

Thin film crystal growth is of immense importance to a wide spectrum of microfabrication architectures. The properties of the finished films often depend heavily on the
processes that occur during the early stages of growth. Polycrystallinity, for instance,
is caused by independent crystal grains developed early in a deposition that grow
to make contact with one another throughout the film growth. The nature of the
polycrystallinity of a film affects conductivity and mechanical robustness.
Some of the most commonly used film growth techniques, both historically and
presently, are variants of physical vapour deposition (PVD); broadly speaking, evaporation and sputtering. A simple schematic of a thermal evaporation PVD is shown in
Figure 2.3. In evaporator systems, atoms evaporate from the source at relatively low
energies (∼ 0.1 eV). The mean-free-path of the particles is typically larger than the
source-substrate distance, meaning that there are a negligible number of collisions between the atoms in the vapour phase. Sputtered atoms typically have comparatively
high energy (∼ 2 − 30 eV), and a mean-free-path smaller than the target-substrate
distance, resulting in many collisions before depositing on the substrate. These general properties, as well as a more detailed comparison of the techniques, have been
compiled by Ohring.[62]
While there are differences between the properties of sputtered and evaporated
thin films, many of the fundamental growth processes can be considered with the
same models. The properties presented here are focused on evaporation systems due
to the equipment available in our laboratory. It is expected, however, that similar
results could be obtained with sputtered films.
Islands that form at low coverage will gradually grow into one another causing
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grain boundaries that are visible in the final film morphology. There have been a
number of thorough reviews covering various aspects of island formation and very
thin film deposition.[68–71] There have also been a number of applications reported
for the island formations themselves; these include the growth of quantum dots [72, 73]
and catalytic surfaces [74–77]. In 1958, Bauer outlined the modes of crystal growth on
a surface as shown in Figure 4.1.[78] These growth modes provide a valuable intuitive
nature to the processes involved, and are well summarized by Venables et al.[68],
whose description I have followed here.
Figure 4.1a shows the layer growth mode (known as Frank van der Merwe). Here
the deposited atoms are more strongly bound to the substrate than to one another,
and thus preferentially form layer upon layer on the surface. Layer growth is observed
in some adsorbed gases on graphite or metal surfaces, as well as in metal-metal and
semiconductor-semiconductor growth.
In contrast, island growth (or Volmer-Weber) is shown in Figure 4.1c. In this case
the deposited atoms are more strongly bound to one another than to the substrate,
resulting in incomplete coverage of the surface and three dimensional (3D) growth
into islands even with little material deposited. Island growth is commonly observed
in metal on insulator systems.
Lastly, layer plus island growth (or Stranski-Krastanov) is shown in Figure 4.1b.
As the name suggests, this is somewhat of a hybrid of the two other growth modes.
Here one or more monolayers first form on the surface as a wetting layer. A strain
eventually forces further layers to form islands. A mismatched lattice parameter
between the adsorbed atoms and the substrate is be the cause of this mode of growth.
Film growth on polymer surfaces is considerably less documented in literature,
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Figure 4.1: Crystal growth modes. a, is layer (Frank van der Merwe), b, is
layer plus island (Stranski-Krastanov), and c, is island (Volmer-Weber).[68, 78] θ
is the normalized coverage (for instance, θ < 1 ML means less than one monolayer
equivalent mass of material deposited). Further explanation provided in the text.
but a process of interest in both this chapter and the field of polymer electronics
at large. Due to the low cohesion between noble metals and polymers compared
to that of the metal with itself gold exhibits island (Volmer-Weber) growth at low
coverage[79, 80]. By evaporating gold on different polymer films (with different surface
energies), Smithson found a range of gold morphologies and particle shapes as seen
in Figure 4.2.[79]

Figure 4.2: SEM images of gold deposited on polymer surfaces. Low voltage SEM images of 4 nm gold deposited on five polymer substrates. Images are all
200×120 nm. Image reproduced from [79].
Island formation on oxides, smooth surfaces, or on polymer presents a possibly
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useful technique for fabricating nano-particles on a device where other methods are
unsuitable.

4.2

Gold island bulk homojunction

A thin, non-continuous layer of metal becomes a convenient technique for introducing
regularly spaced surface nano-particles onto a device. As has been demonstrated
in Chapter 3, small metallic particles in an otherwise ordinary LEC film can have
drastic effects on the EL and PV characteristics. The particles used in the previous
chapter had issues with size control and particle density. I developed an entirely new
approach to obtaining small, regularly spaced particles in a bulk homojunction device
by growing gold islands either underneath or on top of the polymer LEC film.

4.2.1

Device structure

Due to gold’s known island growth characteristics during thermal evaporation, it was
the first metal to be used for island-based bulk homojunction devices. Both ‘goldon-sapphire’ and ‘gold-on-polymer’ devices were made, as seen in Figure 4.3. While
devices of each kind were capable of turning on as bulk homojunctions, the gold-onpolymer structure was found to be more consistently successful. However, in either
structure the electrodes must be at the same level as the gold islands so as to drive
current as close to the islands as possible.
Thin layers of gold (2.5 – 3.5 nm) were deposited at ∼2Å/min. The resistance
of the gold layer on sapphire was found to be higher than could be measured by a
multimeter when the two probes were touched to the surface. This indicated the
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Figure 4.3: Gold island device structures. At left is the structure of gold-onpolymer devices while the image on the right shows the gold-on-sapphire structure
with the electrodes also deposited underneath the polymer.
absence of any major short circuits. Atomic force microscopy (AFM) was used to
characterize the gold layer on sapphire and is seen in Figure 4.4. By fast fourier
transform power spectral density analysis, the gold nano-islands were found to have
a range of diameters from 18 – 50 nm with an average size of 35 nm and were spaced
on the order of 3 nm apart.

Figure 4.4: AFM image of 3.4 nm gold on sapphire. Gold islands were found
to be approximately 35 nm large and spaced approximately 3 nm apart. Image reproduced from [1].
Despite a number of attempts to image gold islands on the LEC film, proper
contrast was never attained. Standard SEM is ill-suited to the task given the need for
a conductive surface. A common preparation technique to image the morphology of a
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polymer film, for instance, involves the deposition of 5 – 10 nm of gold on the surface
in order to obtain the local conductivity of the film necessary for high resolution
imaging. So, when attempting to image ∼3.2 nm of gold on the polymer, the surface
morphology of the polymer was all that was visible with the SEM. Although an AFM
phase image should be capable of achieving contrast by mapping the surface hardness,
several attempts were unsuccessful in observing contrast between gold islands and
the underlying polymer LEC surface. Although there are most certainly methods for
imaging such a system, such imaging was eventually abandoned due to the limitations
of the available tools.

4.2.2

Gold on polymer

As mentioned above, the gold-on-polymer structure became the primary structure
for gold island bulk homojunction research. This type of device simply turned on
better and more consistently than the alternative gold-on-sapphire structure due to
the improved electrical contact between LEC and electrode when the electrodes are
evaporated onto the polymer film. A full characterization of these devices is provided
in this section.
Successful bulk homojunction devices with inter-electrode spacings of 0.5 mm and
1 mm were tested. A range of gold thicknesses were also tested, but the results
presented are on the order of 3 nm nominal thickness. This thickness was where the
most uniform EL profiles were observed. Typical device operation was at 280 K and
1000 V (which is the maximum voltage for our experimental apparatus). Up to about
295 K, the devices would still operate as bulk homojunctions, but they would collapse
too quickly to be properly observed.
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Current and electroluminescence
The effects of modifying the polymer surface with a thin layer of gold is clearly visible
in Figure 4.5. The control device was shadowed during the deposition of gold and is
seen turning on like a traditional single junction device in Figure 4.5b. Figures 4.5c –
e show the gold island bulk homojunction during the turn-on process with 1000 V
applied at 280 K. EL is seen to begin along the electrodes and then fill in the region
between the electrodes with a remarkably uniform emission profile. Another 0.5 mm
gold island device is shown in Figure 4.6. Here the image on the left shows the
device early in the turn-on process and the image on the right shows a fully turned
on device. The emission profile appears less uniform than in Figure 4.5e. This is
both due to the higher spatial resolution of the image and the smaller aperture of the
microscope objective resulting in a lower sensitivity and thus the exclusion of any less
brightly-emitting junctions from the image.
A comparison of the EL and current during the turn-on process is given in Figure 4.7. The control device is seen to start with a very low current, and turn on
slowly with a maximum current at about 7 minutes and 90% EL achieved at 200 s
(∼3.5 minutes). The gold island device, however, has immediate EL and a higher
initial current which are both maintained for about one hour. The luminance of a
gold island device was measured to be about 0.22 cd·m−2 , although the actual luminance is somewhat higher than this, given that the 0.5 mm device width did not fill
the luminance meter’s sampling region.
A difference is seen in the larger 1 mm device displayed in Figure 4.8 that otherwise
has identical fabrication parameters to the devices in Figures 4.5, 4.6, and 4.7. The
device is again seen to emit first along the electrode edges and then progressively fill
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Figure 4.5: Turn-on of 0.5 mm devices both with and without thin gold
film. a, Image of two devices before turn-on under UV illumination. On the left is
a control device where no gold is deposited, and on the right is an identical device
except that it has 3.4 nm of gold deposited on top of the polymer. b, The control
device in operation showing doping (quenching of the PL) and EL originating from a
single junction between the two electrodes, turned on at 315 K and 150 V. c – e, Time
lapse images of the device from the right hand side of a taken at > 1 s, 6 s, and 36 s
after turn-on in dark at 280 K and 1000 V. The camera’s exposure settings were 2 s,
f/16, with ISO 400. Image reproduced from [1].
in the central region with many light-emitting p-n junctions. The emission profile is
markedly less uniform than that of Figure 4.5. MEH-PPV has an energy gap of 2.4 eV,
and thus an applied voltage of 1000 V would be capable of turning on a maximum of
∼400 p-n junctions in series. It is reasonable to expect a lower density of EL if one
assumes the same density of gold islands. This device displayed far less EL intensity
and a lower driving current, consistent with an increased bulk resistance.
A unique characteristic of these devices is the fact that they turn on first from
the electrode edges, after which the centre of the device is filled in. We believe that
the thermal deposition of aluminum disturbs the gold islands on the surface at the
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Figure 4.6: 0.5 mm gold island device imaged under optical microscope.
The left image was taken coincident with application of a voltage bias and the right
image at 50 s. Exposure was 3 s, ISO400 (D200 camera connected to optical microscope), and contrast has been adjusted for printing purposes. Right image reproduced
from [1].

Figure 4.7: Current and EL vs. time for 0.5 mm control and gold island
device. a, Turn-on of a control device with no gold deposited at 315 K and 150 V;
b, Turn-on of identical device with 3.4 nm of gold deposited on surface of polymer at
280 K and 1000 V.
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Figure 4.8: Time-lapse images of a 1 mm planar MEH-PPV device with
3.4 nm of gold deposited on the polymer. a Device with no voltage applied.
b – d Photographs taken > 1 s, 15 s, and 90 s after turn-on at 1000 V, 280 K. Exposure
settings were 8 s, f/11, ISO 400.
edge. The central region acts as a partial short, leaving what appears to be two
single junction devices turned on at the electrode edges initially. The partial short of
the gold-on-polymer system is evident in the high initial current of the device. This
means that there is a significant current density through the gold film that is not
doping the polymer underneath.
In addition to the high uniformity EL observed in this kind of device, an important
characteristic of planar LECs in general was also ascertained. The cross-sectional
current density of a planar LEC is very non-uniform. Numerous attempts at making
a gold-on-sapphire bulk homojunction had the polymer layer between the gold and
electrode layers. None of these devices operated as bulk homojunctions, instead
turning on as regular single junctions where the presence of the gold islands had
no effect. The thickness of the films in this research was about 200 nm and there
must not have been significant current through the polymer film on the opposite
side of the electrodes. This is evidence to support a previous claim that the current
density of a planar LEC is primarily through the surface where contact is made to
the electrodes.[53] In the bulk homojunction gold island devices that did work, we
understand that the current density must be limited to only the first few nanometers
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of the film, since the gold’s penetration into the polymer film is expected to be
negligible.[81]

PV response
Though attempted on many devices that operated as uniformly-emitting bulk homojunctions, a notable PV response of gold-on-polymer devices was never realized. The
maximum VOC achieved was on the order of 1 V, while most devices had an even lower
response. Considering the significant values of VOC in particle-based bulk homojunction devices, this result was neither expected nor desired. A further discussion of this
result is found in Section 5.1.2

4.3

Conclusions

This study introduced an entirely new means by which bulk homojunction devices
could be fabricated. The new technique allowed for much smaller metallic particles
in the form of gold islands to be used on an LEC film for generating bulk electroluminescence. The inter-island spacing was smaller than had previously been achieved
in particle-based bulk homojunction devices, and the electroluminescence was of remarkable uniformity across the whole device. Despite these attributes, the absolute
luminance was not particularly high, and the photovoltaic response was effectively
non-existent. As a result, the devices presented here are significantly poorer performers than particle-based bulk homojunction LECs. The drawbacks are, however,
addressed in the following chapter.

Chapter 5
Photovoltaic Response of Scaled
Island and Particle Bulk
Homojunction LECs
The gold-on-polymer structure was found to be a viable means of creating robust,
densely-emitting bulk homojunction LEC. Three goals became clear for advancing the
research: scaling the devices, obtaining PV responses from island devices, and using
a different material in a similar device structure. By changing the metal deposited on
the LEC film, vastly different devices from those in Chapter 4 were fabricated whose
properties meant that the goals of PV response and small devices could be achieved.
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Silver island bulk homojunction
Large planar devices

Silver was chosen as a substitute for the gold layer because its work function is
similar to aluminum and it generates quite well-matched p and n doping rates.[49]
This leads to well-centered emission zones in a planar single-junction device, and this
was thought to be a potential advantage in the bulk homojunction format as well. In
these experiments the salt CsClO4 was used since it has also been found to produce
more centered emission zones.[32]
The use of “large” in “large planar devices” refers to a 0.6 mm electrode spacing.
This dimension was the natural starting point for a device structure since it was
similar to that used in the gold-on-polymer work discussed in Chapter 4. The turnon current of a 0.6 mm device with 3.5 nm silver on top is shown in Figure 5.1. There
is no EL data available because the device was being imaged to determine whether a
bulk homojunction was formed. It is seen that the device turns on very slowly and
with a low current before crashing just after 2000 s. Despite a number of attempts
made with varying turn-on conditions, a bulk homojunction was never realized with
this electrode spacing. All devices turned on as single junctions, and moreover they
all started with a low current (unlike the gold island device as seen in Figure 4.7).

5.1.2

Conductance of the metal layer

The observation of a small initial current in the 0.6 mm device suggested that a silver
film on polymer holds quite different properties from a gold film on polymer. Since
the metal films’ morphology depends on the nature of the surface onto which it is
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Figure 5.1: Current vs. time for 0.6 mm silver island device. Device was
operated at 280 K and 1000 V.
deposited, the best experiment would involve observing the film as seen on an polymer
LEC surface. Unfortunately, the LEC is not a good substrate on which to observe a
thin layer of metal: the LEC is itself conductive with complex ion transportation. As
we have already seen in Section 4.2.1, this system is less than ideal for conventional
surface imaging techniques.
A simple experiment was devised to measure the conductance of the metal film
on the LEC, and to compare the conductivities of gold and silver layers. Since the
ionic conductivity of an LEC is frozen out below the glass transition temperature of
PEO (∼206 K), the LEC film should be highly resistive at such low temperatures.
The experiment consisted of four LEC devices (0.6 mm) on two substrates. On each
substrate, one device was a control while the other device had a 3.5 nm layer of gold or
silver deposited on top. Each device was cooled to 180 K to freeze out ion transport
and doping, and an I − V scan was performed to measure the conductance. The
conductances of the controls were on the order of 10−13 Ω−1 . The silver layer increased
the conductance by a factor of 3.6, while the gold layer increased the conductance by
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a factor of 425. While the silver layer has little effect on the electrical conductance
of the LEC film, the gold layer introduced a partial short across the device. Using a
simple electronics analysis, we can assume that the LEC and the metallic films act
as two independent resistors in parallel. From the conductance measurements made,
approximate resistances of the gold and silver layers are found to be 23 GΩ and 5.5 TΩ
respectively.
In the context of this experiment, the poor photovoltaic response of the gold island
devices is easily understood. It is the introduction of a finite shunt resistance that
reduces the VOC to a negligible value. The devices are able to turn on because the
gold short is in parallel with the LEC film, and thus current can also run in the
LEC to drive doping. Clearly having even a high resistance short across the device
introduces a major route for leakage current and leads to the low power efficiency
realized by the gold-on-polymer devices.
The much higher resistance of the silver film suggests that the nature of the
silver islands on the polymer surface is quite different from that of gold islands. The
silver islands are likely more independent from one another, forming more distinct 3D
islands with a greater inter-island spacing. In the large 0.6 mm devices the number of
islands between the electrodes is more than the 1000 V bias can turn on. So instead
of turning on a bulk homojunction along the surface of the film, a single junction
is turned on underneath the surface. Unlike the gold island devices, the silver layer
does not provide a path for leakage current that keeps the current density high along
the top surface of the LEC. The device structure needed some revision in order to
successfully turn on a silver island bulk homojunction.
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Scaled down silver island bulk homojunction
LECs

As discussed above, it is clear that there are too many independent islands formed in
a silver-on-polymer system for a 1000 V source to turn on all of the possible junctions
in series and parallel. Given this maximum voltage limitation, the best option for rectifying this problem was to reduce the number of islands appearing in series between
the two electrodes by drastically shrinking the electrode spacing. Such a configuration should yield a successful bulk homojunction device based on silver islands on the
LEC film, and may also have interesting new features.

5.2.1

Fabrication

The key difference in fabricating planar polymer LECs with small rather than large
electrode spacings is in the electrode deposition. Typical shadow masks used in prior
research were made of brass and could achieve a spacing of 0.5 mm. To reduce this
feature size without a transition to lithography required a wire shadow mask. A new
“blank” shadow mask was designed onto which wires could easily be attached for the
final mask. In this process it was important to ensure contact between the wire of
the shadow mask and the substrate in order to obtain an accurate feature on the
substrate. It was also found that deposition of aluminum was best performed at low
rates (∼2 – 3 Å·s−1 ) with a thin electrode deposited (∼50 nm). When these guidelines
were not observed, the electrodes would often form with a short across the device.
The thinner aluminum layer is a risk for reduced reliability, especially at the high
voltages applied, but it was found to be a sufficient thickness for these studies.
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Based on the results of the gold island studies and the gold and silver film conductance confirmation, the silver thickness was chosen to be 3.2 – 3.5 nm. This parameter
was kept constant, while the effects of turn-on parameters were investigated further.

5.2.2

Turn-on characteristics

The competition between bulk homojunction and single junction has been alluded
to, but this has particular ramifications in terms of choosing the appropriate turn-on
parameters for a silver island bulk homojunction device. The thin layer of silver on
top of the LEC film makes this issue of competition unique to the island devices; it
is of no concern for the particle-based devices in Chapter 3 since the particles are
larger than the thickness of the polymer film. To quickly approximate the number
of islands in series between the electrodes, the length of an island plus the space
between islands can be borrowed from Figure 4.4 and rounded to 50 nm. One would
expect 1000 islands in a 50 µm spacing, which suggests that we should continue to
apply a maximum voltage in order to turn on as many junctions as possible. If an
elevated temperature on the order of 280 K or higher were to be used with such a
small device and a large voltage, the LEC film below the silver would turn on easily,
creating a single junction rather than a bulk homojunction. In order to circumvent
this problem, the operating temperature must be lowered to drastically slow down
the turn-on process of the single junction LEC while allowing the bulk homojunction
at the interface of the polymer and the silver to turn on. The standard turn-on
temperature used for 50 µm devices was 255 K.
The turn-on current and luminance for a 50 µm device are shown in Figure 5.2.
The initial current is quite low, suggesting that there is not a partial short as was
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present in the gold-on-polymer devices. This feature is also very promising for the
prospect of having favorable PV response once cooled. EL is detectable almost immediately, as is typical in bulk homojunction devices. The very slow turn-on is easily
attributed to the extremely low turn-on temperature of 255 K. Perhaps not surprisingly, this is to date the lowest temperature used to successfully turn on a PEO-based
LEC device. For such small devices with such high voltages, even lower turn-on temperatures should be possible, but as 255 K was sufficiently low to suppress the turn-on
of a single junction below the silver layer, no lower temperature was attempted.

Figure 5.2: Turn-on current and EL of a 50 µm silver island device. Turn-on
conditions were 255 K and 1000 V.
The emission profile of this device is the most uniform with the highest junction
density presented. Images of the EL can be seen in Figure 5.3. Without an optical
microscope, one would be incapable of labeling the device as a bulk homojunction. To
the naked eye only a single line of EL was visible due to the narrow device dimension.
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Figure 5.3: Images of a 50 µm silver island device in operation. a, Device
under UV illumination before application of a bias. b – c, Device in operation 3.5 and
7.5 min after 1000 V bias was applied. Optical microscope with 10 × magnification
was used, with QImaging camera at 5 s exposure.

5.2.3

Photovoltaic response

The device presented in Section 5.2.2 and another like it were cooled to 200 K and
the PV parameters were extracted. The turn-on current for each device is shown
in Figure 5.4. The current progressions in these devices were extremely similar to
one another and therefore the PV response obtained should be highly comparable.
One device was cooled to 200 K when its current reached 7.8 µA, while the other
was cooled when it reached 20 µA. I − V curves for the former device are shown in
Figure 5.5 and for the latter device in Figure 5.6.
The device in Figure 5.5, which is also the device that was imaged in Figure 5.3,
recorded a VOC of 8.3 V. It is promising that this VOC is of the same order of magnitude
as the silver-particle device in Section 3.4 that had more than 10× the inter-electrode
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Figure 5.4: Turn-on current of two 50 µm silver island devices. The device
shown in blue was cooled to 200 K when its current reached 7.8 µA, while the device
in green was cooled at 20 µA.
spacing. The ISC was similar in magnitude to most bulk homojunction devices at
0.094 nA, while the fill factor was 0.24. The I − V curve on the left of Figure 5.5
illustrates the nearly straight-line PV response that results in such a low fill factor. All
together this translates to an efficiency of 4.7 × 10−5 %. The efficiency was calculated
with an area of 8 mm×50 µm and an irradiance of 1000 W·m−2 .
There was a notable difference in the PV response of the second device that was
cooled at a higher current. The PV response (seen in Figure 5.6) saw a slight increase
in efficiency, corresponding to an increase in short circuit current and a decrease in
the open circuit voltage. The fill factor was effectively unchanged as the I − V curve
maintained the inefficient straight line characteristic.
A general observation has been that a device that is turned on to a higher current
before cooling will result in a lower VOC and a higher ISC . Although it is difficult to
prove this trend based on only two devices, this behaviour has been observed through
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Figure 5.5: I − V curves of 50 µm silver island device cooled at 7.8 µA. The
turn-on current of this device is shown in Figure 5.4, and the PV response under
1000 W·m−2 is VOC = 8.3 V, ISC = 0.094 nA, FF= 0.24, and ηp = 4.7 × 10−5 %.

Figure 5.6: I − V curves of 50 µm silver island device cooled at 20 µA. The
turn-on current of this device is shown in Figure 5.4, and the PV response under
1000 W·m−2 is VOC = 6.3 V, ISC = 0.14 nA, FF= 0.24, and ηp = 5.3 × 10−5 %.
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testing many different sets of comparable devices. The increased ISC seems to be
linked to the higher levels of doping, both increasing the built-in electric fields of the
p-n-junctions and reducing the bulk resistance of the device. By reducing the bulk
resistance, however, the balance of series and parallel junctions is shifted towards an
increase in the number of junctions in parallel, lowering the VOC .
The devices analyzed here, in Figures 5.5 and 5.6, are without a doubt the closest
that a planar bulk homojunction LEC has come to the dimensions of a reasonable
sandwich LEC. With this in mind, let us evaluate the efficiency of these devices had
they been sandwich cells. This is merely a quick test to find how efficient sandwich
cell bulk homojunction solar cells could be if they were 50 µm thick, and we were
able to illuminate the entire active region. These are both less than likely to occur (a
50 µm thick film is difficult enough, but light’s absorption in MEH-PPV would restrict
illumination to only a few hundred nanometers at best). Nevertheless, let us continue
with the thought experiment. The only difference from the previous calculations is
the value of the area in Equation 1.1. To make this analogy, we must imagine looking
at the planar cell edge on, through one of the electrodes. A conservative estimate
would take the thickness of the polymer film as the dimension of the active area, but
instead we will be generous. It has already been shown that the current density is
highly non-uniform through the cross-section of the polymer film in a surface island
device (Section 4.2.2) and that gold’s penetration into the film is negligible,[81] and
the same is expected for silver. We will approximate that the active depth in the film
is on the order of 10 nm leaving an active area of 8 mm×10 nm. After reducing the
active area, the efficiency of the device in Figure 5.5 is found to be ηp = 0.23%, and
the device in Figure 5.6 reaches ηp = 0.26%. These estimated efficiencies are still low
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when compared to the state-of-the-art polymer bulk heterojunction solar cells that
reach on the order of 5%, but the calculation is promising. This is a non-ideal device
structure, given that the “thickness” of 50 µm is huge when compared to a typical
sandwich cell. A proper sandwich cell bulk homojunction device would have a much
smaller thickness, and an increase in ISC should accompany it.
An upper limit on the efficiency of a sandwich cell bulk homojunction can be
made by anticipating the limits of the system. If the smallest usable metallic particle
were taken to be about 10 × the diameter of the cation (0.338 nm for Cs)[32] then
particles of 4 nm would be desired. With particles spaced two diameters apart, a
maximum of 17 junctions could be formed in series within a 200 nm thick sandwich
cell. If each junction contributes a VOC of 0.5 V, and the JSC reaches 5 mA·cm2 (half
of that achieved in a planar LEC PV cell),[54] with a conservative F F of 0.25, then
the power conversion efficiency would be ηp = 10.6 %. Such an efficiency would, of
course, depend on making an actual sandwich structure bulk homojunction device,
but the potential for a high efficiency cell exists.

5.3

Scaled down silver particle devices

With the 50 µm and 130 µm wire masks, small devices fabricated from the silver
particle/LEC mixture described in Section 3.3.2 were also tested. The turn-on characteristics are not unlike the bulk homojunction devices of Chapter 3, and so will not
be reviewed extensively. Images of a 130 µm and 50 µm device in operation are shown
in Figure 5.7. The EL profile is similarly uniform in each device, but certainly not as
uniform as the silver island devices presented in Figure 5.3.
The PV response was measured for similar devices that were turned on under
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Figure 5.7: 50 µm and 130 µm silver particle devices in operation. 50 µm device imaged 1 minute after turn-on at 270 K and 500 V with 2 s exposure. The 130 µm
device was imaged 3 minutes after turn-on at 270 K and 1000 V with an exposure of
2 s. Both images are on the same scale.
slightly different conditions. A 130 µm device turned on at 275 K and 1000 V was
cooled when it reached a current of 0.1 mA. This achieved VOC = 4.7 V, ISC = 2.4 nA,
and ηp = 2.5 × 10−4 %. The 50 µm device turned on at 270 K and 300 V, also cooled
at 0.1 mA achieved: VOC = 2.8 V, ISC = 1.3 nA, and ηp = 2.2 × 10−4 %. This latter
result came after relaxing the junction for about 15 minutes at 240 K.
Both of these devices have a higher efficiency than was reported for the silver
island devices. This is due to the noticeably higher ISC here because much more
of the cross section of the polymer film is actively conducting current. The use of
particles that are larger than the thickness of the film means that there is no risk of
turning on a single junction in parallel with the bulk homojunction (as is the case
in silver island devices), so higher turn-on temperatures are used leading to the p-n
junctions being active at a greater depth. Although it cannot be tested, the short
circuit current density of this device structure is not expected to be as high as in the
silver island devices.
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Conclusions

This chapter presents devices that are to date the closest to bridging the gap between planar and sandwich configuration bulk homojunction LECs. The formation
of silver nano-islands on the LEC film was key to this progress as the silver did not
significantly modify a film’s conductivity. That the silver islands remain primarily
independent of one another made the device structure an ideal candidate for a scaled
down photovoltaic cell. A very large open circuit voltage of 8.3 V was reported for
a 50 µm wide device. Although linear scaling is unlikely, if a higher turn-on voltage
were readily available this could potentially equate to a VOC of upwards of 300 V in a
2 mm device (the dimension of the bulk homojunction device that recorded the highest VOC in [65]). These very small planar bulk homojunction LECs have also been
the best indicators of the order of magnitude of the efficiency of a sandwich cell bulk
homojunction. This is an essential step in the development of more practical bulk
homojunction configurations.

Chapter 6
Future Work
6.1

Further control of particle bulk homojunction
LECs

The efforts presented here to choose smaller metallic particles can be improved upon
in two major ways: proceeding with the particle settling techniques or finding new
sources of particles.
To proceed with the settling techniques, one would be interested in obtaining more
detailed data. For instance, what is the ideal settling time for silver in cyclohexanone?
Now that a broad time scale for settling has been established, an investigation with
finer parameters may proceed to find an ideal settling time. Any times that are
determined would be material specific, but with enough data, relations to density and
particle sizes should become apparent. Furthermore, techniques could be developed
where small particles can be selected and added to the LEC solution without diluting
it too much in the process. One potential method would be to take a quantity
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of silver/cyclohexanone as outlined in Section 3.3.2 after the mixture has settled
approximately five minutes. This quantity should then be placed in a new vial and
allowed to settle. After 30 minutes to an hour, all of the small silver particles will have
settled to the bottom in this new vial, and a majority of the cyclohexanone at the top
of the settled silver can be removed as waste. Now the already prepared LEC solution
can be added to the vial with silver particles, suffering very little dilution. This process
is both scalable and controllable, but may present difficulties with the small silver
particles aggregating into larger particles during the removal of cyclohexanone.
Another means for improving particle sizes is to find a new source for the particles.
Most techniques for generating metallic nano-particles involve inclusion of a surfactant
to prevent aggregation. Such a technique vastly increases the shelf-life of the particles,
but also electrically isolates the particles from their surroundings, rendering them
unsuitable for bulk homojunction devices. If nano-particles could be fabricated inhouse, they could hopefully be added to an LEC solution without aggregating into
large particles. One relatively simple method for generating nano-particles on the
order of 10 nm is laser ablation. An Nd:YAG laser is focused onto a foil of gold,
silver, or other metal that is at the bottom of a vial filled with water or another
solvent.[82–86] If this process could be carried out in cyclohexanone and then added
to the LEC quickly enough, it is possible that nano-particles could be embedded in
an LEC film that are three orders of magnitude smaller than previously achieved with
purchased powders.
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Sandwich cell bulk homojunction

If a suitable source of true nano-particles can be found that can be embedded in a
polymer film, the next logical step is the fabrication of a sandwich cell bulk homojunction device. While the planar structure makes fundamental studies accessible,
it is not appropriate for a practical device due to the large bulk resistance and high
voltages necessary for operation. Sandwich cells can be scaled to large areas and have
the benefits of lower bulk resistance associated with thin device dimensions.
Such a device would require not only very small particles (< 20 nm), but would
also need a high concentration of particles spread throughout the thickness of the
film. Neither of these goals would be easily achieved: if the particle size is not wellcontrolled, then a large cluster would easily short across an entire sandwich film.
Even identifying a device as a bulk homojunction would pose difficulties since the
cross section would no longer be readily visible. Identification would require either
the measurement of a VOC > Eg of the polymer, or a large increase to EL efficiency
compared to a control device without any particles added.
Despite the challenges in realizing a sandwich cell bulk homojunction device, it
is ultimately the only possible practical configuration for the architecture in mainstream light-emitting or photovoltaic applications. If a sandwich cell form cannot be
achieved, then the bulk homojunction concept will remain only of academic interest.

6.3

Permanently frozen junction LEC

Although a departure from the contents of this thesis, an idea that I would have
liked to have the chance to explore in more detail was a method that may be capable
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of achieving a permanently frozen junction LEC. If this were possible, the finished
device would barely differ from an inorganic p-n junction LED, and drastically reduce
the temperature dependence of LEC operation. A permanently frozen LEC would
also be a practical candidate for a photovoltaic cell.
The in situ doping in an LEC is fundamental to its operation. The ideal situation
would be to fabricate an LEC, turn on the device, and then remove the ionic conductor
from the film. My proposed fabrication method would involve making a solution
containing only luminescent polymer and molecular salt in a common solvent. Rather
than spin casting directly to a solid film, a film could be drop cast or spin cast slowly
onto pre-patterned electrodes, so as to leave a significant amount of residual solvent in
the film. The device would then be turned on before the film dries, using the solvent
as an ionic conductor. Once the solvent has fully evaporated, the film that remains
should be luminescent polymer with immobile anions and cations throughout that
aided in doping the film.
This idea would be difficult to realize, with much trial and error involved. It is
likely that the salts and solvent used within this thesis would need to be replaced
by more suitable materials. The shift from solid state to wet electrochemistry would
alter the interactions between ions and luminescent polymer such that doping may
not even occur. If success were found with this technique, however, it would be a
significant step toward making an LEC that is market-ready.

Chapter 7
Conclusions
The polymer bulk homojunction presented by Tracy and Gao was an elegant device architecture for improving the low specific emitting area found in planar LEC
devices.[65, 66] By introducing metallic particles into an LEC film, many small p-n
junctions were formed between the particles creating nearly uniform EL from the
entire active area and improving the EL efficiency as compared to control devices. In
their devices, metallic particles of nominal sizes on the order of 1 µm were found to
aggregate into large clumps up to 60 µm across. An important step to scaling this
device concept was to gain improved control over the size and density of the metallic
particles used. This work introduced a procedure for spatially segregating particles
by size for inclusion in a bulk homojunction solution/film. Large aggregates were
eliminated and the resulting bulk homojunction devices could be made with more
repeatable results.
Reducing the particle sizes further was accomplished using a novel approach exploiting island growth of gold and silver on the polymer surface. Slow thermal deposition of a thin gold or silver layer on top of LEC films produced nano-particles
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with a high surface density. With the application of a large bias, the particles acted
as doping initiation sites and a bulk homojunction device would be turned on in the
top layer of the film, just underneath the metal layer. Extremely uniform EL was
observed from these devices, meaning high densities of p-n junctions were present.
With silver as the island layer, narrow planar devices of 50 µm were fabricated that
offered the most uniform EL profile yet observed. In addition, when these devices
were cooled to form frozen junctions, the measured VOC was up to 8.3 V, the largest
observed VOC for such a small device.
The new device fabrication techniques and the entirely new structure for bulk
homojunction devices presented here are an important step to scaling down the device.
These results show that the bulk homojunction device architecture remains valid for
very small particles and particle spacings. For the bulk homojunction structure to
have potential as a practical device, it should be transitioned to a sandwich cell
structure, and this work has provided an important step toward that goal of realworld applications.
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