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Abbreviation Unit Definition Description
Im - lumer Sl unit of luminous pow:
cd - candeli Sl unit of luminous intensityorightnes
W - watl Sl unit of powe
h - hou Unit of time
d - day Unit of time
a - yeal Unit of time
kW h - kilowatt hou Unit of energ
c $/n? devi : Thetotal costof materials and cost-
dev evice cospiEmca manufacture a device architecture with an
area of 1 rh
Cop $/a yearly operating cost Cost to operate the device foh/d overa
period of 1 a
Cim $h optical power co: Cost tocontinuouslygenerate 1000 cd/’
forlh
BEEER COemissions Mass o CQ, greenhouse gas emissic
GHG-CG gey kg from device production from raw materials extraction and
vice producti manufacturing of a device with an area of 1
m2
Enat MJ/kg material embodied energy Embodied nergy of the raw materials a
device per mass
Eman MJ/kg direct process energy Energy consumed during devi
manufacturing per mass
lcoz kg/kW h CGO, emission intensil Average C( emission intensi
emission mass flow rate for Yearly CG emission prOduced from i
GHG-COy0p kgla cO, device with an area of 1operating for 8
h/d
Crnat $ cost of materials in the Cost ofraw material used for device with
device an area of 1 M
Cran $ manufacturing cost Cost to manufacture device with an are
of 1 nf
Cuse $ use phase cost The cost to electrically power eadevice
architecture
L h operational lifetime The length of timdt takes for devic
luminous efficacy to degrade by 50 %
Celec $/(kW h) cost of electricity in the The cost of electricity in the US per
USA energy
Euse kW h or GJ Use-phaseenerg! The electrical energy needed to opere
consumption device over its entire use phase
Pin W power ir Electrical power applied to the dev
M, Im/m? luminous exitanc Light outputpoweremitted by a devic
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B+

Im/W

luminous fficacy

Electrica-to-optical powerconversior
efficiency

0.75

correction factor

Account: for deviceoperation at 7 % of its
initial luminous efficacy, on average, due to
degradation and efficiency roll-off during its
operational lifetime

cd/nf

luminance

Used to quantify therightnessof a ligh*-
emitting device per area
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Abstract
Proponents for sustainable alternative lighting digplay options advocate for organic light-

emitting diodes (OLEDSs), particularly polymer-baswdanic light-emitting diodes (P-OLEDSs), because
of their potential for low-cost fabrication, morersgatile device formats and lower power consumption
compared to traditional options. Here, an econorriergy and COemissions assessment is carried out
for four different laboratory-scale, blue-emitting-OLED device architectures: bottom-emitting
conventional; bottom-emitting inverted; top-emitfinconventional; and top-emitting inverted.
Additionally, comparisons with a standard, comnerstale, blue inorganic light-emitting diode (LED)
device architecture are made. The various P-OLEficdearchitectures are investigated due to their
potential to increase operational lifetime (invdjtand light out-coupling efficiency (top-emitting)he
following metrics are used in this assessment:adegdst per area, yearly operating cost, opticalepo
cost, CQ emissions from device production, and yearly oegaCO, emissions. We show that the top-
emitting inverted device architecture significaméygluces the device cost per area, yearly operatisg
optical power cost and G@missions for the P-OLED devices, due to elimoratf indium tin oxide and

its comparatively high luminous efficacy and londjgtime. In addition, the top-emitting inverted P
OLED device architecture performs competitivelytet laboratory scale with commercial-scale inorgani
LEDs for all metrics. However, if top-emitting P-GDs are to be manufactured on a large scale, the
luminous efficacy assumed for laboratory-scale ce/needs to remain constant throughout development

to remain competitive.
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1. Introduction

OLEDs are being investigated as sustainablenaltiee display and lighting options, as opposed
to compact fluorescent lamps, incandescent lightamgl LEDs because of their low temperature growth
conditions and potential earth-abundant constitieaments (while organic phosphorescent OLEDs
usually contain rare-earth elements to harvedetrgxcitons, fluorescent OLEDs have active laybet
are primarily composed of carbon and hydrogen). &l@w, current small-molecule OLEDs on the
market are fabricated under high vacuum using thedaposition, thus making the fabrication process
expensive [1-9]. Therefore, low-cost, large-scaddbritation options are needed to make OLED
technologies more marketable. P-OLEDs are an engrgjib-section of OLED technologies that are
more amenable to solution-based processing which emable more straight-forward, vacuum-free
fabrication of the devices and, hence, lower codtlawer process energy consumption [2,10-13].

However, the lower efficiency (i.e., luminousieficy) and the shorter operational lifetime of
blue P-OLEDs compared to red and green P-OLEDsysskhe commercialization of a full-color P-
OLED for general lighting and display purposes [Bhe lower efficiency of blue P-OLEDs can be
attributed to the difficulty of charge injectiontinblue-emitting fluorescent polymers which haves lo
highest-occupied molecular orbital (HOMO) energiea. -5.9 eV) and high lowest-unoccupied
molecular orbital (LUMO) energies (ca2.1 eV) [14]. Common approaches that have been tesed
remedy these issues are incorporation of a highftorction hole injection layer, such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (RHIPSS), and a low-work-function electron
transport layer, such as calcium (Ca) or lithiurnofide (LiF) into the device structure [15-17].
Additionally, while internal quantum efficiency cde optimal (~100 % for phosphorescent OLEDs and
phosphorescent P-OLEDs) [18], light-extraction @fincy is quite low (=20 % to 31 %) [18-20],
especially for blue-emitting devices and is a digant barrier to high-efficiency P-OLEDs. The steor
operational lifetime of conventional blue, fluoreat P-OLEDSs is due to a combination of: (1) higher

drive voltages due to the low light extraction &incy; (2) corrosion of indium tin oxide (ITO) dbe
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the acidity of the PEDOT:PSS layer [3,21] and (8yrhdation of PEDOT:PSS and Ca carrier injection
properties due to exposure to water vapour andesxggiring device fabrication or operation [3].

Proposed approaches to tackling efficiency anératpnal lifetime issues are: (1) light
management approaches, such as use of top-emittivige architectures, and addition of metallic or
dielectric nanostructures to promote more efficlagtit extraction [22]; (2) inverted device arcluitieres
[23]; (3) improved encapsulation methods [24]. \WWhihese approaches have been shown to have the
potential to increase device efficiency and operei lifetime [22-24], they may in turn affect theerall
cost and environmental impact. Thus, further agsessof these approaches must be completed before
any definitive conclusions can be drawn as to the&fulness. The goal of this study is to carry anut
cost, energy and GCemissions assessment, based on life-cycle assaisfin@®A) methodologies, for
four laboratory-scale, prototypical, fluorescentiegsemitting P-OLED device architectures (convemdio
bottom-emitting, inverted bottom-emitting, convem@l top-emitting and inverted top-emitting
architectures) to determine which architecture @ereffective in terms of device cost per areaylyea
operating cost, optical power cost, energy consitmptind CQ emissions. Additionally, comparisons
are made with the more ubiquitous, commercial-sdalee inorganic LED device. As discussed earlier,
the inverted P-OLED architectures increase the atjmral lifetime and the top-emitting P-OLED
architectures increase the electrical-to-opticalvgro conversion efficiency (i.e., luminous efficacy)
[3,8,23].

Several economic and LCA studies have been coaduor LEDs and organic photovoltaic
(OPV) devices which form the basis of our studyRPe©LEDs [4-7,25-39]. A case study for the LCA of
LED downlight luminaires concluded that the enviremtal impact of LEDs is dominated by the use-
stage energy consumption and data gaps exist in pEduct manufacturing and its environmental
impacts; thus, resulting in a need for further aesle and assessments in order to compare LED-based
luminaires with existing lighting technologies [28[he U. S. Department of Energy has carried out
detailed LCAs of energy and environmental impadtd.BD lighting products, which show that the
average life-cycle energy consumption is similarldoth compact fluorescent lamps and LEDs, with it

6
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being greater for incandescent lamps [7]. Whilenecaic, energy and environmental assessments have
been completed for inorganic LEDs not much emphhais been placed on the organic counterpart,
which motivates this study. We draw comparison$ yiblymer-based OPV device economic and LCA
studies, where applicable, since there have besgn#icant number of such studies [4-6,22,27-3%9],a
while OLEDs and OPV devices are operationally défe, their device compositions and architectures
are similar. As a result, one can study prior workOPVs in order to draw inspiration to base future
organic polymer-based cost and LCA studies dudecsimilarities in device structure and materiglety
with the main difference being that polymer-basd#Qlevices produce electrical energy from sunlight
while P-OLEDs consume electrical energy to prodigtd.

Furthermore, numerous OPV studies have focusedemtifying approaches to lower device cost
and the effects of increasing the efficiency andrafional lifetime on energy and greenhouse gas3\GH
emission metrics that are also pertinent to P-OLBRs example, a life-cycle and cost assessment of
OPV devices by Emmott et al. explored various fpansnt conductor alternatives to ITO in which they
found that material alternatives, such as silvatomares and high-conductivity PEDOT:PSS, have the
potential to reduce the energy-payback time (EP&TJ financial cost of organic photovoltaic devices
[4]. Espinosa et al. conducted a LCA of organiatan solar cells where they investigated the economi
and environmental feasibility of manufacturing adem solar cell versus a single junction solar. cell
They found that the tandem solar cell has to bé&2Better performing than a single-junction device i
order to improve cost and sustainability metricg][2A review paper by Lizin et al. of LCA studie$ o
OPVs focused on environmental aspects such as ativaienergy demand (CED), EPBT, and the GHG
emission factor of single-junction, organic, bulitérojunction P3HT:P§&BM polymer-based solar cells
[5]. The top environmentally performing solar defid a CED of 37.58 MJ/mEPBT from 3.54 months
to 6.24 months, and cell efficiency of 2 % with EMWGHG emission factors than current power plants.
They concluded that the often-used linear relatignsbetween increasing operational lifetime or
efficiency and improved sustainability, CED and HRB not a sufficient model because improvements
in these areas are heavily dependent on the dmaterials and architectures [5]. Darling et al.dioted

7
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a LCA to estimate the G@mission factor for a OPV device with an area afflwith 1 % solar power
conversion efficiency (PCE) and one year operatidifietime (which are achievable today), and a
hypothetical future OPV device with 15 % PCE ar2Dayear operational lifetime [6]. They estimated a
~10 % decrease in GCGemissions due to the increase in PCE and the fdoogerational lifetime.
Furthermore, they suggest that improvements camdme to operational lifetime through encapsulation
with materials with low water and oxygen transpates and use of air-stable alternative materials.
Additionally, in order to transfer OPV technologyorn Ilaboratory-scale to larger scales for
commercialization, efficiency, scalability of manafuring processes, and knowledge of degradation
mechanisms and their impacts on operational lifetare critical factors that have been identifiedtigh
economic and LCA studies [5,6,29-39].

The aforementioned OPV studies allow us to drames conclusions that are applicable to P-
OLED devices, such as: eliminating ITO from the idevarchitectures, increasing multilayer device
performance, and use of stable device materials eamdpsulants should assist in making P-OLED
performance more comparable with the performancecwfent LEDs on the market. However,
comparisons between certain aspects such as tife-c0 emissions and cost assessments of
photovoltaic devices and light-emitting devices raoé appropriate or straight forward. For examplese
a photovoltaic system is installed, the main yeadsgt is associated with system maintenance, wiaite,
a lighting system there are significant additiordts because it consumes electricity during ojperéas
opposed to generating electricity from a free radtrgsource, i.e. the sun, as in the case of apbitaic
system). Therefore, in our study we develop soreradtive assessment methodologies and metrics that

are relevant to P-OLED devices but not to OPV d&iic

2. Methodology

2.1 Goal and Scope
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As mentioned in Section 1, the goal of this stusiyto carry out a cost, energy and £O
greenhouse gas (GHG-gCemissions assessment, based on LCA methodoldgiesour laboratory-
scale, prototypical, fluorescent, blue-emitting PED device architectures to determine which
architecture is more effective in terms of deviostoer area, yearly operating cost, optical povest,
energy consumption, and G®missions. LCA is used as a tool to assess theeaad environmental
impacts of a product, process or activity throughitailife cycle; from the extraction of raw matdd
through to processing, transport, use and disgdsa)7,25-42]. LCA is a standard international ISO
14040 series method that consists of four distoohponents: (1) goal and scope, (2) inventory agly
(3) impact assessment, and (4) interpretationt,Eive aim of the study, central assumptions, astem
boundaries are chosen. Next, during the life-cymlentory analysis (LCI) phase, the inputs and otstp
for the emissions and resources are quantifiedn Bhiéfe cycle impact assessment (LCIA) is conddicte
to evaluate the potential environmental impachefprevious quantified values. Finally, an intetgtion
of results are presented in a clear concise md@ngtl,42].

We complete cradle-to-grave assessment, i.e., fheninception of raw materials to the end of
use, of a fluorescent, blue-emitting P-OLED de\icz, one that uses, for example, a polyfluoreaseh
light-emitting active layer) as there are numenmsailts reported in the literature for such devide3,8-
14]. As discussed in Section 1, while photovol&tiadies can be used as a guide to base LCA stoflies
light-emitting devices on, they differ in terms tifeir operation. Unlike OPVs, P-OLEDs consume
electrical power for operation and produce optigaiver (i.e., light). As a result, the functionalitun
should be determined by the basis of the opticalgp@roduced, which in our case we are assumibg to
the brightness per area or luminance. Therefores, ke employ a luminance of 1000 cd/as our
functional unit which is a commonly reported lumica for OLEDs [2,24,43-50]. Each device
architecture is assumed to produce this constagiitbess, and in order for this to be achievedeeithe
electrical input power or the power efficiency .(i.eiminous efficacy) of the device can be variddte
that in contrast, for OPV devices a constant opticput power (or irradiance) is applied during
performance testing (i.e., 100 mW/c@ sun)); therefore, to generate a particularetaegectrical power

9
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guantity, device area or efficiency is varied. ‘d&termine the following metrics: the device cost pe
area, including materials and manufacturing cogarly operational cost; cost to continuously gateer
1000 cd/m for one hour; and the GHG-G@missions, for both device production and yeapgration,
from the point of view of the user. The assessrarried out here is meant to provide perspectivéhen
cost, energy and emissions impact of blue-emitftA@LEDs relative to the more mature inorganic
semiconductor LED technologies. Additionally, th€DBED life-cycle stages and materials which are

expected to have the greatest cost and emissigrestmare identified.

2.2 Central Assumptions

In this study, we completed a cradle-to-gravesament including the following stages (Fig. 1):
(1) raw materials extraction and production; (2EPLdevice fabrication and (3) PLED device use. The
following inputs and outputs are considered forheatage where relevant: material inputs; electrical
energy inputs; GHG-Cg£emissions outputs and optical energy output, a@l.PD device use stages. A
life-cycle inventory is compiled and analyzed foe tmaterials, production and fabrication, and uUsesp
operating cost of the PLEDs in order to carry e aissessment. In our assessment, we ignore all
transport, installation, and disposal phase costedated with the life-cycle of the P-OLED because
these costs are assumed to be small compared itedmd use-phase costs [4,31,40]. Furthermore, we
have not included in the assessment the housiegiriebl connections, heat sinks, or others items
involved in the mounting of the P-OLED as it iswased to be similar amongst the different P-OLED
architectures regardless of the final product (dighting, display) because they are all planain-film
surface-emitting optoelectronic devices and ourcfional unit (i.e., 1000 cd/fis the same for each
architecture. Conversely, for the inorganic LEDfeliént housing, mounting and peripheral components
(e.g., electrical connections, heat sinks) couldaidy be employed. However, given that the blue
inorganic LED is the most ubiquitous blue light-&ing device, it is useful as a standard againsthvh
blue OLEDs can be compared (similar to how a gilisolar cell is the standard against which all mewe

solar cell technologies are compared regardlesseritual differences in mounting, housing, etqd). [6]

10
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Fig. 1. System boundary diagram for a LCA of OLEDs. Irstkiudy, our assessment considers only the
stages of the life cycle highlighted in by the dablhed boxes: raw materials extraction and prodngti
OLED device fabrication, and OLED device use.
Our background system (i.e., the information eeetb carry out this study) is defined through
extensive reviews of published literature and sepmlatalogues. Embodied energy and direct process
energy values were obtained from published liteeathat included relevant embodied energy data from
LCA databases such as Ecoinvent and Gabi for ttre cmmmon materials (e.g., glass, silver). However,
in some cases, material embodied energy valuesagstened values based on more commonly-available
materials within the same material class. For edxemmaterial embodied energies for poly(3-
hexylhiophene) were used instead of those for pgydioctylfluorene)), PFO, for the organic conjtegh

polymer active layer due to lack of available ermibddenergy data for PFO. This is a reasonable

approach because both P3HT and PFO are conjugatedsémiconducting) polymers that have rigid
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molecular backbones that consist of molecular maenor long chains of carbon-based repeat units
connected by covalent bonds. In addition, both el are synthesized from a solution in a similar
catalytic fashion [51,52]. The cost per mass dataaterials were obtained from supplier online
catalogues and from published literature. Refergteehe source websites (including date accessetl)
the relevant papers are included at the approfddaggion for each cost per mass value. For thekitigss
of layers in the different P-OLED devices (Tablearid 2), information was obtained from published
literature in which device prototypes were fabrchtind tested, as well as Department of Energg-soli
state lighting technical reports (referenced below)

The performance parameters (Table 3) are esk@ntialculating the metrics defined in Section
2.3 used for the assessment of the different deancieitectures, which comprise our foreground syste
Note that only lab-scale and pilot-scale fluoresddne polymer OLED devices have been reported to
date. Therefore, all of our metrics for the OLEDvides are for lab/pilot-scale devices. First, therage
operational lifetimes of conventional blue fluorest OLEDs were determined from references [2,43,44]
Then, based on publications in which direct congmas between the lifetime of a conventional and
inverted OLED were made [45,46], a scaling factaswetermined. From this assessment we found that
the inverted OLEDs have operational lifetimes thia 1.75 times longer than the conventional OLEDs.
We then multiplied the average conventional operati P-OLED lifetime by the scaling factor to
determine the inverted OLED operational lifetimesioth bottom and top emitting device structures.

The luminous efficacy values were calculated sinailar fashion to the operational lifetime. To
determine the luminous efficacy values for the atiéht device architectures, first, we averaged the
luminous efficacy values for conventional bottomitting fluorescent blue OLEDs from references
[10,44,52] at a luminance of 1000 cd/rithen, in a similar way to how the operationagtiihe of the
inverted devices was determined, a scaling facts taken from reports that directly compared iracert
to conventional bottom emitting OLEDs [45,54-50)p temitting to bottom emitting conventional OLEDs
[58], and the top emitting to bottom emitting inteet OLEDs [56,59-61]. We then used these scaling
factors to calculate the efficacy values from theraged conventional bottom emitting OLED luminous

12
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efficacy for each device configuration. Note tHas tuminous efficacy value of the inorganic LED was
based on reported values for mass-produced inarg&tds that included light extraction structuresl an

housing [48,50,62-65], which may aid in increasififcacy values.

2.3 Definition of Metrics

Our metrics for this assessment are as followsdé€ljce cost per are€qe, Which is the upfront
cost to the user at the initial purchase; (2) yeagerating costC,, which is the cost to operate the
device for 8 h/d over a period of one year; (3)iaghtpower costC,, which is the cost required to
generate the functional unit of 1000 cd/af optical power for one hour; (4) GHG-G®missions from
raw materials extraction and device manufacturi@G-CO, 4y (5) yearly GHG-CQ emissions

produced from a device operating for 8 RHG-CG, o, We defineCge, as:

Caev = Cinat + Cman 1)
where C,,,; is the materials cost for all device layers &pg,, is the manufacturing cost. Estimation of
Cmat for each device architecture studied here willdiseussed in the next section using information
obtained from materials suppliers and is the largestribution toCge.

Cman is determined from a percentage range of the whe&ice costs reported for solution-
processed OPV device manufacturing costs on thipilabscale, i.e., 21 % to 40 % [6,27,29-51]. Note
due to the current state of P-OLED developmengelacale manufacturing methods and practices are
currently not optimized or standardized. Additidpatomparisons between manufacturing costs fdr ree
to-reel processed devices and manufacturing costielvices fabricated on ridged substrates haversho
only a slight increase in the percentage contrilugf manufacturing costs to total device cost®(%bis
an upper estimate for OPV devices on glass substimimpared to 21 % to 40 % for OPV on PET
substrates). Therefore, we have assumed an aveeagent contribution of manufacturing costs toltota

device costs of 30 % [6,27,29-51]. Therefore, ttedrineC,,,,, such that,,,, contributes to 30 % of

13
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Cievr Cman Was taken to be a 43 % @f,,;. We do not account for possible differences in afiacturing

costs between lighting and display P-OLED technie®guch as types of capital equipment (e.g., spray

coaters versus ink-jet printers). However, in bedlses the active layer, hole transport layer (Hamg
ETL are assumed to be fully solution processedlassd11,12]. Additionally, as stated earlier, tlisdy
focuses on device costs per area; costs assoeigtedP-O)LED housing, electrical connections, heat
sinks and electronic drivers (i.e., balance ofeystosts) are not included.

We defineC,, as:

Cuse
Cop=T*8*365 (2)
whereL is the operational lifetime of the device angd, is the use-phase coktis taken to be the time it

takes for the luminous efficacy to drop to 50 %itsfinitial value [68].Cuse is the cost of operation for a

device (with area of 1 fhover the device’s operational lifetime and isined as:

Cuse = Cetec * Eyse 3
whereC,;,. is taken to be the cost of electricity in the @ditStates (assumed to be 0.0984 $/(kW h)

[69]), andE . is the use-phase energy consumption defined as:

_Pin*L

Eyse = (4)

1000

wherePy, is operating electrical power for a device withaaea of 1 h P,, is calculated as follows:

_MV
Pin =3, k %)

whereB; is the luminous efficacy arldis a correction factor, which accounts for thef@renance

degradation of the device over time. Here, we assaiiconstant applied voltage is applied to eackcdgev
thereforek = 0.75 (i.e., on average, the device operates &b of its initial luminous efficacy over its

operational lifetimel) [68]. M,, is the luminous exitance (i.e., the light outpotver) and is defined as

M,=B *m (6)
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whereB is luminance which we have taken to be 1000 &dasdiscussed earlier in Section 2.1, as it is
the standard value used when reporting operatldatines of OLED devices [2,24,41-50]. We assume

Cm in $/h is then calculated as:

My * Celec
Cpp = o= Cotec 7
Im ™ B +1000 @)

Next, CQ emissions from device productio®@HG-CG 4., , Which includes the GHG-CO

emissions from raw materials and device fabricaitidkg of CQ is defined as:
GHG-COy4ev= (Emnat + Eman) * Icoz (8)

whereE, ¢, in MJ/nt, is the embodied energy of the raw materials éndévices and,,,,,,, in MJ/nf, is
the direct process energy consumed during deviceifaeturing.E,,,,,,, wWhich is taken to be 1.05 times
Enat, is determined from averaged ratios of direct gsscenergy to embodied energy in the material
from relevant OPV literature [27,29-31]. The averddQ emission intensity from fossil fuelk,,,
between 1997 and 2012 for the United States frattrtity generation is taken to be 1.90 kg/(kWoh)
CO, (equal to 0.53 kg/MJ of CP[70]. Finally, the emission mass flow rate for CGHG-CQ; o, Which
is the yearly GHG-C@emission produced from a device (area of’) eperating 8 h/d (in kg/a of G

is defined as:

GHG_CQ'Op — (Euse *Icoi* 8 * 365) (9)

3. Life-Cycle Inventory - Device Architectures andMaterials

The bottom-emitting conventional P-OLED was anadlysnitially as a foundation with which to
compare the bottom-emitting inverted, the top-éngttconventional and the top-emitting inverted P-
OLED architectures, and the blue inorganic LED.e®ahtics of the different P-OLED architectures and

the inorganic LED are shown in Fig. 2a-e.
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Fig. 2. Schematics of: (a) a bottom-emitting conventioRaDLED, (b) a bottom-emitting inverted P-
OLED, (c) a top-emitting conventional P-OLED, (d)tap-emitting inverted P-OLED, and (e) a blue
inorganic LED. The blue arrows wittv (photon energy) labels represent the directidighf emission.

The inventory of materials and average layer thésses for each device architecture, obtained from

published literature, is included in Table 1.

Table 1. Table of bottom-emitting (conventional and invejteand top-emitting (conventional and

inverted) P-OLED device layer materials, layer khigsses and corresponding layer functions. The
thickness values are an average of values reportélte corresponding referenced literature with the
standard deviation shown after the average vall@ssGsubstrates with thickness of 0.192 mm were
assumed for all P-OLED device architectures.

Device Architecture | Thickness (nm) Function Refereces
Bottom-Emitting Conventional
ITO 108 + 5( Anode [4,22,5(]
PEDOT:PS: 57 + 1: HTL [4,22,52,71-75]
PFC 108 + 4! active laye [4,22,5C,72-7€]
LiF 23+z ETL [4,71,7€]
Al 142 + 5 Cathodt [4,22,5C,73,74,7€]
Bottom-Emitting I nverted
ITO 108 + 5( Cathodt [4,22,5C]
TiO, 45 + 4( ETL [77,7€]
PFC 108 + 4! active laye [4,22,5C,72-7€]
MoOs 1147 HTL [8,5C,77-84]
Ag 35+ 3( Anode [82-84]

Top-Emitting Conventional
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310

311

312

313

315

316

317

318

319

321

322

323

324

325

326

Ag 125 + 2¢ Anode [8,58,85]
PEDOT:PS: 57 + 1t HTL [4,22,52,71-75]
PFC 108 + 4! active laye [4,22,5C,72-7€]
LiF 23+z ETL [4,71,7€]
Al 2 Cathod [85]
Ag 178121 Cathods [8,85]
Top-Emitting | nverted
Ag 125 + 2¢ Cathod [8,58,85]
TiO, 45 + 4( ETL [77,7€]
PFC 108 + 4! active laye [4,22,5C,72-7€]
MoOs 1147 HTL [8,5C,77-84]
Ag 178121 Anode [8,85]
Blue Inorganic LED
sapphir 1c° substrat [86,87]
undoped Ga 60C buffer laye [8€,87]
n-doped Gal 150(C ETL [8€,87]
p-doped Gal 50C HTL [8€,87]
InGaN 20C emitter layel [8€,87]

4. Cost Assessment

4.1 Device Cost Per Area

To determine th€,,,, we first carried out materials cost calculatid@asdetermineC,,,; using
the mass per area for each layer of the devicevatdrial cost per mass as shown in Table 2. Usiag t
data obtained from Table 2, the estimated cose&ah layer per are&€() in a device was calculated as
follows:
Ca=m*C, (20)

wherem is the mass per area aBig is the cost per mass of the material in each laf/tre device.

Table 2. The mass of each layer for a device (area of)1tire material cost per mass values and the
cost per layer in a particular device are repregkfdr bottom-emitting conventional P-OLED, bottom-
emitting inverted P-OLED, top-emitting conventiofaOLED, top-emitting inverted P-OLED, and blue
inorganic LED architectures [88-97]. Only the matisrthat are used in a particular device architect
are represented in the respective column. Thepawdayer for the encapsulant is a generic valke ta
from Ref. [32]. Each material layer function is regented by the following superscript characters:
"substrate’anodeHTL, *active layer,ETL, "cathode.
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327

329

330

331

332

333

334

Mass per Cost per

Cost per layer ($/nf)

Materials area mass Bottom-Emitting Top-Emitting Inorganic
(g/m?) ($/9) P-OLED P-OLED LED
Conventional Inverted  Conventional Inverted
Glass 474.24 0.09 42.92 42.92 42.92 42.92 -
ITO 0.73+0.34 114 83.68 +385383.68 + 38.53 - - -
Al" (142nm) | 0.38+0.14 0.24 0.09 + 0.03 - - - -
Al” (2 nm) 0.005 0.24 - - 0.001 . -
Ag”(35nm) | 0.37+0.32 6.39 - 2.35+2.01 - - -
Ag (17.8nm) | 0.19+0.02 6.39 - - 1.19 +0.15 1.19 + 0.15 -
Ag (125nm) | 1.31+0.30 6.39 - - 8.38 + 1794 8.38 +1.94 -
PEDOT:PSS | 0.06 £0.01  9.02 0.52 +0.12 - 0.52+0.12 - -
MoO;* 0.05+0.03 10.84 - 0.57 +0.36 - 0.57 +0.36 -
PFO 0.11+0.05 391 43.79+18.3843.79 + 18.38 43.79 + 18.3813.79 + 18.38 -
LiF~ 0.01 +0.005 31.30 0.19+0.16 - 0.19+0.16 - -
TiO,” 0.19+0.17 3.16 - 0.59 + 0.53 - 0.59 + 0.53 -
Sapphire 398 0.52 - - - - 206.96
GaN 15.99 17.55 - - ¢ - 280.62
GaN' 0.86 17.55 - - - - 15.11
InN* 0.41 188 - - - - 76.89
Encapsulant - - 11.49 11.49 11.49 11.49 11.49
Cnat ($/M°) - - 182.68 + 57.22185.39 + 59.81 108.48 + 20.7%)8.93 + 21.36 591.07

By adding the estimated price for each layer (dated using Equation 10) we determined the estidnate

Cmae Of @ device with an area of 1?ifexcluding manufacturing costs) for each architect183 $/rh+

57 $/m (bottom-emitting conventional); 185 $/n6@ $/m (bottom-emitting inverted); 108 $/m £ 21 $/m

(top-emitting conventional); 109 $/m +

21 $/m (teqmitting inverted); and 591 $/m (inorganic blue

LED). In this way the contribution of each layertte overallC,,,; amount for each device could be

examined.

Bottom-emitting

conventional
$183 £ 57

(a)

6.29%

(b)

Bottom-emitting Top-emitting Top-emitting
inverted conventional inverted
$185 £ 60 $108 £ 21 $109 £ 21

10.59% 10.55%

6.20% (c) 0.48%  (d)

0.54%

45.80 45.14
% % 40.37 40.20
0.05% ) 12 % %
0.11% S \ 0.31% 23.62
% .
%
0.28% 0.32% 0.18% 0.53%
ITO .| PEDOT:PSS PFO .LiF .Glass . Encapsulant .Al - Ag .TiO2 MoO,
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Fig. 3. The percentage cost for each layer in the: (a&phbeemitting conventional P-OLED; (b) bottom-
emitting inverted P-OLED; (c) top-emitting conveamtal P-OLED; and (d) top-emitting inverted P-
OLED. The materials cost,,,;, for each device (area of 1%nis shown above the corresponding pie
chart (i.e., manufacturing cost,, ,;, not included).

L
As shown in Figure 3 the ITO, PFO and glass kyemntributed the most t6,,,, for bottom-

emitting P-OLEDs (approximately 45 %, 24 % and 23r&spectively) and the PFO and glass layers
contributed the most t6,,,; for top-emitting P-OLEDs (both ~ 40 %). Despitgdathicknesses of only
~100 nm for both ITO and PFO (Table 1) they weme riost expensive materials, per mass, hence the
significant percentage contribution@.,. Conversely, glass was one of the cheapest matpga mass;
however, it was also the thickest layer (0.192 marich resulted in the significant overall cost peea.

The metal layers (Ag and Al) accounted for less1tB&b6 of the total cost of the materials in theides.

The ETL and HTL layers were negligible in cost camgul to the other layers. As a result, there wag ve
little change in cost on going from a conventiotahn inverted device architecture. However, sihee
top-emitting architectures eliminated ITO, the lf C,,,, was reduced by ~41 % compared to the
bottom-emitting devicesC,,,; is 591 $/m for the blue inorganic LED device atetiure (1 rh device),
with C,,,,; calculated in a similar fashion to the P-OLED amattures (see Fig. 2 and Table 1). Therefore,
Cma: for the blue inorganic LED was 5.4 times more thtzat of the top-emitting P-OLED architecture.
This makes the top-emitting architecture a vialjiom in terms ofC,,,; for solid-state lighting or
display applicationsC,,.,,, which included a material coi,,,,, that was calculated as a percentage of
Crmar (43 %) such thaf,,,, contributed to 30 % of,;,, (see Section 2.3), was then determined and the

assessment @y, is included in Section 4 below.
4.2 Use-Phase Cost

We now determine the performance data (operdtidfieime and luminous efficacy) obtained
from the literature for each device architecturalf€ 3) and how much it would cost to electrically
power each architecture in the United States (gbstectricity of 0.0984 $/(kW h)[69]) over the dige

life of each device, i.e., the use-phase 0Bs}.) using Equations 3-6.
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Table 3. The operational lifetimd,, and luminous efficacyB;, are represented for the bottom-emitting
conventional P-OLED, bottom-emitting inverted P-@,Eop-emitting conventional P-OLED, top-
emitting inverted P-OLED and blue inorganic LED.

Performance Bottom-Emitting P- Top-Emitting Inorganic Sources
Parameters OLED P-OLED LED
Conventional Inverted Conventional Inverted
L (h) 16 00C 28 00C 16 00C 2800C 5C000C [2,24,41-4€,5C)
B: (Im/W) 25 3.8 51 7.8 75 [1C,44-65]

As shown in Table 3 the inverted P-OLED architegthas an approximately 75 % longer operational
lifetime than the conventional P-OLED architect{®@e6 years compared to 5.5 years, assuming the P-
OLED device operated for 8 h/d). The top-emittingerted device is the most energy efficient ofadll

the devices (luminous efficacy of 7.8 Im/W), andigames at least 1.5 times less power that the Bther
OLED architectures during operation. However, thgebinorganic LED has a factor of 1.8 longer
operational lifetime than the longest operating [HED (17.1 years for the inorganic LED). Using the
operational lifetime and luminous efficacy valueparted in Table 3 along with Equations 3-6, the-us

phase cost,4s.) for each architecture was determined; see Figure

cphase

C

op

i
o
o

Cphase ($); Cop ($Ia)

10

conventional inverted conventional inverted blue
bottom-emitting top-emitting inorganic
POLED POLED LED

Device Architecture

Fig. 4. The correspondinG,s.andC,, values for each P-OLED device architecture anti@ imorganic

LED.
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We find that the bottom-emitting inverted P-OLEBvice had the highest use-phase cost (1717
$; see Fig. 4) of all of the devices and the tojittérg conventional device had the lowest use-pltast
of the P-OLED devices (2.4 times smaller than tb#dm-emitting inverted architecture) primarily due
its higher luminous efficacy and shorter operatidifiatime (Table 3). The use-phase cost of theeblu
inorganic LED was ~2.1 times greater than the tmjittang conventional P-OLED (729 $ and 1537 $,
respectively) primarily due to its longer operatibtifetime (50 000 h). When the use-phase cost is
normalized by the device operational lifetime, vi#tain C,,,, the yearly operating cost, for each device
(Fig. 4). The top-emitting inverted P-OLED had thevest operating cost of all P-OLEDs (261 $/a) and
cost 8 $/a lower than the blue inorganic LED (268 $lue to the higher luminous efficacy of the ferm

(7.8 Im/W).

4.3 Economic Impact

The following metrics are presented in Table dlifsht-emitting devices with areas of e,
Cop andCim. Cgey (i.€., including materials and manufacturing cpstas the lowest for the top-emitting P-
OLEDs and was approximately 5 times cheaper thablie inorganic LED.

Table 4. The metricCge, Cop andCyy,, for each P-OLED device architecture and the bioeganic LED
(device areas are 1°rim all cases).

Device Architectures Coev C Cim

op

($/n) ($/a) ($/h)
Bottomr-emitting 261+ 82 267 0.1z
Conventional P-OLED
Bottomr-emitting 265 + 8¢ 179 0.0¢
Inverted P-OLED
Top-emitting 155+ 3C 133 0.0¢
conventional P-OLED
Top-emitting 156 £ 31 87 0.0
Inverted P-OLED
Inorganic LEL 844 90 0.0

This indicates that the top-emitting P-OLEDs amettost attractive device type in terms of up-frovsts

to the user. The top-emitting inverted P-OLED hiadl bowestC,, of all of the devices due to its high
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luminous efficacy (Fig. 4), while the bottom-emitji conventional P-OLED had the high€gt. For Cpm,

the top-emitting conventional architecture (0.0Mn$Avas the best performing of the P-OLEDs and cost
the same as the blue inorganic LED. In short, dipeeimitting inverted P-OLED is the most promising P
OLED device architecture in terms of total costdwese: (1) it eliminates one of the most expensive
layers (ITO) in the device composition; and (2hdis high luminous efficacy in comparison to thesoth
P-OLED device architectures. Furthermore, while thye-emitting P-OLED architecture has a slight
advantage over the blue inorganic LED in term<gf it is significantly cheaper in terms G, (~5
times cheaper). Therefore, even considering thgelolifetime of the inorganic LED (1.8 times longer
the top-emitting P-OLED would still have a lowetabcost when factoring in lifetime and replacement

device costs (neglecting P-OLED housing and lighitaetion structures).

5. Energy and CQ Emissions Assessment

5.1 Device Embodied Energy

Powering light-emitting optoelectronic devices isdtto GHG emissions through the indirect
production of CQduring electricity consumption. Furthermore, GH@igsion is linked to the use-phase
energy of the P-OLED devices, which is expecteldetdhe most significant energy-consumption stage of
the P-OLED life-cycle. As referenced in the Depamitnof Energy study on lighting technology it has
been shown that the use phase is the largestloatatrito the overall energy consumption of suchaesy
as fluorescent, incandescent, and LED lamps [7]illlistrate this point, we determined the embodied
energy,Ena in P-OLED devices (areas of P)yusing literature values for the embodied enerfggazh

constituent layer material and the mass of eadr lafythe device (Table 5).

Table 5Embodied energy in MJ/kg of materials in P-OLEDRides.

Materials Embc()'\d/ll‘(]e;lj(gE)nerg) Source
ITO 355 753 [30,31]
PEDOT:PSS 131 [30,33]
PFO 1843 [30,33]
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LiCl* 220 [103]

Al 171 [25]

Ag 128 [104]
MoO; 80 [33]
TiO, 118 [33,104,105]
Glass 16 [25]
Encapsulant (1 f) 10* [31]

"Data for P3HT used here as an approximation for B embodied energies not available)C! used here
instead of LiF as embodied energy data was linfited.iF; *value is in units of MJ/f

As can be seen in Table 5, ITO and PFO have theekigembodied energies 355 753 MJ/kg and 1843
MJ/kg, respectively. We then accounted for the nmdissach layer in each P-OLED architecture (Table

6).

Table 6. Embodied energy (in MJ) from raw material extrastper layer of material in P-OLED devices
with areas of 1 fm(direct layer process energy not included).

Layer Bottom-Emitting P-OLED Top-Emitting P-OLED
Conventional  Inverted Conventional | nverted
ITO 45.8¢ 45.8¢ - -
PEDOT:PS. 0.00¢ - 0.00¢ -

PFC 0.207 0.207 0.207 0.20%
LiCl* 0.007 - 0.007 -

Al 0.07¢ - - -

Ag - 0.047 0.19: 0.19:
MoO; - 0.00¢ - 0.00¢
TiO, - 0.022 - 0.02:
Glas: 39.52 39.52 39.52 39.52

Encapsulai 9.9¢ 9.9¢ 9.9¢ 9.9¢
Total (Epa) 95.67 95.65 49.90 49.93

The resulting embodied energies for P-OLED deviggeas of 1 fiy were ~96 MJ and ~50 MJ
for the bottom-emitting and top-emitting P-OLEDsspectively. The major contribution to the larger
bottom-emitting device embodied energy was ITO, in@mlkup approximately 48 % of the embodied
energy. The other layers that exhibited significamtbodied energies were the glass and encapsulant
layers (~39 MJ and 10 MJ, respectively); howevieese were still significantly smaller than the ITO
embodied energy (which was almost 46 MJ). Additiignéghe embodied energies of all P-OLED devices

were approximately an order of magnitude smallantthe embodied energy estimated for the inorganic

23



443

444

445

446

447

448

449

450

451

452

454

455

456
457

458

459

460

LED (4650 MJ from Ref. 25). However, the total deviembodied energyEf.) for each P-OLED
architecture was substantially lower than the Usasp energyHss converted to GJ by multiplying its
value in kW h by 0.0036) which ranged from 53.42:8GJ for the bottom-emitting P-OLEDs, was a
value of 26.7 GJ for the top-emitting conventioRaDLED, and was 30.5 GJ and 56.2 GJ for the top-
emitting inverted P-OLED and the blue inorganic LEBspectively. Therefore, lowering the use-phase
energy should have the greatest effect on redwamirgonmental impacts caused by energy consumption

during operation of the P-OLEDs.

5.2. GHG-Carbon Footprint

The CQ emissions from device productiocBHG-CGO;,q, Were calculated for the four different
architectures and the blue inorganic LED using Eqna8 and the embodied energies for raw material
extraction shown in Table 6. In additicBHG-CQ;,qp, Was calculated using Equation 9 and the devices’

luminous efficacy and operational lifetime valuesni Table 3. Both metrics are displayed graphicially

Fig. 5.
—_ GHG-CO, g, GHG-CO, 4y
= :
© ]
= 10000 15747 25 5031
‘% e 1678
8 1734
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O
I
U]
= 104 103
g 100 A 54 54
3
o
O
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I
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1
conventional inverted conventional inverted blue
bottom-emitting top-emitting inorganic
POLED POLED LED

Device Architecture

Fig. 5. The corresponding GHG-GOemissions for raw material extraction and devide nf)
manufacturing GHG-CQ, 4.y and yearly GHG-C®emissions from operatiolsHG-CQ, o) for each P-
OLED device architecture and the blue inorganic LED

The GHG-CQ, 4\ is the lowest for the top-emitting P-OLEDs (54 KgGD,) due to the low embodied
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energy for the top-emitting architecture (Table Bhe blue inorganic LED had a substantially higher
GHG-CQ 4ey (5031 kg of CQ) compared to all of the P-OLED devices due tol#nge amount energy
embodied in the materials and the correspondingii ldirect process energy. Tl@HG-CQ,, was
lowest for the top-emitting inverted and blue iremg LED devices (~1678 kg/a of G@nd ~1734 kg/a
of CO, respectively) because they are more efficientaterting electrical input power to light (Table
3). The top-emitting inverted P-OLED produced apprately 67 % less COduring operation than the
bottom-emitting conventional P-OLED. Therefore, tiop-emitting inverted is the most promising P-
OLED architecture for maintaining a low carbon farint.

The post-use environmental effects of both P-O&Eihd inorganic LEDs also need to be
considered; however, materials toxicity and degiadaas well as materials recycling, are compled a
relatively underdeveloped topics in the contexbpfoelectronic devices. As a result, data is laglin
the environmental impacts and embodied energy &dedcwith processes being used or under
development for disposing of or recycling advane&gttronic materials [98]. However, metals can be
recycled from both types of devices (including imdj tin, silver, gallium and aluminium) either ditly
or as a by-product [100]. Costs of purifying theyded metals is likely to be a compounding issue.
Furthermore, it has been shown for OPV the glabstete can be removed and reused with almost no
difference in efficiency, and the polymer layers dhodegrade without leaving harmful elements i th
environment [34]. While it would be ideal to reayd¢he P-OLED and LED devices; the energy required
to recycle should be considered. Typically, thergpneequired to recycle a material is less than tha
production of the virgin material [25]. All elseihg equal, based on the embodied energy (Tablné),
energy required to recycle the inorganic LED (48640 would still be significantly greater than thet
the P-OLEDs (~50-96 MJ) which would make the P-OLd#Yices the more sustainable choice.

Although recycling removes some of the contantsiannfortunately, optoelectronic devices
(recycling rate of 10 %) are not recycled at theesaate as other hazardous consumer products liregyc
rate of 24 % to 90 %) [99], and large amounts dbelectronic materials and devices still end up in
landfills or recycling centers where they can adebr affect human health and the environment due to
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leeching and evaporation of hazardous substanads &I heavy metals [101]. The actual amount of
hazardous materials depends on the type of optoatérs, but as a result of these health and

environmental risks governmental agencies haverbegtegulate optoelectronic recycling [102].

6. Interpretation, Scenario Analysis and Conclusios
6.1. Interpretation

While improvements in the operational lifetime RfOLEDs must be made to be competitive
with the comparatively long operational lifetime iobrganic blue LEDs, the top-emitting inverted P-
OLED device architecture appears to be the moshiging device in terms of projected electrical-to-
optical power efficiency, with a high luminous eficy of 7.8 Im/W compared to the 7.5 luminous
efficacy for the inorganic blue LED. Furthermoree tdevice costs per area of P-OLEDs were between 3-
5 times cheaper than inorganic LED device costsapea, which would make P-OLED devices more
immediately appealing. The embodied energy in tlue inorganic LED was significantly higher than
that for all P-OLED device architectures. Howesince the embodied energy was only a small fraction
(~0.2 % for P-OLEDs and 8 % for the inorganic blueD) of the use-phase energy of each P-OLED
device, the use-phase was deemed to be the misalcstage to focus on to reduce energy consumptio

and environmental impacts associated with GHG-@®@issions.

6.2. Scenario Analysis

The above interpretation compares laboratory Isscale prototype P-OLEDs to commercial-
scale (i.e., mass-produced) blue inorganic LED# Wit P-OLEDs are already cheaper in term€f
and it is likely to remain the case during scaleafilevice fabrication. However, OLED large-scale
fabrication methods are not well developed and nedxst further refined. One of the current obsttbe
widespread commercialization of OLEDs is their allehigh cost due to small-scale manufacturing and

use of ridged substrates and vacuum depositionadsttiuring the OLED or P-OLED device fabrication.
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In order to produce P-OLEDs on a large scale anibvatcost, the rigid substrate would need to be
replaced with a flexible substrate like polyeth@drrephthalate (PET) to enable reel-to-reel pgiogs
materials wastage would need to be decreased, atatiah types and processing methods would need to
be revaluated. For example, the glass substrateilmaed ~25 % and ~44 % (bottom-emitting and top-
emitting, respectively) to th&,,,; and if it was replaced with PET, assuming a thédahof 0.143 mm
[31,35,108], and at a cost of ~0.16 $/g, €he,; for each device would be reduced by approximaaety

and 10 %, respectively [32]. Furthermore, flexilslgbstrates extend the range of applications for P-
OLEDs into not only lighting and standard displgfions, but also such markets as wearable elecsoni
In addition, the U.S. Department of Energy estimateat the material utilization rate is as low 8s%3

for vapour deposition and as high as 90 % for smiudeposition fabrication [9]. In this study, wiel chot
consider fully solution-based fabrication of aljdas, thus the deposition of certain layers (¢hg,metal
and ITO) by vacuum methods would result in high ame of materials wastage and increase our
predicatedCqe, If we account for wastag€ge, is 548 $/m+ 384 $/m and 561 $/m 225 $/m for the
conventional and inverted bottom-emitting P-OLEBhgectures, respectively; which represent a factor
of 2.1 more than without wastage. Howevex,, for the top-emitting device architecture does not
increase as significantly when wastage is accouiaietdecause most layers are solution processed (i.
ITO is eliminated) withCye, increasing only by a factor of 1.25 (to 195 $/tn41 $/m) for the top-
emitting conventional and inverted device architees.

Fully solution processed fabrication of P-OLEDswhd require alternative material choices to
some of those listed in Table 1-2. For exampldk bilver would need to be replaced with silver.ink
This alternative material would not have much dffeic the overall price as the silver layer(s) do no
contribute significantly taC,.; see Fig. 3. However, full solution processing lgoonly be possible for
the top-emitting devices due to the vacuum demrsitieeded for deposition of ITO for conventional P-
OLED devices. In addition, for fully-solution-pressed, large-scale production the cost of the makter

would decrease by a factor of 2, at least, compiardidose reported in Table 2 (resultingdn,: between
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63 $/nf and 123 $/rhfor the bottom-emitting P-OLED and between 44 %#nd 65 $/rhfor the fully-
solution-processed top-emitting P-OLED) becaus¢hefbulk purchase of material from the suppliers
[32-38]. These estimates are on target with estisegported by Azzopardi et al., Powell et al. atigrs

for the total device cost of a commercial-scale GRdHule which ranges from 45 o 264 $/m [32-
38].

When addressing the scalability of OLEDSs, charigegevice luminous efficacy and operational
lifetime are important considerations. Large-scpteduction is likely to yield devices with lower
luminous efficacy and operational lifetimes complate those for small-scale prototypes, due to the
increased likelihood of non-uniformities over largetive areas as a result of defects, layer thekne
variations and/or electrical shorts [39,109]. Reiduns in luminous efficacy, in particular, are exfesl to
increase the yearly operating cost of these P-Odefzices. While it is expected that there will be a
reduction in both luminous efficacy and operatidifatime due to large-scale production, P-OLEDs ar
currently manufactured at the lab- and pilot-scaleich makes quantification of the reduction in
performance difficult. Therefore, in order to esibm the efficiency and lifetime reduction caused by
large-scale production, we draw comparisons withores on the commercial scale-up of OPVs. Lab-
scale efficiencies for optimized polymer-based OR%¥ge been reported to be between 10 % and 12 %
(fully solution processed and vacuum evaporated) @PV modules produced using large-scale
processing methods are approximately 2 % efficiints indicating in a factor of up to 6 reduction i
efficiency during scale-up [38,39,109]. Consequendssuming a similar reduction in the luminous
efficacy for the top-emitting, inverted P-OLED, lumous efficacy would be reduced to 1.3 Im/W for a
device fabricated using large-scale production odgh

Furthermore, we can assume a worst-cast opesalitetime of 1 year based on prior studies of
OPV devices fabricated by large-scale productiothods [29,110-112]. This assumption would reduce
the top-emitting inverted P-OLED operational life& by a factor of 9.6 (i.e., to 2920 h). To illase the
effect of assuming such significant reductions umihous efficacy and operational lifetime under a
“worst-case” large-scale production scenario, wei@d out a scenario analysis using the Monte-Carlo
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method for a top-emitting P-OLED where we calculatebability distributions folCyp, Eyse and GHG-
CO,p under three different scenarios (Fig. 6), assumélgtive standard deviations of the luminous

efficacy and operational lifetime of 25 % [29,11P8].

(a) 0.351 Il small-scale (current data) | (P) Il small-scale (current data) |{C) 0.30 I small-scale (current data)
B 'arge-scale (worst case) Il 'arge-scale (worst case) Bl arge-scale (worst case)
0.30+ I (e -scale (best case) 0.151 I large-scale (best case) 0.251 B \arge-scale (best case)
5. B2 - > 0.201
£ 0201 £ =
5 5 2 0151
5 0.151 g 5
o o o 0.104
0.10 0.10 1
0.051 0.054
0.00+ 0.00 4+ s . 0.004
200 400 600 800 1000 100 120 0 5000 10000 15000

C,p (8/2) GHG-CO,,, (kg/a)

Fig. 6. Histograms showing the probability distribution (@) Cop, (b) Euse and (c)GHG-CQ, , for top-
emitting inverted P-OLEDs (1 ngenerated using the Monte-Carlo method [29] foeé¢ different
scenarios: small-scale, which assumes luminousaeffi 8;) and operational lifetimelL values of 7.9
Im/W and 28 000 h (as reported in Table 3); largmes (worst case), which assumes a factor of 6
reduction inB; compared to the small-scale scenario and a 29%tehational lifetime (i.e., 1 year); and
large-scale (best case), which assumes a futuss tlase” large-scale production scenario that tegul
P-OLEDs withB; andL values of 7.9 Im/W and 50 000 h, respectively.miardistributions foB; andL
were generated as inputs for the Monte-Carlo arsalgssuming a relative standard deviation of 2 %
B; andL to represent typical performance parameter variatifor polymer optoelectronic technologies.
The Monte-Carlo analysis was carried out using bloft Excel with 10 000 random sampling iterations
of the input distributions employed to calculate frobability distribution foCop, Eyse aNdGHG-CQ, op

The first scenario, assumes average luminousaeffiand operational lifetime values achievable
using current small-scale production approachesgpasrted in Table 3. The second scenario assumes
“worst-case” luminous efficacy and operational tlifee values reported above due to large-scale
production methods. The third scenario assumeduaefitbest case” scenario in which the luminous
efficacy and operational lifetime values at largale production are 7.9 Im/W (same as currently-
achievable small-scale production value) and 50l0@6e operational lifetime of a commercial inariga
LED). Figure 6a shows théll,, was similar for small-scale and best-case, laogéesproduction at 94 $/a
+ 33 $/a and was significantly lower thay, for the worst-case, large-scale production (562+$196

$/a), becaus€,, is inversely proportional to luminous efficaapd is insensitive to operational lifetime

(as it is calculated on a yearly basis). Howetgy, is both inversely proportional to luminous effiga
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and directly proportional to operational lifetimrinerefore, the larger operational lifetime valuaskfest-
case, large-scale production resulted in laEyervalues (58 G& 26 GJ) compared to the small-scale (33
GJ+ 14 GJ) and worst-case, large-scale productionG2% 9 GJ). In other words, a given device
produced under the best-case, large-scale produstienario consumes significantly more energy than
device produced at small-scale or for the worst;dasge-scale production scenario, simply becatse
operates for longer. HowevdsHG-CG, o, exhibited a similar trend to th&,, data as it is also calculated
on a yearly basis (and, therefore, is independ&nperational lifetime) with small-scale and beate,
large-scale production scenarios exhibiting theglstvemissions.

Based on these scenarios , it is hypothesizedPH@LEDs would have to be mass-produced with
luminous efficacy and operational lifetime valueparted for small-scale devices (Table 3) in ofder
them to be viable in terms of the metritg andGHG-CO;,,, and competitive with commercial inorganic
LED counterparts. Luminous efficacy, in particulas, the more critical performance parameter to
maintain upon scale-up since the yearly cost aedggrto operate P-OLED devices and the yearly GHG-
CO, emissions during operation are significantly geedlhan for the production of P-OLEDs even under
the best-case, large-scale production scenario.ekample, the projected best-caSg (94 $/a) and
GHG-CQ,,p (~1800 kg/a of Cg for top-emitting, inverted P-OLEDs fabricated ngsilarge-scale
production are greater than the projectg, (~55 $/nf) and GHG-CQ, 4, (~50 kg of CQ) for large-
scale production. Therefore, we expect that regelplacement of a P-OLED device would be relatively
inexpensive and would have low greenhouse gas immpagarticularly in comparison to a commercial
inorganic LED with similar luminous efficac{{e, of 844 $/M andGHG-CG; 4, Of ~5000 kg of CG) -
thereby making operational lifetime less critical. However, since processing techniques and
manufacturing methods have not been standardized®fOLEDs, it is difficult to draw definitive
conclusions on what the projected device perforrmgarameters should be for P-OLEDs upon scale-up.
Therefore, studies such as ours would have to lp@iformance parameter data from optimized large-

scale production processes for P-OLEDs (which @lteuader development) and draw comparisons with

30



614

615

616

617

618

619

621

622

623

624

626

627

628

629

631

632

633

634

636

637

638

performance parameter data from existing optimlabdratory-scale or pilot-scale processes, whick ma
result in currently unforeseen benchmarks [5]. Bmnd should be noted that for our study we foeds
only on blue light-emitting P-OLEDs and the metwasuld most likely be improved for red and green P-

OLEDs due to their higher efficiencies and longeerational lifetimes.

5.3. Conclusions

In conclusion, from a comparison of various P-QlsElevice architectures it was found that the
top-emitting inverted P-OLED architecture is likely be the most promising device architecture to
pursue in terms of achieving operational lifetimaad efficiencies that are competitive with
commercially-available blue inorganic LEDs and tchiaving fully-solution processed large-scale
production. Additionally, the device costs per aaed embodied energies for the top-emitting P-OLEDs
were significantly lower than those for the bluergmanic LED, making P-OLEDs already competitive in
terms of up-front cost and energy expenditures.eithese factors and the performance parameters
(luminous efficacy and operational lifetime) cuttgrachievable at lab-/prototype-scale, top-emijti+
OLEDs could be adopted for portable optoelectraathnologies (e.g., cell phone displays; indicator
lights) due to the relatively short use stage ahstechnologies and inexpensive materials requinésne
that allow consumers to dispose of them after &l\0 years. However, the performance parameters
need to remain at current lab-/prototype-scaleeshiuring development and scale-up in order torensu
their performance is competitive with inorganic L&DMaintaining high luminous efficacy (i.e.,
electricity-to-light conversion efficiency) uponae-up will be more important than maintaining long
operational lifetimes, since the yearly cost anergynto operate P-OLED devices and the greenhcase g
emissions during operation are significantly gredtean for the production of P-OLEDs. Therefore,
regular replacement of a P-OLED device would batinedly inexpensive and would have low greenhouse

gas impacts; particularly in comparison to an imotig LED with similar luminous efficacy.
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