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Abstract
Given the continual rise of the global population and energy consumption, it is
arguably more important now than ever to reduce the amount of power produced
through the combustion of fossil fuels and to implement more efficient means of
utilizing that energy. This thesis is broken into two parts, the first being focused
primarily on a novel planar concentrating photovoltaic (CPV) architecture, while
the second component is dedicated to understanding the physics of organic light
emitting diodes (OLEDs) operating at high brightness, and methods of enhancing
their stability and commercial viability. The common theme tying these seemingly
disparate fields together is the goal of designing and implementing technologically,
environmentally, economically, and socially sustainable technologies to allow for
better use of the energy that we produce and consume.
The primary contributions of the work herein are as follows. First, we demonstrate that planar CPV is capable of outperforming traditional flat-plate silicon PV
on a performance basis. Second, we establish a facile approach to understanding
efficiency roll-off OLEDs and LEDs by repackaging standard light-current-voltage
(LIV) data into a series of easy-to-interpret plots. Third, we illustrate a method of
converting organic electronics from 2D to 3D structures using kirigami, thereby
opening a route to high aspect ratio, high performance OLEDs in novel form factors.
Finally, we establish a route of coevaporating amorphous fluoropolymers with
organic semiconductors to enable a significant increase in operational temperatures
with little change in the optoelectronic characteristics of functional devices.
We begin with a broad survey of the state of the global energy landscape, and
suggest that low-cost solar power generated via CPV may be part of the solution to
the world’s future energy woes. The design principles and fundamental limits of a
catadioptric planar microtracking CPV architecture are explored, and we find that
in a sunny location like Phoenix, AZ, such a system would be capable of producing
1.7× more energy annually than a traditional flat-panel Si PV module. This work
culminates in a fully automated CPV system < 2 cm thick that operates at fixed
tilt with a microscale triple-junction solar cell at > 660× concentration ratio over
iii

a 140° field of view. In outdoor testing over the course of two sunny days, the
system operated from sunrise to sunset, reached a peak power conversion efficiency
exceeding 30%, and ultimately outperformed a commercial silicon solar cell on an
energy per unit area basis, which points towards the feasibility of CPV as a possible
alternative to silicon-based PV.
The second portion of this thesis provides a brief introduction the device physics
of OLEDs as well as an overview of display and lighting applications. We develop
and test an AC harmonic light and current based analytical framework to better
understand OLED efficiency roll-off, and subsequently extend this technique to
light emitting diodes with inorganic emitters. Various approaches are taken to
bring OLEDs from a two-dimensional form-factor into the third dimension, which
results in OLEDs with an increased brightness on a per-area basis as well as novel
geometries and shapes. Finally, we endeavor to increase the morphological stability
of OLEDs by co-evaporating an amorphous fluoropolymer into their transport
layers, which results in improved current-voltage characteristics, addition to a
> 60 °C boost in device operating temperature. When taken together, these results
all indicate that a range of simple solutions exist to vastly improve the performance
of OLEDs.
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Chapter 1 |
An Introduction to Solar Energy
One of the greatest challenges that humanity will face in the next century is
that of transitioning our energy “diet” from non-renewable sources such as fossil
fuels towards some combination of renewable sources (e.g. geothermal, wind,
hydroelectric, solar, etc.). As this is the first of three chapters focusing on generating
power from the sun, we provide motivation for choosing solar as the renewable energy
source of choice. A brief overview of the field of photovoltaics (PVs) is provided,
and we conclude this chapter with a short review of concentrating photovoltaics
(CPV).

1.1 The Case for Renewable Energy
As of 2017, there were 7.55 billion people on this planet, roughly 200 million of
which were born in the last three years.1,2 Furthermore, the world’s population is
projected to reach 9.77 billion by 2050,2 and because we are a forward-thinking
species that likes to ponder the future, we must ask the question: how can we
sustain our ever-growing demand for fossil fuel/electrically powered commodities
(e.g. automobiles, household appliances, lighting, etc.)? Specifically, what is
the best method of powering our post-industrial lifestyle and ensuring that we
can maintain or expand this opportunity for all peoples? While this will require
continual improvements in power efficiency, we must consider the environmental,
social, and economic impacts of our energy consumption paradigm.
One major consideration is how we might continue to increase our energy usage
as a species without radically altering Earth’s climate. By burning fossil fuels
and releasing greenhouse gas, humans have had a strong hand in recent trends of
1

(a)

(b)

Figure 1.1. (a) Projections of global mean surface temperature increase as a function
of cumulative total global CO2 emissions from different models. Historical data from
1860 to 2010 are indicated in black dots, while the reddish shaded region shows the
range of possibilities predicted by different RCP models and colored dotted lines indicate
their decadal means. Some decadal means have been labeled for clarity. (b) Projections
of global mean sea level rise through 2100 relative to sea levels between 1986-2005.
The blue and red lines correspond to the projected means for RCP2.6 and RCP8.5,
respectively, while the shaded regions indicate likely ranges for sea level rise for either
scenario. Vertical color bars are displayed to the right of the box showing likely ranges
for several scenarios over the period from 2081 to 2100, where the median values are
presented by the horizontal line. Figures adapted from Reference [3].

global warming and sea level rise over the course of the past century.3–6 In order to
better understand anthropogenic impacts on the climate, the International Panel
of Climate Change (IPCC) has been involved in developing climate change models
since the early 1990s,4 and in their fifth and most recent assessment report (AR5),
they use the notion of representative concentration pathways to map out scenarios
that include different assumptions about human activities (e.g. population growth,
energy consumption, greenhouse gas emissions, etc.).
The outcome of these different models is best understood in terms of the ranges
of potential increases in temperature and sea level height as seen in Figure 1.1a and
Figure 1.1b, respectively. The scenarios shown in these figures predict an average
temperature rise of ∼ 2 − 5 °C and sea level rise of ∼ 0.3 − 1 m, either of which
could severely jeopardize global agriculture and displace millions of people who
live on or near coastal regions. Additional complications come in the form of an
increased frequency of severe weather events (e.g. drought, floods, heat waves, etc.),
changes in annual precipitation, the acidification of the oceans, and much greater
2

variability in terms of year-to-year temperature and precipitation from the mean.3,7
Reduction in greenhouse gas emission is essential to mitigate these scenarios.
The International Energy Agency (IEA) releases an annual report describing
tabulated estimates for energy consumption from two years prior.8 Figures 1.2a-b
presents global power usage broken down in terms of the source (e.g. coal, nuclear,
hydro, natural gas, etc.) for the years 1973 and 2015, respectively. The past four
decads have seen little shift away from fossil fuels; gas, coal, and oil comprised
86.7% of power use in 1973 and 81.4% of power use in 2015, with nuclear making up
the majority of that difference. During the same period, global energy consumption
increased by a factor of 2.24, while the population only increased by 1.86×.2 Looking
into the future, Figure 1.2c projects a continued growth in energy usage, largely as
a result of the increased electrification of developing nations7,9 .
The good news is that despite our growing rate of energy consumption, present
estimates indicate that global fossil fuel reserves could sustain a constant burn
of 25–30 TW for several centuries.10 The bad news is that relying solely on these
nonrenewable sources would release catastrophic amounts of greenhouse gasses into
the atmosphere. For reference, continuing to use energy in the same way as we
do presently would result in atmospheric CO2 concentrations of ∼ 8000 GtCO2
along with a concomitant global temperature increase of ∼5 ◦C by the year 2100.
Preventing a 2 ◦C rise requires total atmospheric CO2 concentrations below 450–
1000 ppm.7,9
Because CO2 is chemically stable (i.e. it is only removed via chemical reactions,
such as photosynthesis) long-term removal of CO2 occurs by convection between the
atmosphere, the ocean, and the biosphere. Atmospheric CO2 equilibrates with the
near-surface layer of the ocean on a 10–30 year timescale,11 and mixing time between
the near-surface and deep ocean layers ranges from hundreds to several thousand
years.11,12 Thus preventing excess CO2 from the burning of fossil fuels requires
some combination of the following three actions: capture and store the greenhouse
gasses as they are being emitted, generate power from other non-renewable, but
carbon neutral sources (e.g. nuclear fission), or convert to carbon neutral renewable
resources.
With carbon sequestration, CO2 is dissolved in underground aquifers or pumped
into old oil wells.13 Although the global reservoir capacity is estimated to allow
for 100–150 years of sequestration,10 each reservoir would have to be individually
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(b)

(a)

1973: 8.10 TW

2015: 18.12 TW

(c)

Figure 1.2. Global energy source blends from (a) 19708 and (b) 2015,8 . Total projected
energy use for the given year is boxed below each pie chart. Energy from “other” includes
that produced from biofuels and waste, geothermal, solar, wind, tide, etc. (c) Projected
changes in primary energy demand between 2016-2040 in terms of Mtoe (1 Mtoe ≈
1.3 × 10−3 TW in one year) under the IEA new policy scenario9 .

modeled and tested to ensure that it would not leak at a rate faster than ∼ 1%
over the course of several centuries. This ∼10 to 20 year vetting process limits the
viability of CO2 storage and capture in the near term. Turning to nuclear as the
next option, best estimates predict ∼100 TW-yr worth of uranium (U) to power
standard fission reactors.14,15 If we then estimate that we will require ∼30 TW of
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power in 2050, and we were to assume that nuclear made up 1/3 of that, we would
run out of fuel for these reactors within the decade. This all but relegates nuclear
to nothing more than a temporary stop-gap to help wean humanity off of fossil
fuels.
We are then left to ponder the possibility of using renewable energy sources
(e.g. hydro, wind, geothermal, biomass, and solar, collectively labeled as “other”
in Figure 1.2a-b) to greatly supplement or even replace the power generated by
fossil fuels. Installing wind turbines in every potential location with substantial
wind resources would generate ∼2-4 TW of power. Damming up every waterway
realizes 4.6 TW, 0.9 TW of which is economically viable.10 Assuming 100% efficient
collection and conversion of all heat emanating from the earth’s core, geothermal
adds another 11.6 TW.16 Lastly, converting all cultivable land not presently used for
farming to grow biomass fuelstocks could potentially net 5 TW, but in practice, it
requires almost as much energy to grow and process the fuelstock as one receives for
burning it. Summing all of these up, we find ∼ 25.2 TW of power based off of these
carbon-neutral sources, which still requires additional energy resources to deliver
on projected energy demands. That missing power (as well as the majority of our
power needs in general) could easily be supplied by the sun from solar-thermal or
photovoltaic power production schemes.
Every year, 1.5 x 105 TW (∼4000x our projected 30 TW 2050 power requirement)
worth of solar energy impinges on the surface of the earth. In less than one
hour, the sun provides more energy than is consumed in an entire year, and
as such, solar energy alone could easily supply our entire carbon-neutral energy
demand.17 Assuming a low averaged power conversion efficiency of 16%, it would
take ∼65,000 sq.mi (roughly the size of Arkansas, or the area covered by the
United States highway system) to produce 5.3 TW. Scaling this by a factor of 6
globally would yield 2/3 of the projected 2050 power requirement. Although solar
has the potential downsides of both daily and seasonal variations, along with the
non-negligible issue of energy storage, the cost of solar photovoltaics (PVs) has
decreased to a point that it has reached grid parity∗ in many locations.18 As a
result, solar stands poised as the carbon-free energy source to power the future.
For more information on global energy capacities, I would encourage the reader
Energy produced by solar costs as much as or less than that produced by other sources such
as coal-fired power plants
∗
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to see the work by Nate Lewis at Caltech,10,16 or my update of that work for my
M.S. thesis.19 Reference [10] is freely available from PNAS and makes for a great
read.

1.2 A Semi-Quantitative Overview of Solar Power
There are two general classes of solar power generation: solar-thermal and solarphotovoltaic. Here, we discuss and compare the two as well as introduce the
fundamental workings of a photovoltaic system. An overview of paths to enhance
the efficiency of photovoltaics is provided.

1.2.1 Solar Thermal vs Photovoltaic Power Generation?
We begin with an introduction to solar thermal power generation. The basic
working principle of these systems is very similar to that of traditional power plants:
heat up a working fluid, transfer that heat energy to water to generate steam, and
use that steam to rotate a turbine to generate electrical energy. Although these
systems can take the form of flat-plate collectors, power towers with heliostats (a
field of mirrors that direct sunlight to a central tower), linear fresnel reflectors,
etc. the most common form is that of the linear parabolic trough.20,21 These
utilize long line-focusing silvered parabolic mirrors that focus sunlight to a tubular
receiver/absorber filled with a heat-transfer fluid (HTF), as seen in Figure 1.3.22
The receiver is generally contained inside of an evacuated tube to minimize heat
loss through thermal conduction and convection, while the HTF is heated as it is
piped down along the trough.23 The HTF is then run through a heat exchanger to
produce steam which rotates a turbine to generate electricity; this entire system is
based off of a Rankine cycle.20,21
Estimating the net optical efficiency of a clean, second-surface silver mirror at
94% and an ideal Rankine cycle operating at the Carnot limit of 63%, the maximum
possible efficiency of a solar thermal system is 59%. If we account for optical losses
such as shading, dirt on the surface of the mirror and collector, tracking errors,
etc., optical efficiency drops to 90%, and with actual thermal efficiencies being
closer to 42%, a feasible goal is 38%. This benchmark has almost been realized by
a number of plants in the United States and is on par with efficiencies often seen in

6

Figure 1.3. A typical utility-scale solar thermal system based off of a linear parabolic
trough. (1) Sunlight is focused along one axis onto a central receiving tube which contains
an HTF, typically either an organic oil or a molten salt. The HTF is then passed through
a heat exchanger (2) to generate steam which then rotates a turbine to create electricity
(3). Figure reproduced from Reference [22].

coal or natural gas-fired power plants.24 Nevertheless, solar thermal systems remain
significantly more expensive than their fossil fuel-based analogues due to higher
maintenance costs (e.g. replacement of broken mirrors, frequent cleanings, repairing
vacuum tubes, etc.). Another drawback that most solar thermal systems have
in common with coal-fired power plants is that they are relegated to utility-scale
installations high temperature differentials and large energy throughputs required
for efficient thermodynamic cycles, which means that they suffer from a ∼10%
transmission loss from power generated at the central facility to the point of use.
Despite these disadvantages, solar-thermal plants offer the ability to store energy
in the form of a superheated working fluid such that they can continue to generate
power overnight or during temporary cloud cover at a substantially lower cost than
7

an equivalent battery-, capacitor-, pressurized air-, or water reservoir-based system
for a photovoltaic approach.22
Solar photovoltaic (PV) energy conversion is a single-step process where incident
light (photons) above a certain energy is absorbed by a semiconductor to generate
an electron-hole pair which is then extracted from the material to create electrical
power. There exists a wide variety of semiconductor technologies to exploit this
effect, including amorphous, microcrystalline, multicrystalline, or single crystal
silicon (Si), copper indium gallium selenide (CIGS) or cadmium telluride (CdTe)
thin films, small molecule, polymer, or hybrid organic heterojunctions, and high
efficiency III-IV and multijunction cells. A list of typical cell efficiencies can be
seen in Table 1.2.1
With a ∼ 93% market share,26 crystalline Si-based PVs have become the
modern standard for several reasons: they are robust, inexpensive, and relatively
efficient.22,27,28 Owing to their ubiquity, we will use them as the standard to compare
against solar thermal. From Table 1.2.1, we see that the record cell has a sunlightto-electricity conversion efficiency of almost 27%, generates an open-circuit voltage
(VOC ) of 0.738 V and a short-circuit current (JSC ) of 42.65 mA at a fill-factor (F F )
of 84.9%, which produces a power output of P = JSC VOC F F =2.1 W. Although
this value is too small to be useful for most applications, several cells can be
chained together in a module to produce more power at the cost of a slight decrease
in efficiency due to small differences between the subcells. Doing so allows for
PV systems to be scaled to suit almost any application, ranging from powering a
remote integrated circuit (µW to mW) all the way up to powering entire cities (MW
to GW).29 Even though a typical Si module ranges from 15% to 20% efficiency,
the ease with which they can be located (e.g. on a rooftop), integrated into the
grid, and replaced in the event of cell/module damage make them much stronger
candidates to electrify the planet than solar thermal systems. Nevertheless, in order
to increase the adoption of PV, it is necessary to improve their efficiency, as that
leverages the cost of the entire system.18
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Table 1.1. A compilation of standard values for an assortment of semiconductor material
systems reproduced from Reference25 . Classifications have been abbreviated as crystalline
(C), multi-crystalline (MC), amorphous (A), thin film (TF), and micro-crystalline (µC).
Different illumination areas are denoted as total area (t), designated illumination area
(da) and apertured area (ap).

Classification
Silicon
Si (C)
Si (C, module)
Si (MC)
Si (A)
Si (µC)
III-V Cells
GaAs (TF)
GaAs (MC)
InP (C)
Thin film chalcogenide
CIGS (cell)
CdTe (cell)
CZTS (cell)
Misc
Dye sensitised
Organic (TF)
Perovskite (TF)
Multijunction devices
5 junction (bonded)
InGaP/GaAs/InGaAs

Efficiency
(%)

Area
(cm2 )

VOC
(V)

0.5
0.5
0.4
0.3
0.3

79.0 (da)
13177 (da)
4.0003 (t)
1.036 (ap)
1.045 (da)

0.738 42.65
79.5
5.04
0.6726 40.76
0.886 16.75
0.542 27.44

84.9
80.1
79.7
67.8
73.8

28.8 ± 0.9
18.4 ± 0.5
24.2 ± 0.5

0.9927 (ap)
4.011 (t)
1.008 (ap)

1.122
0.994
0.939

29.68
23.2
31.15

86.5
79.7
82.6

21.7 ± 0.5
21.0 ± 0.4
10.0 ± 0.2

1.044 (da)
1.0623 (ap)
1.113 (ap)

0.718 40.70
0.8759 30.25
0.7083 21.77

74.3
79.4
65.1

11.9 ± 0.4
11.2 ± 0.3
19.7 ± 0.6

1.005 (da)
0.992 (da)
0.9917 (da)

0.744
0.780
1.104

22.47
19.30
24.67

71.2
74.2
76.1

38.8 ± 1.2
37.9 ± 1.2

1.021 (ap)
1.047 (ap)

4.767
3.065

9.564
14.27

85.2
86.7

26.7
24.4
21.9
10.1
11.0

±
±
±
±
±

JSC
(mA/cm2 )

Fill Factor
(%)

1.3 Photovoltaic Device Physics
1.3.1 Detailed Balance
Before we can truly understand how to go about improving the efficiency of a PV
unit, it is necessary to review how photocurrent is generated and what the limiting
factors are. In 1961, Shockley and Queisser proposed an upper limit on efficiency
using a detailed balance.30 Any body above 0 K will emit blackbody radiation;
this is why the sun (∼6000 K) emits light and why heating elements in an oven
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(∼1500 K) glow red and radiate heat. If we assume a solar cell in equilibrium to be
around room temperature, Ta (300 K), it will also emit and receive long wavelength
infrared radiation from its environment such that these rates are equivalent. This
thermal photon flux from the ambient to a flat plate solar cell, ba (E) is given in
Equation 1.1,
ba =

2Fa
E2
)
(
h3 c2 eE/kb Ta − 1

(1.1)

where Fa is a geometric factor equal to π (radiation is received over a hemisphere),
and h, c, and kb are Planck’s constant, the speed of light, and Boltzmann’s constant,
respectively. Equation 1.2 describes the equivalent current density absorbed from
the ambient in the absence of light,
Jabs = q(1 − R(E))α(E)ba (E)

(1.2)

where q is the fundamental unit of charge, R(E) is the probability of photon
reflection for a certain photon energy, and α(E) is the absorptivity of the material
as determined by the absorption coefficient and optical path length through the
device. Likewise, the effective radiative current density is given by Equation 1.3,
Jrad = q(1 − R(E))(E)ba (E)

(1.3)

with (E) being the emissivity, or probability that the surface will emit a photon.
When two bodies are in thermal equilibrium, (E) = α(E). If we now expose the
cell to a solar flux (or any illumination), bs , the current density from absorbed
photons will change to include contributions from both solar photons and ambient
thermal photons,


Jabs = q(1 − R(E))α(E) bs (E) + (1 −

Fs
)ba (E)
Fe



(1.4)

where Fs and Fe are the solar and cell emission geometric factors, respectively. Fe
n2
represents the escape cone for photons (Fe = π n20 ) trapped inside a semiconductor
s
with a refractive index ns and an ambient with a refractive index n0 . Given that we
are now absorbing more energy into our material, the relative population of excited
electrons is increased; this means that we will have more radiative relaxation events,
and hence, a different radiation current. At a semiconductor interface with air
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(n0 = 1, Fa = Fe × n2s = π), the radiative flux under illumination, be , is
2Fa
E2
be = 3 2 (E−∆µ)/k Ta
b
hc e
−1
"

#

(1.5)

where ∆µ is the quasi-Fermi level splitting or the chemical potential of the incident
light. This yields a radiative photon flux under illumination of
Jrad = q(1 − R(E))(E)be (E, ∆µ)

(1.6)

Finally, (E) = α(E) still holds, and by taking the difference between Equations
1.4 and 1.6, we can determine net absorption and emission current densities:
Fs
= q(1 − R(E))α(E) bs (E) − )ba (E)
Fe


Jabs(net)



Jrad(net) = q(1 − R(E))α(E)[be (E, ∆µ) − be (E, 0)]

(1.7)

(1.8)

With Equations 1.7 and 1.8, we are set to find expressions for photocurrent
and dark current, respectively. To simplify our discussion, we will assume that our
semiconductor does not suffer from any reflection losses (R(E) = 0), and that it
perfectly absorbs every photon with an energy greater than its bandgap, Eg . In this
case, the photocurrent, or short circuit current density is determined by integrating
Equation 1.7 over all photon energies above the bandgap,
JSC = q

Z ∞
Eg

bs (E)dE

(1.9)

which demonstrates that JSC is purely a function of bandgap and spectrum. We
take a similar approach to derive an expression for dark current, J0 . In an ideal PV
element, there would be no non-radiative recombination (i.e. Shockley-Reed-Hall
recombination from defects or Auger recombination due to intercarrier collisions),
and radiative recombination would be the only pathway for excited electrons to
lose energy. If we further assume that our solar cell has a perfect rear reflector, J0
is simply:
J0 = q

Z

(1 − R(E))α(E)[be (E, ∆µ) − be (E, 0)]dE

(1.10)

In an ideal semiconductor with lossless transport, ∆µ is a constant value
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everywhere and is given by the applied bias, qVapp . By adding our photocurrent
and dark current together, we come up with an expression which describes the solar
cell’s current density-voltage (J-V) characteristics under illumination,
J(V ) = JSC − J0 (eqVapp /kb T − 1)

(1.11)

Equation 1.11 is shown with respect to power generation being positive. In this
case, as Vapp increases, so does our effective recombination current. This in turn,
reduces the total current out of the device. As voltage continues to increase, the
two currents will come to a point where they are balanced; this is the open circuit
voltage, VOC . Beyond this applied bias, recombination current will dominate, and
the device will behave like a light emitting diode (LED).
The efficiency of a solar cell, η, is measured by taking the ratio of generated
power to incident power, Ps as shown in Equation 1.12,
η=

V J(V )
V J(V )
= R inf
Ps
0 Ebs (Es )dE

(1.12)

and is maximized when dVd V J(V ) = 0. If we take this ideal device and optimize
its bandgap with respect to the solar spectrum, we find a maximum efficiency of
about 33% near 1.4 eV.28,30 In reality, this idealized device does not exist; reflection
losses occur, there is never lossless transport or perfect absorption, and there will
always be a finite amount of non-radiative recombination. Despite these challenges,
possible paths towards this perfect solar cell and beyond are outlined in the next
section.

1.3.2 Methods of Enhancing Solar PV Energy Production
Several methods exist for boosting the efficiency of a solar cell, including tuning
material properties and device structures, modifying the incident spectrum and
optimizing the load resistance. As discussed in Section 1.3.1, there is specific
bias known as the maximum power point (MPPT) where the PV will be most
efficient, and this condition can always be satisfied by supplying the appropriate
load resistance for solar cell. However, because an individual cell does not supply
enough voltage or current, it is more practical to match a load to the maximum
power point of a module.28
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A material’s bandgap also plays an important role in PV performance due
to its direct relation to the fraction of the spectrum that can be absorbed by a
solar cell. If the bandgap of the solar cell is too large, it won’t absorb enough
light and as a result, it will not generate a lot of current. There are schemes
to overcome this issue by upconverting two lower energy photons to one with a
high enough energy to be absorbed by the material, but these methods tend to
be neither efficient nor cost effective.31–34 Conversely, if the bandgap is too small,
the PV might absorb a large amount of light, but most of absorbed power would
raise the energy of free carriers above the bandgap and then be shed in the form
of heat as the carriers thermalized back down to the band edge. There is ongoing
research into extracting extra work from hot carrier solar cells or using quantum
cutting to get multiple carriers-per-photon,35,36 but the most common approach
around these two problems is to stack several solar cells of different materials (and
hence, bandgaps) on top of each other. Dual, triple, etc. junction cells offer the
possibility of splitting the spectrum into discrete segments to be absorbed by the
different materials which comprise the PV stack. By minimizing this thermal loss
and absorbing a larger portion of the solar spectrum, efficiencies of 38.8% have
been realized with a 5 junction solar cell.25 A potential downside of multijunction
cells is that as they increase in complexity, the exact device structure must be
matched for the local solar spectrum where the cell is to be deployed, otherwise
the current flowing through the stack will not be balanced, and some of it will be
lost.37 This problem can be circumvented by mechanically stacking multiple solar
cells and contacting them individually, although this exacerbates the other major
problem of multijunction solar cells: they often cost significantly more than silicon,
or even GaAs solar cells.
There is the additional problem of direct vs indirect bandgap. Direct bandgap
materials such as GaAs and many III-IV compounds have high absorption coefficients, which means that less material can be used when compared to a typical
indirect bandgap material. Nevertheless, even though Si has an indirect bandgap,
and as such, requires ∼10x more material to absorb an equivalent amount of light
as GaAs, it remains the most popular PV material because of its relative abundance
and low cost. Different light trapping and photon recycling schemes are often
employed to improve absorption and increase VOC by texturing the front and/or
rear surfaces of the solar cell.28
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One of the first assumptions that we made was that our ideal solar cell had no
reflection losses, but light passing through any material interface will suffer from
Fresnel reflections:
n0 − ns
R=
n0 + ns


2

(1.13)

If a thin film of a dielectric with refractive index n1 , and thickness d1 is placed
on top of the surface of the photovoltaic (or any material, for that matter), the
reflection for an incident beam of wavelength λ and angle of incidence θ1 becomes,
R=

(n0 − ns )2 + (n0 ns /n1 − n1 )2 tan2 δ1
(n0 + ns )2 + (n0 ns /n1 + n1 ) tan2 δ1

(1.14)

where δ1 = 2πn1 d1 cos θ1 /λ is the phase shift of light in the thin film. R is minimized
when δ1 = π/2, which occurs when d1 = λ/4. Fresnel reflections at an interface
can be completely mitigated for normal incidence at a designed wavelength, λ0 , if
√
n1 = n0 ns , although light that is either incident off-axis or at a wavelength other
than the design wavelength can actually have a higher reflectance than the bare
surface. Multilayer coatings and micro/nano-texturing can be used to achieve a
broadband, angular insensitive antireflective (AR) effect,38–41 although the design
and fabrication of such structures can be costly and complex to implement on a
commercial scale.
The final method is to concentrate light onto our solar cell; this performs
two actions. First, by collecting light with a combination of precision mirrors or
low-cost plastic lenses and focusing that down onto the solar cell, one can use less
PV material. This affords the opportunity to use high efficiency, yet considerably
more expensive multijunction solar cells instead of low efficiency Si cells. Second,
concentration increases the efficiency of the cell. This can be understood from
a simple thermodynamic argument, where every object is constantly radiating
energy, and the net flow of radiation tends to move from warmer to cooler objects.
In the case of a room temperature solar cell (TPV =20 ◦C) pointed towards the
sky (Tsky =0 ◦C) on a clear day with the Sun (Tsun =5700 ◦C) out in the open, on
average, the solar cell will radiate some amount of energy back to the sky, while
receiving some energy from the sun as seen in Figure 1.4a. Even though the fraction
of the sky that the sun takes up is relatively small, the PV can still generate power
since radiative energy transfer scales very strongly with the temperature difference
14
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Figure 1.4. (a) A bare solar cell sitting out under the open sky on a sunny day.
Assuming that the cell is warmer than the effective temperature of the sky, it will lose
some energy to the sky through radiation (red arrows). Since the Sun is 5700 ◦C warmer
than the solar cell, it will radiate some energy to the cell (green arrows), but because it
is so far away from the Earth, it only fills a relatively small fraction of what the solar cell
is able to “see”. (b) By using a lens (or any other optic) to collect sunlight and focus it
onto the solar cell, we have effectively filled up a larger portion of the sky with the sun.
As a result, the solar cell now receives more radiation from the sun, and emits less to the
sky.

between two objects (Energy Transfer ∝ ∆T 4 ).42
Now, if we place the solar cell at the focal point of a lens, we have effectively
moved the solar cell ’closer’ to the sun, so that a larger fraction of its field of view is
taken up by an object much warmer than itself. Thus, the amount of radiation that
a solar cell under optical concentration receives increases relative to the fraction
that it is emitting, as shown by Figure 1.4. To be slightly more rigorous, we can
state that we have increased the view factor between the solar cell and the sun. By
integrating the solid angles as seen by the PV from the concentrator optics and the
sun, and taking the ratio, we can define an enhancement factor, G,
R 2π R θrec

G=

dΩ
0
0
R 2π R θSun
dΩ
0
0

sin2 θrec
=
sin2 θSun

(1.15)

where θrec is the half-angle range provided by the concentrator optics, and θs is the
half-angle subtended by the sun (∼ 0.26°). The geometric factor Fs from 1.7 is now
substituted by FG = π sin2 θrec = G sin2 θSun , which means that the incident flux, bs
also increases by a factor of G. To first order, JSC (G, bs ) ≈ GJSC (bs ). This results
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in a higher Jrad required to offset the enhanced Jabs , which for a device with an
ideality factor, m, ultimately leads to an increased open circuit voltage:
VOC ≈ VOC,unconcentrated +

mkb T
ln G
q

(1.16)

The boost in JSC and VOC make the optimal power generation point higher than
would be seen under no concentration.28 The unfortunate drawback to concentrator
photovoltaics (CPV) is that it complicates what could be an otherwise simple
system. In order to achieve high concentration, active single-, or even dual-polar
axis tracking is oftentimes required to maintain focal alignment and depending on
the level of concentration used, active cooling may also be required. However, when
appropriately managed, CPV might be used to make incredibly efficient modules
at price points similar to traditional flat plate, Si-based PV.

1.4 A Brief Review of State-of-the-Art CPV Technologies
There are various levels of optical gain for a CPV system categorized as low
(1 − 10×), medium (10 − 100×), and high (> 100×). As the main point of a CPV
system is to provide strong cost leverage for expensive high efficiency PVs through
the substitution of cheap plastic optics43 we will focus our attention on high gain
systems. Due to the relatively small amount of semiconductor required, high gain
CPV (hereby noted simply as CPV) systems are most often coupled to near-record
efficiency multijunction cells, and can have module efficiencies greater than 35%.44–46
There exist a large number of reviews on the subject,47–54 nevertheless, we briefly
review several types of modern CPV designs.

1.4.1 Fresnel-based CPV Designs
In its most basic form, CPV is a non-imaging optics problem; it isn’t important to
form an image at the front surface of the solar cell, rather, we want to maximize
the amount of energy coupled to our PV, ideally with a nominally uniform flux
distribution at that surface.55,56 Because an array of standard lenses tend to be
thick and heavy, it is common to replace them with comparatively thin Fresnel
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lenses, where the curved surface of the optic is replaced by a number of small facets
as seen in Figure 1.5a. This makes the optics cheaper and lighter, which is why the
majority of CPV systems on the market make use of a large Fresnel lens coupled to
a secondary optic and a single- or dual-axis polar tracking system to maintain focal
alignment as seen in Figure 1.5b. In this instance, the Fresnel lens is essentially
forming an image of the sun on the solar cell, and due to its discontinuous shape,
that image is blurred at its edges, leading to a bell-shaped irradiance distribution
on the PV surface.47 Moreover, chromatic aberration resulting from dispersion
effects as light of varied wavelengths travels through the lens leads to different
focal spots for each spectral band, which can be undesirable for multijunction cells.
Implementing dome-shaped Fresnel lenses can decrease both focal and chromatic
aberration at the cost of increased manufacturing complexity.50
Fresnel lenses for CPV are usually fabricated via one of two approaches/material
combinations: injection molding polymethymethacrylate (PMMA, also known as
acrylic) to the desired form, or by attaching silicone Fresnel facets to a glass cover,
termed silocone-on-glass (SoG). Acrylic Fresnel lenses are lightweight, inexpensive,
simple to mass produce, and because they are made from a single material, there
are no issues related to thermal expansion mismatch as one might have with an
optic made of multiple materials. As a polymer, PMMA is soft and prone to
abrasive weathering or other types of environmental degradation.58 Perhaps the
biggest drawback to polymer-based optics is that they can be sensitive to oxidative
photodegradation which leads to yellowing/discoloration of the lens, increasing
optical loss due to material absorption. While certain additives mitigate these
effects and help to prolong the life of the lens, these weaknesses run contrary to a
low maintenence, low cost system. SoG Fresnel lenses have higher chemical stability,
higher transmittance over a wider spectral range, and the glass substrate acts to
protect the Fresnel facets from the environment. However, SoG lenses are heavier
than their acrylic counterparts, more susceptible to temperature-induced chromatic
aberration and thermal mismatch at when over large temperature ranges, and
depending on the grade or type of glass used, ultraviolet-induced solarization can
reduce the transparency of the substrate.59 All of these factors should be considered
when selecting materials for a Fresnel-based CPV system.
Although it is possible to obtain high levels of optical gain with a single-optic
system, the inhomogeneity in the irradiance pattern at the plane of the solar cell
17

(a)

(b)
Fresnel lens array

solar cell

heat sink
Figure 1.5. (a) A comparison of a traditional lens on the left to an equivalent fresnel
lens on the right. Here, the curvature of the standard lens has been collapsed into
a series of facets, allowing for a more compact form-factor.57 (b) Soitec’s FLATCON
module which utilizes only a single Fresnel lens to couple light to multijunction PVs.
This particular design set a world record for module efficiency at 36.7% in July of 2014.

can lead to series resistance losses and cell heating, both of which contribute to
diminished system performance and lifetime.60 The addition of a secondary optical
element (SOE) near the surface of the solar cell, such as a hollow inverted truncated
pyramid reflector, a refractive truncated pyramid (Figure 1.6a-b, respectively), ball
lens,46 or a free-form surface61 can enhance to the total acceptance angle of the
system, act to minimize reflection losses between the air-PV interface, increase
tolerance to manufacturing defects as well as assembly errors, and greatly increase
the focal spot uniformity. One final method to ensure focal uniformity for a
18

(a)

(b)

(c)

Figure 1.6. Examples of different SOEs. (a) A hollow inverted truncated pyramid
reflector increases homogeneity and the acceptance angle by reflecting light towards
the PV (b) A refractive truncated pyramid uses total internal reflection to homogenize
incoming light. (c) A fourfold Fresnel-Köhler concentrator with a free-form SOE, along
with pictures of the prototypes, and a demonstration of the uniform irradiance pattern
at the cell. Images compiled from Reference [50]

Fresnel based concentrator is to create a Köhler integrator, a technique common for
homogenizing illumination systems. However, instead of using multiple sets of optics
to concentrate, homogenize, and collimate light, it is possible to collapse all of these
functions into the faceted Fresnel and a free-form SOE61,62 surfaces as can be seen
in 1.6c. Employing such systems allow for single-cell concentrators with efficiencies
close to present records,50 with the added benefits of an increased acceptance angle
that relaxes tracking constraints, and potentially longer cell lifetime resulting from
the more uniform distribution of light (and heat) on the PV.
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1.4.2 Reflective CPV Designs
Many of the same ideas from Fresnel-based CPV apply, except that instead of a
Fresnel lens as the primary optical element, it is typically either a parabolic or
free-form mirror. One of the major advantages of mirror-based systems is that
they do not suffer from chromatic aberration or thickness-dependent absorption
losses, as light is reflected from the mirror surface rather than refracted through
a dielectric. Second-surface silvered parabolic mirrors have optical efficiencies
from ∼94% up to a solar-weighted optical efficiency of 95.4%63 with the addition
of antireflective coatings, whereas their Fresnel lens counterparts are closer to
∼85%, owing to wavelength dependent Fresnel reflection losses and transmission
coefficients. At the same time, mirrors are not without their faults, as they tend to
be expensive. Parabolic mirrors are generally made large to offset costs and as a
result of their size, have very high optical gains. Beyond 500x, non-uniformity of
the focal spot as a consequence of coma aberration is exacerbated, and the mirror
needs to be supplemented by secondary or tertiary optics to make the best use of
the concentrated light.49
SOEs similar to those found in Fresnel systems can be used to homogenize the
flux distribution at the PV surface. Cassegrain concentrators are a particularly
common solution,49 using a secondary mirror at an intermediate plane that serves to
fold the optical system and direct light back towards the PV, as seen in Figure 1.7a.
The addition of a piece of cover glass serves to protect the delicate mirror surface
from the environment, thereby increasing the longevity of the system. A major
drawback to Cassegrain-type designs is that they can generally only focus to a
single cell, which tends to necessitate some form of active heat removal; given
that parasitic losses from cooling systems can consume nearly 10% of the power
generated from such a CPV module, it is desirable to distribute the incident energy
more evenly. Figure 1.7 shows a recent design from the University of Arizona
which uses a large parabolic dish, similar to those used for telescopes, coupled
to a secondary ball lens and 36 tertiary reflective truncated pyramids (XTPs)
to disseminate light evenly among the same number of multijunction cells at a
gain of 1200×. By spreading power evenly among the cells, the cooling system
required only 2% of the total electrical output of the system.64 Furthermore, this
design allows for the easy exchange of next generation multijunction cells to further
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(a)

(b)

Figure 1.7. Different types of mirror-based concentrator designs. (a) A Cassegrain
concentrator with glass cover to protect the mirror surfaces.49 (b) Novel dish-based CPV
by Reference [64] that utilizes Köhler optics to homogenize the incident flux and direct it
to a number of PVs. Provided that light is incident within the acceptance angle of the
system, XTPs aim to increase the uniformity of the concentrated light onto the solar cell.

increase system efficiency.
Both the Köhler and Cassegrain design concepts were already mature before
they were transitioned into the realm of CPV. A much more recent development in
CPV and the optics community is the addition of the simultaneous multiple surfaces
(SMS) 3D method to optimize free-form surfaces.55,65 While the vast majority of
high concentration designs have acceptance angles between ±0.2-1°, these arbitrary
surfaces can obtain acceptance angles as large as ±1.85° at 1000× concentration
levels.50
Many of the reflective CPV systems discussed thus far effectively shade a
portion of their collection area due to their use of secondary optics. Fresnel-based
designs minimize this effect, but they suffer from lower optical efficiencies. If one
substitutes the faceted rings of a Fresnel lens with mirrors (spherical or parabolic),
they can in effect obtain the high optical efficiency of a parabolic mirror system
with the rear-focusing capabilities of a lens.66 Moreover, each mirror ring creates a
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quasi-gaussian distribution at the focal plane, so if the mirrors are close enough to
one-another, no homogenizing optics are needed.
All of the tracking systems mentioned to this point in this short review have
required some form of active polar tracking. In the next two chapters, we investigate
the notion of CPV utilizing a planar tracking system (i.e. the receiver plane does
not rotate about a central axis), as well as implementations of such a system.
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Chapter 2 |
Planar Solar Concentration
The first chapter of this thesis served as an introduction to solar energy. We
highlighted several traditional refractive and reflective CPV designs that maintain
focal alignment with the sun via dual-axis polar tracking. Although this method is
simple and effective, it demands robust, often costly mechanical trackers along with
a great deal of infrastructure to ensure that such systems can maintain operation
for many years in a range of weather conditions. Moreover, orientation-based
CPV systems have limited siting capability that prevent them from integration
in urban environments or on rooftops due to their size and weight. As a result,
CPV has mostly been relegated to utility-scale installations in large, open fields
where individual modules are located away from one another such that they avoid
self-shading.1,2
In this chapter, we introduce the notion of a planar solar concentrator, where
individual subcomponents of the module are free to rotate or translate, yet the
body of the system remains at a fixed tilt. With sufficient optical performance, this
paradigm stands to substantially reduce the cost of the tracking system and unlocks
a variety of new locations for CPV, most importantly rooftops.3 We begin by
reviewing previous attempts at designing and implementing planar CPV. Following
that, we explore the fundamental and practical limits of such systems, and conclude
by implementing the notion of planar CPV with commercially available optics as
well as a custom 3D-printed array.
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2.1 An Overview of Planar Solar Concentration
Planar CPV can be generally viewed as a CPV system that has some form of
embedded tracking such that the exterior of the module remains fixed in place,
while components on the interior move to align the solar cell to the focal spot.
Embedded tracking systems can be broken down into three different classes: beam
steering, reactive tracking, and microtracking.4 We will briefly detail examples of
each of the three of these, focusing primarily on microtracking.
Beam steering is the dynamic redirection of collimated radiation to a set location
as shown in Figure 2.1a. In the case of optics, by using a combination of external
optics (e.g. prisms or mirrors) to reflect the light and guide it to the surface of
the primary concentration optic,7,8 although it is worth noting that this type of
(a)

(b)

beam steering
device

Fresnel lens
for concentration

(c)

normal incidence

off-axis sunlight

loss

coupled off-axis sunlight

lateral translation

Figure 2.1. (a) Beam steering can be accomplished by using mirrors to direct incident
sunlight so that it remains on-axis for the concentrator optics. (c) An example of planar
microtracking. Here, normally incident light is focused onto an array of reflective facets
to couple the light into a waveguide. As the sun traverses through the sky, the light is no
longer focused onto the facets and is lost. By laterally translating the waveguide, the
facets can move with the focal spot. Images in a, b, and c were adapted from References
[4], [5], and [6], respectively.

30

system has the downside of potentially high mechanical complexity due to the need
to position optics in two or three dimensions. Non-mechanical alternatives making
use of liquid crystals to either change the refractive index of a component of the
prism, or change the wetting angle of the liquid crystal material inside of a cell
(thereby modifying the angle of the prism) have been simulated or patented.9–11
However, few of these designs have been field tested for an extended period of time,
so their long term viability is not yet known.4
Reactive tracking seeks to remove any form of active feedback in favor of
completely passive systems that change depending on the level of local illumination.
Figure 2.1b displays one of the most common ways to accomplish this, where a set
of dichroic mirror facets reflect visible light but allow infrared (IR) radiation to
pass through. The IR heats up material underneath of the mirror, which causes
it to expand and create an optical contact with a waveguide.12–14 Visible light is
then scattered into the waveguide, where it can be collected at the edges of the
concentrator. Another popular way to accomplish passive tracking is to focus light
into a liquid with strong absorption in the IR and a low boiling point (e.g. an
organic solvent such as methanol), which will create a bubble at the focal point.5,15
The liquid in the local vicinity will boil, which creates a small pocket of vapor with
a low refractive index; as a result of total internal reflection, light is then scattered
off of the bubble and waveguided down the length of the concentrator. Scattering
efficiency into the waveguide is increased with higher levels of concentration in
most cases, though these systems tend to suffer from narrow acceptance angles
(<30°) and low optical efficiencies < 80% which preclude them from operating as
standalone concentrators.4
The third and final category of planar trackers use translation-based systems
where the position of the receiver and/or multiple concentrator optics are varied
laterally with respect to one another. This notion has been explored in the
context of mobile freeform16,17 or gradient index18 optics, and planar waveguide
concentrators6,19,20 as seen in Figure 2.1c. As the optics in these systems are often
full lenses (i.e. not a Fresnel lens), they are sized to the order of ∼1 cm in diameter
to offset material costs. Tracking distances are typically less than the diameter
of the lens, so the step size of individual translational or rotational movements is
<1 mm, hence the name microtracking. Nevertheless, a general difficulty among
these approaches is significant deterioration of the concentration ratio at wide (>20°
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from normal) incidence angles.4 Because only ∼ 17% of annual solar illumination
incident on a fixed, latitude-tilted panel over the course of a typical day occurs at
incidences <20°, the utility of planar tracking has been limited to date.
One avenue of increasing the acceptance angle and reducing scattering losses
for a refractive concentrator is to use a traditional convex lens in place of a Fresnel
lens as the primary optic. While this would dramatically increase material costs for
large-area concentrators, if both the optics and receivers are scaled to maintain gain,
it becomes justifiable to transition to lenses with continuous surfaces. Reflection
and waveguide losses can be further mitigated by coupling directly to the PV
element. Although reducing the size of the optics and PV elements places an
increased stringency on manufacturing tolerances, it also spreads heat more evenly
throughout the system, meaning that external heat sinks may no longer required.1
Additionally, it has been shown that as the size of high efficiency concentrator
cells decrease, series resistance losses from focal spot inhomogeneity are minimized,
even for concentration levels exceeding 1000×.21,22 Owing to recent advances in
semiconductor processing technologies, it is now feasible and cost effective to grow
large quantities of GaAs or multijunction micro-PVs (<1 mm on a side) as releasable
stacks, making the transition to smaller systems all the more attractive.23,24 However,
in order to have a microcell-enabled planar solar concentrator, the small acceptance
angle of a typical planar concentrator must first be addressed.
The weak off-axis performance of previously mentioned microtracking-based
CPV can be attributed to Petzval curvature of the image plane as indicated by the
dashed line in Figure 2.2a, where on- and off-axis light concentrates in different
axial planes. Even for optimized systems, this effect significantly reduces the optical
efficiency of the concentrator for sunlight incident at angles >20° since the focal
point no longer coincides with the plane of the solar cell.6
Petzval curvature can be minimized by appropriately combining optical elements
with positive and negative surface powers as in the case of a common fish-eye lens.
In general however, wide-field lens systems require multiple elements, leading to
high reflection loss, excessive size, weight, and cost that are all in opposition all
to the goal of an efficient, inexpensive planar concentrator. Alternatively, the
Petzval surface can be flattened within a single dielectric by combining refraction
from a convex front surface with reflection from a concave rear surface as shown
in Figure 2.2b to fold the optical path and achieve an intermediate focal plane
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Figure 2.2. (a) Ray-tracing schematic of a singlet lens used for translation-based solar
tracking, where defocusing at wide incidence angle due to Petzval curvature leads to poor
performance. (b) Elimination of Petzval curvature through use of a folded optical path,
where the focal plane lies in the middle of a dielectric with refractive upper and reflective
lower surfaces. In practice, the solar cell (red rectangle) is fixed to a central glass or
acrylic sheet that slides between upper and lower lenslets lubricated by index-matching
oil. (c) Fraction of encircled optical power in the focal plane as a function of radius from
the intensity maximum for the configuration shown in (b). The top and bottom lenses
consist of acrylic plastic and have a diameter of 12.7 mm; the simulation is conducted
for wavelengths λ <1.1 µm using the AM1.5D intensity spectrum. (d) Annual range of
solar incidence angles (relative to the surface normal) for a latitude-tilted panel over the
course of a year in State College, PA. The false color overlay indicates the approximate
direct solar irradiance falling on the panel surface accounting for cosine projection loss.
The upper plot displays the calculated focal spot size for the configuration in (c), defined
as the spot radius encircling 95% of the focal plane optical power, versus time of day for
the annual solstices and equinoxes.[25]
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between the two.25,26 To first order, this is understood from the Petzval sum27 for
this configuration,
Σ=

1−n
2
+
nRr
nRm

(2.1)

which is nulled when the refractive index, n, together with the refractive (Rr ) and
reflective (Rm ) surface radii of curvature satisfy:
Rm
2
=
Rr
n−1

(2.2)

In contrast to the singlet lens in Figure 2.2a, it is immediately evident from ray
tracing that the Petzval curvature in the folded path optic of Figure 2.2b has been
virtually eliminated. The result is a dramatic improvement in the concentrator
acceptance angle summarized in Figure 2.2c, where a geometric gain of 450×,
defined as the lens aperture area relative to the spot size enclosing 95% of the power
in the focal plane, can be maintained up to ±60° incidence. As shown in Figure 2.2d,
this acceptance angle range enables the concentrator to operate year-round, 8 hours
per day in State College, PA when fixed at latitude tilt ( 40.8°) according to solar
incidence predicted by the National Renewable Energy Laboratory Solar Position
Algorithm.28 This is equivalent to being able to concentrate 88% of annual energy
incident on a static-tilt panel.

2.2 The Fundamental and Practical Limits to Planar
Solar Concentration
2.2.1 Fundamental Limits
The catadioptric system outlined towards the end of the previous section represents
a significant improvement in gain, angular acceptance, and optical efficiency over
previous attempts at planar CPV, but it is still important to understand where
the limitations to this approach lie. Although we did not specifically mention
it in Section 1.3, the thermodynamic limit of optical concentration as stated
in Equation 1.15 is a direct result of the conservation of étendue. The act of
optical concentration can be viewed as a unitary transformation in optical phase
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space,29 where, the canonical momentum (px ) conjugate to position (x) derives
from Hamiltonian optics30–32 and is expressed as the product of the refractive index
and the associated (x̂) direction cosine of the ray trajectory.
Figure 2.3a shows the geometry of an rotation-based CPV system operating
in two dimensions (2D) and Figure 2.3b shows its associated ideal phase space
transformation. In this case, the input étendue is set by the width of the input
aperture, (2ui ), and the angular extent of the incoming light, α, which, together with
the refractive index of the input, n, define the height of the rectangle, ∆px = 2n sin α,
in Figure 2.3b. Since the area of the output rectangle must equal that of the input,
and the maximum output height is ∆p0x = 2n0 sin θacc ; here, any symbol denoted
with a prime, 0 , corresponds to the output space. This is maximized when operating
at the thermodynamic limit such that θacc = 90◦ , at which point the minimum
output aperture length is uo = ui (n sin α/n0 ), which can be rearranged to realize
the sine limit in 2D. For each different angle of incidence, β, the entire system is
rotated to maintain focal alignment.
The situation is similar for the planar microtracking (µPT) concentrator shown
in Figures 2.3c-d, except that in this case, a phase space transformation is required
to map the ray bundle associated with each incidence angle to a different exit
aperture on the x-axis. To determine the theoretical limits of this device, étendue
must be conserved, and each transformation for a given set of input and output
apertures must be unique. In other words, the total area of the input/output
apertures must be the same, and two different input rectangles in Figure 2.3d
cannot map to the same input rectangle. As will be proven in the following
paragraphs, this set of conditions determine the minimum receiver size and lateral
tracking displacement required to collect all of the light for a range of angles of
incidence.
Based on the diagram in Figure 2.3c, the conservation of étendue in this case
can be expressed as:
Z ui
−ui

∆px (β) dx =

Z xc +uo
xc −uo

∆p0x (x) dx.

(2.3)

Here, the input momentum spread depends on the incidence angle and is constant
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(a)

(b)

(c)

(d)

Figure 2.3. Diagram showing the geometry of a generic orientational concentrator in
(a) and a µPT concentrator in (c). In each case, the source has a finite angular spread
equal to 2α and is incident on the input aperture (−ui ≤ x ≤ ui ) immersed in a medium
with a refractive index n. The output aperture has a width 2uo and a refractive index
n0 ; its center is laterally offset at xc in the µPT case. (b) Phase space transformation
for an ideal orientational concentrator, which maps the horizontal input rectangle to the
vertical output rectangle while preserving its area. (d) The phase space transformation
for an ideal planar concentrator is similar, except that in this case, the input associated
with each incidence angle of the source (horizontal orange rectangle) must be mapped
to a different lateral output position (vertical orange rectangle) for all incidence angles
within the concentrator acceptance range (represented by the horizontal gray rectangle).
Images modified from Reference [33].

over the entrance aperture:
∆px (β) = n [sin (β + α) − sin (β − α)]
= 2n sin α cos β,

(2.4)
(2.5)

whereas the output momentum is maximal for operation at the thermodynamic
limit:
∆p0x (x) = 2n0 .
(2.6)
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Rearranging Equation (2.3) subsequently yields the minimum required output
aperture:
n
uo = ui 0 sin α cos β.
(2.7)
n
The only difference between the conventional 2D sine limit discussed above and
Equation 2.7 is the addition of the cosine factor, which accounts for the projection
loss inherent to any orientationally static design. One can understand this by
imagining that they are first shining a flashlight at the ground directly below them,
and then slowly rotating the flashlight such that the illuminated area expands and
becomes oblong; the amount of power coming out of the flashlight is the same in
both cases, but the areal intensity has decreased for the off-axis case. This means
that the receiver area can be decreased proportionally with respect to the direct
decrease in étendue as the angle of incidence (β) increases. Maximum performance
for most designs will occur on-axis (β = 0), and because it would be very difficult
to dynamically alter the size of the PV receiver, the thermodynamic limit for µPT
concentrators is identical to that for orientational concentrators:
G2D,max =

n0
ui
=
,
uo
n sin α

(2.8)

provided that the receiver translates a sufficient distance to prevent overlap in the
output phase space, while the thermodynamic limit in 3D is simply the square of
the 2D limit:
G3D,max =

A2i
n02
,
=
A2o
n2 sin2 α

(2.9)

where Ai and Ao are the areas of the input and receiver apertures, respectively.
The translation requirement for 2D can be determined by rewriting Equation (2.3) in terms of the incremental change (δx) in receiver position, xc , that is
needed to accommodate a corresponding increment in incidence angle, δβ:
Z ui

p (β + δβ/2) − p (β − δβ/ 2) dx =

−ui

Z xc +δx/2

∆p0 (x) dx

xc −δx/2

Z ui

2n sin (δβ/2) cos β dx =

−ui

Z xc +δx/2

2n0 dx.

(2.10)

xc −δx/2

Here, the output momentum spread is again chosen to be maximum in accord
with the thermodynamic limit and the angle and position increments are written
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symmetrically for mathematical convenience. In the limit of small δβ, sin (δβ/2) →
δβ/2 and the increments approach differentials (i.e. δβ → dβ and δx → dx),
allowing Equation (2.10) to be rewritten as a differential equation:
dx
n
= ui 0 cos β,
dβ
n

(2.11)

which is readily integrated to yield:
xc = u i

n
sin β.
n0

(2.12)

Equation (2.12) expresses the lateral displacement required for the receiver to
track a given incidence angle; the constant of integration is zero by symmetry.
Thus, for an ideal µPT concentrator operating at a sine-limiting geometric gain
given by Equation (2.8), the receiver should move proportionally to sin β, unless it
is embedded in a higher refractive index medium than the region outside of the
concentrator. In this case, the total distance required to move the design is scaled
by the ratio n/n0 .
As mentioned previously, while a µPT concentrator may operate at the same
geometric gain as an orientational concentrator, it will necessarily collect 20 to
30% less light over the course of the year as a result of cosine projection loss. This
leads to an effective scaling of the boost in open-circuit voltage (VOC ) introduced in
Equation 1.16 by cos β, which means that the efficiency of a planar microtracking
concentrator will vary on a daily and seasonal basis:
"

η = ηmax

#

kb T
1+
ln (cos β) ,
qVOC,max

(2.13)

where q is the electronic charge, kb is Boltzmann’s constant, and T is the cell
temperature, with an ideality factor limiting to unity. When accounting for
practical variations in solar intensity, the difference in efficiency as seen by a
planar concentrator is typically < 2% over the course of a given day.33

2.2.2 Practical Limits
Since we are primarily concerned with a design which may be manufacturable, we
consider the case of the 3D concentrator, where it has been demonstrated that
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large arrays of microscale photovoltaics can be patterned via transfer printing.23,34
Solar concentrators in 3D do not typically operate near the thermodynamic limit,
as the geometric gain of ∼ 46000× would almost certainly destroy the solar cell.
Additionally, the optical design of such a system would be rather challenging for a
planar solar concentrator operating at wide acceptance angles.33 When considering
a more reasonable design, we see that the thermodynamic limit from Equation 2.9
is modulated by the sin of the receiving angle, θrec (see Figure 2.2b), of the solar
cell placed inside of the concentrator:
G3D =

n02 sin(θrec )2
,
sin(0.27°)2

(2.14)

where we have substituted n = 1 assuming that the exterior of the concentrator
is in air, and α = 0.27°, which is the half-angle of the solar disc as seen on Earth.
From Equation 2.14, it is readily apparent that a simple way of increasing the
level of optical concentration is to increase the refractive index of the dielectric
composing the concentrator, n0 .
In order to obtain an empirical sense of whether or not this hypothesis holds,
the refractive top and reflective bottom surfaces were optimized as 8th order even
aspheres via non-sequential ray tracing in Zemax OpticStudio. A range designs
were generated which targeted system acceptance angles of β = ±70° or β = ±30°,
and a minimum optical efficiency (i.e. the fraction of light incident on the aperture
that makes it to the receiver), (ηopt = 0.9) for the entire range of angles. Material
dispersion, absorption, and reflection losses were neglected to allow for a direct
evaluation of the different optical designs, while the gain of each design was
gradually increased until the optimization could no longer satisfy the constraints
on the conditions of optical efficiency or angular acceptance.
Figure 2.4a displays the optical concentration ratio as a function of refractive
index. The concentration ratio is defined here as CR = Gηopt , where G = ui /uo is
the geometric gain. Although there is a linear increase from CR ≈ 360 at n0 = 1.5
up to CR ≈ 1600 at n0 = 1.9, for the family of designs with an acceptance angle
of ±70° shown in blue, the increase does not match the quadratic dependence
expected from 2.14.29,32 This is not surprising, as the cosine projection loss decreases
the effective input aperture along the plane of incidence at large angles, while the
transverse dimension remains unaffected. As a result, the system begins to approach
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(b)
Optical Efficiency (ηopt)

Concentration (CR) [x103]

(a)

Refractive index (n')

Optic Thickness [mm]

Figure 2.4. (a) Concentration ratio for two families of optimized 3D RX concentrators
with wide (±70°) and narrow (±30°) incident angle acceptance as a function of their
refractive index. The minimum optical efficiency of these designs is ηopt > 0.9, neglecting
absorption and reflection losses. As emphasized by the upward arrows, each point is the
result of an optimization and therefore marks a lower bound. (b) Optical efficiency vs
size of a set of acrylic optics operating at a geometric gain of 308×. Here, dispersion and
absorption are both accounted for over under the AM1.5D solar spectrum ranging from
λ = 400 to λ = 1800 nm. The addition of absorption has shows a decrease in optical
efficiency as the size/thickness is increased. Images modified from Reference [33].

that of a 2D line concentrator, hence the concentration should scale quasi-linearly
as expected from Equation 2.8. When the range of incidence angles is restricted to
±30° as shown by the red curve, the CR partially recovers some of the superlinearity
that is anticipated for a 3D concentrator.35
As the goal of a solar concentrator is to leverage high efficiency solar cells,
it necessarily has to maintain a high optical throughput over a broad spectral
range (λ = 400 to λ = 1800 nm) to accommodate the full spectral response of the
PV. It is possible to minimize total dielectric36 and metal37,38 reflection losses to
. 2 − 3% or lower through the use of tailored thin film coatings, but all practical
materials will have some level of dispersion and absorption. The former must be
compensated during the design optimization, although the latter can be reduced by
scaling the optical system such that the optical path length is decreased as shown
in Figure 2.4b. Here, the optical loss attributed to absorption for an acrylic-based
concentrator with non-ideal coatings can be reduced from 7% down to 3% by scaling
the geometry from 15 mm to 5 mm. One can also see from the inset ray tracing
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diagram that dispersion has caused longer wavelengths focus to a slightly different
location than shorter wavelengths, which has the effect of increasing the spot size
at the focal plane. Assuming that the solar cell is smaller than the focal point,
the cell position would need to be optimized to ensure current matching (e.g. all
subcells are receiving the same amount of current).
Additional constraints for practical concentrators include material cost, weight,
and durability. Scaling the concentrator addresses the first two issues by reducing
material usage, and has the added bonus of decreasing efficiency losses due to cell
heating provided that PV dimensions are scaled to below ∼1 mm.39,40 It should be
noted that scaling is not without its drawbacks; smaller optics reduce the tolerance
to manufacturing error, increase the requirements for tracking precision, and lower
the mechanical stability of large area lenslet arrays. Nevertheless, we begin to
address some of these issues in the following sections and in Chapter 3.

2.3 Single Element PV Concentrator Built From Offthe-Shelf Optics
To validate the folded optical scheme described in Figure 2.2b, a 0.7 x 0.7 mm2
GaAs microscale photovoltaic cell (thickness ∼3 µm) was fabricated and transfer
printed onto 1 mm thick B270 glass selected for insertion between two off-the-shelf,
12.7 mm diameter plano-convex BK7 lenses with focal lengths f =15 mm and
f =30 mm for the upper and lower elements, respectively. A 150 nm thick layer
of Ag was evaporated onto the lower lens surface and the trio was index matched
together with oil as shown in Figure 2.5a for testing under collimated, broadband
illumination from a Xe lamp.
Figure 2.5c presents the short-circuit current density measured for the bare
microcell (J0 ) together with that integrated in the concentrator stack (JCR ) as
a function of incidence angle. Since the photocurrent is directly proportional to
absorbed optical power, the difference marks a roughly constant 210-fold increase
in the average intensity delivered to the microcell (i.e. CR ≈210) for incidence
angles ranging up to θinc = 55° that is reproduced in simulation as shown in
Figure 2.5d. As indicated by the red dashed line, this increase is nearly equivalent
to that obtained at normal incidence using the bare microcell and a plastic Fresnel
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Figure 2.5. (a) Schematic of the testing arrangement for a single 0.7 x 0.7 mm2
GaAs microcell using 12.7 mm diameter plano-convex BK7 glass lenses. (b) Currentvoltage characteristics measured for a typical microcell under AM1.5D simulated solar
illumination. The inset shows a diagram of the device architecture. (c) Short-circuit
current density measured under collimated Xe lamp illumination as a function of incidence
angle for the microcell located in ( JCR ) and out (Jθ ) of the concentrator (i.e. the bare
cell), respectively. The red lines indicate the cosine projection loss relative to normal
incidence. Optical efficiency on the right-hand axis represents the fraction of incident
power delivered to the microcells and is calculated as described in the text. (d) Simulated
and measured current enhancement factors together with the microcell fill factor and open
circuit voltage (in the concentrator) as a function of incidence angle. The red dashed line
indicates the current enhancement obtained for the same microcell at normal incidence
using an acrylic Fresnel lens with the same 12.7 mm diameter aperture size.25

lens with the same geometric gain (G = 260×). Because the photocurrent angle
dependence in each case follows the cosine projection intensity loss designated by
the red lines in Figure 2.5c, the optical efficiency of the concentrator itself is largely
independent of incidence angle. It is estimated on the right-hand axis of Figure 2.5c
according to
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ηopt ≈

JCR Tac
GJ0 < Tcc >

(2.15)

where Tac (θinc ) is the spectrally-averaged Fresnel transmittance from air into the
microcell and < Tcc > is that from glass into the microcell averaged over the range
of angles, θrec , indicated in Figure 2.2b.
A potential concern with this method of concentration is non-uniform illumination of the solar cell, which can decrease both open-circuit voltage (VOC ) and
fill-factor (F F ) owing to lateral current flow that increases series resistive loss.39 It
is notable then in Figure 2.5d that VOC and F F are largely independent of incidence
angle for the concentrated microcell, suggesting that the changing illumination
profile is not a significant concern. This is presently ascribed to the small microcell
dimensions, which reduce the path length and thus voltage drop from lateral current
flow. Similarly, microcell dimensions are expected to mitigate thermal loading
since the lower absolute power dissipated at each cell location distributes heat over
the entire module more effectively;21,22 no active cooling was used in any of our
measurements.
The concentrator stack was subsequently tested outdoors on a sunny day (May
31, 2014) tilted at latitude in State College, PA, USA from 8 am to 6 pm by
manually adjusting the translational alignment every 30 minutes. Figure 2.6a
presents a photograph of the testing arrangement showing the short-circuit current
measured for neighboring microcells located in and out of the concentrator stack.
As shown in Figure 2.6a, the concentrator operates effectively throughout the day,
maintaining a short-circuit current enhancement in the range 150–200× from 9 am
to 5 pm. This result is in reasonable qualitative agreement with the enhancement
determined under laboratory testing (Figure 2.5d) and thus, together with opencircuit voltage and fill-factor that were similarly maintained, equates directly to
the increase in power output.
Figure 2.7 explores the illumination profile and microcell positioning tolerance
in more detail by mapping the photocurrent as a function of cell position relative to
the focal point for normal and oblique angles. These measurements demonstrate an
alignment tolerance of approximately ±0.1 mm at normal incidence in Figure 2.7a
that decreases to ±0.05 mm at θinc = 60° in Figure 2.7c, consistent with the
respective simulations in Figure 2.7b and 2.7d. The asymmetric nature of the
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photocurrent map at wide angle results from elongation of the focal spot and is
due in part to the use of off-the-shelf spherical lenses; generally, the wide angle
performance can be improved by optimizing toward hyperbolic surface curvature
and/or adding aspheric terms.

(b)
microcell

12.77 mA

JCR

experiment

J0

Current Enhancement Factor

69 µA

Short Circuit Current Density (mA/cm2)

(a)

Time of Day (hours)

Figure 2.6. (a) Photograph showing the concentrator outdoor testing configuration;
the insets provide more detailed views of the concentrator and bare cell reference. (b)
Short-circuit current density recorded from the bare and concentrated microcells at 15
minute intervals throughout the day on May 31, 2014 in State College, PA, USA; the
right-hand axis displays the current enhancement factor.
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Figure 2.7. Short-circuit current recorded as a function of lateral misalignment between
the microcell and the concentrator focal spot for the lens pair experimental configuration
in Figure 2.5. The contour plots in (b) - (d) display the photocurrent normalized to
its peak (aligned) value at the origin and thus constitute a convolution between the
microcell active area and the focal spot intensity distribution. Qualitative agreement
is observed between the measurement (a) and ray tracing simulation (b) at normal
incidence with a misalignment tolerance of approximately ±0.1 mm. The tolerance
narrows to roughly ±0.05 mm for 60° incidence in both measured and simulated data of
(c) and (d), respectively. Contours for the experimental data in (a) and (c) are generated
from interpolation of an original 5 x 5 grid of data points.25
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2.4 Concentrator Array Utilizing 3D-Printed Optics
Due to the cost and time associated with fabricating custom lenslet arrays via
conventional diamond-turning or precision molding techniques, we exploited a
recent development in 3D-printed optics to fabricate and test a complete, smallscale microcell CPV array. While 3D printing has begun to revolutionize rapid
prototyping in many other fields,41–43 the goal of printing high-quality optics has
remained elusive due to the stringent tolerances imposed on surface error and
roughness. The “printoptical” technology43 employed here aims to address this
challenge through controlled buildup and flow of inkjet-printed acrylic plastic, which
enables smooth optical surfaces without the need for tooling or post processing.
Figure 2.8a shows the result for a small-scale, 7-element hexagonal lenslet
array on acrylic plastic together with a corresponding array of GaAs microcells
transfer-printed on a glass substrate. These components were assembled as shown
schematically in Figure 2.8a to yield a full concentrator stack approximately
1 cm thick with each series-connected row of microcells contacted independently.
Figure 2.8b displays the ratio of net short-circuit current measured in and out
of the concentrator stack along with that predicted by ray tracing simulation.
Here, we observe a peak current enhancement ratio of ∼150 that is substantially
lower than predicted for the design target. This difference is similar to that
measured for a single cell from the array, indicating that surface error in the printed
lenslets (as opposed to misalignment of the microcell array positions) is the main
factor leading to subpar performance. Although precision interferometry44 was
not available to rigorously characterize the lenslet surfaces, profilometry of a small
section of printed lenslet along with the aberration induced in a Gaussian beam
and a comparison of simulated concentrator performance (red line) all suggest that
relatively large scale defects and surface curvature error (∼20%) are responsible for
the lower-than-expected performance.
Despite the lenslet fabrication error, which could be improved by refining
the printoptical process or using molded optics, the initial result in Figure 2.8b
demonstrates that the requisite microcell patterning and alignment can be achieved,
validating the notion of a larger scale µPT microcell CPV array. To this point,
Figure 2.8c presents outdoor testing results for the prototype array conducted
in State College, PA, USA on June 1, 2014, where the concentrator maintains a
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Figure 2.8. (a) Photographs showing the refractive top and reflective bottom 3D-printed
lenslet arrays together with the corresponding layout of GaAs microcells used to construct
the concentrator prototype. These components were assembled as illustrated in the
diagram to create the full concentrator stack shown in photographs of the outdoor testing
configuration at bottom. The cells circled in red (top) were damaged during assembly
and excluded (by shorting across them) from measurements; the total photocurrent is
the sum of that collected from the bottom right cell and the series-connected middle row
of three cells circled in green. (b) Ratio of the short-circuit current recorded from the
concentrator stack under collimated Xe lamp illumination relative to that recorded for
the bare microcell array outside the concentrator. The measured photocurrent gain is
substantially lower than that predicted for this design via ray tracing simulation (solid
black line) due to surface error in the printed lenslets. Qualitative agreement with the
simulation is obtained by incorporating Gaussian surface scatter into the ray tracing
model to simulate large-scale surface roughness (red line). (c) Short-circuit current
recorded from the prototype array and from the bare reference under full day outdoor
testing as shown in (a); the current enhancement ratio is indicated on the right-hand
axis.25
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current enhancement ratio in the range 100 to 150× relative to the bare reference
cell for over six hours.

2.5 Comparison Between Planar and Polar Concentrators
Cosine projection loss constitutes a fundamental concern for fixed-tilt solar concentration. Whereas polar tracking maintains sunlight at normal incidence, the
intensity falling on a fixed panel decreases as the cosine of the incidence angle and
thus, per unit panel area, a fixed-tilt system is inherently less efficient than a polar
tracking system. In order to quantify this difference, the power density of a given
panel is calculated as
PD (θinc ) = ηcell ηopt (θinc )IDNI (θinc )

(2.16)

where the net conversion efficiency of the module cell array was chosen to be
ηcell =30% and the optical efficiency (ηopt ) is the fraction of light incident on the
concentrator that is transmitted to the cells (including the cos(θinc ) projection loss
for the fixed tilt panels). The direct normal irradiance component of the solar
spectrum ( IDNI ) was used with an air mass correction to account for intensity
changes throughout the day resulting from variation in optical path length through
the atmosphere.45 The difference in power production between different designs is
quantified in Figure 2.9b, which compares the hourly power output per unit panel
area at the vernal equinox in State College, PA, USA for an optimized µPT panel
with a conventional Fresnel lens at equivalent 255× geometric gain assuming a solar
cell efficiency of 30%.46–48 Integrated over the day, a single polar tracking CPV
system delivers approximately 1.5× more energy than a fixed-tilt microtracking
system, typical of the difference throughout an entire year.
By the same measure however, polar tracking panels must be spaced farther
apart to avoid shading one another as illustrated in Figure 2.9a and thus cosine
projection loss is offset when power generation per unit installed land area is the
relevant metric. Because µPT panels can be spaced closely in the east-west direction
without shading one another, more power generating capability can be located in
a given area of real estate than for polar tracking systems. Assuming that the
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dual axis tracking panels are spaced for optimal power per unit land area such
that shading is avoided for panel tilts up to 50° from the zenith, this results in
a land area increase of [cos(50°)]−1 ∼ 1.55× in the east-west direction relative to
microtracking panels spaced adjacent to one another. As shown in Figure 2.9c,
µPT PV consequently delivers more power per unit land area over the majority of a
typical day, resulting in an approximate 1.9× increase in energy output. Compared
with an equivalent installation of conventional Si photovoltaics (assuming a module
efficiency of 18%; gray line), we project a 30% increase in daily energy output
delivered by the microcell CPV system.
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Figure 2.9. (a) Physical layout of an east-west oriented line of latitude-tilted microtracking panels spaced adjacent to one another. Dual axis tracking conventional Fresnel-based
CPV panels shown for comparison must be spaced farther apart to avoid shading one
another. (b) Simulated power generation per unit panel area for the microtracking and
dual axis systems in (a); spacing between the dual axis panels is unconstrained and large
enough to entirely avoid shading. The dashed line (right-hand axis) designates the solar
incidence angle for the fixed-tilt microtracking panels. (c) Power generated per unit
installed land area for each system; the dual axis panel spacing in this case is optimized
to avoid shading for tilt angles up to 50°. As compared to (b), in this case the planar
microtracking system generates nearly twice as much energy on aggregate as the dual
axis system over a typical day since more microtracking panels can be located in a given
land area without shading.25
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Chapter 3 |
High concentration planar microtracking photovoltaic system
exceeding 30% efficiency
The economic landscape of photovoltaic (PV) power has fundamentally changed.
Driven by manufacturing advances and economies of scale over the past decade,
silicon and thin film PV module costs have decreased dramatically, far outpacing
balance of system and soft cost reductions. To a growing extent, solar panels are no
longer the dominant cost of the power they produce.1–3 The optical concentration
of high efficiency solar cells present an opportunity to address this issue, and planar
solar concentrators offer a path forward to create compact (i.e. commensurate
with typical PV panel thicknesses . 2 cm), efficient (optical efficiency, ηopt > 0.8)
systems operating at a high concentration ratio (commonly defined as CR > 100,
where CR is the ratio of concentrated to incident light intensities) over a wide
range of incidence angles (θacc = ±70◦ ).
In order to truly compete against incumbent technologies (i.e. monocrystalline
Si), a planar concentrator must operate for as wide of a range of angles as possible,
as shown by Figure 3.1. From this, we see that operating with a 140° field of
view (i.e. an angular acceptance of ±70°) would enable a static, latitude tilted
panel to utilize 96% of the annual solar flux falling on it. Catadioptric planar
microtracking (µPT) systems based on a laterally moving solar cell array were
discussed in Chapter 2, though the proof-of-concept designs reviewed there were
not able to demonstrate the required range of acceptance.4
In this Chapter, we report a prototype µPT CPV system that operates with a
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96% annual power

~10 hrs/day

~8 hrs/day

88% annual power

Figure 3.1. Angular requirements for a µPT CPV system. The red curve shows the
fraction of annual DNI insolation that can be collected by a latitude-tilted, south-facing
µPT CPV panel in Phoenix, AZ as a function of its acceptance angle. A panel with a
120° field of view (±60° acceptance; green dashed line) can capture 89% of the annual
insolation whereas a 140° field of view (±70° acceptance; purple dashed line) captures
96% of the insolation.5

triple junction microscale photovoltaic (µPV) cell at CR > 660 over a 140◦ fullfield of view with peak power conversion efficiency exceeding 30%. Implemented
with a microcontroller and tested outdoors at latitude tilt in central Pennsylvania,
the system generates 54% more energy per unit area over an entire day than an
adjacent commercial Si solar cell with 17% power conversion efficiency. These results
represent an important step toward the goal of high efficiency tracking-integrated
CPV in the form factor of a standard rooftop photovoltaic panel.

3.1 Methods
3.1.1 Simulations
Non-sequential ray-tracing simulations were carried out using Zemax OpticStudioTM
accounting for all material absorption and optical constant dispersions, polarizationdependent Fresnel reflections, and thin film coating interference effects. The
geometry of the concentrator stack was simulated and optimized over the AM1.5D
solar spectrum in the 350 < λ < 1850 nm spectral range accounting for the
angular spread of the solar disk. Simulations of optical efficiency data measured in
the laboratory account for the spectrum of the supercontinuum laser used as the
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illumination source.
Finite element heat transfer modeling was conducted using COMSOL Multiphysics software assuming free convection and radiation on the outer optical
surfaces and conduction for all internal interfaces in the concentrator stack. Power
dissipation in the solar cell was modeled as a boundary heat source with a flux
given by the optical power absorbed by the cell.

3.1.2 Fabrication
Single junction GaAs µPV cells used for characterizing the concentrator optical
performance were grown epitaxially and lifted off using an AlGaAs sacrificial layer
as described previously.4 Triple junction InGaP/GaAs/InGaAsNSb cells were grown
lattice-matched on a GaAs substrate and lifted off via an AlInP sacrificial layer as
documented by Sheng et al..6 The total thickness of the cells is approximately 10 µm
and their surface is coated with a broadband TiO2 (30 nm)/SiNx (45 nm)/SiO2
(90 nm) antireflection coating that is designed for incidence from the surrounding
glass. Individual cells were printed onto a 150 mm borofloat 33 glass wafer with
photolithographically-patterned contacts and subsequently encapsulated by bonding
a second wafer on top with a ∼30 µm thick layer of ultraviolet-curable optical
adhesive (NOA 88, Norland).
The aspheric planoconvex top and bottom optics that make up the concentrator
were custom-turned from N-BK10 and N-LASF31A glasses, respectively. The
curved surface of the top lens is coated with a broadband antireflection coating
via oblique-angle evaporation of Teflon AFTM (Chemours Co.).7 Reflection loss
within the concentrator stack at the interface with the high index bottom optic is
suppressed by depositing a 110 nm thick Al2 O3 layer on its plano surface and the
mirror coating applied to the curved bottom surface consists of SiO2 (80 nm)/Al2 O3
(10 nm)/Ag (120 nm) with a protective Cu overlayer to prevent Ag oxidation. The
complete concentrator was assembled by sandwiching the wafer stack containing
the µPV cell between the top and bottom lenses held in the testing jig using BK7
index matching fluid (Cargille Labs) for lubrication.
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3.1.3 Experimental testing
The concentrator optical efficiency was characterized in the laboratory using collimated light (< 1◦ divergence) from a broadband supercontinuum laser (400 <
λ < 2500 nm, Fianium). The optical efficiency is determined via the ratio of the
short circuit current from a bare GaAs µPV cell (J0 ) to that measured from the
same cell in the concentrator (JCR ) according to ηopt = (JCR Tac )/(GJ0 hTcc i)Kproj .
In this expression, G is the geometric gain, Tac (θinc ) is the spectrally-averaged
transmittance from air into the bare µPV cell at a given incidence angle, θinc , and
hTcc i is that from the concentrator glass into the cell averaged over the range of
incidence angles, θrec (see Figure 3.2a), at the focal point. The geometric factor,
Kproj , accounts for the reduced cosine projection loss experienced at high oblique
incidence angles by the curved top lens of the concentrator stack as compared to
the planar surface of the reference cell; Kproj only deviates from unity for θinc > 60◦ .
A single junction GaAs µPV is used as the reference cell in this measurement to
avoid potential errors from sub-cell current mismatch in multi-junction cells that
are not tuned for the supercontinuum laser spectrum used in the measurement.
Current-voltage data were recorded using a pair of Keithley 2401 source-measure
units for both indoor and outdoor measurements using four point connections
whenever possible to minimize series resistive losses. A four point measurement was
not available for the Si reference cell during the Nov. 7, 2016 outdoor test (but was
used on the Nov. 5, 2016 test) and therefore, to avoid underestimating the F F of
that cell due to series resistive loss, a constant representative F F = 0.78 is taken for
it on this particular day. The CPV system was initialized at the start of each day by
manually aligning the µPV wafer stack with the focal spot and then turning control
over to an Arduino microcontroller programmed with a hill-climbing algorithm
to optimize the cell position based on feedback from the short circuit current.
The pyranometer mounted on the testing jig is a LI-200R (LI-COR) and the Si
reference cell is a monocrystalline 156B3-200R (MOTECH) cut to 76.2 × 25.4 mm2
rectangular dimensions. The efficiency for the unconcentrated 3J µPV and Si PV
reference cells is calculated based on the NOAA SURFRAD direct and diffuse
irradiance incident on the cell area whereas the CPV efficiency is based only on
the direct component incident on the 20 mm diameter concentrator area. The
cosine-corrected DNI in each case is determined from the known orientation of
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the Sun relative to the testing jig according to the National Renewable Energy
Laboratory Solar Position Algorithm.8

3.2 High gain planar microtracking concentration
Figure 3.2a illustrates the basic µPT optical system geometry, where a central glass
sheet containing a µPV cell slides freely between a pair of planoconvex refractive
and reflective optics, lubricated by index-matching oil. This catadioptric design
folds the optical path and maintains a flat intermediate focal plane, resolving the
usual Petzval curvature problem (where the focal spot degrades with increasing
incidence angle)9–12 to enable lateral microtracking over a wide range of incidence
angles4 . A complete panel would consist of top and bottom lenslet arrays matched
to a corresponding array of µPV cells.
Based on recent work exploring the limits of planar tracking concentration13 ,
this design adopts a low dispersion N-BK10 glass top optic (n ≈ 1.5) in combination
with a more dispersive, higher refractive index N-LASF31A bottom optic (n ≈ 1.9)
that together help to mitigate chromatic dispersion in a manner analogous to an
achromatic doublet. To minimize parasitic reflections, a broadband fluoropolymer
antireflection coating7 is applied to the top lens surface and the plano surface of the
bottom mirror is coated with a 110 nm thick alumina layer to suppress reflections
from the n = 1.5 to n = 1.9 internal index discontinuity.
The optical performance of this concentrator is first characterized in the laboratory under collimated, broadband illumination from a supercontinuum laser
to mimic low-divergence direct sunlight. The top and bottom lens elements are
custom-turned aspheres and the sliding middle sheet consists of a 600 µm square
GaAs µPV cell, transfer-printed and sandwiched between a pair of 0.5 mm thick
glass wafers. In this case, the geometric gain (G) given by the ratio of the concentrator aperture area (Aconc , defined by the 20 mm lens diameter) to the cell area
(Acell ), is G = Aconc /Acell = 873.
Figure 3.2b displays the optical efficiency measured as a function of incidence
angle, where ηopt = Pcell /Pconc is defined as the fraction of optical power incident
on the concentrator (Pconc ) that reaches the surface of the PV cell (Pcell ) in the
supercontinuum wavelength range absorbed by GaAs (400 < λ < 873 nm). The
concentration ratio follows simply as the product of optical efficiency and geometric
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gain, CR = Gηopt . A single junction cell is used in this measurement to avoid errors
that might arise from sub-cell current mismatch in a multijunction PV cell. The
results show that ηopt exceeds ∼90% for incidence angles up to 70◦ , in agreement
with a ray tracing simulation carried out in Zemax OpticStudioTM (purple solid
line).
Based on this validation, the ray tracing model is subsequently extended over
a larger wavelength range (350 < λ < 1850 nm) to predict the optical efficiency
for a 650 µm square multijunction cell as used in the CPV system detailed below
(G = 743, blue solid line). The similarity of this result to that for GaAs showcases
the broadband nature of the concentrator, which in turn permits full spectrum
concentration for three, four, or five-junction PV cells6,14,15 . This remarkable combination of optical efficiency, geometric gain, spectral bandwidth, and acceptance
35˚
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Figure 3.2. (a) Ray tracing diagram of the concentrator optical system. The µPV
cell is sandwiched between a pair of glass wafers bonded with optical adhesive and
tracking is accomplished by sliding this composite middle sheet between planoconvex top
and bottom lenses to align with the focal spot at different solar incidence angles. The
sliding middle sheet is lubricated with index-matching fluid (IMF) to reduce parasitic
reflection losses within the concentrator stack. (b) Optical efficiency measured for the
concentrator as a function of incidence angle. The red data points are recorded under
collimated, broadband illumination from a supercontinuum laser using a 600 µm square
GaAs µPV cell (corresponding to G = 873); error bars reflect the uncertainty estimated
from maximum and minimum values of independent measurements recorded on several
different days. Solid lines are the result of ray tracing simulations for the experimentallymeasured arrangement (600 µm cell with supercontinuum wavelengths 400 < λ < 873 nm
limited by the GaAs bandgap; purple line) and extended to the case of a 650 µm square
cell operating over the majority of the AM1.5D solar spectrum (350 < λ < 1850 nm; blue
line).5
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angle far surpasses that of any previous µPT concentrator4,10,16 and even rivals that
of conventional, rotationally-tracked CPV concentrators17,18 .

3.3 CPV system testing
The same optics are implemented in a complete, small-scale µPT CPV system shown
in Figure 3.3a. The testing jig shown in the photograph of Figure 3.3a is designed to
hold the top and bottom lens elements in place while sliding the glass wafer middle
sheet laterally between them with a pair of motorized linear translation stages.
The µPV cell in this case (shown in the inset of Figure 3.3b) is a 650 µm square
InGaP/GaAs/InGaAsNSb triple junction (3J) stack with corresponding bandgaps
of 1.9, 1.4, and 1.0 eV. This cell architecture reaches approximately 42% power
conversion efficiency at CR ≈ 600 as reported previously.6 Closed-loop tracking
(a)

θinc
3J μPV

pyranometer

lens
contact
traces

Si PV
bracket

bare µPV

mirror

borofloat 33
wafers

stages

(b)

(c)

Figure 3.3. (a) Photograph of the CPV testing jig. The lens and mirror optics shown
in the blow-up diagram on the left are held by two fixed cross-members in the center of
the photograph while the glass wafer stack sandwiching the µPV cell is controlled by a
surrounding bracket that moves laterally on top of a pair of crossed linear stages. The
reference Si cell and pyranometer are located at the top of the jig while the bare 3J µPV
is located at the bottom. The red scale bar in the photograph is 10 cm. (b) Photograph
showing a close-up view of the CPV optical system, with a picture of a typical 3J µPV cell
shown in the inset (the red scale bars are 1 cm and 200 µm, respectively). (c) Photograph
of the entire system being tested at the NOAA SURFRAD site5
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Figure 3.4. Schematic of the hill-climbing algorithm (HCA) used to automatically track
the µPV cell (grey square) in the µCPV system. After an initial course manual alignment
(the size of the orange focal spot intensity distribution is exaggerated for illustration
purposes), the cell moves with 10 µm steps in a given direction until the short-circuit
current begins to decrease. At this point, the cell moves in an orthogonal direction until
the short-circuit current once again begins to decrease. This cycle continues for the
duration of the CPV test, ensuring that the cell maintains optimal alignment throughout
the day.5

control is provided by a microcontroller running a simple hill-climbing algorithm
based on feedback from the µPV short circuit current as detailed in Figure 3.4.
To provide several reference points for evaluation of the CPV performance, a
bare 3J µPV cell, a 17%-efficient commercial Si solar cell, and a cosine-corrected
pyranometer are mounted on the same testing jig (see Figure 3.3a).
The entire assembly was subsequently taken to the National Oceanic and
Atmospheric Administration (NOAA) Surface Radiation (SURFRAD) monitoring
site near State College, PA,19 and tested outdoors facing south at latitude tilt
(∼ 41◦ ) as shown in Figure 3.3c. The SURFRAD site provides a detailed breakdown
of the surface radiation budget, including direct normal (DNI), diffuse, and global
horizontal (GHI) irradiance parameters that are used to evaluate power conversion
efficiency. Figure 3.5a presents the SURFRAD irradiance conditions for a daylong test run conducted on Nov. 7, 2016, broken down into diffuse, DNI, and
cosine-corrected DNI incident on the plane of the (latitude-tilted) CPV system.
Accounting for the system orientation, the SURFRAD data collectively agree with
the global irradiance recorded by the pyranometer mounted on the testing jig.
Figure 3.5b displays the CPV short circuit current density together with that for
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Figure 3.5. (a) (c) Direct (purple) and diffuse (blue) components of the solar irradiance
together with the cosine-corrected direct component (red) incident on the oriented
testing jig during the outdoor test on Nov. 7, 2016. The Sun was obscured prior to
∼ 0800 hr by the ridge seen in the background of the photograph in 3.3c. (b) Short
circuit current density, JSC , for the CPV (red) and bare µPV (blue) cells along with their
ratio (purple) shown on the right-hand axis. The geometric gain is G = 743. (c) Power
conversion efficiency (PCE) for the CPV (red), bare µPV (blue), and Si commercial cells
(purple). The CPV efficiency is calculated relative to the direct irradiance whereas the
unconcentrated cell efficiencies are referenced to the total irradiance. (d) Open circuit
voltage (dashed lines, left axis) and fill-factor (solid lines, right axis) for the CPV and
bare reference cells; the color coding is the same as the previous plot. The mid-day
reduction in both VOC and F F for the CPV system results primarily from cell heating
that follows the cosine-corrected irradiance incident on the concentrator in a.5

the bare 3J µPV over the course of the day. The current enhancement ratio between
the two (JCR /J0 , shown on the right-hand scale) is ∼ 570× over the majority of
the day, which is lower than the optical concentration ratio CR = Gηopt = 660
calculated from Figure 3.2b for several reasons. The concentrator optical efficiency
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decreases in the blue/ultraviolet spectral region due to transmission loss in the high
index LASF31A glass and reflectivity loss from the Ag mirror, which reduces the
top sub-cell photocurrent and causes it to current-limit the stack. Integrating the
AM1.5D photon flux spectrum (red, right-hand axis of Figure 3.6) over the top cell
quantum efficiency with and without the concentrator optical efficiency leads to
Top
expected current densities of J0Top = 13.03 mA/cm2 and JCR
= G ∗ 12.07 mA/cm2 ,
Top
respectively. This is to be compared with J0Mid = 13.11 mA/cm2 and JCR
=
2
G ∗ 12.78 mA/cm calculated for the middle cell, from which it is evident that the
current-limiting effect of the top sub-cell inside the concentrator leads to a ∼5%
reduction in photocurrent relative to the bare 3J µPV. Taking this loss (0.95) and
the incoupling transmission difference calculated between the bare cell in air and
that in the concentrator dielectric (hTcc i/Tac = 0.97 at mid-day) together with the
diffuse light photocurrent boost for the bare cell outdoors (a ∼ 6% increase relative
to the DNI-only photocurrent at mid-day) then accurately accounts for the difference
between the optical concentration ratio (CR = 660) and the current enhancement
ratio (JCR /J0 ≈ 570) observed in Figure 3.5b (that is, 660(0.95)(0.97)(1.06) = 574).
The asymmetry in the current enhancement ratio over the course of the day results
from a slight, inadvertent westward tilt of the bare cell relative to the plane of the
testing jig, which causes its current to be lower in the morning and higher in the
afternoon, leading to an artificial increase and decrease in the current enhancement
ratio, respectively.
Figure 3.5c displays the power conversion efficiency for the CPV, bare 3J µPV,
and commercial Si cells. The efficiency for the unconcentrated 3J µPV and Si PV
cells is calculated based on the direct and diffuse irradiance incident on the cell
area whereas the CPV efficiency is based only on the direct component incident
on the concentrator per standard test practice.17,18 The resulting CPV efficiency
fluctuates near 30% from roughly 1000 hr to 1400 hr and remains above the 17%
Si reference cell for virtually the entire day.
The fact that the CPV efficiency is lower than the unconcentrated 3J µPV cell
attests to undesirable loss in both fill-factor (F F ) and open-circuit voltage (VOC ) as
shown in Figure 3.5d. There, the CPV open-circuit voltage decreases by ∼ 200 mV
from 0800 hr to 1300 hr despite a nearly four-fold increase in JSC over the same
time period that would nominally have been expected to yield a ∼ 150 mV increase
based on the ambient temperature and cell ideality factor. The CPV fill-factor
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Figure 3.6. External quantum efficiency of a typical 3J µPV broken down into the
contributions from its top (green), middle (purple), and bottom (orange) sub-cells. The
optical efficiency spectrum of the concentrator (blue) is measured at normal incidence
using a GaAs µPV cell with monochromated light from an Energetiq LDLS Xe lamp.5

exhibits a similar trend, decreasing from F F ≈ 0.85 at 0800 hr to F F ≈ 0.79 at
1300 hr. All of the observations in Figure 3.5 are reproduced in another day-long
test conducted on Nov. 5, 2016 (see Supplementary Figure 6 from Reference [5]).

3.4 Thermal management
The mid-day drop and partial late afternoon recovery of both VOC and F F in the
CPV system result mainly from cell heating. Evidence for this conclusion follows
from Figure 3.7a, which demonstrates a deviation in the logarithmic scaling of VOC
on light intensity above a short circuit current density of ∼ 1 A/cm2 . Cell heating
is similarly supported by the transient decay of VOC upon sudden illumination
by direct sunlight shown in Figure 3.7b. The VOC transient itself is empirically
well described by a bi-exponential decay with time constants τ1 ∼ 92 ms and
τ2 ∼ 970 ms. Given that the thermal conductivity of the semiconductor µPV
cell is roughly one order of magnitude higher than that of the glass and adhesive
surrounding the cell, it seems likely that τ1 reflects the time constant of the cell
itself whereas τ2 reflects slower diffusion of heat into its surroundings.
Figure 3.7a and 3.7b clearly demonstrate cell heating but cannot be used as
a direct measure of the temperature increase that occurs in Figure 3.5d because
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the data sets are collected on different days under different irradiance conditions.
Nevertheless, based on the VOC temperature coefficient for our 3J µPV cells,
β = −4.7 mV/◦ C (i.e. the change in open circuit voltage due to a given change
in temperature), we can estimate the cell temperature rise in Figure 3.5d via the
usual light intensity and temperature relationship,20 VOC = Voc0 + β(T − T0 ) +
[nkb T /q]ln(JSC /Jsc0 ). In this expression, n = 4.4 is the µPV cell ideality factor, T
is its temperature at a given short circuit current density, JSC , and VOC,0 , JSC,0 , and
T0 refer to the same parameters when the cell is operated at a lower illumination
intensity and/or temperature reference point. Using the first measurements of the
morning from Figure 3.5 at 0800 hr to establish this reference point when cell heating
is assumed to be negligible, we find that the the maximum cell temperature at midday exceeds the ambient by approximately 70◦ C. Current-voltage measurements
recorded from an identical µPV cell on a hot plate under 1 sun illumination indicate
that this temperature rise is also partially responsible for the F F reduction observed
in Figure 3.5d; the balance is due to series resistive loss from the extended contact
traces (shown in Figure 3.3) that manifests at high current.
Finite element simulations provide a basis to better understand heat rejection within the concentrator environment as well as opportunities to improve it.
Figure 3.7c shows the steady-state temperature profile simulated for the CPV
system under full sun illumination at open circuit, in agreement with the ∼ 70◦ C
heating estimated above. The transient rise in average cell temperature enroute to
this steady-state distribution is displayed in Figure 3.7d and qualitatively agrees
with the experimental transient in Figure 3.7b insofar as it reproduces the biexponential form of the data with comparable magnitude fast (τ1 ∼ 13 ms) and
slow (τ2 ∼ 560 ms) time constants that mark equilibration of the cell and surroundings, respectively. Although the highly localized nature of the temperature increase
in Figure 3.7c is undesirable from a cell cooling standpoint, it also means that
the majority of the concentrator optic is not heated and thus thermal expansion
and refractive index change have a minimal impact on the concentrator optical
performance.
Moving forward, there is reason to believe that cell heating can be managed
even without increasing the thermal conductivity of the middle sheet. At a trivial
level, the heat load on the cell is naturally reduced by ∼ 40% when the cell
operates delivering power at its maximum power point. In addition, because the
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Figure 3.7. (a) Light intensity dependence of the CPV open circuit voltage (VOC )
recorded outdoors by placing a variable aperture in front of the concentrator lens. The
dashed red line denotes the expected logarithmic dependence on short circuit current
density described in the text. The data deviate from this relationship at current densities
> 1 A/cm2 due to cell heating. (b) Transient VOC measurement in which the CPV
system was abruptly exposed to direct sunlight at t = 0. The data are shown in black
and red diamonds denote a biexponential fit as described in the text. (c) Finite element
model showing the steady-state temperature increase above ambient, ∆T , predicted
within the experimental CPV system at open circuit under full sun illumination assuming
all of the power is dissipated as heat. (d) Model prediction of the transient change in
average cell temperature above ambient following the onset of illumination. (e) Simulated
dependence of the average steady-state cell temperature increase versus square µPV cell
side length at CR = 360 assuming maximum power point operation.
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Figure 3.8. (a) Power per unit area generated by the CPV system (based on the
concentrator area) and the commercial Si cell (based on the cell area) during the test
on Nov. 7, 2016. The orange line is a prediction based on the experimental data for
the case in which the cell suffers no heating-related efficiency loss in VOC or F F (i.e.
by using the early morning 0800 hr data in Figure 3.5c as a reference point, assuming
that the F F remains constant throughout the day and VOC scales logarithmically with
the experimentally-recorded JSC as described in the text, but with β set to zero). (b)
Cumulative energy density obtained by integrating the power densities in a over time.
The arrows show that the experimental CPV system generated 54% more energy than the
commercial Si cell over the course of the day, and could have reached 73% more energy
in the absence of cell heating losses.

refractive index of commodity optical glasses and plastics is lower than n ∼ 1.6, the
concentration ratio of an actual µPT CPV panel is likely limited to CR ∼ 400.13
Relative to the present CPV system, these two changes together would reduce the
cell heat load by roughly a factor of three.
Figure 3.7e shows that scaling to smaller µPV cells is also expected to yield a
significant reduction in cell temperature. This follows from the increase in perimeter
to area ratio with decreasing cell size and is a well-known benefit of operating
with microscale photovoltaics under concentration.15,21 In the present context,
Figure 3.7e predicts that, for maximum power point operation at CR = 360, a µPV
cell size less than 300 × 300 µm2 will limit the µPV cell temperature rise to < 10 ◦ C,
which would largely eliminate the VOC and F F losses observed in Figure 3.5d.
The most direct, and arguably most important, comparison between the CPV
system and the benchmark Si cell is simply the power generated per unit area shown
in Figure 3.8a. Whereas the Si cell power density peaks at ≈ 170 W/m2 in accord
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with its 17% AM1.5G efficiency, the CPV system peaks at ≈ 275 W/m2 , which
is slightly lower than that expected from its nominal (DNI-based) 30% efficiency
since it does not convert the small diffuse irradiance component in Figure 3.5a.
Nevertheless, integrated over the entire day, the CPV system delivers a total energy
density of ∼ 1.7 kW-hr/m2 , which is 54% higher than that produced by the Si cell
as shown in Figure 3.8b. If the heating-related VOC and F F losses in the CPV
system can be corrected per Figure 3.7e, the energy density enhancement over Si
increases to more than 70% and the peak CPV power conversion efficiency reaches
35%.

3.5 Discussion of High Gain Planar CPV
The CPV system demonstrated here employs high index glass to push the limits
of µPT concentration in an intentional effort to uncover problems such as cell
heating that arise at high flux. As noted above, however, the lower index of
commodity optical glasses and plastics (1.5 . n . 1.6) is likely to limit operation
of a practical µPT CPV panel to concentration ratios in the range 300 < CR < 400
without sacrificing the 140◦ angular acceptance.13 This represents the lower bound in
concentration ratio currently employed by commercial CPV systems.18,22 Chapter 8
details the design of a large scale concentrator array made of acrylic plastic.
Decreasing the µPV cell size at constant concentration ratio is expected to be
beneficial on multiple accounts. Not only does it help mitigate cell heating (see
Figure 3.7e), but the associated size reduction of the concentrator optics reduces
material usage, panel thickness, and weight. Although scaling does increase the
required tracking precision (the µPV positioning tolerance in the present system is
roughly 100 µm), this is unlikely to be a problem for integrated µPT positioning
approaches with ∼ 1 µm precision described previously.10
Ultimately, the most important technical challenge facing µPT CPV is long-term
reliability. There are numerous engineering considerations involved in ensuring
that such panels remain sealed and track every day without fail over a wide range
of temperatures and weather conditions during a nominal 25 year lifespan. An
example design for a complete module is explained in Chapter 8. In the most likely
case of injection-molded plastic concentrator optics, environmental degradation
is an obvious concern, though field-proven acrylic CPV Fresnel lenses18,23,24 and
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the introduction of durable, broadband antireflection coatings for plastic7 provide
cause for optimism.
Finally, as with any CPV system, the performance advantage of µPT CPV panels
over standard PV relies on a high annual DNI level. Extending the experimental
results in Figure 3.8 to Phoenix, AZ over the course of an entire year based on the
weather data and direct/diffuse breakdown available from the online calculator,
PVWattsr (http://pvwatts.nrel.gov/), we predict that a µPT panel with no cell
heating would deliver ∼ 1.6× more energy than a 17%-efficient Si panel of equal
size. By contrast, the same calculation carried out in State College, PA yields only
a factor of ∼ 1.3× improvement.
In summary, we report an automated planar microtracking CPV proof-of-concept
system that achieves an unprecedented combination of efficiency (> 30% peak)
and concentration (CR > 660), resulting in > 50% more energy generated per
unit area per day than a 17%-efficient commercial Si solar cell in head-to-head
outdoor testing. Losses in both VOC and F F due to cell heating under full sun
illumination are collectively responsible for a 5% absolute efficiency decrease that
can be avoided in the future by scaling to smaller cell sizes. If long-term reliability
challenges can be addressed in a scalable panel design based on injection-molded
optics and transfer-printed µPV cells, the embedded CPV paradigm described here
could offer a dramatic efficiency increase for rooftop photovoltaic power in sunny
locations around the world.
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Chapter 4 |
Introduction to OLEDs
All of the previous chapters up to this point have been focused on either solar energy
or CPV. Here, we pivot towards the second area of focus for this thesis: organic light
emitting diodes, also known as OLEDs. The following chapter introduces the idea
of an OLED, explains the basic working principles of these devices, and contrasts
them with their inorganic counterparts. The remaining chapters discuss recent
progress in the development of a spectroscopy technique to understand why OLEDs
become less efficient at high brightness, as well as the design of novel macroscopic
and microscopic architectures to improve OLED aesthetics and durability.

4.1 Organics vs Inorganics
Most people are familiar with inorganic light emitting diodes (LEDs) as the now
ubiquitous energy efficient solid-state light source that illuminates their homes,
powers the flash on their camera cell phone, and has made its way into modern
televisions and cell phones in form of a high performance backlight for liquid crystal
displays (LCDs). At a very high level, the primary difference between LEDs and
OLEDs is the “O,” which stands for organic. This may cause you to pause and
ask the question, if they are “organic,” does that mean they are locally grown in
a humane manner without the use of pesticides or hormones? Probably, but I
still wouldn’t eat them, as the detrimental side effects of consuming a great deal
of the organic compounds commonly used in OLEDs are largely unknown, and a
number of those materials that have been studied tend to be corrosive, carcinogenic,
mutagenic, or otherwise toxic for humans.1–6 In reality, organic refers to the fact
that most of the molecules inside of an OLED are comprised primarily of carbon
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(C) and hydrogen (H), with traces of nitrogen (N), oxygen (O), or other atoms.
This imparts a number of unique aspects to OLEDs and organic semiconductors in
general, and as we will come back to in Section 4.2.1, has profound implications on
how these devices work.
Traditional semiconductors such as silicon (Si), germanium (Ge), gallium arsenide (GaAs), and gallium nitride (GaN) are often used in the form of covalently
bonded (bond strength ∼ eV), highly ordered crystalline structures7–9 as shown
in Figure 4.1a. By comparison, organic semiconductors (OSCs) are themselves
carbon-based, covalently bonded molecules that are weakly held together, often
times in glassy or amorphous solids via Van der Waals bonds (bond strength
∼ 1-10’s of meV),10,11 as illustrated by Figure 4.1b.
The stark contrast in intermolecular bond strength between these two classes
of materials yields a number of physical differences, perhaps the two greatest being
the lack of mechanicaly rigidity and comparatively low thermal stability of organic
materials. OSCs tend to be significantly softer than most inorganics, where the
bulk modulus of GaN is 180 GPa9 , while the modulus of most organic materials is
one to two orders of magnitude lower.12,13 This comes about as a result of the weak
Van der Waals bonds allowing molecules and molecular planes to slide past each

(a)

(b)

Van der Waals bond

OSC
molecule

Covalent bond

Figure 4.1. (a) One unit cell of the crystalline structure of GaN. Grey atoms represent
Ga, while yellow atoms represent N; all of the bonds here are covalent. (b) An example
of an arbitrary amorphous OSC. Here, the green circles represent atoms, and the black
lines are the covalent bonds that hold the molecules together. The dashed red lines show
that some of the OSC molecules may weakly interact via Van der Waals bonds, which
are what hold them together in a solid film.
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other with little impact to the electrical or mechanical properties of the device.
The practical implication is that OSCs can be patterned on compliant polymer
substrates, and then bent, folded, twisted, or otherwise manipulated,14–17 which will
be utilized in Chapter 6. A second consequence of weak intermolecular molecular
bonding is that OSCs melt between 150 to 300 ◦C, and may undergo morphological
changes at even lower temperatures as the particular molecule’s glass transition
temperature is exceeded.18–20 This indicates that some organic devices may be
unstable under ambient or standard operating conditions, though we propose a
potentially general solution to this problem in Chapter 7.
In crystalline organic materials, charge transport takes place in delocalized
energy bands,8 while conduction in amorphous organics takes place via hopping between localized molecular orbitals. This effectively results in a substantial reduction
in mobility for organics, which means that they require much higher biases to drive
the same amount of current, or must be made thin (1 µm). For example, the electron mobility in Si is 1400 cm2 · V−1 · s−1 , whereas it is ∼ 1 × 10−5 cm2 · V−1 · s−1 for
the prototypical electron transporting molecule tris(8-hydroxyquinoline)aluminum
(Alq3).21 In the proper configuration, crystalline organic materials can achieve hole
mobilities as high as 45 cm2 · V−1 · s−1 ,22 but the present upper limit to electron
and hole mobility of most amorphous small molecules in an OLED configuration is
on the order of 1 × 10−3 cm2 · V−1 · s−1 .23–25
One of the most important aspects of any photonic material is its oscillator
strength. This is a quantity that determines how strongly matter interacts with
light, and determines how well a material can absorb or emit photons. Organics
tend to have very high oscillator strengths,26 which is the primary reason that
many organic molecules have high photoluminescent quantum yields and strong
absorption coefficients. Practically, this means that organic photovoltaics (OVPs)
can be as thin as ∼100 nm and still absorb > 99% of incident light, whereas 10’s
of µm are needed to achieve the same effect in silicon. Conversely, there is a
high probability of radiative emission provided that an electron and hole can find
one-another, which allows for recombination zones in OLEDs to be sub-nanometer
in thickness27 and still realize ∼ 100% internal quantum efficiency.
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4.1.1 Material Purification
Our ability to precisely control the level of impurities in semiconductors is responsible for the rise of devices ranging from discrete LEDs and transistors all the way
up to modern cell phones and supercomputers. However, before impurities can
be added to modify the properties of the semiconductor, it is important to start
with pristine material. For inorganic semiconductors such as Si or Ge, this is often
accomplished by slowly drawing a large boule out of a pool of an ultrapure melt; as
the material crystallizes, impurities are forced out to the edges of the boule.8 Other
semiconductors such as those from the III-V category like GaAs, InP, or GaN might
be grown directly from their constituent elements through molecular beam epitaxy
(MBE), or from elemental precursors via some form of chemical vapor deposition
(CVD).7 Unfortunately, none of these technologies are readily available for organic
semiconductors, though we briefly review several popular methods to purify organic
materials.
Organic compounds are synthesized in bulk through a series of steps that
may have intermediate yields as low as 20% to 30%. As a result, the material
coming directly out of the synthetic beaker can contain a variety of molecular
precursors, partial reactants, and catalysts, which will have different energy levels
than the target molecule. Given that these unintended additives can be present
at concentrations on the order of several percent of the total material, they can
have a dramatic impact on transport, lifetime, and photo/electroluminescence for
practical devices.28,29 Prior to use, or declaring that a synthesis was a success,
the chemist may first run the material through a solvent-based recrystallization,30
or high pressure liquid chromatography (HPLC)31,32 to remove some impurities.
This is often the maximum that is done by commercial entities, where quoted
purity levels are > 98%, although cursory inspection of their products leads to the
conclusion that the purity is often much lower than claimed∗ ; see Figure 4.2a for
an example based off of several grades of Alq3 from different vendors.
Solvent-based approaches represent an important first step in terms of material
purification, but because many of the molecules present in a given batch tend
to have at least partial solubility in the same solvents or affinity to the same
HPLC column packing materials, they are ultimately limited their capabilities.10
∗

I’m looking at you, Sigma...
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(a)

Alq3 / 99.995% purity
(trace metal basis)
Sigma Aldrich

(b)

cooler
Turbo
Pump

Alq3 / 99.9% purity
(sublimed grade)
Lumtec

Alq3 / post-sublimation in lab

thermal gradient

hotter

material flow

volatile
impurities

cache sleeves
recondensed
input
material
material

Figure 4.2. (a) Different grades of Alq3. From left-to-right, we have: 99.995% purity on
a trace metal basis from Sigma Aldrich, 99.9% purity sublimed grade from Lumtec, and
>99.9% purity that was sublimed in-lab starting from the Lumtec material. Note that the
Alq3 from Sigma-Aldrich has a dull mustard-yellow color, while the sublimed material is
bright yellow-green. (b) The layout of a typical thermal gradient vacuum sublimation
system. For example, we have the raw material (a custom molecule synthesized for Dow
Chemical) on the right side shown as cream-colored powder with greenish PL due to a
low-level impurity, and the target material which has recondensed towards the center of
the system. The final material is a similar color in bulk form, though it now has blueish
PL that was expected, indicating the removal of the impurity.

Gradient-based sublimation is one of the most popular and effective methods to
purify the majority of organic small molecules.33,34 A typical setup is diagrammed
in Figure 4.2b, where material is loaded into an evacuated quartz or glass tube lined
with cache sleeves. The system is pumped down to ∼ 10−6 Torr, and then placed in
a linear furnace that is operated with a temperature gradient of 100 − 200 ◦C from
end to end. Upon heating, the source material will begin to sublime and travel
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down the length of the tube until it recondenses. In this way, because the target
material, any heavy metal catalysts, and partial reactants or molecular fragments
all have different sublimation temperatures, they will either remain in the starting
vial, or recondense at different points down the glass tube. The cache sleeves can
then be removed to allow for the purified material to be collected, and the entire
process can be repeated until the collection yield is > 90%† . This scheme can be
improved by pressurizing the tube with ∼10 mTorr of inert gas (i.e. He or Ar)
and adding baffles between cache sleeves in order to randomize the direction of
molecular flux and shorten material condensation zones.35,36

4.1.2 Device Patterning
One of the great advantages of organic semiconductors lies in the fact that they
may be almost entirely solution-processed. Indeed, the notion of roll-to-roll (R2R)
printing is the holy grail of organic electronics, where entire sheets or arrays
of devices might be printed onto rolls of a low-cost polymer substrate under
atmospheric pressure (e.g. no vacuum) at low temperature (.300 ◦C)37 . Several
demonstrations have been made in terms of large-area R2R OPVs38,39 and organic
thin film transistors40 (OTFTs), though this technology has not yet made inroads
to the display industry where it stands to make the largest impact. Stepping
back from the ultimate goal of R2R device processing, we briefly review available
processing and patterning techniques for organic materials.
Most polymer-based OSCs are deposited by spin coating, and this option also
exists for small molecule OSCs as well. In this scheme, the OSC is dissolved in
a solvent, a small amount is deposited onto the target substrate with a pipette,
the substrate is then spun at speeds ranging from > 102 RPM to . 104 RPM,41
and then it is often annealed on a hotplate to remove excess solvent or alter the
√
film morphology. The thickness, t, of the film can be estimated by t ≈ kC 2 / ω,
where k is a tooling factor, C is the concentration, and ω is the rotation speed.42
Although this relationship gives a reasonable approximation for expected thickness
once the empirical tooling factor has been found through experimentation, the
There is always some loss inherent to such high vacuum processes due to the ballistic nature
of the molecular vapor flux. Rather than scattering off of a gas molecule to get redirected to
surface cool enough for condensation, some molecules may just travel straight down the tube and
out to the pump.
†
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actual film thickness can vary by several nanometers from run to run, which can
change the final device thickness by several percent.
In addition to spin coating’s lack of precision in controlling film thickness, the
choice of solvent can have a strong impact on film morphology,43 which can result
in vastly different optical and electrical properties for a given material system.
Challenges lie in coating multiple layers without dissolving previously deposited
layers;44 this problem can be addressed by cross-linking layers as they are deposited,
or through choosing different combinations of materials and orthogonal solvents.45–47
Spin coating is also incompatible with non-planar substrates, but solution processing
can still be achieved by using dip, bar, or blade coating.48 Nevertheless, the overall
efficiency and performance of solution processed devices tend to lag behind their
vacuum processed counterparts.
The most popular way of processing high efficiency small molecule OLEDs
and OPVs both commerically and at the lab scale is through vacuum thermal
evaporation (VTE) – most of the devices in the latter half of this thesis were
prepared in this manner. A simple VTE scheme is shown in Figure 4.3. Purified
source material is loaded into a container that acts as a resistive heater, which is
often referred to as a boat. The target substrate is fixed to a puck which is then
mounted upside-down to a temperature controlled chuck. The entire system is
pumped down to high vacuum (< 10−6 Torr), and current is applied to the boats to
heat up the organic material inside to the point where is begins to evaporate; once
the target rate is reached (typically 0.1-5 Å · s−1 ), the shutter is opened to allow
material to be deposited on the substrate. Multiple materials may be simultaneously
evaporated at the same time,49 and both the composition as well as the thickness
can be precisely graded50 to allow specific device structures to be fabricated.
Because the conductivity of OSCs tends to be very low, the current flowing
outside of the area where the anode and cathode of the device overlap is effectively
zero. This allows for devices to be patterned with a cross-bar architecture, where
the bottom contact may be defined lithographically. Many organic devices are
grown on pre-patterned indium tin oxide (ITO) coated glass, although other contact
materials such as metals or conductive polymers may be used.51–53 Films can then
be evaporated or solution processed as described previously, but those prepared
by VTE have the advantage that their area can be easily patterned by shadow
masking, where a fine metal stencil mask is placed between the substrate and the
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Figure 4.3. The cross-section of a thermal evaporation system. Here, the entire chamber
is pumped down to 10−6 to 10−9 Torr by either a cryo pump or a turbo pump. Resistive
sources (a.k.a. boats) made from tantalum (Ta), molybdenum (Mo), or tungsten (W) are
filled with material and current is run through them to heat them up to the point where
the material begins to evaporate. The evaporation rate for each source is measured by
separate quartz crystal thickness monitors, and once the target rate(s) are achieved, the
shutter opens to allow material to be deposited onto the substrate which is mounted to a
temperature controlled chuck.

material flux. This mask occludes portions of the substrate from the evaporation
source, thereby preventing those areas from receiving any material. Regardless of
whether the film is solution or vacuum processed, the final layer is typically a metal
contact deposited via VTE.
It is worth mentioning that alternative patterning paradigms exist, where layers
are transfer printed rather than being determined by the openings of a shadow mask.
Various anodes,54 cathodes,55 and active layers56,57 have all been transfer printed
with precision on the order of several µm. Intaglio printing (i.e. stamping based off
of the negative surface) has also been demonstrated to have nearly 100% yield, and
a resolution up to 2460 pixels per inch, potentially exceeding what shadow masking
would be realistically capable of.58 Although none of these techniques have been
adopted by industry, they point to the viability of patterning solution processed
devices should their performance and lifetime catch up to that of vacuum processed
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devices.
The final step in device growth or processing is often encapsulation. Although
not explicitly stated, the majority of processing mentioned above would have taken
place inside of a glovebox filled with a dry, inert gas (e.g. N2 or Ar), as most
OSCs or their electrodes tend to be sensitive to free O2 and H2 O. Perhaps the
simplest method of encapsulation is to apply a bead of UV-curable epoxy around
the edge of a piece of glass or metal foil59 larger than the device active area, then
glue the lid onto the device substrate while still inside of the glovebox. Additional
getters may be placed inside of the encapsulated area to scavenge residual O2 and
H2 O.20,60 More complicated thin film encapsulation schemes using several dyads of
alternating inorganic and/or organic materials (e.g. SiN or Al2 O3 and a polymer)
also exist, which is the method of choice to protect commercial OLED displays.61,62

4.2 What is an OLED?
In this section we detail the working principles of OLEDs as well as some potential
applications. Before going into the great depth about OLEDs, it is worth showing
some pictures and explaining some of the history behind these devices.
OLEDs are one of the greatest success stories of organic electronics. Electroluminescence in organic materials was first explored in the 1950’s63 and 1960’s64,65
with the first practical OLED being demonstrated by Tang and Van Slyke in
1987.66 Over the course of the last 30 years, great progress has been made towards
improving and understanding these devices, which has culminated with a number
of commercial products, several of which can be seen in Figure 4.4. In the following
sections, we take a high level approach and mention some of the physics relevant
to OLED device operation. Following that overview, we delve deeper into specific
applications, offering some details on the present state of the OLED display and
solid state lighting industries.

4.2.1 Device Physics of OLEDs
A typical OLED is comprised of several layers which are tasked with some combination of facilitating charge injection from the electrodes into the organic, allowing the
transport of free charge, and/or hosting the recombination of charge to emit light as
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(a)

(b)

(c)

Figure 4.4. (a) OLEDs have long been in the mobile display market. The display on
the new iPhone X makes use of OLEDs rather than an LCD backlit by LEDs. (b) An
LG OLED TV. Note the thin form factor and bezel-less display. (c) OLEDWorks’ Brite
Amber large-area solid state light. Images courtesy of Apple Inc., LG Electronics, and
OLEDWorks.

shown in Figure 4.5. In analogy to the conduction and valence bands of inorganic
semiconductors, electrons and holes in an OSC are transported in states called the
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO), respectively. The approximate energy level with respect to vacuum of the LUMO can be measured through inverse photoelectron spectroscopy
(IPES), while that of the HOMO can be measured with ultraviolet photoelectron
spectroscopy (UPS),67 although energy lineups are difficult to accurately predict
as a result of interface dipoles, molecular disorder, and unknown charge densities
inside of the device. This section will be broken down into four general subsections,
broadly dedicated to each of the processes described in Figure 4.5, with the final
section giving some detail on light extraction principles for OLEDs.
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Figure 4.5. A diagram of a simple OLED with a hole transport layer (HTL), an electron
transport material (ETL), and an emissive layer (EML). Here, a positive bias is applied
to the anode and electrons (red/-) and holes (blue/+) are injected into their respective
layers. Next, they are transported to the emissive layer where they will form excitons
and recombine.
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Figure 4.6. (a) Demonstration of a barrier, φb between the Fermi level of a metal
and the LUMO of an organic material. (b) Image charges inside of the metal lower the
effective barrier by ∆φ.

4.2.1.1

Charge Injection

Before any light emission in an OLED can occur resulting from an electrical bias,
charge must be injected into the device from the contacts. At present, no universal
charge injection model exists, though there exist several models that can be used to
get a rough understanding of different processes occurring during carrier injection.
The first method that to be discussed is thermionic emission, where a thermal
electron (i.e. one that has excess energy greater than its surroundings) gains energy
greater than the barrier, qφb to cross from the metal into the organic semiconductor
as depicted in Figure 4.6a. However, every charge injected into the semiconductor,
will create a field that will terminate on an image charge back in the metal. As a
84

result of this field, there is an effective barrier lowering of ∆φ. Based off of this,
we write the well known current density-voltage (J-V) relationship for thermionic
emission:8
"
!# 



−q(φb − ∆φ)
qV
∗ 2
J = A T exp
exp
−1 ,
(4.1)
kb T
kb T
where

4πqm∗ kb2
.
(4.2)
h3
Here, q is the fundamental charge, m∗ is the effective mass of the charge carrier, kb
is Boltzmann’s constant, h is Planck’s constant, and T is the temperature. Given
that the concept of an effective mass is only valid for crystalline materials, Scott
and Maliaras68 defined an effective Richardson constant for an amorphous material
with hopping-based transport,
A∗ ≡

A∗org ≡

16πr 0 kb2 N0 µ
,
q2

(4.3)

where 0 and  are the vacuum and relative permittivity, respectively, N0 is the
number of available sites that can accept charge at the metal-organic interface, and
µ is the charge carrier mobility in the OSC. Next, they accounted for the fact that
a thermionic injection process should have some dependence on the applied electric
field, F, to obtain:
J = 4ψ 2 N0 qµF exp (−φb /kT ) exp f 1/2 ,
where
ψ(f ) = f −1 + f −1/2 − f −1 1 + 2f 1/2


1/2

(4.4)

,

(4.5)

based off of the reduced electric field,
f = qF rc /kb T.

(4.6)

In this set of equations, the Coulomb capture distance,
rc = q 2 /4πr 0 kb T,

(4.7)

helps to account for charges that might get injected into the semiconductor only to
recombine back at the metal interface.69 Equation 4.4 has a tendency to underesti85

mate experimental results for current density at high electric fields, which could be
due to the assumption of a field-independent mobility.
An alternative method relies on charge carriers tunneling directly from the
metal into the organic. This is expressed as the Fowler-Nordheim tunneling current:
√
!
q 3 V 2 m0
4 2m∗ φ1.5
b
J=
.
exp −
8πhφb m∗
3hqV

(4.8)

Equation 4.8 suggests that injection should be independent of temperature, though
this model makes the assumption that carriers are being injected into a band of
extended states (i.e. the conduction or valence band of a crystalline material).
More complicated models exist, such as that proposed by Baldo et. al., which
account for the spread of disordered molecular states at the metal-organic interface,
though they will not be discussed here.70,71
Because the physics of injection into OSCs are not well understood, a rather
Edisonian approach is often taken, where different methods are attempted to
improve injection until something is found that works well for a specific system.
This often results in the addition of a thin (<5 nm) buffer layer of a metal oxide,72,73
insulating polymer,74–77 self-assembled monolayer (SAM),78 or other insulating
material,28 perhaps the most well-known example of which is the lithium fluoride
(LiF) / Aluminum contact. In the case of SAMs and thin insulators, an interface
dipole is formed between the metal and organic which can effectively reduce the
barrier to injection.79 By contrast, metal oxides can provide strong local doping,
which reduce the depletion width in the organic to the point where tunneling
can occur from the metal directly into the HOMO or LUMO. In any regard, fully
understanding the injection characteristics from metal into an OSC will undoubtedly
lead to improvements in OLED device performance.
4.2.1.2

Charge Transport

The conductivity of a solid, σ, is directly proportional to its carrier mobility and
concentration, with a general relationship of σ = qµn, where n is the free carrier
concentration. As most organic semiconductors are intrinsic and many that are used
in OLEDs have energy gaps ranging from ∼ 2 eV to > 3 eV, they have inherently
low carrier concentrations spanning ∼ 1 × 104 to < 1 × 10−12 , depending on the
HOMO-LUMO gap. Taking this in conjunction with their relatively low mobility,
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we can see that OLEDs should have a very low conductivity, σ ≈ qµn0 , which
means that organic semiconductors can be treated as insulators.
The charge density in a typical organic semiconductor is relatively low, and when
charge carriers are injected into the organic, the electron clouds of the uncharged
molecules rearrange and polarize in response to the charged molecule. This local
electrical distortion travels through the OSC with the, and forms a quasi-particle
known as a polaron.67 It takes a certain amount of time for the polaron to go from
one contact to another, and if another charge is injected from the metal onto a
site that the polaron previously occupied before the local molecular polarization
has relaxed, this can cause a space-charge layer to form at the electrode. This
polarized space-charge layer can restrict current flow, and hence, is deemed to be a
space-charge limited current (SCLC).80
To derive a relationship for SCLC, we start from the standard drift-diffusion
current equation,8
dn
J = qµ(n0 + ninj )F + qD ,
(4.9)
dx
where D is the diffusion coefficient and assume that current flow is dominated by
carriers injected from the contacts, ninj :
J ≈ qµninj F.

(4.10)

q
dF
=−
ninj
dx
r 0

(4.11)

Next, we write Poisson’s equation,

and by combining Equations 4.10 and 4.11:
dF
.
dx

(4.12)

r 0 µF 2
,
2

(4.13)

J = −r 0 µF
Then by integrating with respect to x,
Jx = −

If F = 0 at the maximum device thickness, x = d (i.e. the entire applied bias has
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been dropped across the thickness of the device), the electric field can be written as
s

F =

2J(d − x)
.
r 0 µ

(4.14)

Assuming an applied bias, V , Equation4.14 can be integrated,
V =

Z d
0

(4.15)

F dx
s

2J(d − x)
dx
r 0 µ
0
s
2J 3/2
2
d ,
=
3 r 0 µ
=

Z d

(4.16)
(4.17)

which can be rearranged to determine a relationship between current density and
the applied bias:
9 r 0 µV 2
JSCL =
.
(4.18)
8 d3
Equation 4.18 is often referred to as the Mott-Gurney equation, and can be used
to describe at least a portion of the J-V characteristics of many organic devices
that are not limited by series resistance. However, one important caveat here is
the implicit assumption that the organic material is free of defects that may trap
charge.
In most cases, some level of trapping occurs, whether as a result of impurities
in the material, or as a consequence of the disordered density of states inherent to
amorphous organic materials. Taking the example of an exponential distribution of
states that extend into the forbidden gap from the LUMO,
Nt
E − ELUMO
Nt (E) =
exp
,
Et
Et




(4.19)

where Nt defines the trap density at the LUMO energy, E is the energy, ELUMO is
the energy level of the LUMO, and Et = kb Tt is the trap distribution width, with
Tt being the effective trap temperature. Making similar assumptions about the
charge in the device being dominated by injected carriers, we can write the an
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equation for the trap-charge limited current (TCLC) density as,
r 0
qNt

JTCL = qµNLUMO

!l

l
l+1

!l

2l + 1
l+1

!l+1

V l+1
,
d2l+1

(4.20)

where NLUMO is the LUMO density of states, and l = Tt /T defines the trapping
exponent. A review by Brütting et. al. found that the trapping exponent, l typically
ranged between 3 to 8 for a variety of small molecule and polymer semiconductors.81
TCLC can accurately model a large number of systems, although at high electric
fields, many OSCs exhibit some level of field-dependence, which can be accounted
for by Poole-Frenkel theory.11,82 In a similar manner to injection from a metal into
a semiconductor, the barrier height required for a charge carrier to leave a trap is
lowered by the applied electric field,
s

∆φP F =

qF
.
4πr 0

(4.21)

The field-dependent mobility can then be expressed as:
Ea − q∆φP F
µ(F ) = µ0 exp −
kb T

!



= µ0 exp −

Ea
kb T





exp −

q √
β F
kb T





= µ1 exp −
(4.22)

where Ea is the activation energy for the charge carrier to exit the trap and the
zero-field mobility is defined as:


µ1 ≡ µ0 exp −

Ea
kb T



,

(4.23)

and the Poole-Frenkel factor, β, is expressed by:
s

β=

q
.
πr 0

(4.24)

Now, Equation 4.18 can be rewritten in terms of the Poole-Frenkel model as:
JSCL = JP F =

 √ 
9 r 0 F 2
µ(0) exp β F ,
8 d

(4.25)

where we have substituted F = V /d for the applied bias. Now, we must account
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q √
β F ,
kb T


Table 4.1. A rough summary of different types of excitons. Here, QDs stands for
quantum dots.

Exciton Type

Binding Energy
Eex (meV)

Exciton Radius
rex (nm)

Where they
appear

Frenkel
Charge-transfer
Wannier-Mott

& 100
. 100
. 20

.2
.5
∼ 4 to 10

molecules, QDs
molecular interfaces
inorganic crystals

for the non-ideality that trap states do not lie at a single energy level. In addition
to the exponential trap distribution mentioned above, we might also imagine that
the trap states make up a narrow band in energy space with a high concentration
of local trapping levels. Assuming the free carrier is moving through the solid, it
will repeatedly fall into these trap states, and be released; this is known as the
multiple trapping and release (MTR) model.[82] In this case, the drift mobility
may be defined as:


Et
µD = µ0 α exp −
,
(4.26)
kb T
where α = Nt /NLUMO in the case of a single trapping level. In many cases however,
Et and α in Equation 4.26 are found empirically by fitting experimental results.
4.2.1.3

Exciton Formation and Recombination

Once free carriers have been injected into the bulk of the device and transported to
the emissive layer, they ideally recombine radiatively to emit a photon. Assuming
that an electron and hole come within the Coulomb capture radius as mentioned in
Equation 4.7, they will be attracted to each other and form a bound and correlated
state called an exciton.67 As rc ∝ 1/r , it is clear that as the dielectric constant
of a material decreases, the capture radius, or distance with which charge carriers
can “see” one another increases. The dielectric constant also plays a role in how
strongly the electron and hole will be bound once an exciton is formed through
a quantity aptly named the exciton binding energy, Eex , which can be found by
taking the difference between the excitonic transition energy (optical gap) and the
electronic bandgap (ELUMO − EHOMO ).83 Taking these two together, several classes
of excitons can been defined as seen in Table 4.2.1.3.
Wannier-Mott excitons are typically found in inorganic crystals and have rela90

tively low binding energies (Eex < kb T at room temperature). As a result, they tend
to be delocalized over several atomic units, and are difficult to measure at room
temperature. By contrast, the most common type of exciton in an OSC, known as
a Frenkel exciton has a comparatively large binding energy Eex ∼ 500 meV and is
typically localized to a single molecule. Charge-transfer excitons fit between the
other two cases and usually occur when an exciton is split between two molecules.83
From this point forward, the word exciton denotes a Frenkel exciton unless otherwise
stated.
As excitons are formed by two charge carriers, it is possible that they may have
a net spin‡ , (s) and the spin of an exciton has a profound impact on its radiative
characteristics. If the electron and hole spins are in the opposite direction,
1
s = 0 |0, 0i = √ (↑↓ − ↓↑) ,
2

(4.27)

they are said to be paired, and the resulting state which is known as a singlet has
a net spin of 0. On the other hand, if the electronic spins are in the same direction,
there is a three-fold degeneracy,
s = 1 |1, 1i =↑↑
1
|1, 0i = √ (↑↓ + ↓↑)
2
|1, −1i =↓↓,

(4.28)
(4.29)
(4.30)

and the carriers are said to be unpaired, which results in a triplet state with a net
spin of 1; this degeneracy also results in a lowering of the triplet energy relative to
the singlet state.
Once an exciton has been created, it may either diffuse, interact with other
excitons, charge carriers, or molecules (potentially resulting in loss), or recombine
radiatively (this is the ideal case for an OLED). Due to the Pauli exclusion principle,
which states that two electrons with the same spin cannot occupy the same state
at the same time, the absorption of a photon by a ground-state electron in the
HOMO will generate a singlet exciton. Conversely, a triplet state is forbidden
from recombining, which means that a triplet exciton should be non-radiative.67
Spin is a measure of a particle’s intrinsic quantum mechanical angular momentum. Electrons
have a spin of ± ~2 .84
‡
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Given the 25:75% ratio of singlet:triplet excitons that would be formed in an OSC,
this implies that an OLED would have a maximum current-to-light, or internal
quantum efficiency (IQE) of 25%. This is true for a typical fluorescent OLED,
although heavy metal phosphors can be used to mix the spin character of the
singlet and triplet state to allow for ∼ 100% exciton utilization.85,86 Additionally,
the singlet-triplet energy splitting, ∆EST can be reduced through molecular design,
which can facilitate the back-transfer of triplet states to singlet states in a process
called reverse intersystem crossing (RISC). OSCs working off of this principle are
referred to as thermally activated delayed fluorescence (TADF) materials and offer
an alternative way to achieve efficient electroluminescence.87–89
There are two diffusion mechanisms for excitons, and because en exciton is
an inherently unstable excited state, they both involve energy transfer. Förster
resonance energy transfer (FRET) is mediated by near-field coupling of two dipoles
(e.g. molecules), and can be viewed as the exchange of a virtual photon between a
donor and acceptor. Assuming isotropically oriented molecules, the transition rate
between a given donor and acceptor is given by:90
ΓF =

1
τD



R0
R

6

,

(4.31)

where the Förster radius is defined as:
R06

3φem Z
=
4π

~c
nE

!4

FD (E)σA (E)dE.

(4.32)

Here, FD (E), τD , φem , and n represent the normalized fluorescence emission spectrum, natural lifetime, emission quantum yield, and the refractive index of the
surroundings of the donor, respectively, while σA (E) is the absorption cross section
of the acceptor and R is the distance between the molecules. As this method
requires a strong dipole-dipole interaction, it largely only applies to fluorescent
molecules, or phosphorescent molecules with large transition dipole moments, and
can be ignored for the vast majority of triplet excitons.
An alternative mode of energy transfer which applies to all excitons is the Dexter
energy transfer (DET) formalism.67,91 DET occurs through the direct exchange of
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electrons between molecules as,
−2R
2π
KJ exp
,
ΓD =
~
L




(4.33)

where the spectral overlap integral between the donor emission and acceptor
absorption spectrum is given by,
J=

Z

~c
nE

!4

FD (E)σA (E)dE,

(4.34)

and K is related to the quantum mechanical electron exchange interaction, while
L is the sum of the Van der Waals radii of the donor and acceptor molecules (i.e.
the effective width that each molecule takes up in space). Given that K is difficult
to directly calculate, the important takeaway for DET is that the rate falls off
exponentially with the spacing of the two molecules, which effectively makes it a
nearest-neighbor interaction.
Now, exciton diffusion can be described as an incoherent random walk in three
dimensions, as would be expected for other particles:
X(r, t)
∂X(r, t)
= D∇2 X(r, t) −
+ G(r, t),
∂t
τ

(4.35)

where X(r, t) is the spatio-temporal concentration of excitons, and G(r, t) is their
generation rate. Here, the diffusion rate, D is best found experimentally.92
Next, we consider the interactions between excitons and other particles, as well
as various quenching mechanisms for an exciton. When an exciton interacts with
another particle, it is likely that it will transfer all of its energy to the other particle
in a process known as annihilation93 . This results in the consumption of the exciton
and the production of a “hot” state, which may either destroy the molecule94 or
result in excess heat generation:
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singlet − singlet annihilation (SSA),
singlet − triplet annihilation (STA),
singlet − polaron annihilation (SPA),
triplet − triplet annihilation (TTA − S),
triplet − triplet annihilation (TTA − T),
singlet − polaron annihilation (TPA),

S1 + S1 kSS Sn∗ + S0 → S1 + S0 + heat
−→
S1 + T1 kST Tn∗ + S0 → T1 + S0 + heat
−→
S1 + P0 kSP Pn∗ + S0 → P0 + S0 + heat
−−→
T1 + T1 kT T Sn∗ + S0 → S1 + S0 + heat
−−→
T1 + T1 kT T Tn∗ + S0 → T1 + S0 + heat
−−→
T1 + P0 kSP Pn∗ + S0 → P0 + S0 + heat,
−−→

where S, T, and P denote singlet excitons, triplet excitons, and polarons, respectively,
while subscripts denote the excited state level§ , and the * superscript represents a
hot state. Each of these interactions has a corresponding rate associated with it
noted as kSS for singlet-singlet annihilation, kTP for triplet-polaron annihilation,
etc. High electrical fields inside of a device under bias can also cause excitons to
dissociate, although this does not appear to be a major concern for state-of-the-art
devices.95
Chapter 5 explores the impacts of different annihilation processes on the external
quantum efficiency (EQE) of OLEDs as a function of current in more detail,96
however, it is worth mentioning the ultimate limits to the EQE of an OLED. The
EQE the ratio of photons extracted from the OLED into air to the amount of
charge injected into the device, and can be defined as
EQE = ηOC γ, etaex ηPL ,

(4.42)

where ηOC , γ, etaex , and ηPL are the optical outcoupling coefficient of the device,
the electron-hole charge balance, the exciton utilization efficiency, and the photoluminescent quantum yield of the emitter. For modern devices employing high
efficiency phosphorescent or TADF emitters that can use triplet and singlet excitons
to radiate light, both etaex and ηPL approach unity. In well-designed devices, γ
should also remain close to 1 over the entire range of practical operation, although
it can decrease markedly at high current densities as the result of carriers leaking
§
0 corresponds to the ground state, 1 corresponds to the first triplet or singlet excited state,
and n correlates to a state at an arbitrarily high level > 1.
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(4.36)
(4.37)
(4.38)
(4.39)
(4.40)
(4.41)

though the device.[96–98] Thus, the efficiency of an OLED is ultimately limited by
its outcoupling coefficient, which is the topic of the next section.
Before moving on, we mention that although the EQE is useful for understanding
how well an OLED is functioning, one of the most important metrics for an OLED
is its wall plug luminous efficacy,
R

ηP =

P (λ)L(λ)dλ
Plum
=
,
IV
Pelec

(4.43)

where P (λ) is the optical power produced by the OLED, and L(λ) is the photopic
response function; the integral provides a conversion from a radiometric quantity to
a quantity as perceived by the human eye.¶ Luminous efficacy the ratio of luminous
power, Plum , output from the OLED to the electrical power, Pelec , used to drive
the device.
4.2.1.4

Light Extraction

Outcoupling is a major challenge for OLEDs.11,99–101 If we make the assumption
that the refractive index of the substrate, ns , is the same that of the OSC composing
the OLED, we can obtain a rough idea of the maximum amount of light that we
would expect to extract from a device. Using Snell’s law, we can determine the
critical angle, θc , where total internal reflection would occur and light would be
trapped inside of the substrate as,
nair
.
ns

θc = arcsin

(4.44)

Next, we can determine the light outcoupling efficiency for a point source of intensity
I0 , as:
ηOC =

2πI0
2πI0

R θc
0

sin θdθ

R π/2
0

s

=1−

1−

(4.45)

sin θdθ


nair
ns

2

.

(4.46)

The human eye is not particularly responsive to light in the UV or IR, and its sensitivity
peaks in the grean at λ = 555 nm.
¶
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Assuming that ns ranges from 1.5 to 1.8, this yields an outcoupling coefficient
between 0.25 to 0.17, respectively. A simple method to extract even more light
from a bottom-emitting OLED (i.e. one the emits out through its substrate) is
to roughen the bottom surface of the substrate, or to grow the device on a glass
substrate where the side that light exits from is frosted. Assuming a perfectly
diffuse surface, the outcoupling coefficient becomes,
ηOC =

2πI0

R θc
0

cos θ sin θdθ

R π/2

2πI0 0 cos θ sin θdθ


nair 2
.
=
ns

(4.47)
(4.48)

Although the added roughness in a ∼ 1.8× improvement in light outcoupling, the
approximate ηOC still remains below 50%.
Because the thickness of an OLED is of the same order of magnitude as the
wavelength of light that they are emitting, one needs to account for interference
effects to accurately model outcoupling.102,103 Figure 4.7a displays several of the
optical modes active in an OLED, and of those shown, plasmon coupling is the
only one which ultimately results in loss. Figure 4.7b shows that as the thickness
of the electron transport layer is increased (i.e. the EML is moved further from the
metal cathode), coupling to the plasmon is reduced,99 with this mode being largely
redirected to waveguide modes supported by the OLED stack.
Several options are available to reduce the fraction of optical power that is
trapped within the OLED. Substrate modes can be effectively extracted through the
use of a hemispherical lens,99 microlens arrays,101 or external scattering layers.104
Guided modes within the OSC or transparent contacts prove more challenging to
extract, although rather basic methods include: decreasing the refractive index of
the anode105,106 or the organic transport layers,107,108 growing the device on a highindex substrate,109,110 locating the OLED in close near layers that are capable of
scattering the waveguided modes,111,112 or orienting the emitting dipoles.113,114 Other
methods involve patterning of the organic layer with nanocones/nanofunnels115 or
corrugation,101 but because modification of the physical structure of the OLED
stack increases the chance of catastrophic electrical failure, these tend to be avoided.
Taken in combination, record devices achieve outcoupling efficiencies approaching
70%, and are anticipated to exceed that in the near future.
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Figure 4.7. (a) A diagram of a bottom-emitting OLED depicting the various optical
modes. Here, the refractive index of the organic materials typically ranges between 1.6
to 1.9, while the glass substrate is closer to 1.5. (b) The amount of power coupled to
different optical modes as the ETL thickness is varied. Image courtesy of Reference [99].

4.2.2 OLED Applications
4.2.2.1

Self-Emissive Displays

Here, we provide a (very) concise over of various metrics relevant to displays and
discuss areas where OLEDs excel and fall short relative to competition. OLEDs
have long been hailed by the display industry for their infinite contrast, wide
color gamut, fast response time, and high power efficiency compared to e.g. LCD
displays.82
Contrast is the ratio between a display’s brightness in its full black or full
white states. Because an OLED can be turned completely off, the contrast ratio
becomes CR = limLoff →0 Lon /Loff = ∞, which results in deep blacks as simulated in
Figure 4.8a. Figure 4.8b shows that when an LCD is displaying black, there is some
amount of light leaking through the display from the backlight, while Figure 4.8c
displays an exaggerated comparison between the two technologies. In practice the
contrast ratio is limited by the maximum brightness of the display and how much
ambient light it is reflecting.82
In addition to contrast ratio, OLED displays are capable of very wide color
gamuts. A display’s color gamut is defined as the subset of colors that it is capable of
rendering, and is often viewed in either the CIE 1931 xy color space (see Figure 4.9a)
or the more perceptually accurate CIE 1976 u0 v 0 color space. Most displays use
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(a)

(b)

(c)

Figure 4.8. (a) A simple illustration of an OLED display. Here, each of the three red,
green, and blue (RGB) subpixels is represented by discrete OLEDs. The display emits
white light when all three are turned on, while no light is emitted when the display
is turned off. (b) A typical LCD display backlit by a polarized white LED (polarizer
not shown). The backlight is always on, and but the liquid crystals can be polarized
perpendicular to the backlight to block light, or parallel to allow light to pass. (c) An
LCD allows some light to pass from each of the RGB subpixels, even in the black state.
This can have the effect of washing out the primary colors and making dark blacks appear
gray. Image taken from SmallHD.com.

red, green, and blue (RGB) subpixels to show the primary colors, each of which
has its own 8-bit driver. A triangle can be drawn based off of the color coordinates
of the RGB pixels to visualize the color gamut of the display, and by modulating
the brightness of each subpixel, different colors can be rendered provided that they
fall within the gamut.[116] The color gamut of an LCD display will be limited by
the spectrum of the LED backlight and the bandwidth of the color filters on top of
the liquid crystal polarizer, which this results in the unfortunate tradeoff between
optical throughput and color purity. On the other hand, the gamut of an OLED is
defined by the color coordinates of the emitters used for each subpixel, and it can
be tuned by adjusting the optical microcavity in the device.117
The enhanced power efficiency of OLED displays relative to LCDs is a direct
outcome of having discrete pixels. As mentioned previously, the backlight for an
LCD is effectively on at full brightness all of the time which means that as long as
the display is “on” (i.e. light is coming out of it), it is always drawing a certain
amount of power regardless of the perceived brightness.118 In most cases an OLED
display will draw less power than an equivalent LCD, as the subpixels can be driven
to the specified luminance to reach the appropriate combination of brightness and
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(a)

(b)

Figure 4.9. (a) Various standard gamuts on the CIE 1931 color space. (b) A thin and
flexible OLED display demo from Samsung. Images courtesy of from SmallHD.com and
cnet.com.

color.
Displays using OLEDs have other advantages over LCDs including a variety of
form factors and response time.82 OLEDs can be grown on flexible substrates plastic
substrates, and provided that the TFT backplane which drives the display can also
be made pliable, it is possible to create a flexible display as seen in Figure 4.9b.
Additionally, OLEDs are modulated by changing the carrier concentration, which
allows response times on the order of ∼µs, whereas the liquid crystal polarizer must
undergo a macroscopic physical alteration in order to change the light output from
an LCD, which ultimately limits its response time to several ms.
Still, OLED displays are no without their problems. The subpixels in OLED
displays are created with a metal-dielectric-thin (semitransparent) metal structure,
so they resemble weak Fabry-Perot etalons and their spectral intensity will have an
inherent angular response. Because the RGB subpixels all have different microcavity
designs and emitters, viewing the display off-axis can cause the color primaries
to shift, which effectively alters the display white point.117 Additionally, as the
pixel density is increased, the effective area for the OLED decreases superlinearly
due to limitations of the shadow masking technique used to pattern the devices.
As the OLED shrinks, it must be driven at higher currents to achieve the same
macroscopic brightness, which can result in premature degradation of the subpixels
and image burn-in.119 Despite these issues, OLEDs are being employed by one of
most demanding companies in the display industry, Apple, for their products.
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OLEDs

Figure 4.10. The luminous efficacy of various sources. Image modified from a DOE
SSL brochure circa 2016∗∗

4.2.2.2

Solid State Lighting

In 2010, lighting accounted for 18% of the total site electricity use in the United
States, and it is expected that switching to solid-state lighting (SSL) could reduce
national lighting energy use by 75% by 2035. This energy reduction would lead to
a cumulative energy savings of 630 billion dollars.120 Now, it should be noted that
these changes would largely be driven by widespread adoption of low-cost inorganic
LEDs. However, OLEDs share many of the same fundamental advantages their
inorganic counterparts have over traditional incandescent and fluorescent lighting,
chiefly among them being better lighting quality, and improved luminous efficacy.
Figure 4.10 displays approximate ranges of the luminous efficacy for a number of
common light sources. Incandescent lamps produce light via black body radiation†† .
As such, they are inherently inefficient because a significant portion of their power
spectrum lies out in the IR, where humans cannot detect light; this results in
luminous efficacies below 10 lm/W, and short lifetimes as the conductive filament
that is responsible for generating light gradually evaporates away. Tungsten-halogen
lamps operate by pressurizing the evacuated light bulb with a halogen gas that
We mentioned this is Chapter 1, though we breifly recap here. Every object will emit some
radiation, both the energy and intensity of which increase with temperature. This means that as
an object becomes hotter, it will emit more blue light, which explains the progression from “red
hot” to “white hot”.
††
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is capable of redepositing evaporated metal back onto the filament, which both
extends the lifetime, and allows for the filament to function at a higher temperature
to produce more visible light.
High intensity discharge (HID), as well as linear and compact fluorescent light
sources are different flavors of an arc lamp, which use high electric fields to ionize a
gas and generate plasma that will emit light. For the purposes of this thesis, the
primary difference between the two styles of lamp is where they emit light. By using
different gases or metal vapors, HIDs can be tuned to directly emit in the visible,
while fluorescent lamps use a low pressure mercury vapor to generate UV light
that is then downconverted to the visible, typically through the use of rare-earth
phosphors. While arc lamps have 2–10× the luminous efficacy of incandescents,
the light that they produce may have low color quality, they may contain toxic or
radioactive materials, and they also require special high voltage ballasts to initialize
the plasma production. Coupling these disadvantages to their long warm-up times
and relative fragility, and the low efficacies of incandescents, it comes as no surprise
that people are gravitating towards SSL sources.
SSL is different from other lighting in that it uses the direct recombination
of electrons and holes to generate light,121 and the most common type of OLED
used for SSL is a white OLED (WOLED). The color of a device is often measured
by a value called the correlated color temperature (CCT), which describes the
approximate “temperature” of a light source by comparing its power emission
spectrum to that of a black body. For reference, the sunlight around noon yields a
CCT of approximately 6000 K, and incandescent bulbs range between 2000−3000 K.
Another important quantity for lighting is the color rendering index (CRI), which
characterizes how close the emission profile is to a black body at a given CCT.
Taken together with luminous efficacy, these are the three main metrics used to
evaluate white light sources.82
There exist several ways to control the spectral output from a WOLED. First,
its color can be tuned by changing the composition (i.e. the choice of emitters as
well as their position in the OLED stack) of its emissive layer(s). Different methods
include the use of a single monolithic EML containing different concentrations of red,
green, and blue, or blue and yellow emitters,122 a single device stack with multiple
EMLs,123 tandem devices with separate monochromatic light emission units,46,124,125
or through vertically stacked sub-OLEDs with independent contacts.126 Examples
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of each of these general structures can be seen in Figure 4.11. Potential uses for
OLEDs include architectural, automotive, and decorative lighting, where low-weight,
thin and flexible devices is desirable.
Before a broader uptake of OLEDs for SSL is achieved, several issues need to
be solved. First, operational lifetime remains an issue for OLEDs operating at high
levels of brightness. Commercial WOLEDs claim lifetimes ranging from 30,000 to
50,000 hours depending on the level of brightness, though they are often plagued
by random failures that are not well understood, which ultimately drives up the
cost of OLED panels.119 Temperature stability also remains a critical problem that
must be solved if OLEDs are to be used outdoors or for automotive applications;
we propose a solution to this issue in Chapter 7. Low outcoupling and the lifetime
of blue emitters continue to be challenges that hold down the EQE of commercially
available products from reaching lab-scale records, although Konica Minolta recently
introduced a flexible roll-to-roll WOLED that has achieved a luminous efficacy of
139 lm/W and a lifetime of 55,000 hours.127 Nevertheless, these issues are being
investigated by multiple industrial and academic research groups, and both the
efficacy and stability of devices are expected to improve in the coming years.
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(a)

(b)

(c)

Monolithic / Single OLED Stack

Tandem (series)

Tandem (parallel)

{
Figure 4.11. (a) Single OLED stacks containing either a monolithic EML (left) or a
separate red, green, and blue emissive layers (right). (b) A tandom WOLED connected
in series, where individual red, green, and blue light emission units combine to emit white
light. (c) A tandem WOLED with individual RGB devices connected in parallel. This
can allow for the color of each light emission unit to be tuned independently to adjust
the color of the light source at will. Images compiled from References [82, 122, 123], and
OLEDWorks Inc.
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Chapter 5 |
Harmonic Analysis of Organic
Light Emitting Diodes
Bimolecular annihilation reactions involving energy transfer from one exciton to
another or to a charge carrier are an important factor for both efficiency rolloff[1–4] and operational degradation.[5–8] Annihilation loss in OLEDs is frequently
quantified by modeling their external quantum efficiency (EQE) roll-off versus
current density;[1, 2, 4, 9, 10] however, it is notoriously difficult to identify which
mode of annihilation is dominant (e.g. triplet-triplet vs. triplet-polaron) and
subsequently to disentangle its magnitude from competing roll-off processes such as
declining charge balance that manifest with a similar (often unknown) functional
dependence.[3, 4, 11] This uncertainty makes it difficult to determine the presence
and impact of annihilation in the course of routine device testing and therefore
stands as an important characterization need for continuing OLED development.
Here, we analyze OLED electroluminescence resulting froma sinusoidal dither
superimposed on the device bias and show that nonlinearity between recombination
current and light output arising from annihilation mixes the quantum efficiency
measured at different dither harmonics in a manner that depends uniquely on the
type and magnitude of the annihilation process. We derive a series of analytical
relations involving the DC and first harmonic external quantum efficiency that
enable anni- hilation rates to be quantified through linear regression independent
of changing charge balance and evaluate them for prototypical fluorescent and
phosphorescent OLEDs based on the emitters 4-(dicya- nomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran (DCM) and platinum octaethylporphyrin (PtOEP),
respectively. We go on to show that, in most cases, it is sufficient to calculate the
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needed quantum efficiency harmonics directly from derivatives of the DC light versus
current curve, thus enabling this analysis to be conducted solely from standard
light-current-voltage measurement data. The framework of this harmonic analysis
is subsequently extended to inorganic LEDs, and a derivation with simulated results
are provided at the end of the chapter.

5.1 Harmonic Analysis for OLEDs
The foundation of this approach lies in a frequency domain EQE analysis and is most
easily understood in analogy to impedance spectroscopy, where in this case both
the current and electroluminescence intensity are measured using a lock-in amplifier
at different harmonics of the sinusoidal dither superimposed on the DC device
bias (see Figure 5.1a). In the presence of annihilation, the relationship between
recombination current and light output (proportional to exciton density) becomes
nonlinear, thereby mixing the different EQE harmonics in a manner that depends
uniquely on the type and magnitude of annihilation as illustrated schematically in
Figure 5.1b.
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Figure 5.1. (a) Frequency-domain electroluminescence measurement. An OLED is
driven by a small AC dither superimposed onto a DC bias. Light and current are measured
with a lock-in amplifier at harmonics of the modulation frequency using a photodiode
and small sampling resistor (<100 W), respectively. (b) Graphic illustration of mixing
between current and light harmonics that results from annihilation. Current at a given
harmonic is normally linked to electroluminescence at the same harmonic (solid lines);
however, when annihilation is significant, nonlinearity in the exciton density mixes signals
from neighboring harmonics (dashed lines).[12]
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While OLED impedance spectra are generally difficult to interpret due to complicating factors such as space charge accumulation, unknown trap distributions, and
injection/heterojunction barriers,13,14 the relationship between electroluminescence
and current density is accurately described via a simple rate equation. Consider
applying a voltage, V = V0 + V1 eiωt , to an OLED under the usual condition that the
dither is much smaller than the DC bias (V1  V0 ). Because the JV relationship
is nonlinear (i.e. diode-like), the resulting current density will contain additional
harmonics, J = J0 + J1 eiωt + J2 ei2ωt + ..., as will the emitted electroluminescence
intensity, L = L0 + L1 eiωt + L2 ei2ωt + ..., which has units of photons emitted per
unit area per second. Assuming for simplicity a uniform recombination zone of
width, a0 , in the OLED emissive layer, the exciton density, X, (e.g. triplets in a
phosphorescent OLED) can be described by the rate equation:1,2
dX
J − Jf
X
=
−
− kXX X 2 − kXP XP
dt
qa0
τ

(5.1)

Here, Jf accounts for current that does not contribute to exciton formation (i.e.
recombination at traps or charge imbalance leakage current), τ is the natural exciton
lifetime, q is the electronic charge, P is the polaron density, and kXX and kXP are
the exciton-exciton (XXA) and exciton-polaron annihilation (XPA) rate coefficients,
respectively. The exact nature of the excitons and polarons (e.g. singlet/triplet,
host/guest exciton, electrons or holes) is left general at this stage.
Because the light emission is directly proportional to the exciton density through
the photoluminescence quantum yield, ηPL , and out-coupling efficiency, ηOC , via L =
a0 ηPL ηOC τ −1 X ≡ αX, Equation 5.1 can be rewritten and expanded harmonically
in terms of L and J. Focusing initially on the simplest case, where XXA is
dominant and XPA is negligible (kXP → 0), the quadratic annihilation term leads
to harmonic mixing and contributions of the form L20 + (L21 )/2 + (L22 )/2 + ...at DC
and 2L0 L1 + L1 L2 + ... at the first harmonic (1ω). Retaining only the lowest order
term for each frequency and dividing by the respective current density yields:
"

#

(J0 − Jf,0 )
a0 1 kXX
≡ φB,0 =
+
L0 EQE0 ,
J0
α τ
α
at DC and
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(5.2)

"

#

(J1 − Jf,1 )
a0 1
2kXX
≡ φB,1 =
+ iω +
L0 EQE1 ,
J1
α τ
α

(5.3)

at the first harmonic. Here, EQE0 = qL0 /J0 and EQE1 = qL1 /J1 are the EQEs
defined at each respective frequency and the terms φB are the corresponding charge
balance factors that represent the fraction of total current at each harmonic that
recombines to form excitons.
If the modulation frequency is low compared to the natural exciton decay rate
(ω  τ −1 ), then the iω phase term in Equation 5.3 is negligible and the ratio of
EQE0 to EQE1 becomes:
2





k τ
L0 ) 1
EQE0  (1 + 2 a0 ηXX
PL ηOC

=
,
2
k
τ
EQE1
γ10
1 + a η XXη L
0 PL OC

(5.4)

0

where γ10 = φB,1 /φB,0 is defined as the 1ω to DC charge balance ratio and is
approximately unity when φB,0 varies slowly with current density as discussed
below. In this case, Equation (5.4) predicts that the EQE ratio will be equal
to one at low brightness and will asymptote to two at high brightness when
annihilation becomes dominant, providing a simple qualitative measure of how
significant annihilation is at a given brightness. Quantitative extraction of kXX is
subsequently facilitated by rearranging Equation (5.4) as:
kXX τ 2
γ10 EQE0 − EQE1 =
(2EQE1 − γ10 EQE0 )L0 ,
a0 ηPL ηOC
"

#

(5.5)

which predicts that plotting the difference EQE0 −EQE1 versus (2EQE1 −EQE0 )L0
τ 2)
when γ10 ≈ 1.
will result in a linear relationship with slope equal to a0kηXX
PL ηOC
If the modulation frequency is also slow compared with the electrical response of
the device (in practice ≤ kHz modulation frequencies relative to the µs scale turnon time of the OLED),15,16 then DC steady-state conditions are reached at every
moment in the slowly-varying modulation. In this quasi-static regime, and in the
limit of small modulation amplitude, EQE1 is equivalently given by the derivative
of the DC light vs. current curve, that is EQE1 = q[dL0 /dJ0 ] ≡ dEQE. Thus, the
harmonic analysis above can be performed using standard LIV measurement data
provided the point spacing is sufficient to accurately resolve dEQE.
Figure 5.2 explores these predictions numerically for a realistic OLED dom-
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inated by XXA in the presence of changing charge balance. A typical power
law JV characteristic is assumed with recombination (JR0 ) and leakage current
(Jf,0 ) components divided according to the fictitious charge balance simulated
in Figure 5.2a (right-hand scale). The light output is calculated according to
Equation 5.1 at DC assuming ηPL = 0.4, ηOC = 0.2, a0 = 5 nm, τ = 88 µs, and
kXX = 4 × 10−14 cm3 · s−1 , typical for a classic phosphorescent OLED based on
PtOEP.1,17,18 In Figure 5.2a, red lines indicating the 1ω EQE and charge balance
quantities have been calculated both via direct numerical Fourier transform from
Equation 5.1 using a dithered bias voltage, and as derivatives of the DC LIV (i.e.
as dEQE), which were verified to be equivalent.
Figure 5.2b displays the EQE0 / EQE1 ratio for the simulated device together
with the reference case of unchanging charge balance (dashed line). Extension of
the EQE ratio outside of the annihilation-relevant y-axis range between one and
two occurs when γ10 =
6 1, providing a clear visual indication that annihilation is not
the dominant loss mechanism at these current densities. Despite the clear impact
of changing charge balance, Figure 5.2c shows that re-plotting the simulation data
in the form of Equation 5.5 still yields a clearly recognizable linear region from
which it is possible to obtain an accurate extraction of kXX within 10 % of the true
value defined by the γ10 = 1 reference.
The robustness of this extraction method in the presence of changing charge
balance can be understood more clearly from reference to the quasi-static derivative
definition of γ10 via φB,1 = 1 − dJf,0 /dJ0 . From this, γ10 = 1 whenever dJf,0 /dJ0 =
Jf,0 /J0 (i.e. when Jf,0 is linearly related to J0 ), which defines a region of locally
unchanging charge balance (dφB,0 /dJ = 0). This condition is always met when
the charge balance reaches a peak, and thus an approximately linear slope still
manifests in this region to reveal the magnitude of annihilation in Figure 5.2c.
Further inspection of Equation 5.5 shows that, to first order, deviation of γ10 from
unity translates to a y-intercept in the fit line, with γ10 < 1 resulting in a positive
intercept that marks the onset of declining charge balance.
Once the bracketed annihilation term in Equation 5.4 is known from the linear
fit of Equation 5.5, the ‘annihilation-only’ component of the EQE ratio (the green
dashed line in Figure 5.2b) can be reconstructed, enabling γ10 to be determined as a
function of current density by dividing it by the actual EQE ratio (i.e. by dividing
the green dashed line by the black line in Figure 5.2b). Using the quasi-static
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Figure 5.2. (a) DC (black lines) and first harmonic (1ω, red lines) EQEs and charge
balance factors simulated for an OLED in the presence of XXA. Dashed lines show EQEs
for the same device in the limit of perfect, unchanging charge balance, φB,0 =1. (b)
Simulated EQE0 /EQE1 ratios with and without charge imbalance. In the presence of
XXA, this ratio asymptotes between 1 and 2 if charge balance remains constant; changes
in charge balance can force the ratio outside of these bounds. (c) Linearized EQE
differences plotted in the form of Equation (5.5) to facilitate extraction of the annihilation
coefficient, kXX . The dashed green line shows the exact linearity that results for a device
with unchanging charge balance whereas the black line illustrates the result for changing
charge balance, demonstrating that the same annihilation slope can still be identified.

derivative definition of γ10 subsequently leads to a first order differential equation:
dJf,0
Jf,0
− γ10
+ (γ10 − 1) = 0,
dJ0
J0

(5.6)

that can be used to solve for Jf,0 by numerical integration of J0 and the (now known)
function for γ10 . This requires an initial condition value for Jf,0 which, although not
rigorously known, should be well-approximated in OLEDs with near-unity internal
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IC
quantum efficiency19 as Jf,0
≈ 0 (i.e. perfect charge balance) when γ10 crosses/or
is equal to unity.
The same methodology can applied to the situation when XPA is the dominant
annihilation process. In this case, it can be argued on general grounds (see
Appendix A)12 that the relationship between exciton and charge carrier density
in the recombination zone can be expressed in the form X = CP β , where β ≥ 1
and C is a constant. Proceeding in the same manner as above, it is straightforward
to show for β = 2, and subsequently to verify numerically for general β, that the
EQE ratio is given by:
1
τL
1/β
EQE0  (1 + (1 + β )CkXP τ ( a0 ηPL0ηOC ) )  1
=
EQE1
γ10
1 + CkXP τ ( a0 ηPτ LLη0 O C )1/β





(5.7)

and can be linearized for kXP extraction as:

"

1
γ10 EQE0 − EQE1 = CkXP τ (1 + )EQE1 − γ10 EQE0
β

#

τ L0
a0 ηPL ηOC

!1/β

. (5.8)

Equations 5.7 and 5.8 are the XPA analogs of Equations 5.4 and 5.5 for XXA
and therefore XPA device analysis would proceed similar to that described above.
In the case of space charge limited (SCL) transport20 assumed in previous XPA
analyses,2,9 β = 2 as described in Appendix A, and thus Equation 5.7 predicts that
the EQE ratio of an OLED dominated by XPA would asymptote toward a value of
3/2, in contrast with the value of 2 for XXA.

5.1.1 Experimental Validation of the Harmonic Analysis
Initial testing of these predictions was carried out on classic double heterostructure
fluorescent and phosphorescent OLEDs shown in the inset of Figure 5.3a using
emissive layers doped respectively with 2 wt% DCM laser dye or 8 wt% PtOEP.
Efficiency roll-off in these devices has been studied previously,1,3 where it was
shown that the PtOEP device is strongly affected by triplet-triplet XXA whereas
annihilation is negligible for its DCM counterpart. Devices were fabricated via
vacuum thermal evaporation on pre-patterned indium tin oxide anodes with LiF
(0.7 nm) / Al (80 nm) cathodes (4 mm2 active device area) and were subsequently
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packaged in a N2 glove box using a thin layer of ultraviolet-curable adhesive
(Norland, NOA 63) and a glass cover slip.
(a)

PtOEP:CBP

LiF (0.7 nm):Al (80 nm) Cathode

(b)

Alq3 (20 nm)

PtOEP:CBP

Balq or BCP (20 nm)
DCM:Alq3 or PtOEP:CBP (10 nm)

Linear Fit

NPD (40 nm)
ITO Anode
Glass Substrate

0.1 mA/cm2

DCM:Alq3

1 mA/cm2

DCM:Alq3

Figure 5.3. (a) DC external quantum efficiency, EQE0 , measured for fluorescent DCM
and phosphorescent PtOEP devices shown in the inset. The two OLEDs share a 40
nm thick N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPD) hole
transport layer and have 10 nm thick emissive layers (EMLs) consisting of either tris-(8hydroxyquinoline) aluminum (Alq3) doped with 2 wt% DCM or 4,4’-bis(N-carbazolyl)1,1’-biphenyl (CBP) doped with 8 wt% PtOEP. The 20 nm thick hole blocking layer in
each case consists of either bis(8-hydroxy-2-methylquinoline)-(4-phenylphenoxy)aluminum
(BAlq) or bathocuproine (BCP), and both devices have a LiF (0.7 nm)/Al (80 nm) cathode.
(b) Derivative-based linear EQE difference plot for the PtOEP (maroon squares) and
DCM (orange circles) devices. Solid squares indicate the PtOEP data range used for
linear regression to extract kXX . Locations that correspond to current densities of 0.1
mA/cm2 and 1 mA/cm2 are indicated by arrows for reference.

Figure 5.3a shows the external quantum efficiency (EQE0 ) for each OLED and
Figure 5.3b plots their respective EQE0 and dEQE in the form of Equation 5.5.
The PtOEP device exhibits a linear region similar to that predicted in Figure 5.2c
for current densities ranging approximately 0.1–4 mA/cm2 . At higher currents, the
data display a characteristic bend back toward the ordinate axis, indicating that
another roll-off mechanism becomes dominant. By contrast, the DCM data are
never quite linear and display a continuous downward curvature. Attempting an
approximate linear fit in spite of the curvature leads to an unphysical singlet-singlet
XXA rate coefficient that is several orders of magnitude too large, indicating that
XXA is not significant for these DCM devices over the measured current density
range.3
In addition to DC characterization, the same analysis was performed using the
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kXX,dEQE = 3.1x10-14 cm3s-1
kXX,1ω = 5.8x10-14 cm3s-1

dEQE
1ω, EQE1

Figure 5.4. Linear difference EQE plot for the PtOEP device based on data obtained
from the DC LIV derivative method (maroon), or the first harmonic lock-in amplifier-based
AC EQE measurement method (red).

dithered AC EQE lock-in amplifier experimental configuration shown in Figure 5.1a.
Here, an AC sinusoid of 500 Hz with an amplitude, V1 = 20 mVRMS was superimposed onto a DC bias V0 ranging from 0-6.2V using a Stanford Research Systems
DS345 function generator while J1 and L1 were measured with an Ametek 7230 dual
channel lock-in amplifier. The upper limit of the DC bias for the AC measurement
was chosen to limit the total current through the device to a maximum of ∼ 10
mA/cm2 , thereby avoiding significant device degradation over the approximately 5
minute duration of the measurement. A subsequent DC LIV sweep was performed
with a Keithley 2401 sourcemeter and Keithly 6400 picoammeter to measure the
DC quantities J0 and L0 , respectively. Figure S2 plots the linear difference of EQE0
and either dEQE = qdL0 /dJ0 or EQE1 = qL1 /J1 in the form of Equation 5.5. The
data sets are similar in form and both exhibit a clear linear region with the slopes
differing by a factor of ∼2. The difference in slope and y-intercept between the
two methods is due primarily to slight device degradation (∼0.5% EQE) over the
course of the AC measurement, which took approximately 5 minutes to perform
as compared to ~10 seconds required for an LIV sweep. Sweeping from low to
high bias, this decrease in efficiency over the longer measurement manifests as an
artificial increase in roll-off, leading to a larger slope for the AC 1ω data (red) in
Figure 5.4.
Assuming ηOC ≈ 0.2, the slope of the fitted PtOEP linear region in Figure 5.3b
together with its phosphorescent lifetime τ = 88µs (Reference [17]) and quantum
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Figure 5.5. Ratio of EQE0 /dEQE (maroon squares, left-hand axis) for the PtOEP
device as a function of current density. The dashed green line indicates the XXA
contribution to the ratio derived from the linear fit in Figure 5.3b. The difference between
the measured ratio and the XXA contribution is ascribed to changing charge balance,
which is plotted on the right-hand axis. (b) Normalized electroluminescence spectra for
the PtOEP device at varying current densities. Increasing NPD emission at λ ≈ 430 nm
for J >10 mA/cm2 indicates electron leakage into the hole transport layer, consistent
with the decline in charge balance calculated in a.

yield ηPL = 0.4 (Reference [18]) results in kXX /a0 = (1.6 ± 0.2) × 10−8 cm2 · s−1 ,
which is a Figure of merit indicative of the annihilation intensity in the device.
If the recombination zone is subsequently taken to be the emissive layer width
(a0 = 10 nm), then this result yields kT T A = 2kXX = (3.2 ± 0.4) × 10−14 cm3 / sec,
in agreement with the triplet-triplet annihilation (TTA) coefficient found previously
for this device (the factor of two is inserted for consistency with the notation of
previous work).1
Figure 5.5a shows the EQE ratio for the PtOEP device together with the
annihilation-only contribution (dashed green line cf. Figure 5.2b) derived from the
linear fit of kXX /a0 . It is evident from extension of the measured EQE ratio above
two that, while XXA is significant in this device, declining charge balance also
becomes a factor at high current densities >10 mA/cm2 , which is confirmed by
the rising shoulder of NPD emission shown in Figure 5.5b.3 Determining γ10 from
the quotient of the measured EQE ratio and the extracted XXA contribution, and
IC
assuming an initial condition Jf,0
= 0 when γ10 crosses unity, numerical integration
of Equation 5.6 results in the normalized charge balance of the device (φB,0 ) plotted
on the right hand scale.
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Joule heating or field-induced exciton dissociation21 could also play a role in the
efficiency roll-off. However, because field-induced dissociation mainly affects the
exciton formation process (i.e. before a Coulombically-correlated carrier pair has
recombined to form a tightly bound exciton), its distinction from charge imbalance
is ultimately superficial since one cannot distinguish between a carrier pair that
forms and is dissociated versus one that never forms at all. The effect of fieldinduced dissociation is thus implicitly included in φB,0 . Alternatively, Joule heating
effects could be identified from pulsed LIV measurements.
Although the expressions derived above assume a uniform recombination zone,
accounting for a spatially-varying recombination zone does not materially change
the analysis. Its primary effect is to change the slope of the linearized EQE
plot (reflective of an average annihilation intensity) and to soften the transition
between the asymptotes in the EQE ratio plot (their values remain unchanged). A
recombination zone that changes significantly with current density would lead to
curvature in the linearized EQE plot, making extraction of the annihilation intensity
difficult. However, it still would not violate the asymptotes of the annihilationlimited EQE ratio, making this type of plot a robust identifier of devices in which
annihilation is not the dominant cause of roll-off.
It is important to note that the harmonic EQE analysis developed here does
not produce any ‘new’ information not already contained in a standard LIV measurement. Rather, it simply repackages the data in a form that is more sensitive
and conducive to identifying the effects of annihilation. Mixing among higher EQE
harmonics (e.g. relationships involving EQE2 , γ20 , and so on) should provide additional constraints on the type and magnitude of annihilation and can in principle
be determined from higher order LIV derivatives, dn L/dJ n . However, in practice,
measurement noise and finite point spacing of the DC LIV amplify fluctuations in
the higher derivatives, preventing them from being recovered accurately. The value
in direct frequency domain EQE harmonic analysis (i.e. as in Figure 5.1a) is thus
that the lock-in amplifier more effectively averages and recovers higher harmonics
from the noise. The disadvantage is that the measurement takes longer to perform.
Looking forward, the added information contained in higher EQE harmonics
may be sufficient to reliably deconvolve the magnitudes of two different annihilation
processes such as, e.g. triplet-triplet and triplet-polaron annihilation when both
are significant in a device. This goal is particularly important for understanding
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roll-off in state-of-the-art phosphorescent OLEDs known to be affected by both
processes2,9 and is currently the subject of ongoing work. Similarly, increasing the
modulation frequency beyond the quasi-static regime to obtain additional phase
information in the form of frequency-dependent complex EQE spectra could help
characterize dynamic processes in the emissive layer such as charge trapping and
exciton formation on emissive dopants.

5.2 Harmonic Analysis of Inorganic Devices
Light emitting diodes are beginning to see large-scale commercialization as high
efficiency light sources. While state-of-the-art white emitting devices have luminous
efficacies exceeding 200 lm/W[22] at low-to-moderate levels of brightness, their
efficiency begins to droop at high levels of brightness. This efficiency roll-off is
usually attributed to either Auger recombination, or carrier leakage which results
in a loss of charge balance, although exactly which of these effects is responsible is
widely debated.23–25 Here, we apply the same harmonic analysis to light emitting
devices which rely on inorganic emitters including quantum dots (QDs), multiple
quantum wells(MQWs), or metal-halide perovskites∗ to form their active layers.
Typically, the EQE curve of an LED can be modeled with a simple ABC rate
equation given by:31
R = An + Bn2 + Cn3 ,

(5.9)

where R, n, A, B, and C represent the total recombination rate, the free carrier
concentration, the Shockley-Reed-Hall (SRH), radiative, and Auger recombination
coefficients, respectively. An additional component that has come under recent
scrutiny is the possible loss of charge balance, which results unequal amounts of free
electrons and holes in the recombination zone. As a result, free carriers of one type
Metal-halide perovskites come in both fully inorganic flavors such as cesium lead halide
(CsPbX3 , where X is a halogen atom like chlorine, bromine, or iodine)26 and hybrid organicinorganic tri-halide varieties such as methylammonium lead bromide (MAPbBr3 ) or formamidium
lead iodide (FAPbI3 ). These materials tend to form micro- or nano-crystalline phases with good
optoelectronic properties (e.g. strong absorption and emission that is tunable by the material
composition) that have resulted in highly efficient PVs27 and LEDs28,29 . Their low exciton
binding energies (Eex . 20 meV)30 result in direct recombination of electrons and holes at room
temperature, rather than recombination from an excition; thus, even the hybrid materials which
incorporate organic cations may treated as inorganic semiconductors.
∗
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(usually electrons for GaN-based systems) will pass from contact-to-contact without
recombining. By adding terms for electrical generation and leakage, Equation 5.9
can be put in a similar form as Equation 5.1:
J − Jf
dn
=
− An − Bn2 − Cn3 ,
dt
qa0

(5.10)

where a0 is still the width of the recombination zone, though in this case of a purely
inorganic LED, that would be the sum of all quantum well thicknesses. Next, n is
correlated to a photon density, L, such that n = (L/(a0 ηOC ηPL B))1/2 , and steady
state operation is assumed. Rearranging Equation 5.10 yields:
!1/2

J − Jf
L
L
L
0=
−
−A
−C
qa0
a0 ηOC ηPL B
a0 ηOC ηPL
a0 ηOC ηPL B
J − Jf
≡
− A0 L1/2 − B 0 L − C 0 L3/2 .
qa0

!3/2

(5.11)

Carrying out a harmonic expansion, collecting terms of a given harmonic, and then
taking the ratio of the EQE at 0ω and 1ω, one can obtain an expression equivalent
to Equation 5.4 for inorganic devices:
EQE0
=
γ10
EQE1

1 A0 −1/2
L
2 B0 0
0
−1/2
A
L
B0 0

+1+
+1+

3 C 0 1/2
L
2 B0 0
0
1/2
C
L
B0 0

(5.12)

Under low current densities, the contribution from the C term is negligible
and the equation will have a lower asymptote of 1/2, indicating a SRH-limited
efficiency. However, under large current densities at high brightness where Auger
recombination becomes more likely, the A term is relatively small and this ratio
will asymptote to 3/2. By rearranging limiting cases of Equation 5.12, it is possible
to obtain plots which predict linear relationships with slopes proportional to either
the A coefficient for SRH-dominated operation:
A0 1
EQE1 − γ10 EQE0 (L0 )−1/2 ,
B0 2
or the C coefficient for Auger-dominated operation:
γ10 EQE0 − EQE1 =





C0 3
γ10EQE0 − EQE1 = 0 EQE1 − γ10 EQE0 (L0 )1/2
B 2
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(5.13)
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Figure 5.6. (a) A simulation of 5.10 showing contributions from SRH, Auger, and
radiative recombination to the EQE. (b) The ratio of EQE/dEQE where clear asymptotes
are observed at y = 0.5 and 1.5 for SRH and Auger recombination-dominated regimes,
respectively. The red line represents a device with a non-ideal charge balance that deviates
beyond these asymptotes. (c) and (d) show plots of Eqns. 5.13 and 5.14, where the
slope of the blue line is proportional to the either the SRH or Auger recombination rate.

As with the OLED harmonic analysis, in the limit of small applied voltage increments, J1 ≈ dJ/dV, L1 ≈ dL/dV, and EQE1 ≈ (dL/dV )/(dJ/dV ). Simulations
were carried out assuming recombination coefficients of A = 1x107 s−1 , B = 1x10−10
cm3 s−1 , C = 5x10−29 cm6 s−1 , an effective recombination zone of a0 = 3 nm, and
a PLQY-outcoupling product of ηPL ηOC ∗ 100 = 0.8 ∗ 0.8 = 0.64 as reported in
literature for a multiple quantum well GaN LED23,31 . Figure 5.6a displays the
EQE simulated with an arbitrary charge balance, where limiting cases highlighting
the contributions from each loss pathway are shown by different line styles. From
these results, a practical device might be limited by a combination of SRH and
Auger recombination, and hence, unlikely reach its theoretical maximum EQE of
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0.64. Following this logic, it comes as no surprise that when plotted in terms of
Equation 5.12 as presented in Figure 5.6b, there is an abrupt transition from the
lower asymptote of 0.5 to the upper asymptote of 1.5, signifying limiting cases of
SRH- and Auger-limited operation. Rearranging this plot in terms of Equations 5.13
and 5.14, the regions indicated by arrows represent the data ranges corresponding
to either asymptote, and can be used to extract the corresponding SRH and Auger
recombination rates by setting A = m α1 (Bα)1/2 , and C = m α1 (Bα)3/2 , where m is
the slope of the blue dashed line in Figure 5.6c and e, respectively. Therefore, as
with OLEDs, it is possible to deconvolve relative recombination rates from each
other in addition to loss resulting from an increase in leakage current.
An obvious application of this theory is to understand the roll-off of nitride-based
blue LEDs which form the basis of many phosphor sensitized white LED systems.31
In theory, this analysis technique opens up a potentially simple method to separate
loss contributions from SRH, Auger, and carrier leakage, without the analysis of
pulsed laser transients3,10,32 or the use of free fitting parameters.25 By testing the
devices under pulsed operation, adverse effects from device heating under high
current densities should be mitigated, although due to limitations imposed by the
test equipment in our lab, we have not been able to carry out pulsed measurements
to sufficient current densities without degrading or destroying the LED under test.
With the proper combination of short pulse widths (. 1 µs) and high current
(& 1 A), one should be able to reach high enough current densities to see the
effects of Auger recombination in inorganic LEDs if they exist. Future work in this
area may also involve the testing of other less well-known systems such as hybrid
LEDs making the use of organic transport layers and inorganic QD33 or hybrid
organic-inorganic perovskite emitters.28,29
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Chapter 6 |
Three Dimensional OLEDs
The vast majority of OLEDs produced either in a lab or commercially have been
completely planar devices, where the physical length or width of the device greatly
exceeds that of its thickness, which effectively results in a two-dimensional (2D)
device. Low yield has been one of the primary justifications for the high cost of
OLED lighting and displays, and while consumers are willing to pay a premium of
several hundred or thousand dollars for a phone or television that can outperform
incumbent technologies,1 they are not as likely to do the same for a device which
only serves to illuminate their environment.
In this Chapter, we argue that taking OLEDs from two dimensions to three
dimensions (3D) may provide added value to help rationalize the high cost of OLEDbased SSL. Additionally, we show that there may be room for substantial gains
in terms of device outcoupling, and lifetime with little-to-no expected change in
terms of microscopic electro-optical performance. Several approaches are proposed
to enable 3D OLEDs. Finally, we conclude with several demonstrations of different
3D OLEDs fabricated through the Japanese art of kirigami.

6.1 The Case for Breaking Planarity
A standard A19 LED lamp (an LED light bulb) has a luminous efficacy of 79 lm/W
and has an average cost of 9 $/klm.∗ By comparison, the Chalina 5-panel Brushed
Nickel OLED Pendant light fixture available from Home Depot has a luminous
efficacy and price of 43 lm/W and 756 $/klm, which is an incredible amount of
∗
$/klm = US dollars per kilolumen. This is a standard measure of the effective light output
from a source vs its cost.
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money to pay for a device which delivers half of the efficacy in exchange for a more
aesthetically pleasing package. We could be a little bit more fair and compare
the OLED lighting fixture to a premium 6" LED downlight which would be closer
to the application space of the OLED luminaire. In such a case, premium LED
downlights maintain luminous efficacies of 86 lm/W, near a cost point of 80 $/klm,
which results an nearly an order of magnitude in cost difference between the LED
and OLED light sources.†2 . This suggests that OLED-based SSL either needs a
boost in terms of added value or a path to reduce cost; breaking the planar form
factor may provide opportunities to do both.

6.1.1 Microscopically Patterned 3D OLEDs
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Figure 6.1. (a) A conventional planar substrate/OLED shown on left compared to a
similar OLED stack fabricated on a substrate with large (10’s of µm), continuous features.
This effectively leads to an increase in device active area per unit substrate area, which
means that the device should a lower current density to achieve the same macroscopic
luminance as a planar OLED. (b) Area enhancement factor relative to 1D sinusoidal, 2D
sinusoidal, or hexagonally tiled mound patterns of varying aspect ratios.

To date, most OLEDs have been grown on largely flat substrates where any
patterning takes place on the on the sub-micron scale in the form of random
OLEDWorks recently began to offer their https://www.oledworks.com/products/brite-2/,
which produces 300 lm at an efficacy of 57 lm/W. They have a promotion kit on sale for $199
that includes four panels, a driver, and a power supply, which would yield a cost of 165 $/klm.
However, this represents a best-case scenario since three more drivers, as well as a housing for the
panels to bring them together into a panel would be required to produce a luminaire. Combining
those with overhead and cost mark-up to generate a profit would result in a consumer price closer
to ∼ 300 $/klm.
†
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scatterers3 , sub-wavelength plasmonic structures4 , nano-cones5,6 , etc. Although
these different patterns may be used to realize improvements in the amount of
forward-coupled light being emitted from the OLED, but do not significantly alter
the physical layout from a standard OLED as shown in Figure 6.1a. Instead,
imagine a corrugated 3D substrate as shown on the right-hand side of Figure 6.1a,
where the period is tens of microns, and the aspect ratio of the features is substantial
(i.e. AR = H/Λ & 0.5, where H is the feature height and Λ is the period of the
corrugation), we can define an area enhancement factor as,
β = AOLED /Asub ,

(6.1)

where Asub and AOLED represent the footprint of the substrate, and the substrate’s
surface area that an OLED would be grown on, repectively. Owing to the difference
in size scales between the OLED thickness (∼100 nm) vs the size of the patterned
features (10’s to 100’s of µm), the electrostastics for a 3D OLED of this form would
be nominally identical to a planar device. In essence, this substrate would appear to
be flat from a distance, but upon close inspection, one would notice a micropattern.
Because an OLED’s brightness scales proportionally to its active area, and its
current density scales inversely to its area, the effective current density that a 3D
device would have to be driven at to maintain the same brightness as a planar
device is reduced by J/β. We see from Figure 6.1b, that once the aspect ratio of
the 3D pattern exceeds 1, there is the potential to realize a reduction in current
density greater than 4.3× for a hexagonally corrugated OLED relative to a planar
device. Owing to the empirical relation between the current density that an OLED
is being driven at, J and its effective lifetime, J:7–9
LT ∝ J −γ ,

(6.2)

where 1.5 . γ . 3 is an aging acceleration factor, one could expect a & 10×
increase in lifetime relative to a planar device running at the same brightness. This
reduction in current density leads to an obvious decrease in required drive voltage,
but considering that all practical OLEDs suffer from some level of EQE roll-off (see
Chapter 5), this also provides the second order benefit of increasing the device’s
EQE for a given luminance, which combine to increase the luminous efficacy. Using
OLEDWorks’ Brite 2 panels10 as an example, a 2.5× increase in brightness leads
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Figure 6.2. (a) Optical out-coupling efficiency as a function of the surface area enhancement factor for a 2D sinusoidal corrugation. For reference, patterns at various β’s
are inset. (b) The forward-oriented luminous flux as a function of angle emitted from
an OLED fabricated on a β = 5 substrate. Ideal Lambertian emission would be seen as
a perfectly uniform red circle. Figures adapted from DOE proposal by Dr. Noel Chris
Giebink.

to a 10% reduction in luminous efficacy and a 5× decrease in operational lifetime;
both of these losses could be mitigated by using a 3D substrate rather than a planar
substrate.
An added advantage of these 3D patterns is that they effectively act as a built-in
microlens array which would function to extract waveguided modes in the organic
and transparent contact layers. Figure 6.2a presents the out-coupling efficiency
as a function of β, where there is a peak enhancement of 2.2× at low β’s, with
a slight decrease to 1.9× at β = 5 resulting from a higher fraction of emission
being directed normal to the front surface. As shown in Figure 6.2(b), the angular
emission profile from the device maintains a near-Lambertian distribution, so 3D
OLEDs remain as ideal candidates for large-area diffuse lighting.
Given that the lifetime of commercial OLED panels typically ranges between
10 khrs to 50 khrs, the boost in lifetime afforded by the lower drive current could be
sacrificed to increase the macroscopic brightness of a 3D OLED. Growing an OLED
on a 3D hexagonal pattern with an AR = 2 would provide an area enhancement
of β = 8.6, which when coupled to the expected increase in outcoupled light from
such a pattern yields a > 10× boost in luminance. Assuming a negligible increase
in manufacturing cost, this added brightness could leverage the cost of OLED
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luminaires to a point below 100 $/klm, thereby making them competitive with
LEDs in the area of premium architectural lighting.

6.1.2 3D OLEDs for Artistic / Architectural Lighting
Although the luminous efficacy of and cost OLEDs lag behind that of LEDs, they
have several benefits which make them worthwhile. Because LEDs emit from a small
(typically < 100 × 100 µm2 ) area, they can produce harsh glares. By comparison,
OLEDs create light from a large (> 10 cm2 ) region, which results in a diffuse,
glare-free source without the use of secondary optics.1 As such, they are highly
desirable for work space or architectural lighting.
Most OLED lamps or luminaires installed to date have been designed around
arrays of either flat or lightly curved panels which are for all intents and purposes,
2D. Although such demonstrations can be aesthetically pleasing (see Figure 6.3a-b),
the flexible form factor of an OLED grown on a plastic substrate allows for the
possibility of much more visually complex designs. One such example is shown in
Figure 6.3c, where several flexible OLEDs were folded together to create tulips.11
Rather than competing head-to-head with LED lighting purely on a performance
basis, OLEDs can be used to complement LEDs and create a beautiful light which
one might not mind looking at. In such a scenario, LEDs might be used as the
primary source for a room, while OLEDs could double as artistic fixtures and high
quality (i.e. CRI > 90 and diffuse) lamps to illuminate a workspace.
One route to achieve this goal is through the Japanese art of cutting and folding
paper, known as Kirigami.12–18 OLEDs would be grown on flexible substrates, a
flexible polymer would then be applied to the top of the device to encapsulate it,
and different portions of the substrate would be cut. Finally, the device would be
folded or flexed into shape and turned on to provide light, as seen in Figure 6.4.
Kirigami is a popular art form with a large library of books and websites dedicated
to providing instruction and examples; as such, the number of possible designs is
nearly limitless. Tastefully designed 3D OLED luminaires may represent a unique
niche market available to OLEDs in the near-term, though as manufacturing costs
drop, could serve to bring affordable, appealing lighting to the masses.
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(a)

(b)

(c)

Figure 6.3. (a) An OLED lighting installation designed to resemble flying birds. (b)
An OLED chandelier created from a series of flat panels. (c) OLEDs cut and folded
to look like tulip flowers. Images courtesy of LG Lighting, Phillips/OLEDWorks, and
Konica Minolta.
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Kirigami Plastic
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Kirigami OLED
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Figure 6.4. The basic concept of using kirigami to modify an OLED. We start with
an encapsulated flexible OLED. Next, we apply perforations to the substrate in specific
regions, and then apply a bias to generate light. The example shown here might be
used as a Kirigami window blind, where strain is applied to open the blind up and allow
sunlight pass, but at night, the device can be turned on to provide illumination to the
room.

6.2 Challenges Encountered in the Fabrication of NonPlanar OLEDs
Non-planar OLEDs have a compellingly simple process flow, butlab-scale demonstrations have proved difficult. In the remainder of this chapter, the known challenges
and preliminary results for 3D OLEDs are presented with the goal of assisting
future development in this area.

6.2.1 Patterning OLEDs Directly Onto a 3D Surface
One of the first challenges to address in creating a 3D OLED is the fabrication
of the substrate. In order to prevent catastrophic shorts or premature device
failure, the entirety of the substrate needs to be continuous and microscopically
smooth. One way to realize this is through a modified lithographic process, as
shown in Figure 6.5a. Here, thick film negative photoresist‡ sheets were sequentially
laminated to achieve a target thickness. They were subsequently exposed to
365 nm UV light using a chrome lithography mask to produce either a 1D array of
The particular type used for the bulk of these experiments was 50 µm thick ImageOn HD
photoresist from Takach Press / Dupont.
‡
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Figure 6.5. Creating 3D patterns though (a) a modified lithography process making
use of a PVA gel to smooth out, (b) 3D printing (c) LUXeXCEL’s 3D printoptical
technology. (d) Once the substrates were fabricated, they were coated by either laying
them flat on the evaporation puck, or fixing them to a rotating stepper motor inside of
the VTE system to enable more uniform coating of the 3D surface. (e) A simulation
of the deposited material thickness vs position of an AR = 0.5 substrate attached to
rotating stepper motor. (f) Images of two AR = 0.5 substrates. The one on the left was
coated while lying flat on the evaporator surface, while the one on the right was coated
while fixed to the rotating stepper. The red scale bar indicates a length of 2 mm for both
images. (g) Air bubbles in the mold during the substrate preparation process can lead
to defects that lead to poor device performance.

lines or a 2D array of hexagonally tiled pillars with periods ranging from 100 to
400 µm. A spray development technique using aerosolized MF CD-26 developer
was applied to efficiently develop the thick-film photoresist. An 85 mg/mL solution
of polyvinylalcohol (PVA) was dissolved in water, drawn across the patterned
substrate, and dried down on a hotplate at 90 ◦C to provide a smooth, continuous
film, as shown at the bottom-left of Figure 6.5a.
Alternate approaches using substrates 3D printed with using a high resolution
stereolithography system (Figure 6.5b), or a custom 3D printing process allowing
for the deposition of a liquid photopolymer to partially reflow prior to curing
(Figure 6.5c), were also considered, although they ultimately failed to produce
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substrates smooth enough for direct OLED growth. Once a the target 3D profile
had been achieved through the lithographic process, a negative PDMS mold was
fabricated by pouring a degassed mixture of Sylgard 184 (10:1 silicone:curing agent)
over the master substrate and curing it at 80 ◦C for one hour. Finally, the 3D
substrates were duplicated by embossing the stamp into a photocurable polymer
(NOA 68) and exposing it to 365 nm light for ∼ 4 min to fully cure it.
Next, the anode, organic layers, and cathode were to be deposited, and VTE
was the primary method chosen to perform these actions.§ Preliminary experiments
showed that evaporating a metal directly onto the NOA surface would cause the
metal to buckle, due to the high coefficient of thermal expansion (CTE) and low
Young’s modulus of the NOA,19–21 but the addition of a 32 nm interlayer layer of
Al2 O3 deposited through plasma enhanced atomic layer deposition (PEALD) could
prevent this problem.
Exposing a curved surface to a highly directional particle flux (as in a VTE
system) results in the sloped surfaces receiving less material than the flat surfaces
due to cosine projection losses. A simple solution to this problem involved loading
a stepper motor into the VTE chamber, fixing the substrate to the motor’s output
shaft, and performing VTE while spinning the substrate as seen in Figure 6.5d.
Figure 6.5e presents the results of the expected active layer thickness (blue contour)
on a sinusoidal substrate (red contour) fixed to a stepper rotating at a constant
rate. In practice, because the stepper is fixed to a rotating stage, the vapor flux
from the evaporation source is quasi-lambertian, and the substrates have a three
dimensional profile, there will always be some level of thickness inhomogeneity that
is exacerbated as the substrate aspect ratio is increased. Nevertheless, OLEDs grown
via the rotating method (right image, Figure 6.5f) show a significant improvement
in uniformity relative to devices grown fixed to the substrate puck (left image,
Figure 6.5f). Finally, in some instances, air pockets bubbles could be trapped in
the UV curable polymer prior to curing, which lead to substrate defects as seen in
Figure 6.5g; these could be avoided by degassing the polymer in a vacuum chamber
prior to embossing and crosslinking.
Figure 6.6 displays the culmination of almost of different approaches to fabrication and growth of devices, where the OLED aspect ratios range from 0 (i.e.
This not because VTE is the best suited tool for this task, rather, because it was the only
tool in our lab that could deposit all of the requisite materials.
§
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Figure 6.6. (a) Current-density vs applied bias, and (b) EQE vs current density of a
conventional flat OLED (solid), a 2D sinusoidal OLED with AR = 0.125 (dot), and a 2D
sinusoidal OLED with AR = 0.25 (dash-dot). Dark blue and cyan curves represent data
from either the first or second current-voltage-light sweep, respectively. Note that the
high-aspect ratio devices have a lower drive current at higher biases, and suffer from a
larger decrease in EQE after the second run.

a flat substrate) to 0.25, which is still too low to realize any practical gains in
lifetime or brightness. The device structure was comprised of a 15 nm Au anode,
a 40 nm N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPD)
hole transport layer, a 40 nm tris-(8-hydroxyquinoline) aluminum (Alq3 ) electron
transport / emissive layer, a 1 nm LiF electron injection layer, and a 150 nm Al
cathode. The large shunt currents shown on the current density-voltage (J-V)
curves in Figure 6.6a are likely a direct result of dust or other particulates that
accumulated on the substrates during installation on the stepper motors in addition
to blemishes on the substrates for the 3D devices (see Figure 6.6f-g). These defects
have a direct impact on the EQE curve, as they lead to shunt pathways that sink
current rather than allowing for it to travel through the OLED and radiatively
recombine.
Although this process was not successful in creating functional high aspect ratio
3D OLEDs, it did yield a process to enable the uniform coating of low aspect ratio
3D surfaces.22 I would recommend creating base templates through a combination
of lithography and reactive ion etching (RIE) of Si, embossing those into a polymer,
and then performing a heat treatment to reflow the polymer so that it had no
sharp features;23 this continuous 3D polymer surface could be used directly as the
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substrate or as the master for a mold. Following the substrate fabrication, I would
either deposit the active layers through organic vapor phase deposition (OVPD)24
or further pursue solution processing techniques to provide conformal coverage.25

6.2.2 Lamination of Flexible Devices
An alternative method to achieve 3D OLEDs is grow devices on a flexible, transparent substrate, and laminate them directly onto a 3D printed pattern as shown in
Figure 6.7a. The structures to serve as templates for lamination were modeled after
the 1D sinusoid shown in Figure 6.1b, designed with the computer aided design
(CAD) tool, Solidworks, and printed using a Kudo3D Titan 1 stereolithography
3D printer. To achieve the flexible OLED, a 10 µm thick clear polyimide (CP1)
film was spin-cast onto a 100 mm glass carrier wafer, while the metal and organic
layers were deposited via VTE through a series of shadow masks. The OLED stack
for these tests was made up of a 15 nm Au semitransparent anode, 3 nm MoO3
as a hole injection layer, 60 nm of NPD as a hole transport layer, 60 nm of Alq3
as an emissive/electron transport layer, and 100 nm of Al with 0.7 nm of LiF as
a cathode. After the evaporation, the devices were encapsulated by spin casting
∼ 50 µm NOA72 at 1000 rpm for 50 s and UV-curing for 1 min. The CP1 substrate
subsequently released from the glass carrier, devices were cut into strips, and gently
pressed into the troughs of a sinusoidal template with the top-side (that with the
NOA encapsulant) facing up. Once in position, Autodesk PR48 clear resin was
poured over top of the CP1 substrate, and the entire system was cured in place.
Figure6.7b shows the outcomes of electro-optical testing of devices ranging
from β = 1 to 6, where the J-V characteristics of all devices tested are remarkably
similar, indicating that the lamination process did not have a significant impact on
their electrical performance. Although the particular OLEDs used in this test were
not very bright (i.e. Lmax .100 cd/m2 ), we can still use them to demonstrate some
basic principles. The results here show that to operate at a macroscopic luminance
of L = 10 cd/m2 , the increase in β = 1 → 4 provides to a ∼ 3× reduction in current
density, and a ∼ 1.2 V decrease in drive voltage. However, this does not lead to
the predicted increase in EQE as shown in Figure 6.7c, where this same scaling
provides a reduction by a factor of 2 to 2.5×, which would force a net loss in terms
of luminous efficacy.
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Figure 6.7. (a) The fabrication process for a laminated 3D OLED. Thin OLED foils
and a sinusoidal 3D printed corrugated pattern are prepared. Next, the OLED foil is
carefully pressed into into the grooves of the 3D printed pattern which has perforations
at the bottom of each groove to allow for weak vacuum to hold the OLED in place. A
UV crosslinkable polymer is poured over top of the OLED, which is then cured to lock
the shape. A functional device with an effective β = 2 is shown on the right-hand side.
(b) Current density-voltage-light measurements for flat and patterned devices ranging
from β = 1 to β = 6. (c) EQE vs J for fabricated devices, which decreases as β increases.

A simple ray-tracing model of the system was put together using Zemax
OpticStudioTM to investigate the optical loss in this system. The simulated geometry is shown in Figure 6.8a, where the aspect ratio was adjusted to achieve
area enhancement factors extending from 1 up to 8. Figure 6.8b compares the
normalized EQE of the simulation to the experimental measurements. Although
there is some loss expected with increasing β for a 1D sinusoidal pattern, which
results from reflections as light is leaving the trough, the normalized experimental
EQE is nearly a factor of 2 lower than what the simulation suggests. Upon further
inspection of the as-fabricated OLEDs, this is believed to be the result of nonideal
geometry, where the sidewalls of the OLED foil were flared inwards, effectively
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Figure 6.8. (a) Simulation geometry in Zemax, where the blue lines represent rays that
have been emitted by a series of discrete lambertian sources (see inset) used to approximate
the OLED surface (b) Forward-coupled intensity (or EQE at 10− 2 mA/cm2 ) plotted
against the area enhancement factor and normalized to values at β = 1. The black and
red curves represent the simulated structure and the series measured OLEDs, respectively.
The sketches indicate likely geometric discrepencies between the target/simulated shape
and the actual profile of measured devices.

trapping some of the light inside of the device and leading to greater amounts of
loss than anticipated.
While this set of experiments did not yield high performance, high-aspect ratio
OLEDs, it did aid in the development of our large-area, flexible device platform,
which is the focus of the next section.

6.2.3 Kirigami for 3D OLEDs
The two previously described methods for creating 3D OLEDs were not as successful
as anticipated, but they did highlight the impact of fabricating devices on a smooth
substrate with homogenous organic layers. They also suggest that growing a
flexible device in a traditional, planar form-factor, and then modifying its shape
post-fabrication may represent the most straight forward way to transition from
two dimensions to into the third. Following this logic, several 3D OLEDs were
designed and brought into the third dimension through a variety of cutting, folding,
and assembly techniques.
In a modification of the process used to create the flexible substrate from Section 6.2.2, the surface of the four inch glass wafer was silanized with chlorotrimethylsilane (Sigma Aldrich) for five minutes to facilitate delamination of the clear poly147

Figure 6.9. (a) An OLED sub-assembly of the kirigami globe being tested at a forward
bias of 4.8 V. (b) Three of these components were then cut, removed from the glass
carrier wafer, flexed into three dimensions, and assemble an OLED globe. (c) A top view
of the globe. (d) The globe lamp was too large to be tested inside of our integrating
sphere, so we designed a custom integrating cube composed of six 15 × 15 cm2 Si
solar cells (Bosch solar cell M 3BB - C4 1200) with near-unity of external quantum
efficiency at visible wavelength. The assembly is shown resting inside of the integrating
cube with its top off. (e) J-V-L characteristics of the device on the glass carrier (black),
removed from the glass (pictured in a, blue), popped into three dimensions (red), and
three pieces assembled together (pictured in b-c, green) (f) EQE-J characteristics of the
same quantities listed in e. Images used with permission from Taehwan Kim.26

imide film from the glass wafer after OLED growth. Next, a solution of 33 wt% or
38 wt% of CP1 polyimide powder (NeXolve) and diglyme (Sigma Aldrich) was spin
cast onto the silanized 4-inch glass wafer at 1000 rpm for 50 seconds, followed by a
hotplate bake at 100 °C for 80 minutes to remove residual solvent. This process
yields a smooth, easily releasable transparent polyimide film with thicknesses of
either 25 µm or 45 µm, depending on the CP1 solution concentration.
Figure 6.9 demonstrates the design of a kirigami OLED globe lamp, which is an
assembly of three separate sub-OLEDs that have been individually cut and "popped
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up" into the third dimension, prior to being glued together. The structure used
for these devices is identical to those from Section 6.2.2, except that the substrate
and encapsulation thicknesses were 45 µm and 10 µm, repectively, while the top
of the encapsulated OLED was laminated onto a 70 µm polyester film to locate
the OLED near the neutral plane (i.e. the axis of zero mechanical strain) and
make the manipulation/assembly process easier to accommodate. Electrical testing
was undertaken prior to delamination from the glass carrier, post-delamination
(Figure 6.9a), and post-assembly (Figures 6.9b and 6.9c). Due to the large size of
the globe lamp, we were unable to test the full assembly in our integrating sphere;
instead, we used a custom “integrating cube” constructed from several commercial
silicon solar cells (details in Figure 6.9d) to allow for an accurate measurement of the
light output from kirigami OLEDs, irrespective of their size, shape, or orientation.
Figure 6.9e displays the J-V-L characteristics of the 3D globe lamp together
with those of a flat component panel on and off the carrier wafer. The 3D globe
lamp exhibits an increase in the shunt current at low bias (< 2 V); however, this
seems to be a result of leakage paths introduced in the final assembly rather than
the Kirigami cut and flex process since it is not observed in the 3D single panel
(red line). At higher bias, the current density and luminance of the globe lamp
are slightly lower than the planar references, leading to a ∼10% relative drop in
external quantum efficiency as shown in Figure 6.9f.
In addition to elementary shapes fabricated via assembly, much more intricate
features can be created through multiple folding and stitching steps, as presented
by the candle flame OLED in Figure 6.10. The flat pattern for this design shown in
Figure 6.10a is divided among a series of concentric squares that are cut and rolled
from the corners in opposite directions to create the 3D candle flame structure
pictured in Figure 6.10. As with the kirigami globe, Figure 6.10c demonstrates
that the current density of the OLED remains largely unchanged in transitioning
from the carrier wafer to 3D except for the low bias leakage current, which again
points to the robustness kirigami-based device modification. The slight decrease in
luminance of the 3D device reflected by the EQE in Figure 6.10d is due, at least in
part, to the hindrance in extracting light from the inward-rolled portions of the
candle flame (i.e. the left-hand side of the device pictured in Figure 6.10b).
While the examples above demonstrate the feasibility of macroscale kirigami
OLEDs, similar concepts may also be possible at the microscale by exploiting
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mechanically-guided assembly approaches. Previous work has demonstrated that
kirigami can be used to create arrays of 3D mesostructures with critical dimensions
ranging from 30 mm (i.e. the size-scale of this work) all the way down to 100 nm.13,17
As a result, this general technique may provide a direct path to creating a wide
range of artistic kirigami and origami-inspired designs that could be purchased as
planar films and folded into 3D by consumers themselves as well as fabricating
high-aspect ratio OLEDs with improved performance.
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Figure 6.10. (a) The flat OLED attached to the carrier wafer. The device shown here
was grown on a 25 µm substrate, and incorporated a 10 nm thick emissive layer of 2 vol%
4-(dicya- nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) doped Alq3
between the hole and electron transport layers from the structure used for the globe lamp.
Additionally, the device was encapsulated with a 17 µm thick NOA63 layer to locate
the device at the neutral plane, followed by the evaporation of a 100 nm thick film of
Teflon AF1600 to prevent the device from sticking to itself during the while it was being
manipulated into its 3D shape. The end result is shown here, still fixed to the carrier
wafer being driven at a forward bias of 4.8 V. (b) A candle flame 3D OLED is created by
bending and stitching the edges of the flat OLED. It is imaged here with no bias (left),
turned on at an applied bias of 4.8 V under ambient light (middle) and turned on at
4.8 V in the dark (right). (c) J-V-L characteristics of the device on the carrier wafer
(pictured in a, black), removed from the carrier (red), and folded into shape (pictured in
b, blue). (d) EQE-J characteristics of the device as described in c. Images used with
permission from Taehwan Kim.26
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Chapter 7 |
Fluoropolymer Additives for High
Thermal Stability Small Molecule
OLEDs
Owing to their high efficiency, color tunability, and flexibility, organic light emitting
diodes (OLEDs) are now beginning to penetrate into both the mobile and television
display markets, and are expected to infiltrate the architectural and automotive
lighting markets in the near future. However, low thermal and morphological
stability remain as major issues, where state-of-the-art devices operating at brightnesses &1000 nits can reach steady-state temperatures exceeding 50 ◦C1,2 , while
future lighting applications in more extreme environments may require prolonged
storage and/or operation at temperatures greater than 85 ◦C. This relative lack
of stability can be attributed to the fact that the glass transition temperature
(Tg ) of many commonly used host and transport molecules 4,4’-bis[N-(1-naphthyl1)-N’-phenyl-amino]-biphenyl (NPD, Tg = 95 ◦C)3 , 1,3-bis(N-carbazolyl)benzene
(mCP, Tg = 60 ◦C)4 , 4,4’-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC, Tg = 78 ◦C)5 , and Bathophenanthroline (BPhen, Tg = 62 ◦C)6 are . 100 ◦C,
which means that molecular intermixing and reorganization can begin to take place
under standard storage and operating conditions.
Previous work has shown that the introduction of additives7 , alloying/blending
layers with higher glass transition temperatures6,8,9 , or using higher molecular weight
materials3,4,10,11 all serve to increase the morphological stability of organic semiconductors. While most of these examples rely on the substitution or modification of
organic semiconductors, it is also possible to blend insulating materials into the the
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active layers of OLEDs without compromising their electrical characteristics12–15 .
In this chapter, we present a method of co-evaporating organic semiconductor
materials commonly used in OLEDs with large volume fractions of Teflon AF 1600
(TAF), a wide-bandgap, thermally robust, amorphous fluoropolymer. We find that
in addition to improving their electrical injection/transport characteristics, this
approach can enhance the operational temperature of two common hole-transport
layer (HTL) materials by ≥50 ◦C, and increase the of OLEDs with modified HTLs
by ≥25 ◦C.

7.1 Morphology of Teflon AF 1600-doped films
It has previously been shown that upon thermal evaporation, fluoropolymers may
decompose into monomers and oligomers which then repolymerize on the substrate
to form a film16–18 . Recent work has also demonstrated that when blending a wide
bandgap or insulating polymer with an organic semiconductor, it is important
to minimize phase segregation of the constituent materials in order to achieve
macroscopic device homogeneity while also minimizing any adverse impacts to
transport15 . The basic approach is shown in Figure 7.1, where TAF is coevaporated
with a low Tg small molecule organic semiconductor (OSC) to form a homogenous
blend where the TAF has repolymerized into a nanoporous network with the
interstitial regions being filled with the OSC.
In order to investigate the notion of a nanoporous network, cleaned Si substrates
were prepared by first evaporating a 100 nm thick TAF adhesion layer followed
by 100 nm of either neat NPD, 30 vol% TAF-doped NPD, or 70 vol% TAF-doped
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Figure 7.1. Chemical structures of materials used in this study, along with their
corresponding glass transition temperature in parenthesis. A small molecule OSC is
coevaporated with TAF to form a thin film with an interpenetrating network of TAFchains, the interstitial regions of which are filled in with the OSC.
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NPD. Unless stated otherwise, all evaporations were carried out with a substrate
temperature of 0 ◦C. Half of each sample was subsequently dipped into acetone for
∼10 s, and variable angle spectroscopic ellipsometry (VASE) was carried out on all
four regions. The thickness and optical dispersion properties were then determined
by using a Cauchy model for the neat layers of TAF and NPD, or a Bruggeman
effective medium approximation (EMA) for composite layers. Figure 7.2a shows
the results, where the blended films have refractive indices between that of the
pure layers, those that had the OSC rinsed out show effective refractive indices
below that of pure TAF, indicating air voids within the blend. Given that all of
the films tested appear specular (e.g. there is no optical scattering), and there is
no significant change in thickness between measurements before and after rinsing,
it is implied that the mixing must be occurring on a deeply subwavelength scale.
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Figure 7.2. (a) Ellipsometry results of various neat and blended NPD:TAF films. The
blue, orange, green and red curves correspond to neat NPD, a blend of 70:30 NPD:TAF,
a blend of 30:70 NPD:TAF, and neat TAF, respectively, while the brown and purple
curves show the 70:30 NPD:TAF and 30:70 NPD:TAF films after having the NPD rinsed
out with acetone, respectively. The decrease in refractive index below that of neat TAF
is indicative of nanoporosity. (b) Film homogeneity correlations for SIs based off of
TOF-SIMS for 25 vol%, 50 vol%, and 75 vol% TAF:NPD films. Homogeneity is averaged
from 3 separate locations for each film; red bars represent the correlation strength for
NPD SIs, green for TAF SIs, and blue for both TAF and NPD SIs (details are provided
in Appendix B).
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Figure 7.3. DSC runs of neat NPD (red), 25 vol% TAF:NPD (blue) and 50 vol%
TAF:NPD (green). Note the glass transition around ∼100 ◦C for all materials, a crystallization peak at ∼170 ◦C, and melt out around ∼280 ◦C.

Further evidence for intimate blending of TAF with NPD is understood through
an enhanced secondary ion mass spectroscopy (SIMS) technique which makes
use of sequentially emitted massive gold clusters, Au400 , to eject 15-40 molecular
fragments per-impact from an area ∼10 nm in diameter and from a maximum depth
of ∼10 nm19,20 . By separately recording the secondary ions (SIs) from each impact
event, statistical correlations to determine nanoscale homogeneity can be performed
(see Supporting Information for details). Figure 7.2b show the outcomes of this
process for 100 nm TAF-doped NPD films grown on Si at 25, 50, and 80 vol% TAF,
where it is seen that the homogeneity for all species within the blends is ∼ 90%,
irrespective of the TAF volume fraction. This experiment demonstrates that the
evaporation process yields films that are highly uniform to at least the ∼10 nm
scale, thereby reinforcing the results from Figure 7.2a.
Differential scanning calorimetry (DSC) was also performed on films of neat
NPD, 25 vol% TAF:NPD and 50 vol% TAF:NPD, the results of which are shown
in Figure 7.3. All films show the characteristic glass transition of NPD around
∼100 ◦C while cold crystallization upon heating is greatly suppressed in the NPD
films doped with TAF. This indicates that although individual NPD molecules
are free to vibrate in place, their movement is still constrained enough to prevent
macroscopic reorganization which might lead to the introduction of a defect that
could cause electrical failure.
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7.2 Electrical and Thermal Testing
To determine how TAF loading impacts the electrical properties of hole only devices
(HODs), a series of 60 nm thick NPD:TAF films with TAF concentrations of 0,
25, 50, and 80 vol% were deposited onto ITO coated glass and capped with a
100 nm Al cathode. Electrical testing of these devices was carried out in ambient
conditions on a hotplate at temperatures ranging from 25 ◦C up to 260 ◦C in 30 ◦C
increments using the following protocol. First, the devices were set on a hotplate at
a specific temperature for 15 minutes. Next, current density-voltage (J-V) sweeps
were measured with the devices on the hotplate, after which they were removed,
allowed to cool back to room temperature, and J-Vs were measured again for each
device off of the hotplate. This process was repeated for each temperature until all
devices on a given substrate had catastrophically failed (e.g. short-circuited/ceased
to rectify), or the maximum temperature of the hotplate was reached.
Figure 7.4a shows that all TAF-doped NPD films exhibit improved electrical
performance at room temperature up to a loading of 80 vol%, where the J-Vs are
similar to that of the neat device. As the hotplate temperature approaches 110 ◦C
(∼15 ◦C above Tg,NPD ), Figure 7.4b displays that the neat NPD device fails, while
the shunt current for the 25 vol% and 50 vol% TAF:NPD devices begin to increase
and the forward bias characteristics of the 50 vol% and 80 vol% TAF:NPD devices
have began to degrade. Beyond this temperature, all of the devices continue to see
an increase in shunt current and a forward bias drive voltage, until 260 ◦C, where
the 25 vol% device failed upon removal from the hotplate. Figure 7.4e demonstrates
a summary of current density measured at a forward bias of 1.5 V, and it can
generally be seen that current measured on the hotplate was higher than that once
the devices were removed from the hotplate, though the exact reason for this is
presently unknown.†

As discussed in Section 4.2.1, the free carrier concentration, electron/hole mobility, and
injection from the contacts have a strong dependence on temperature. With the data currently
available, it is difficult to draw a definitive conclusion and say which combination of these effects
is responsible for the increase in current.
†

159

1E+00

(b)

25 °C
0%TAF
25%TAF
50%TAF
80%TAF

1E-02
1E-04
1E-06

1E+02

Current Density (mA/cm2)

Current Density (mA/cm2)

1E+02

-5

-4

-3

-2

-1

0

1

2

3

4

Applied Bias (V)

5

6

7

8

9

10

(d)

170 °C

Current Density (mA/cm2)

(c)

Current Density (mA/cm2)

(a)

1E+00
1E-02

25%TAF
50%TAF
80%TAF

1E-04
1E-06

-5

-4

-3

-2

-1

0

1

2

3

4

Applied Bias (V)
J @ 1.5V (mA/cm2)

(e)

5

6

7

8

9

10

1E+02

110 °C

1E+00

shorted

0%TAF
25%TAF
50%TAF
80%TAF

1E-02
1E-04
1E-06

-5

1E+02

-4

-3

-2

-1

0

1

2

3

4

Applied Bias (V)

5

6

8

9

10

260 °C

1E+00

shorted

1E-02

25%TAF
50%TAF
80%TAF

1E-04
1E-06

7

-5

-4

-3

-2

-1

0

1

2

3

4

Applied Bias (V)

5

6

7

8

9

10

1E+02
1E+01
1E+00
1E-01
1E-02
1E-03
1E-04

0

25

50

75

100 125 150 175 200 225 250 275

Temperature (C)

Figure 7.4. (a) Room temperature J-Vs of TAF-doped NPD HODs. Red, blue, green,
and brown correspond to neat NPD, 25 vol% TAF:NPD, 50 vol% TAF:NPD, and 80 vol%
TAF:NPD, respectively. (b) J-Vs measured at 110 ◦C, where the dashed and solid curves
represent data taken on the hotplate at temperature and at room temperature post-baking,
respectively. Note that the neat NPD device had developed a short at this temperature.
(c) J-Vs measured at 170 ◦C. All TAF-doped devices show signs of slightly increased
reverse bias leakage, as well as slight increases in drive voltage to achieve a particular
current in forward bias. (d) J-Vs measured at 260 ◦C, the maximum temperature of the
hotplate used in this test. All TAF-doped devices are severely degraded, and the 25 vol%
TAF:NPD device failed upon removal from the hotplate. (e) Current density measured
at 1.5 V as a function of temperature. Here, dashed/circle-marked and solid/x-marked
curves represent data taken on the hotplate, and data taken post-baking at a given
temperature off of the hotplate, respectively.

7.3 Bilayer Alq3-NPD OLEDs
Previous studies have shown that for simple bilayer OLEDs employing e.g. NPD
(Tg = 93 ◦C), and Alq3 (Tg = 172 ◦C21 ), the lower Tg material limits the thermal
stability of the device. To test whether or not adding TAF to the HTL improves
the thermal stability of OLEDs, a set of devices were grown with either a 60 nm
neat NPD or 25 vol% TAF-doped NPD HTL, a 60 nm Alq3 electron-transport
layer (ETL), a 0.7 nm LiF electron injection layer, and a 100 nm Al cathode. Here,
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Figure 7.5. (a) J-V characteristics of the neat NPD - Alq3 OLED in 25 ◦C steps.
Severe J-V degradation occurs around 125 ◦C (orange), with near-catastrophic failure at
150 ◦C (gray) (b) EQE-J curves of a neat NPD - Alq3 OLED at various temperatures.
The device’s EQE is stable until 125 ◦C. (c) J-V curves of the OLED with a 25 vol%
TAF-doped HTL. Forward bias degradation begins at 125 ◦C (orange), and continues
to 175 ◦C (brown). (d) EQE-J curves of the TAF-doped device show that it remains
relatively stable until a test temperature of 175 ◦C, which roughly corresponds to Tg,Alq3 ,
indicating a breakdown or failure of the ETL/EML. (e) Current density measured at
3 V as a function of temperature for both devices. Curves for the neat and TAF-doped
devices are shown in red and blue, respectively. (f) EQE measured at 1 mA · cm−2 as a
function of temperature for both devices.

25 vol% TAF-doped NPD was chosen over other loadings due to its near-optimal
combination of high thermal stability and good electrical performance.
The OLEDs were tested from 25 ◦C to 175 ◦C in 25 ◦C steps using a similar
protocol to the NPD HODs, with the difference being that J-V curves were measured
on the hotplate, while light-current density-voltage (L-J-V) curves were measured
using a calibrated Si photodiode off of the hotplate at room temperature to allow
for the external quantum efficiency (EQE) of the devices to be calculated. Figures
7.5a-b show the J-Vs and EQE-Js, respectively, plotted for the device with a neat
NPD HTL over entire range of temperatures tested, where it can be seen that
the onset of serious performance degradation begins to occur around 125 ◦C, with
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complete failure at 150 ◦C. The same plots are displayed in Figures 7.5c-d for the
device with a 25 vol% TAF-doped NPD HTL, which by contrast to the TAF-free
device, performs with minimal degradation to its EQE out to Tg,Alq3 , where it
suffers a marked decrease in performance.
Summary plots of the current density measured at 3 V as a function of temperature are shown in Figure 7.5e for both devices. It is immediately apparent
that although increasing temperature leads to a similar loss of drive current for
both devices, the device with a TAF-doped HTL is able to perform over a wider
temperature range. This is supplemented by the EQE curves at 1 mA/cm2 in
Figure 7.5f, the EQE of the neat device begins to decrease ∼50 ◦C before that of
the TAF-doped device, which only begins to see a decrease in EQE near Tg,Alq3 .

7.4 Discussion of High Temperature OLEDs
Others have shown that it is possible to blend different materials with organic
semiconductors to tailor their conductivity or stability,9 very little has been done
to modify other properties (e.g. refractive index, thermal conductivity, gas permeability, etc.), in active electrical layers. This works lays the foundation for
modifying these other properties, by showing that the additive to the film does not
need to be a semiconductor. As long as the additive does not adversely impact
transport or the photoluminescent quantum yield (e.g. quench excitons), one could
imagine that blending higher loadings of TAF into all layers of the device could
suppress waveguided modes and enhance outcoupling of OLEDs, coevaporating a
wide bandgap oxide material could improve thermal conductivity, or choosing a
combination of materials to simultaneously achieve multiple objectives. To show the
generality of this approach with other hole transport molecules, a set of TAF:TAPC
HODs were grown and tested on a hotplate, where similar improvements to device
stability were found as with TAF:NPD HODs (see Appendix B.2 for details).
Scalability is also addressed. Previous work investigating the blending of
nonconductive polymers with organic semiconductors utilized solution processing
to achieve their blending13,14 . In addition to being subject to phase segregation via
liquid-liquid demixing during the the film preparation process15 , solution processed
devices are incompatible with present mass-manufacturing techniques for OLED
displays and lighting that typically make use of thermal evaporation. As TAF can
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be thermally evaporated, it should compatible with present commercial-grade VTE
systems.
Long-term stability is an obvious concern with this technique. The data from
Figure 7.4 shows that although catastrophic failure of HODs doped with TAF is
avoided, the devices with higher loadings of TAF tend to see their J-V characteristics
degrade at a faster rate over the course of the thermal testing experiment. This
expedited degradation is likely related to a combination of two things: chemical
reactions between unpolymerized TAF fragments and NPD, and/or the high gas
permeability of TAF. It is possible that higher loadings of TAF contain a larger
fraction of dangling, or unreacted TAF fragments, and the increase in temperature
could initiate a chemical reaction to occur between those fragments and the NPD.
However, an alternate explanation for the rapid degradation of higher TAF loadings
is that its permeability for O2 and H2 O is ∼ 3 orders of magnitude higher than that
of standard organic materials (e.g. PMMA).22,23 As both O2 and H2 O are known
to cause the degradation of OLEDs under room temperature conditions, increasing
the temperature of the film and its permeability to these gasses would both serve to
increase the rate of degradation24 assuming that the TAF-doped layer is in direct
contact with the cathode. This is further evidenced by OLED testing from Figure
7.5e, where the drive current at 3 V for both the neat and TAF-doped devices
degrade at similar rates, until the device with a neat HTL fails catastrophically.
In conclusion, we have studied the effects of coevaporating Teflon AF 1600
with an organic semiconductor to form a more thermally stable film. Initial results
from VASE, SIMS, and TEM point towards the formation of a nanoporous TAF
network that serves to minimize the molecular mobility of organic semiconductors,
thereby diminishing and microscopic or macroscopic film reorganization that could
lead to catastrophic device failure. It was found that in addition to reducing the
refractive index of codeposited films, TAF also serves to improve hole injection
and/or transport in hole-only devices. Finally, in a simple bilayer OLED using
NPD as the HTL and Alq3 as the emissive layer / ETL, the introduction of TAF
into the HTL increased the failure temperature of the OLED up to the glass
transition temperature of Alq3 . Future work includes testing the broad applicability
of TAF-doping with different material sets including ETLs, studying the failure
modes and long-term degradation of TAF-doped devices, optimizing an OLED
stack to make use of the lower refractive index of TAF-doped films for improved
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outcoupling.
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Chapter 8 |
A Bright Future - Things to
Come
All of the devices touched upon in this thesis have something to do with light - they
either absorb light to produce power, or use power to emit photons. Here, we take
a brief look at what lies ahead for solar concentrators and light emitting devices.

8.1 Planar Solar Concentration
A major lingering issue for planar CPV is its scalability. Although the microtrackingbased design outlined in Chapters 2 and 3 can maintain a wide acceptance angle
and a high optical efficiency at levels of gain that begin to approach commercial
viability, there has been no large-scale demonstration to date. An acrylic-based
concentrator array is proposed in Figure 8.1 which operates at a geometric gain,
G = 300× while still supporting a 140° field of view and an optical efficiency > 80%.
The concentration ratio is fundamentally lower than the BK10/N-LASF31A singlet
system presented in Chapter 3 due to the lower refractive index of acrylic (n ≈ 1.49;
a detailed discussion of this point is provided in Reference [1]). However, the lower
cost of acrylic and its compatibility with injection molding are more suitable for
high volume manufacturing.
In order for such an approach to be successful in the long-term, it must remain
sealed from the environment to prevent premature system failure as a result of the
index matching fluid from leaking out, or the ingress of condensation. Figure 8.2
illustrates a candidate design for a 20 × 20 cm2 prototype. The exploded diagram
in Figure 8.2a shows a pair of injection molded optics and an aluminum frame with
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Figure 8.1. Optical efficiency of a CPV lenslet array made of acrylic plastic with a
geometric gain G = 300×.

grooves for o-rings that serve to seal the panel and prevent index matching fluid
from leaking out. The lenslet arrays have been modified from Figure 8.1 to include
self-alignment pins and a self-spacing perimeter feature as seen in Figure 8.2c.
There, the o-rings in the top and bottom parts of the aluminum frame (OR-1 and
OR-2 in the diagram) are used to compress the lenslet arrays together, sealing
them from the top and bottom. A third o-ring (OR-3) also exists to seal the outer
perimeter of the aluminum frame, thus completely sealing the fluid-filled panel
interior. The tracking actuation mechanism, which exists in the space between
OR-3 and ORs 1 and 2, has been redacted in these diagrams due to ongoing patent
protection efforts, although a basic mechanism relying on stepper motors could be
used as demonstrated by Ford et. al..2
Finally, in the process of trying to better understand the morphology of teflondoped OLEDs, a facile method of producing low-n films was stumbled upon. A
nanoporous film could be achieved by co-evaporating different ratios of a soluble
organic material with Teflon AF 1600 (TAF) to produce a range of refractive indices.
This approach has the obvious advantages over oblique-angle deposition3 in that
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Figure 8.2. (a) Exploded view of a possible µPT CPV module design, where injectionmolded optics are clamped between top and bottom metal frames. (b) A sectional view
of the module assembly. (c) Detailed view of the section from b, where two inner o-rings
(lying in o-ring tracks OR-1 and OR-2) are used to seal against the top and bottom of
the injection molded plastic lenslet arrays while a third o-ring seals the perimeter of the
metal frame (OR-3). The lenslet arrays self-align when pressed together based on the
matching protrusion and recess features molded into them. The gap spacing required to
accommodate the middle sheet µPV array is similarly controlled by interference features
molded into the perimeter of each lenslet array. The green-highlighted region in the metal
frame is the space where a proprietary precision tracking mechanism is located.

it can be easily applied to large-area optics and multiple layers can be processed
without breaking vacuum. In theory, one could even make a graded refractive index
(GRIN) antireflective coating by continuously varying the ratio of the materials
during deposition, though this largely hinges on the stability of the deposition
process and the patience of the person tasked with growing such a film.
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Figure 8.3. Several designs for kirigami arrays. Flat films are adhered in specific
locations to strained PDMS; the strain is gradually released, which causes the flat films
to "pop" into the third dimension. The black scale bars for each are 200 µm. Because
very intricate designs can be defined and prepared lithographically, this technique may
be suitable for large-area processing. Image courtesy of Reference [4].

8.2 High Efficiency, Stable OLEDs
We introduced two methodologies to enhance either the lifetime or stability of
OLEDs: patterning devices such that they extend into 3D space, and co-evaporating
a high g additive. Early work on 3D OLEDs showed that although direct patterning
of these devices would be challenging∗ , a kirigami-based approach shows great
promise. There is a near-limitless number of artistic designs that could be pursued,
yet the prospect of high-aspect ratio devices is very enticing. Work by Rogers
et. al. has demonstrated kirigami as a facile method to produce arrayed features
ranging from the nanoscale down all the way up to the macro scale.4,5 Figure 8.3
shows several different kirigami arrays where the pitch is ∼ 200 µm. Through the
judicious use of finite element analysis, it should be possible to design a high aspect
ratio, high surface area array that is suitable for OLED lighting.
The other method to improve OLEDs was to increase the morphological stability
of organic semiconductors through the addition of a fluoropolymer additive, Teflon
AF 1600 (TAF). This may ultimately allow for devices to run at higher current
densities without degradation, yet further testing of encapsulated hole-only devices
Solutions to many of the encountered problems could be engineered provided the apropriate
tools. Unfortunately, due to the nature of funding for that project, we were somewhat bound
in terms of what was readily available to us (e.g. OVPD for conformal coatings or the time to
get trained on various tools in the cleanroom to allow for the preparation of uniform microscale
substrates entirely through lithography).
∗
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and/or its integration into a phosphorescent device are necessary steps before
this technique can be claimed to truly work. Nevertheless, one aspect of blended
TAF:OSC films that was not focused on in Chapter 7 was the low refractive index
of these devices. At a TAF volume fraction between 50 to 80%, the refractive
index of most TAF:organic active layers would be at, or below that of commodity
borosilicate glass (n ∼ 1.5). In the case of tandem OLEDs used for solid-state
lighting, the fraction of light trapped in waveguide modes can constitute ∼ 60%
of total amount of light generated; reducing the refractive index of the organic
layers and using a low-n cathode (e.g. PEDOT:PSS or Ag nanowires embedded in
PMMA)6 would greatly suppress organic modes, causing them to be pushed into
the substrate. Once there, the application of a hemisphere lens, microlens array, or
other scatterer can yield majority of the substrate modes7 , which could lead to an
EQE approaching 80%, and luminous efficacies exceeding 200 lm/W.
Other polymers will likely be attempted in the future, although preliminary
investigations suggest that finding an alternative to Teflon AF 1600 may prove
difficult. I have personally attempted to evaporate fluorinated ethylene propylene
(FEP) only to encounter very low evaporation rates, and the conversion of majority
of the material in the boat from a glassy polymer as-loaded into a significant amount
of carbonaceous ash and soot post-evaporation. Others in my group have tried the
evaporation of polymethylmethacrylate (PMMA), which resulted in a rapid and
extreme rise in chamber pressure. We have also recently attempted to blend NPD
with polyethylene (PE), in blends ranging from 50 to 90% PE; over the course of
several days, all of the films have shown significant phase segregation. This is likely
due to a combination of the surface energy mismatch between PE and NPD which
would cause the materials to segregate, and the low glass transition temperature of
PE (Tg,P E = −110 °C),8 which would allow for the film to easily reorganize. Taking
note of these results, we recommend trying to find a transparent, amorphous/glassy
polymer with a high Tg . Potential candidate materials include polycarbonate (our
group has successfully evaporated industrial grades of this material and ellipsometry
indicates that it is capable of repolymerization), and polystyrene, but at n∼ 1.6,
these materials lack the low refractive index desired to suppress waveguide modes
in the organic layers.
Although an evaporable material would be highly desirable, other solutionprocessable options may exist. Indeed, the diluted organic semiconductors by Blom
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et. al. were shown to work with spin-cast solutions of an OSC mixed with polymer
insulators such as PMMA.9–11 An obvious concern with with approach is the phase
desegregation or aggregation that might occur upon drying of the films,11 which is
a well known problem for those who solution process organic photovoltaics.12 An
answer to the issue of aggregation that was found to work quite well for luminescent
solar concentrators was to disperse the target semiconductor into a photocrosslinkable polymer such as polylaurylmethacrylate (PLMA), and immediately expose the
film to UV light following spin casting to lock the morpohology in place.13 . A wide
variety of UV curable epoxies are available from e.g. Norland Inc., Masterbond, or
MYPolymers with refractive indices as low as 1.31,†14 that could be blended with
an organic semiconductor, subsequently spun, bar, or blade coated to create a thin
film, and then exposed to UV to cure in place.

8.3 Concluding Remarks
Planar CPV may never break into the mainstream, however it would be well-suited
for niche applications where a high power density is necessary and a ∼ 2 − 3× cost
premium over less efficient monocrystalline Si would be acceptable. In such a case,
an easily deployable, robust CPV array that closely resembles a flat-pack Si module
would be a strong contender, though the long-term viability of such a system
remains to be seen. By contrast, OLEDs have already began claim a major stake
in the mobile display market, and as the field of commercial organic electronics
expands and advanced manufacturing methods (e.g. roll-to-roll processing and high
material usage yield organic vapor jet printing) come on-line, they will continue
to reduce in cost. Device longevity has proven itself suitable for low-brightness
applications, and solutions are gradually being found which should allow for higher
levels of brightness and applications requiring flexible substrates.
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Appendix A|
Derivation of Exciton-Polaron
EQE Harmonic Relations
Analytic assessment of the charge density relevant for exciton-polaron annihilation
(XPA) in OLEDs is complicated by many factors, including heterojunction offsets
that lead to spatially-varying charge accumulation in the recombination zone,
unknown trap distributions and densities, and a basic uncertainty on whether
electrons, holes, or both have significant XPA involvement. Nevertheless, in the
spirit of tractability, most XPA modeling to date approximates the annihilationrelevant charge carrier density, P, via that which occurs in a unipolar, trappedcharge-limited (TCL) transport regime with an exponential trap distribution:1
1

P = C 0 J l+1 ,

(A.1)

where J is the current density and the exponent, l = Et /kb T , is defined by
the characteristic energy, Et of the exponential trap distribution. The constant
parameter, C 0 , depends on material properties such as charge carrier mobility,
dielectric constant, and trap density, and given the level of approximation inherent
in this analysis, should be treated simply as a fit parameter.
Using Equation ?? together with the steady-state recombination zone rate
equation, 0 = J/qa0 − X/τ − kXP XP assuming perfect charge balance, it is
straightforward to show that:
τ
X≈
qa0



P
C0
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l+1

,

(A.2)

when XPA is small (kXP P  τ −1 ) and:
X≈

1
qa0 kXP C 0



P
C0

l

(A.3)

,

when XPA is dominant (kXP P  τ −1 ). Thus, in either case, this model implied a
general power law relationship between the polaron and exciton density, X = CP β ,
where β and C are defined accordingly via Equation A.2 and Equation A.3. Previous
XPA analyses1,2 have found that space charge limited (SCL) currents corresponding
to l = 1 provide the most consistent description of XPA-induced EQE roll-off,
therefore arguing for β = 2 (via Equation A.2) in practical analyses that focus on
the onset of XPA (i.e. the early stages of EQE roll-off)
From an alternate perspective, exciton generation in the steady-state recombination zone rate equation above can be rewritten directly in terms of the electron-hole
recombination rate, γnp, where γ is a bimolecular (typically Langevin) rate coefficient. Assuming equal electron and hole densities for simplicity, n = p = P , it
follows that X ≈ γτ P 2 and β = 2 at the onset of annihilation when kXP  τ −1 ,
and that X ≈ γP/kXP (i.e. β = 1) when XPA becomes dominant. This alternative treatment thus also supports the basic power law relationship above, and in
particular for the same β = 2 exponent predicted by the SCL-based model at the
onset of XPA.
Proceeding then with β = 2 in Equation 5.1 from Chapter 5 assuming neglible
XXA (kXX ≈ 0) and substituting L = αX results in the rate equation:
1 dL
J − Jf
L
=
−
− CkXP
α dt
qa0
τα



L
α

3/2

(A.4)

.

Maintaining quasi-static modulation conditions (i.e. the time driven becomes
negligible, dL/dT → 0), algebraic manipulation leads to:
0=

J − Jf
qa0

!2

(J − Jf ) L
L
−2
+
qa0 τ α
τα


2

−

2
C 2 kXP



L
α

2

.

(A.5)

Inserting the harmonic expansions for J, Jf , and L, collecting terms at the same
frequency, and then dividing by J02 in the DC equation and by J0 J1 in the first
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harmonic equation, results in:
"

L0
J0 − Jf,0
a0
1
= φB,0 = EQE0
+
J0
α
τ
α


1/2

#

CkXP ,

(A.6)

for DC and:


0 = φB,0 −

a0
EQE0
ατ



φB,1 −

a0
3 a20 2 2
EQE1 −
C kXP EQE0 EQE1 L0 (A.7)
ατ
2 α3


for the first harmonic. Substituting Equation A.6 into Equation A.7 results in an
expression for the first harmonic charge balance, φB,1 :
a0
1 3 L0 1/2
= EQE1
+
kXP .
α
τ
2 α
"

φB,1

#

(A.8)

Taking the ratio of the DC to 1ω EQE thus leads to:


3
 1 + 2 CkXP τ



L0
α

1/2 

EQE0
 1
=
 1/2 
EQE1
γ10
1 + CkXP τ Lα0

(A.9)

which asymptotes toward a value of 3/2 when charge balance is invariant ((γ10 ≈ 1))
as discussed in Chapter 5. Comparison of Equation A.9 with Equation 5.4 of the
main text invites the following generalization for arbitrary β:


1
L
EQE0  1 + 1 + β CkXP τ α0
=
 1/β
EQE1
1 + CkXP τ Lα0







1/β 



1
.
γ10

(A.10)

Although cases with β > 2 become tedious to work out analytically, direct numerical
simulation from Equation A.5 does indeed confirm that Equation A.10 holds
generally, as does its linearized equivalent, Equation 5.8 of the main text.
It is natural to assess the extent to which EQE roll-offs stemming from different
β values can be distinguished from one another. Figure A.1a simulates the EQE
for an OLED with unchanging charge balance for β values ranging from 1 to
3. Assuming no a priori knowledge of β as would be the case for a real device,
Figure A.1b plots the data in the linearized fashion of Equation 5.8 assuming β = 1,
which is the same as assuming XXA kinetics. The results clearly show that only the
actual β = 1 simulation is linear, and thus that EQE roll-off dominated by XXA
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(a)

β=3

(b)
β=1

β=1

β=3

Figure A.1. (a) Simulated DC EQE for OLEDs with different β values and unchanging
charge balance. The effective annihilation rate coefficient product, CkXP was varied for
each simulation so that the roll-off onset in each case occurs near a current density of
1 mA/cm2 . (b) Linear difference EQE plotted in the form specific for β = 1 to show that
only the device with the appropriate β is linear.

(corresponding to β = 1) can indeed be distinguished from EQE roll-off dominated
by XPA (corresponding to β ≥ 2) using this analysis method.
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Appendix B|
Extra Data for TAF-doped Organic Semiconductors
This appendix details the secondary ion mass spectroscopy (SIMS) system developed
and used by our collaborators at the Texas A&M University as well as experimental
results for TAPC:TAF-based hole only devices (HODs) as tested on a hotplate.

B.1 Massive Cluster Secondary Ion Mass Spectroscopy
A custom-built mass spectrometer uses a gold metal liquid ion source biased to
+20 kV, where Au400 particles are selected using a Wien filter, accelerated through
a platform biased to +100 kV, and then strike the target sample which is biased to
-10 kV to give the gold clusters a total kinetic energy of 130 qkV. The projective
beam is pulsed at a rate of 1000 projectiles per second to separate each projectile
in both time and space, allowing for all co-emitted secondary ions (SIs) to be
recorded for each event. The co-emitted SIs are analyzed by a time of flight mass
analyzer, where they are detected by a micro channel plate-based 8 anode stop
detector, allowing for up to 8 isobaric ions to be detected from an single impact.
The secondary ions are recorded using a multi stop time-to-digital converter (TDC)
and then analyzed using a custom analysis program called Surface Analysis and
Mapping of Projectile Impacts (SAMPI). A layout of the system can be seen in
FigureB.1.
This instrument was used to analyze two control samples (Teflon AF 1600 or
NPD) and three blended (25 vol%, 50 vol% or 80 vol% TAF-doped NPD films)
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Figure B.1. Custom Secondary Ion Mass Spectrometry Instrument

samples each deposited on silicon wafers. The controls were analyzed to identify
peaks unique to each component of the mixtures, which were then used to analyze
the blended samples. Each sample was bombarded with two million Au400 4+ at
520 keV (33km/s) projectiles in three different spots (diameter of 200 µm).

B.1.1 Homogeneity Methodology
Uniformity of composition is determined as follows. The ions can be co-emitted
independently, i.e. the emission of one ion does not influence the emission of the
other. The probability of two ions, ions A and B, being co-emitted is equal to the
product of each ion’s emission probability as,
PA,B = PA PB .

(B.1)

Ion yield can be defined in a relationship similar to the probability of each ion’s
co-emission. When both ions A and B are detected simultaneously, the coincidental
yield can be defined as the product of the independent yields of ions A and B.
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Similarly, the coincidental yield of ions A and B is defined as,
YA,B = YA YB .

(B.2)

Next, the number of projectile impacts can also be defined as the number of effective
impacts, Nef f . More specifically, this term accounts for the projectile impacts, on
the sample that generate ions A and B. Keeping Equations B.1 and B.2 in mind,
Nef f can be found using :
(IA,B ) /Nef f = (IA /Nef f ) (IB /Nef f ) .

(B.3)

Here, IA,B is the number of coincidental impacts of ions A and B. IA and IB can
be defined as the peak areas for each ion. With these terms in mind, the fractional
homogeneity of a sample, K, can be defined as the ratio of number of effective
impacts per the total number of projectile impacts on the sample, N0 . Homogeneity
can also be expressed as a percentage, as seen in Equation B.4.
K(%) = 100 × (Nef f /N0 )

(B.4)

B.1.2 Control Spectra
Control Spectra. The peaks used to calculate the homogeneity values were chosen
due to their uniqueness. As seen in the Figure B.2, the F- , CF- , C2 F- , C3 F- , and
CF3 - peaks are only in the TAF control spectrum. The only peak unique in this
range in the NPD control spectrum was CN. For the higher mass ranges, which can
be seen in Figures B.2a-g, the peaks unique to the Teflon molecule were C2 F2 CF- ,
CCF3 O2 - , C2 CF3 O2 - , CCF2 CF3 - , C(CF3 )2 - , and C(CF3 )2 O2 CFCFCF2 CF- . The
high mass peaks unique to the NPD molecule were C34 N2 H25 - (M-C10 H7 ), C38 N2 H27 (M-C6 H5 ), C44 N2 H31 - (M-H), and C44 N2 H33 - (M+H).
There were other peaks of interest in both spectra. For TAF, gold-fluorine
adducts occur throughout the TAF. For the NPD spectrum, there are peaks at 477,
527, 603, 618, and 635 that represent oxidized NPD molecules. These peaks were
not used in the homogeneity calculations.
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Figure B.2. (a-g) NPD control (black)/Teflon control (red) mass spectra produced by
520 keV Au4+
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B.1.3 Blend Spectra
As the three blends were analyzed for homogeneity, they were also tested to ensure
the peak intensities behaved according to increasing and decreasing concentrations
of the components. Both the NPD and Teflon related peaks behaved as expected
as seen in Figures B.3-B.6.
The homogeneity of the blends was calculated using Equation B.4. The ions of
interest for NPD were CN- , C34 N2 H25 - (M-C10 H7 ), C38 N2 H27 - (M-C6 H5 ), C44 N2 H31 (M-H), and C44 N2 H33 - (M+H) and for Teflon were F- , CF- , C2 F- , C3 F- , CF3 - ,
C2 F2 CF- , CCF3 O2 - , C2 CF3 O2 - , CCF2 CF3 - , C(CF3 )2 - , and C(CF3 )2 O2 CFCFCF2 CF- .
In each mixture we calculated the homogeneity of each the NPD and Teflon three
different spots. Additionally, we analyzed the homogeneity between the NPD and
Teflon peaks of interest. The homogeneity between the two different ions of interest
had higher homogeneity values overall, as seen in Figure 7.2, which shows the
average homogeneity values over all three spots.
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Figure B.3. (a-b) ) Mass spectra for 25 vol% (blue), 50 vol% (green), and 80 vol%
(brown) TAF blended in NPD as produced by 520 keV Au4+
400
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Figure B.4. (a-b) ) Mass spectra for 25 vol% (blue), 50 vol% (green), and 80 vol%
(brown) TAF blended in NPD as produced by 520 keV Au4+
400
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Figure B.5. (a-b) ) Mass spectra for 25 vol% (blue), 50 vol% (green), and 80 vol%
(brown) TAF blended in NPD as produced by 520 keV Au4+
400
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Figure B.6. (a-b) ) Mass spectra for 25 vol% (blue), 50 vol% (green), and 80 vol%
(brown) TAF blended in NPD as produced by 520 keV Au4+
400
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B.2 TAPC Hole Only Devices
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To demonstrate the ubiquity of this approach a series of TAF:TAPC devices were
grown and tested on the hotplate from 25 °C to 150 °C. Figure B.7a plots the
results of room temperature testing, where it introducing TAF improves the JV
characteristics of all of the devices, though higher loadings encounter series resistance
at lower current densities. Above a temperature of 90 °C, Figure B.7b shows that
both the neat TAPC and 25 vol% TAF:TAPC devices have shorted, while the
50 vol% TAF:TAPC device is almost unchanged, and the 80 vol% TAF:TAPC
device has begun to degrade. Figures B.7c-d display JV curves at 120 °C and
150 °C, respectively, for the 50 and 80 vol% TAF:TAPC devices, where the increased
forward driving voltage is also accompanied by an increase in reverse bias current.
A summary of current density measured at an applied bias of 2 V as a function of
temperature is presented in Figure B.7e.
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Figure B.7. (a) Room temperature JVs. Red, blue, green, and brown correspond
to neat TAPC, 25 vol% TAF:TAPC, 50 vol% TAF:TAPC, and 80 vol% TAF:TAPC,
respectively. (b) JVs measured at 90 °C. Both the neat TAPC and 25 vol% TAPC
devices are shorted. (c) JVs measured at 120 °C. As the neat and 25 vol% devices were
shorted, they were removed from the plot, while the drive voltage for the 50 vol% and 80
vol% devices has started to increase. (d) JVs measured at 150 °C. The devices are still
functional, though they continue to degrade. (e) Current density measured at 2 V as a
function of temperature.
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