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ABSTRACT

Golisano Institute for Sustainability
Rochester Institute of Technology

Degree Doctor of Philosophy Program Sustainability

Name of Candidate Annick Anctil

Title : Fabrication and Life Cycle Assessment of Organic Photovoltaics

Increasing demand for renewable energy has resulted in a new interest for
alternative technologies such as organic photovoltaics. With efficiencies exceeding 8% for
both polymer and small molecule photovoltaics, organic photovoltaics are now being
commercialized due to their flexibility and low weight which allow for their adoption in
new applications such as portable electronics, smart fabrics, and building-integrated
photovoltaics. To date, most research efforts have been focused on increasing power
efficiency with little assessment of potential negative impacts associated with their large
scale production. It is generally assumed that organic photovoltaics have low environmental
impacts and are by nature inexpensive to produce since they are often solution processed.
In the present work, a comprehensive analysis of the life cycle embodied energy for C¢o and
Cyo fullerenes which are the most common acceptor molecules in organic photovoltaics, has
been performed from cradle-to-gate, including the relative contributions from synthesis,
separation, purification, and functionalization processes. The embodied energy of all
fullerenes was calculated to be an order of magnitude higher than most bulk chemicals.
These results have enabled the life cycle impact associated with the production of various
types of organic photovoltaics to be calculated, including polymer, small molecule and
multi-junction devices. An outcome of the life cycle assessment for organic photovoltaics
shows that small molecule devices require significant fabrication energy from high vacuum
processing and their efficiency is limited by poor absorption in the near-infrared (NIR).
Therefore, a solution processing approach with novel NIR absorbing molecules in multi-
junction devices has been developed in order to minimize the total cumulative energy. The
combined efforts have led to the first demonstration of a spray-coated small molecule
photovoltaic NIR device, using a combination of ZnPc and AlPc which is projected to have an

embodied energy similar to single junction polymer devices.
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I. INTRODUCTION

After many years of debate, there is now a general agreement within the scientific
community that humans have played a role toward climate change [1]. While looking at the
major source of emissions in Figure 1a, electricity production stands out as not only the
largest contributor of greenhouse gases, but also the one that has steadily increased over
the last 35 years. In order to limit the impacts related to climate change, stabilization at the
current level will not suffice. The next fifty years are expected to be critical since carbon
dioxide emissions should be reduced even with an increasing world population without
constraining economic growth. Historically, energy consumption has increased by 2% per
year which has translated into 1.5% increase in CO; over the last 30 years [2]. While
developed countries are often held responsible for the current situation, Figure 1b shows
that over the last 30 years, Europe and North America have only slightly increased there
energy consumption while most of the increase is a result of other regions of the world,

trying to reach the same level of development.
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Figure 1: (a) Source of global CO; emissions 1970-2004 by sectors [3], (b) energy

consumption over time [4] and (c) energy use as a function of GDP/capita [4, 5].

Energy poverty is used to describe the lack of access to modern, cost-effective and
sustainable energy services, which is recognized as a major impediment to human
development in many areas of the world. While energy is not part of the millennium
development goals as defined by the United Nations, it is recognized that energy poverty
has negative impacts on education, health, gender and prosperity. As illustrated in Figure
1c, the energy poor countries are mainly situated in sub-Saharan Africa and South Asia
where the greatest population growth is happening. Limiting energy consumption would
limit development, which would not be a desirable outcome. The same is true for developed
countries such as the United Sates, where the energy consumptions is expected to grow by
14% over the 2008-2035 period, which would cause an increase of 8.7% in CO: eq
emissions [6]. Therefore, there is a need for cleaner energy sources to prevent further

increase in greenhouse gases emissions for both developed and developing countries.

In addition to the need for cleaner energy sources, renewable energy could provide
increased energy security. There is a large uncertainty regarding the amount of reserves left

from traditional fossil fuels, but recent estimates suggest that the current oil reserves will



be exhausted in about 40 years and natural gas in about 60 years [7]. On the other hand
there should be enough coal left for 250 years and uranium for 80 years. Therefore, the
need for energy independence is not sufficient to justify the development of renewable and
sustainable energy. The main driving force for those technologies is the desire for energy
sources with lower environmental impact. The operation of renewable energy devices like
solar and wind do not contribute to air pollution through emissions of NO, and SO, thereby

also reducing air pollution.

With over 101,000 terawatts of available power, solar energy is the most promising
source of renewable energy as shown in Figure 2a, as it would be more than enough to fulfill
the 15 terawatts average of power consumed annually world-wide. Solar energy is free and
available, but due to the high cost of the technology, it is not expected to represent a large

portion of the energy portfolio over the next 20 years as shown in Figure 2b.
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Figure 2: (a) power available from renewable resources [7] and (b) projection for

worldwide energy supply [8].

To understand the current limitation of the technology and its low market
penetration, it is useful to distinguish various types of technologies. First generation

photovoltaics, which are made of silicon, have been around for more than fifty years. With



this type of technology, it is difficult to decrease the cost below the desirable US$1/Wp as
illustrated in Figure 3, because the maximum conversion efficiency is limited by the
bandgap of the silicon and the cost is associated with the energy intensive process required
to produce monocrystalline silicon ingots. Alternatively, second generation technologies,
which corresponds to thin film technologies such as CdTe, CIGS, and amorphous silicon are
flexible and cheaper to produce than the first generation solar cells. However, they
currently have lower efficiencies but in the case of CdTe, technology price has reached a
cost of $0.77/Wp for 11.2% modules [9] providing a rapid growth of the thin film sector.
Finally, third generation multi-junction solar cells have been developed for high efficiency
applications such as space exploration. However they are now being adapted for terrestrial
applications. These devices have more complex geometry and use vapor phase deposition
on single crystal substrates, and therefore, are much more expensive than previous
generation solar cells. However, because of their high efficiency and use of concentrated

sunlight, the energy cost is expected to be lower than other generations' solar cells.
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Figure 3: Efficiency vs. cost for various solar cells generations [10].

The category of interest for this dissertation is organic photovoltaics (OPV) which

position in Figure 3 is not clear as some refer to them as third generation, based on the time



of their discovery, while other believe they should belong to the second generation since
they share the flexibility and low cost of this type of solar cell. However, compared to
inorganic materials, the maximum efficiency of organic materials is not fixed. This is
because the material can be modified to obtain the desired properties, and therefore, there
is no simple theory that can predict their maximum efficiency. For this reason, organic
photovoltaics could be considered to be in the red area of Figure 3 since they should be

cheaper than second generation but likely to have lower efficiency than third.

While it took 20 years to increase device power efficiencies from 0.1% to 3.5% in
2005 [11], device efficiencies have now reached 8.3% for both small molecule and polymer
photovoltaics [12]. Because of their low cost, organic photovoltaics have been recently
commercialized by Konarka [13] and production is expected to begin this year for both
Solarmer [14] and Heliatek [15]. Organic photovoltaics have reached commercialization
earlier than expected, mainly because they can be used in new applications, which
counterbalance their low efficiency. One advantage of incorporating low efficiency organic
solar cells into electronics products is to increase the lifetime of the battery by charging the
devices while not in use. Smart fabrics (also referred to as wearable technology) add new
functionality to traditional applications, for example in clothing, tents, military uniform, etc.
Applications are numerous for off-grid remote locations, in particular to provide lighting at
night or play a double role of shading an area while providing electricity for another usage

in the case of shade structures [13].

For building-integrated photovoltaics (BIPV), the low absorption of organic films
allows light reduction without completely blocking the light. It could help provide power for

buildings during the day when demand is at its peak. It also allows considerable design



improvements compared to traditional semiconductors since organic molecules can be
tuned to the desirable colors by slightly changing their chemical properties; therefore,
adding an aesthetic aspect allowing OPV to be part of the design. There are also potential
applications in windows, skylights, roof and walls where the lower efficiency is balanced by

the ancillary attributes.

Motivation

Based on the availability of solar resources, photovoltaic technologies have the
potential to provide a significant amount of the energy required to fulfill current and future
energy demand while reducing greenhouse gases emissions. So far, the high cost of
photovoltaics compared to other energy sources has limited their use. However, emerging
technologies such as organic photovoltaics, which take advantage of man-made materials

and solution processing hold the promise for future inexpensive devices.

Various challenges have limited OPV use; in particular the large bandgap of most
organic polymers is responsible for low power conversion efficiency since a large portion of
the solar spectrum remains unabsorbed. Photon absorption is the first step towards high
efficiency photovoltaics and lowering the bandgap of the donor material is necessary in that
direction. However, to allow efficiencies higher than 13% [16], it also requires a multi-
juction approach. While multi-junction devices increase efficiency, they also increase device
complexity and require additional processing steps and materials. Those aspects have yet to
be considered when estimating the future cost of the technology and ensure that OPV
remains a low cost option. For large-scale production, the fabrication methods also need to
be considered as current devices use a mixture of solution and vacuum methods which are

difficult to scale-up.



While cost and efficiency are often discussed as major challenges of photovoltaics,
there are other aspects that need to be considered to make OPV a sustainable technology.
According to the Brundtland Commission, sustainable development is “ Development that
meets the needs of the present without compromising the ability of future generations to
meet their own needs” [17]. In that perspective, energy solutions developed today should
also be desirable in the future, and most importantly, not at the expense of creating new
issues. Sustainability considers the economic, social and environmental aspects altogether.
Therefore, goals such as lowering the cost below 1$/Wp or reducing greenhouse gases
emissions alone are not sufficient as each of those goal solely address economic or
environmental aspects. To be a sustainable technology, other aspects need to be
considered, such as the scarcity of material, risk, safety, toxicity, social acceptance and end

of life.

So far, there has been a lot of attention towards device efficiency and cost of the
technology, but little attention has been given to the environmental impact of OPV
production. Therefore, the first goal of this dissertation is to look at current OPV
technologies to establish the environmental impact associated with their production. The
method used for this purpose is Life Cycle Assessment (LCA) [18] where all the stages from
raw material extraction to the module assembly are considered. Since the quality of a LCA
study is strongly dependent on the quality of the inventory data, the first step is to
characterize the impact of fullerene production. Chapter IV provides a comprehensive
analysis of the life cycle embodied energy for Ceo and C7o fullerenes, which are the most

common acceptor molecules in organic photovoltaics. The analysis is performed from



cradle-to-gate, including the relative contributions from synthesis, separation, purification,

and functionalization processes.

These results are later used in Chapter V to perform the most comprehensive life
cycle impact analysis associated with the production of various types of organic
photovoltaics, including for the first time: low bandgap polymers, small molecule and multi-
junction devices. Using the results from the life cycle inventory, an analysis of proposed
greener options is presented as well an alternative method to calculate the cost of organic
technologies. An outcome of the life cycle assessment for organic photovoltaics shows that
small molecule devices require significant fabrication energy from high vacuum processing
and their efficiency is limited by poor absorption in the near-infrared (NIR). Therefore in
Chapter VI, a solution processing approach with novel NIR absorbing molecules in multi-
junction devices is presented which is expected to have lower embodied energy to produce

than current multi-junction photovoltaic devices.



II. BACKGROUND

2.1.  Principles of Photovoltaics

The most common device structure for OPV uses a mixture of donor and acceptor
materials reffered to as a bulk heterojunction (BHJ]) which resides between two electrodes.
A typical BH] made of Poly (3-hexylthiophene) (P3HT) and Phenyl-Ce1-butyric acid methyl
ester (C¢oPCBM) is illustrated in Figure 4. The photogeneration proceeds according to the
following steps. The illumination of an organic semiconductor donor (1) generates excitons
(2) with a binding energy of about 0.4 eV instead of free charges [19]. To be separated into
free charges, the exciton needs to diffuse until it reaches a donor/acceptor interface (3)
with a difference in electron affinities and ionization potential large enough to overcome the
binding energy (as illustrated in Figure 4b. The free charges can then travel through either
the donor or acceptor material (5) to the electrodes (6). The overall device efficiency is

therefore determined by the optical absorption and the efficiency of each of those steps.
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Figure 4: (a) Photovoltaic effect in a bulk heterojunction organic solar and detail about the
chemical structure of P3HT:C¢oPCBM material used in the active layer and (b) conditions for

charge transfer in a donor/acceptor photovoltaic device

The multi-junction approach allows the absorption of a larger portion of the solar
spectrum, but for OPV it is also advantageous to overcome the poor charge carrier mobility
and lifetime of carriers which prevents the fabrication of a thick absorbing layer [20]. In
comparison with inorganic material, organic semi-conductors absorb only a narrow portion
of the spectrum as illustrated in Figure 5 and therefore a combination of multiple materials

is necessary to absorb a larger portion of the spectrum.
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Figure 5: Organic photovoltaic with two sub-cells having different complementary

absorption spectra [20].
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Multi-junction devices can either be connected in series or in parallel depending on
the nature of the intermediate layer. The most common type of connection is in series
where the voltage across the whole device is equal to the sum of the voltage of each sub-cell

and the current is limited by the lowest sub-cell current.

2.2. Organic Semiconductors

Organic semiconductors require alternating single and double carbon bonds where
each carbon binds only to three adjacent atoms, resulting in one electron left in the P,
orbital. The overlap of these P, orbitals causes the formation of w bonds along the backbone,
and delocalizaton of the m electrons. Molecules with a delocalized & electron system can
absorb sunlight, create photogenerated charge carriers, and transport these charge carriers.
The organization of the semi-conducting material is critical as the m-m bonds need to be
close enough to allow charge transport. Organic semiconductors are divided in two
categories: polymer, which can be solution processed and small molecules that are
generally evaporated under high vacuum. Both types of semi-conductor materials have

been used in this dissertation and therefore will be further discussed.

2.2.1 Polymer semiconductors

Current interest in OPV can be attributed to regioregular poly(3-hexylthiophene)
(P3HT) which allowed device efficiencies to reach 5% for the first time. Morphology has
been found to be critical, requiring a precise control over the donor:acceptor ratio, solvent
choice, and post-treatment annealing to induce reorganization and crystallization of the
polymer. While efficiencies have constantly improved over the last few years, there is still
work required to reach the 10% benchmark, generally considered necessary for large scale

commercialization. One major limitation of organic solar cells is related to the poor

11



absorption of the semi-conductor material compared to the solar spectrum as illustrated in
Figure 6a. The maximum efficiency is therefore limited by the bandgap of the polymer and
is estimated to be lower than 10% for both P3HT and Poly(2-methoxy, 5-(2-ethylhexoxy)-
1,4-phenylene vinylene) (MEH-PPV) as illustrated in Figure 6b. In theory, to have an
optimal solar cell, the acceptor bandgap should be around 1.4 eV, for which the maximum
efficiency would be 31% under 1 sun AM1.5 [21]. The majority of initially developed
semiconducting polymers have bandgaps higher than 2 eV (620 nm), which limits their

maximum efficiency.
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Figure 6: (a) Comparison of the spectral response for P3HT and MEH-PPV:C¢PCBM devices

and the calculated limiting Jsc = 12.4 mA/cm? from the normalized EQE; (b) plot of the
maximum theoretical efficiency as a function of V,. for the normalized EQE data from (a).

The arrows and shading for each polymer system reflect experimentally observed V, values

[22].

To increase device efficiency, there are mainly two alternatives: lower bandgap and
multi-junction. One which has received considerable interest in the last few years and
resulted in the actual record efficiency, consists of lower bandgap polymers, closer to the

optimal bandgap, used with the same acceptor material (fullerenes) as previous generation
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organic solar cells. By lowering the bandgap from 2eV to 1.5 eV, the maximum theoretical
efficiency increases from 8% to 13% [16]. The second approach uses 2 different cells to

form a multi-junction device, which can capture broader range of the solar spectrum.

2.2.2 Small molecule semiconductors

While polymers have received the greatest attention in the last few years, small
molecule devices were actually responsible back in 1985 for the first 1% efficient solar cell
which is often considered the beginning of organic photovoltaics [23]. Metal
phthalocyanines (MPc) have been used for over 20 years with only modest success, but
there is still considerable interest for this class of materials since they can be easily
synthesized and modified by changing the central metal atom (M = Zn, Mg, Cd, Cu, Co, etc.)
as illustrated in Figure 7a. While MPc are traditionally synthesized by reacting
phthalonitrile with the desired metal chloride, phthalic anhydride is used to obtain a metal
phthalocyanine chloride (MPcCl), such as aluminum phthalocyanine chloride (AlPcCl) and
indium phthalocyanine chloride (InPcCl) which are considered in this work [24, 25] The last
class of phthalocyanine molecules considered include chloroboron subnaphthalocyanine
(SubNc) and chloroboron subphthalocyanine (SubPc) which are also synthesized using

phthalic anhydride according to the reaction shown in Figure 7c.
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Figure 7: (a) General reaction for the synthesis of metal phthalocyanies using microwave

conditions [24], (b) synthesis of AlPcCl using phthalic anhydride and (c) synthesis of SubPc.

One main disadvantage of small molecules such as phthalocyanines is the need for
high vacuum equipment to evaporate the material. Therefore, there is a growing interest in

developing solution processable small molecules such as squaraine derivatives which have

recently been synthesized [26].
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[II. METHODS

The work in this dissertation initially evaluates the impact of current technologies
using LCA and then uses the results to propose alternative multi-junction photovoltaics
using a NIR approach. Therefore, a general overview of LCA as well as device fabrication

and testing is provided in this section.

3.1. Life cycle assessment (LCA)

As illustrated in Figure 8a, a complete life cycle assessment (LCA) is a “cradle-to-
grave” method approach, which begins with raw material extraction (cradle) and ends
when the material returns to the earth (grave). The cumulative environmental impacts from
all stages in a product life cycle are included, by providing a comprehensive view of the
environmental impacts, which allow the evaluation of trade-offs in product and process
selection. By performing a comprehensive analysis, including all product life cycle stages

and multiple metrics, LCA helps to avoid shifting environmental problems.

Raw Life Cycle Assessment Framework
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Definition and
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Figure 8: (a) Cradle-to grave Life Cycle Assessment and (b) phases of LCA [27].
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LCA is a ISO standardized method which requires specific methodology. It consists

of four stages as illustrated in Figure 8b [18, 27] which are:

Goal definition and scoping: Define and describe the product, process or activity
and define the system boundaries and metrics being used. This stage must include
the type of information needed and how the results of the LCA should be interpreted
and used. During this stage, the distinction between foreground and background
data has to be established. The foreground system is the system of primary concern
while the background system uses aggregated datasets which are similar for all the
various scenarios being considered.
Inventory Analysis: All relevant data is collected and organized. The level of
accuracy and detail will influence the quality of the analysis. Assumptions and limits
of data collection such as cut-off rules have to be clearly defined. The goal and scope
stage has defined general system boundaries which need to be further detailed and
analyzed using the following 4 stages:

a. Develop a flow diagram of the processes being evaluated

b. Develop a data collection plan

c. Collect data

d. Evaluate and report results
Part of the system description is the identification of co-products which are process
outputs that have value, and therefore, are not treated as wastes. The ISO standards
suggest to avoid allocation if possible and to prefer physical relationships methods
rather than economics if allocation is necessary. In this work, allocation is always

performed on a gravimetric basis.
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3- Impact Assessment: Using appropriate metrics and using the inventory analysis,
assess the potential human and ecological impacts.
4- Interpretation: Evaluate the results of the inventory analysis and impact

assessment to select the preferred product, process or service.

The use of LCA software facilitates the compilation and analysis, and SimaPro® was
choosen for this purpose. Inventory data from an existing database (ecolnvent) and
previously published primary literature are used for common materials. Process inventory
data for chemicals not publicly available are estimated using default values and

stoichiometric reactions according to previously published guidelines [28, 29].

3.2. Fabrication and testing of photovoltaics

Organic solar cells are generally fabricated using either spin-coating for polymer
photovoltaics or vacuum-deposition for small molecules. ITO coated glass is cleaned with
acetone and isopropanol, dried for half an hour prior to the spin-coating of Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) which acts as the electron
blocking layer (EBL). Evaporation of the small molecules as well as the aluminum contact is

done using a multi-source Lesker PVD75 evaporator.

Current-Voltage (J-V)

The principal method for photovoltaics characterization is current-voltage (J-V)
measurement where the device is exposed to a simulated solar spectrum. The standard
illumination condition for terrestrial applications is an AM1.5 spectrum which represents a
light intensity of 1000 W/m?2, with a spectral intensity distribution matching that of the sun

on the earth’s surface at an incident angle of 48.2° [30]. Figure 9 illustrates a typical
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current-voltage curve. The fill factor (FF), which corresponds to the darker square area,
represents the ratio of delivered power over the maximum potential power. The power
conversion efficiency () is the ratio of the power delivered over the incident power (1000

W/m2).
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Figure 9: Current-Voltage (J-V) curve

External Quantum Efficiency (EQE)

The current-voltage characterization provides information about the total amount
of incident power converted into electrical power. For device optimization, in particular for
multi-junctions, it is useful to know what wavelengths of the solar spectrum are being
converted. The external quantum efficiency (EQE) measures the number of electrons

collected under short circuit conditions divided by the number of incident photons.

1240 Isc

E.QE= =~ (1)
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IV.  MATERIAL AND ENERGY INTENSITY OF FULLERENE PRODUCTION

Previous to the work presented in this dissertation, the life cycle assessment of OPV
had only been performed for one type of device, corresponding to the best device developed
five years ago, and therefore not relevant to currently commercialized devices. Since the
quality of a LCA study is strongly correlated to the quality of the inventory data, the first
step is to ensure quality data for the new organic materials. For OPV, the most common
acceptor molecules are fullerenes for which there exists no detailed inventory information.
Therefore, this chapter analyses the impact of fullerene production, in particular
considering the types of fullerenes derivatives and purity requirement necessary for
application in organic photovoltaics. This work has been published as A. Anctil, C. W.
Babbitt, R. P. Raffaelle, and B. ]. Landi, "Material and Energy Intensity of Fullerene
Production," Environmental Science and Technology, vol. 45, pp. 2353-2359, 2011.
Additional information regarding data sources for life-cycle assessment, production,
separation and functionalization of fullerenes process diagrams, inventory for the
production of Ceo and various fullerenes derivatives and price of fullerenes is available in

section A.1.

INTRODUCTION

Carbon can be arranged under various configurations ranging from amorphous
carbon to the highly organized diamond structure to nanomaterials like carbon nanotubes
and fullerenes, depending on conditions that prevail during synthesis [31]. Fullerenes have
been one of the most prevalent carbon allotropes in chemical research since their discovery
in 1985 by Sir Harold Kroto and coworkers [32]. Fullerenes in their pure form are carbon

atoms organized in an empty closed cage structure which comprises twelve 5-member rings
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and various numbers of 6-member rings depending on the size of the fullerene (i.e. Ceo, C70
Css, Cos). The representative structure for Ceo is depicted in Figure 10a and has been the
building block for derivative synthesis using covalent, supramolecular, and/or endohedral
chemistry, which can lead to numerous derivatives [33-35] So far, fullerenes have found
applications in medicine (e.g. fate and transport of drugs through dense tissues like
cancerous cells, for DNA photocleavage, and gene delivery [34], environmental remediation

(e.g. pathogen decontamination [31], and energy systems (e.g. organic solar cells).

The most common modification to fullerenes consists of adding either one or two
methyl ester functional groups to form [6,6]-phenyl-Cs1-butyric acid methyl ester (PCBM)
(Figure 10b) or bis [6,6]-phenyl-Ce1-butyric acid methyl ester (bis-PCBM) (Figure 10). Using
the same process, methyl ester groups can be added to larger fullerenes such as Czo as
illustrated in Figure 10d. The fullerene derivatives illustrated (Figure 10 b-d) are commonly
used as an acceptor molecule when mixed with a conducting polymer to create a bulk
heterojunction of donor/acceptor material (Figure 10e) in organic solar cells. Under
illumination, the polymer (e.g. polyhexylthiophene (P3HT)) generates bound electron-hole
pairs that are dissociated into free charges at the junction with the fullerene materials. The
free electrons can then travel to the anode using the fullerene pathway and the holes
through the polymer resulting in a photocurrent. This type of organic solar cell can

potentially provide inexpensive, large area solar energy conversion.
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(a) (b)

Transparent cathode

Figure 10: Pure fullerene (a) Ceo and fullerene derivatives (b) C¢o-PCBM , (c) Cso-bisPCBM
and (d) C70-PCBM and (e) schematic of (C¢o-PCBM) fullerenes derivatives used in a bulk

heterojunction organic solar cells.

The prospect for nanomaterials like fullerenes to be adopted in organic solar cells
and other emerging products motivates the need to understand what the impact of these
nanomaterials will be in the overall product [36-38]. Organic solar cells containing
fullerenes have already been commercialized since 2008 by Konarka [39] and with other
companies in the development phase, there is a real need to proactively evaluate the impact

of fullerenes.

The contribution from nanomaterials in developing products has generally not been
studied in detail and only a small fraction of studies use current data for nanomaterial
production methods[40]. An unfounded assumption that is present in some studies is the
notion that a small amount of nanomaterials in a product will result in minimal
environmental impact [36, 40]. This can lead to application of cut-off rules based on weight
to simplify life-cycle assessment of products containing nanomaterials. However, there are
legitimate concerns with such an approach since existing impact data are often based on

limited analysis of upstream material inputs and system boundaries [36]. Therefore, it is
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considered a priority to publish detailed and updated inventory data [40-41] for
nanomaterials like fullerenes, which are likely to have a high potential for future industrial

applications [38].

In this work, life cycle assessment (LCA) is used to assess energy intensity of
producing Ceo and Cy fullerenes and corresponding derivatives that are being considered in
present day medical and energy applications. Whereas previous studies have limited the
LCA scope to direct energy input (e.g. electricity usage) during fullerene synthesis [42-43],
this study quantifies total material intensity and embodied energy with a scope that
includes all direct and upstream feedstock and fuel energy inputs for modern production
methods. The variation in synthesis method and purification processes is included to more
accurately quantify the impact from factors as synthesis reaction, purity of reactants and
solvents, low reaction yields, repeated purification steps, and toxic chemicals or solvents.
The primary goal of this study is to use the calculated energy intensity of modified fullerene
production to determine opportunities for future process innovations to minimize
environmental impact. As secondary objectives, this study serves both to fully document a
life cycle inventory of fullerene production and to investigate the relative importance of
nanomaterials in the products in which they are used, as demonstrated through examples of
Ceo used in an aluminum composite and PCBM derivative used in organic solar cell

applications.

METHODOLOGY
The goal of this study is to assess the cradle-to-gate embodied energy associated
with producing fullerenes and modified derivatives using a process-based life cycle

assessment (LCA) methodology. Analysis of the various fullerenes products is intended to
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provide a baseline to evaluate future product developments and guide product design and
research [44]. The scope includes two types of fullerene production methods (pyrolysis and
plasma with different precursors for both techniques) and two types of fullerenes (Ceo and
C70) as well as one type of derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).
The LCA scope is illustrated in Figure 11 and corresponds to the four stages of fullerene

production: synthesis, separation, purification, and functionalization.
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Figure 11: Overview of the process flow for the production of modified fullerene

compounds for use as functional materials in organic solar cells.

The cradle-to-gate inventory is based on the functional unit of 1 kg of product
(either Cep or C70), such that results can be used to compare fullerenes to other raw
materials and assess downstream uses of these materials in a variety of applications.
Energy inputs are allocated to C¢o and C7o by their mass ratio on an as-produced basis. The
life cycle assessment results are obtained from analysis using SimaPro® (PRe Consultants,
The Netherlands) using inventory data from an existing database (ecolnvent, ecoinvent
Centre, Switzerland) and previously published primary literature. Inventory data for
chemicals not publicly available were estimated using default values and stoichiometric
reactions according to previously published guidelines [28,29]. Solvent regeneration is
assumed for all purification steps using the procedure developed specifically for the

production of fine chemicals [29]. Detailed information about processes involved in the
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four stages of fullerene production, data sources, and life cycle inventory calculations is

available in A1.

RESULTS AND DISCUSSION
1. Synthesis and separation

Plasma techniques are often viewed as a greener option than pyrolysis methods as
they don’t produce direct gaseous emissions during synthesis [45]. However, this analysis
demonstrates that comparative environmental impact is dependent on how the carbon
precursor is transformed into the desired fullerenes by each of four synthesis methods of
interest: pyrolysis with either tetralin (1,2,3,4-tetrahydronaphthalene) or toluene as
feedstock and radio frequency (RF) or arc plasma with graphite as a feedstock. The carbon

material flow for each, per 1 kg of Cso produced, is shown in Figure 12.
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Figure 12: Material flow for the four synthesis methods (a) pyro-toluene, (b) pyro-tetralin,

(c) RF plasma and (d) arc plasma.
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As shown in Figure 12, pyro-toluene requires 228 kg of toluene to produce 1 kg of
Ceo with over 93% (194.1 kg) of the carbon being released as gaseous emissions. Since the
fullerenes result from an incomplete combustion process, carbon emissions depend on the
specific process conditions. In particular, conditions such as the temperature profile in the
reactor, the ratio of oxygen, and precursor used, will influence the amount and nature of
gaseous emissions. This is similar to what was recently measured for production of carbon

nanotubes [46], and therefore cannot be simply estimated.

Using tetralin instead of toluene reduces the amount of solvent required to produce
the same 1 kg of Ceo. It is important to note that the amount of C7 in the fullerene mix
depends on the hydrocarbon used as a carbon source. The amount of C7 that can be co-
produced while synthesizing 1 kg Ceo can be increased 20% when using tetralin instead of
toluene. In comparison, plasma methods generate mainly Ceo, and therefore, are not well
suited for synthesis of C7o.In particular, RF plasma produces almost 60% less C7o than pyro-

tetralin for the same 1 kg Ceo product.

While the carbon flow is informative on the efficiency of the process in terms of
products, wastes, and co-product yields, to adequately compare the various methods it is
necessary to consider the full life cycle, including raw material production and energy
requirement. Due to the unknown nature of carbon emissions that result from pyrolysis, it
is not yet possible to fairly compare the four production methods using midpoint impact
assessment categories (e.g., carbon footprint or human toxicity). Instead, this study
calculates the embodied energy (the total of all direct and indirect energy inputs), to

characterize the life cycle impact of fullerene production.
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Previous work on estimating the life cycle energy of fullerenes has only considered
direct process energy for plasma [42] or embodied energy of the carbon feedstock [42-43]
for pyrolysis synthesis techniques, using in most cases outdated production methods. (A1).
By comparison, this work quantifies embodied energy inclusive of all upstream inputs and
is based on production methods published in the last five years. Figure 13a shows the
embodied energy disaggregated by process step for all four synthesis methods. (Inventory
data is available in Al1). It is evident that pyrolysis methods have a much lower energy

impact than plasma methods by nearly an order of magnitude.
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Figure 13: (a) Embodied energy of 1 kg of Ceo after synthesis and separation, as produced
by pyrolysis (tetralin and toluene) and plasma methods and (b) contribution of various
components for the total embodied energy for each type of synthesis methods after

fullerenes separation.

Previous estimates of the embodied energy for Ceo produced using the same pyro-
toluene process were 48% lower (8.8 GJ/kg) [43] than our current estimate (Figure 13).
This discrepancy is due in large part to the more comprehensive system boundary used

here (including direct and upstream energy inputs) for both the synthesis with pyro-tetralin
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and separation steps required to obtain the separated C¢o and C7o fullerenes. By including
this level of detail, it becomes obvious that the separation step for pyrolysis methods cannot
be neglected. As previously illustrated in Figure 12, the amount of fullerenes that can be
extracted from the carbon soot is less than 30%. Due to the low solubility of fullerenes in o-
xylene, a large amount of organic solvent is required. While most of the solvent can be
regenerated, the energy associated with solvent production, solvent regeneration, and
separation electricity increases the total embodied energy for pyro-toluene from 11.5 (after
synthesis) to 17.0 GJ/kg Ceo (after separation). Similarly, the separation step is significant
for the pyro-tetralin process, as the embodied energy increases from 8.2 to 12.7 G]/kg Ceso

with its inclusion.

When disaggregating the various contributors to the total embodied energy (Figure
13b), the carbon feedstock for pyrolysis is the largest component, but accounts for around
50% of the total embodied energy. The other part of the combustion reaction is the high
purity oxygen required to improve the fullerene yield [47], which accounts for 10% of the
embodied energy. These results suggest that studies that only include feedstock energy may
underestimate the total energy intensity of fullerene production. Furthermore, the results
are consistent with our findings from Figure 13a on the importance of including the
separation stage. Figure 13b also shows that solvent production and solvent regeneration

account for 30% of the embodied energy of fullerenes produced when using pyrolysis.

In the case of plasma synthesis, an updated set of techniques with improved yields
for Ceo were used as the reference (see Al). The overall embodied energy for arc is 88.6
GJ/kg Ceo while it is 106.9 G] /kg Ceo for RF, which is similar to previously calculated values

[42]. The direct electricity consumption is still the most important component and accounts

27



for up to 92% of the embodied energy of Ceo produced using arc plasma. In the case of RF
plasma, however, the electricity is 67% and the required argon and helium gases represent
29% of the total embodied energy. While the overall embodied energy might seem similar
with previous “outdated” results (see A1), including details about all input materials allows
identification of critical inputs where greatest resource reduction could be achieved and fair
comparison between processes. The inclusion of plasma gases in the life cycle assessment

makes RF plasma the most energy intensive technology, rather than the arc plasma method.

2. Purification

Synthesis and separation are only the first steps of functional fullerene production,
as higher purity material is required for commercial applications. Therefore, the true
embodied energy in a product is related to the solvents, chemicals, and electricity required
to isolate the purified product. Based on the best-case synthesis scenario (pyro-tetralin), the
impact of purification on the embodied energy of fullerenes is further illustrated in Figure

14, which shows how the embodied energy of Ceo and C7o varies at different product stages.
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Figure 14: Embodied energy for Ceo and C7o products as a function of product stage.
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The grey region illustrates the typical purity onset required for electronic grade
applications like organic solar cells. C7 is produced along with Ceo in the carbon soot for
each of the synthesis methods, albeit in ratios varying relative to the synthesis technique. As
shown in Figure 12, the pyro-tetralin technique produces the largest ratio of C79/Ceo. Since
C7o is more difficult to separate from the other higher order fullerenes than Ceg, 2.6 kg of C7o
after separation is required to produce 1 kg of high purity C7o (after 2nd purification) while
only 1.7 kg of Ceo is required for an equivalent amount of high purity material. The super-
linear increase in embodied energy with purification is to be expected for fine chemicals
[29], like modified fullerenes, intended for use in next-generation applications. The
embodied energy is an indicator of the cost of a product and a similar trend in price can be
observed for Cgo, with typical price increases from $31 to $59/g from 1st to 2nd purification
(See A1). For Cyy, prices are significantly higher and increase from $258 to $338/g for the
same purification steps, therefore indicating the increased difficulty in producing larger
fullerenes. The purification steps double the embodied energy for Ceo and triple it for Cro,
making clear that both fullerene size and purity of the materials are essential specifications

to estimate embodied energy of these nanomaterials.

3. Functionalization

While a high degree of purity is required for most electronic applications, in certain
cases there is an additional need to modify the fullerene structure to increase utility. This is
the case for fullerenes used in organic solar cells (Figure 10e), which need to have high
purity to avoid impurity trap states, but also need to be modified to PCBM to increase
solubility for solution processing and device viability. The additional embodied energy
associated with each of the various chemicals, solvents, and solvent regeneration steps

further increases the embodied energy up to 64.7 GJ/kg for Ceo-PCBM; more than five-fold
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greater than embodied energy calculated for Ceo synthesized by pyro-tetralin. Although
considerable research has utilized Cso-PCBM for organic solar cells, recent results show that
C70-PCBM can promote higher device efficiencies [48], thereby increasing interest in the
larger fullerenes. Figure 15 illustrates the contribution from each component along the
complete process required to produce either 1 kg of Cso-PCBM or C70-PCBM. Due to the
increased energy intensity associated with purification and the functionalization reactions,
the embodied energy of C7-PCBM is 90.2 G]J/kg as compared to 64.7 GJ/kg for Ce-PCBM.
Therefore, each modified fullerene has a significantly different embodied energy, which in
turn influences the embodied energy of the product in which they are ultimately

incorporated. (Inventory results for various fullerenes are available in A1).
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BROADER IMPLICATIONS

The cradle-to-gate assessment of fullerene embodied energy reported herein not
only serves to characterize the environmental impact of these materials, but at a broader
level also illustrates the methodological considerations essential for LCA studies conducted
on nanomaterials. Regarding the first point, it has been shown here that pyrolysis
techniques are a preferable alternative to plasma techniques on the basis of producing
fullerenes with the lowest embodied energy. Although the scope of this study was limited to
embodied energy, future work on the combustion products from pyrolysis can expand this
analysis to include environmental or health impacts such as global warming potential and

carcinogenicity, all of which may change as a function of synthesis conditions.

This work also illustrates the impact of purification and modification of fullerenes
on the embodied energy of a specific product for electronic applications. Each process step
increases the amount of direct energy inputs, but also leads to material losses that require
additional raw materials. For example, using the embodied energy of C7o after separation
rather than after modification as C7-PCBM for organic solar cells would result in
underestimating the impact of C7-PCBM production by 85%. Such a knowledge gap has
been addressed here by broadening the range of inputs in the synthesis reaction as well as
considering the impact of purification and functionalization, which allowed differentiation
in the embodied energy of various fullerenes products. This points to an opportunity for
process innovation to increase yield and decrease solvent usage in each additional material

processing stage.

The embodied energy of all fullerenes are an order of magnitude higher than most

common chemicals, and therefore, are likely to influence the embodied energy of the
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product they will be used in, even though they might only represent a small fraction of its
total mass. For example, an aluminum/Cso composite has been developed for higher
strength applications [49] where 5% weight of Ceo is added to an aluminum matrix.
Considering the range of embodied energy for Ceo after separation to be between 12.7 and
106.9 G]/kg Ceo (Figure 13a), the embodied energy of the aluminum will increase from 137
M]/kg [50] to a minimum of 765 M]/kg, and could reach 5475 M]/ kg for the composite, if
fullerenes were synthesized using RF plasma. In the case of organic solar cells, while
fullerenes are undeniably essential for charge transport, they are only required in small

quantity compared to other materials.

For a typical organic solar cell (P3HT:PCBM), the fullerene would only account for
0.3% of the total weight according to previous work [51] and would be excluded based
upon recent reports using mass based cut-off rule [52-53]. However, in the case of the active
layer for an organic solar cell, the addition of Ce-PCBM 99.9% (pyro-tetralin) to the
polyhexylthiophene will increase the polymer embodied energy from 160 M]/kg [42] to 32,
400 M]/kg. Scaling this increase up to the level of the full device, fullerenes would then
represent up to 19% of the total embodied energy of the solar cell [51]. It is clear that the
high embodied energy of nanomaterials will have a significant impact on the final product
embodied energy, and therefore, cut-off rules based on mass should not be applied

routinely to simplify life-cycle assessment of products containing nanomaterials.
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V. LIFE CYCLE ASSESSMENT OF ORGANIC PHOTOVOLTAICS

Using the results from Chapter IV, the life cycle assessment (LCA) of various
polymers, small molecules, single and multi-junction photovoltaics, representing the best
devices efficiencies over the last five years is performed. The number of solar cells devices
analyzed in the present work using LCA increases from 1 to 26. While LCA is useful to
compare current technologies, it can also be used to compare alternative solutions. As an
example, the environmental impact of water-soluble organic photovoltaics is compared to
current technologies in section 5.2. The detailed information collected to generate the life
cycle inventory can also be useful to estimate the cost of the technology as shown in section
5.3. Additional information regarding input-output for chemicals used in the life cycle
assessment as well as supporting system information are available in A2 and A3,

respectively.

5.1. Cumulative Energy Demand for Small Molecule and Polymer Photovoltaics

INTRODUCTION

Since the maximum theoretical efficiency of a single junction organic photovoltaics
with a 1.5 eV bandgap is 13% [16], there is an increasing interest to pursue a multi-junction
approach where two or more devices are built on top of each other to absorb a larger
portion of the solar spectrum. While this approach can significantly improve device power
efficiency, it also increases the amount of processing and amount of material in a single
photovoltaic cell. A second approach is the development of low bandgap polymer, which
allows the absorption of a larger portion of the solar spectrum compared to polythiophenes
derivatives. The most successful method so far has been through the use of block

copolymers, which combines one electron-rich monomer (fluorene, carbazole, dibenzosiloe,
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benzodithiophene, etc.) and one electron-deficient monomer (benzodiathiazole,
diketopyrrolopyrrole,etc.) [54] which has produced an efficiency of 7.7% [55]. Although
significant progress in device efficiency is underway, there has been minimal effort to
assess potential negative impacts associated with their large scale production. It is
generally cited that organic photovoltaics have low environmental impact, or have the
potential to be inexpensive to produce [56-57] since they take advantage of solution
processing. For example, fullerenes are the most common acceptor molecule in organic
photovoltaics, and it has been suggested that they are an environmentally-friendly material
because of being made only of carbon [58]. However, as shown in Chapter 1V, fullerene
production is energy intensive [59], and will directly influence the cumulative energy and
environmental impact of organic photovoltaics. To evaluate the impact of OPV, life-cycle
assessment (LCA) can be used to evaluate the total environmental impact of a product from
raw material extraction to end-of-life. The first step requires the compilation of all materials
and energy input to create the life-cycle inventory (LCI). This inventory is then used to
characterize various impacts such as human health, ecosystems, climate change and
resource uses. While there have been life cycle studies on basic bulk heterojunctions made
of polyhexylthiophene and [6,6]-phenyl-C61 butyric acid methyl ester (P3HT: CsoPCBM) as
they were first developed [42, 60, 61] these reports underestimated the fullerene

contribution.

The present work applies LCA to OPV to compare products, materials and processes
during the development process which leads to solutions with lower environmental impact
as well as faster reduction in manufacturing cost. This work is unique from previous
studies in that it compares small molecules and polymer photovoltaics and examines

various methods used to increase power conversion efficiency such as the use of thermal
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treatment, interface layers, low bandgap polymer and the multi-junction approach. The
most recent device architectures are considered and updated embodied energy calculation
for newer and organic photovoltaic materials is calculated. In addition, the present LCA is
performed to determine if the additional processing steps and material used to create a
multi-junction photovoltaic are a sustainable tradeoff with the gain in device efficiency.
Another outcome of the present study is to quantify the energy associated with the
synthesis of low bandgap polymers which will likely be significantly higher than the original
P3HT. Overall, the results of this work provide a framework to identify critical steps in the
organic photovoltaic life cycle where the greatest reduction in resource and emissions could

be achieved.

METHODOLOGY

The LCA results are obtained from analysis using SimaPro® based upon existing
inventory data obtained from available databases and previously published primary
literature. Inventory data for chemicals not available in databases are estimated using
default values and stoichiometric reactions according to previously published guidelines
[28-29]. The life cycle impact of OPV is performed using the specific data from the life cycle
of fullerene production, semiconductor polymer, small molecule, and interfacial material
processing. Different donor/acceptor combinations are examined in conjunction with the
reported efficiencies and specific processing conditions. The life cycle assessment
characterization is done using the cumulative energy demand (CED) method using the
Ecoinvent electricity profile form the United States. CED has been shown to be correlated
with most environmental indicators [62-63] and since comprehensive data related to

environmental impact, in particular emissions in term of toxicology and releases, are rather
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scarce in the current inventories, it often provides a better estimate of the environmental

impact and informs indirectly on the expected costs.

1. Goal definition and scoping

The primary goal of this LCA is to compute the CED of various organic photovoltaic
technologies, including single junction small molecule and polymer photovoltaics as well as
the multi-junction counterparts which are responsible for the rapid increase in device
efficiency. A secondary goal is to examine the effect of specific processing conditions such as
the use of thermal treatments, interface layers, low bandgap polymers and the type of
heterojunction approach. The functional unit of this study is the CED to produce a power of
1 watt-peak (CED/Wp). As illustrated in Figure 16, the substrate (ITO coated PET), the
silver contact and encapsulation constitute the background system. The focus of this work is
the material used in the active and interface layers as well as the process energy associated
with the deposition and annealing of those layers. Devices illustrated in Figure 16,
represent the most complex case, where interfacial layers are used between each active
layer. Two types of interfacial layers are used: the electron blocking layer (EBL) and the
hole blocking layer (HBL). As illustrated in Figure 16, there is one active layer for polymer
photovoltaics but in the case of small molecules, the active layer is actually made of multiple

layers to create either planar or planar-mixed heterojunctions.
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Figure 16: Overview of the process flow for the production of organic photovoltaics and

active layer morphologies for polymer and small molecule photovoltaics.

2. Embodied energy of OPV materials

Organic photovoltaics (OPV) are made of high purity materials which comprise
newly synthesized materials (e.g. nanomaterials, novel absorbing dye conjugates, and block
co-polymers) with no existing life cycle inventory (LCI) data. Therefore, the first step is to
calculate the embodied energy of the materials on a gravimetric basis using life cycle
assessment from cradle to gate. In general, OPV materials fall into 3 categories: electron
accepter (e.g. modified fullerenes), donor (polymer and small molecule), and interfacial
materials (HBL and EBL). Fullerenes are the most common acceptor material and are used
directly with small molecules or after functionalization for improved solubility in polymer
photovoltaics. The embodied energy of fullerene production was previously calculated [59]
and will be included in the present work. In addition to methanofullerene derivatives

(PCBM and bis-PCBM), the impact of an alternative indene derivative recently synthesized,
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ICBA [64], is calculated for the first time since it has produced a higher efficiency (6.5% vs.

5.1%) as a replacement for CsoPCBM with P3HT [65].

Another factor in the recent increase in device efficiency can be attributed to the
development of suitable polymers with bandgaps that extend from the visible into the near-
infrared. The embodied energy of polyhexylthiophene (P3HT) [66] is compared to two
types of low bandgap block copolymers: a polybenzodiathiazole (PTCDTBT) [67] and a
poly(benzo[1,2-b:4,5-b’]dithiophene)s (PTB7) [68]. These two block copolymers are
selected based upon the demonstrated device efficiencies of 6.1 % and 7.4% for PTCDTBT

and PTB7, respectively.

Two classes of small molecules are compared, namely phtahlocyanines and
squaraines. Phthalocyanines (Pc) can be synthesized by reacting the desired metal chloride
with either phthalonitrile (to produce ZnPc, InCIPc, CuPc, PdPc, SubPc) or phthalic
anhydride (to produce AlPcCl) [24, 25]. The original Pc synthesis methods required
extensive high temperature reactions (i.e. > 180 °C for 4 hours), and considerable amounts
of solvent and catalyst. The newer methods developed largely for electronic applications,
employ high energy microwave reactors which allow for solvent-free reactions, while
producing a higher yield of Pc in a shorter amount of time and lowering the amount of
required purification steps [24]. Although Pc has shown tremendous potential, it is
typically processed using high vacuum equipment; therefore, a second type of small
molecule relevant for OPV is one that can be solution-processed for device fabrication. The
most successful to date based upon device efficiency is the squaraine derivative 2,4-bis[4-
(N,N-diisobutylamino)-2,6-dihydroxyphenyl]squaraine (SQ) produced through

condensation of an aniline intermediate with squaric acid [26].
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Various interfacial materials are used to improve the electrode contacts in order to
enhance charge collection of electrons and holes in organic photovoltaics. For organic
photovoltaics, the material inventory for solution processed TiOx used as a HBL [69] is
calculated in the present study, while previous published values are used for PEDOT:PSS, a
common EBL [42] and ZnO an alternative EBL [61]. In the case of small molecules, the CED
of bathophenanthroline (BPhen) [70], bathocuproine (BCP) [70] both HBL and Mo0O3, an

EBL [71] are each calculated.

3. Photovoltaics

Using the material cradle-to-gate life cycle inventory, the cumulative energy
required to fabricate photovoltaics with 1 watt-peak generation (CED/Wp) is calculated.
The focus of this work is the active layer and interface layers, therefore, the other
components are assumed constant for a given photovoltaic area. Table 1 provides
information about the reference values for the background system. The energy required for
evaporation is calculated for each type of photovoltaic structure considering the specific
conditions (i.e. material, thickness and complete structure) and is available in the SI. The
energy required for annealing is adjusted according to the specific temperature and
duration, based on previous study of large area photovoltaics produced through a roll-to-
roll process [61]. Since reported device areas are generally smaller than 0.2 cm? for both
polymer and small molecule photovoltaics, the efficiency of the solar panel is assumed 20%
lower than the best published efficiency. The area is adjusted to 85% to account for the non-

active area of a solar panel.
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Table 1. References and values for materials and energy commodities of the background

system used in the inventory analysis (adjusted for 85% active area)

Stage Details Embodied Energy Reference
(MJ/m2)
ITO coated PET Polyethylene terephthalate film 16.9 [72]
(130 um thick)
Sputtering 180 nm ITO 68.3 [73]
(including production ITO)
Contacts Printing Silver 4.9 [61]
Screen-printing 9.9 [61]
Encapsulation PET Covers + epoxy 11.7 [61]
Lamination energy 0.1 [61]

3.1 Sensitivity Analysis of OPV Fabrication

Sensitivity analysis is performed by varying single parameter values over realistic
ranges for the embodied energy of fullerenes, the amount of material used in the active
layer and the process energy for device processing. Details about the base case assumptions
and the range of values considered in the best and worst-case scenarios are given in Table
2. There are several prevalent methods to synthesize fullerenes, including plasma
techniques (arc and RF), as well as pyrolysis of carbon precursors [(toluene and 1,2,3,4-
tetrahydronaphthalene (tetralin)]. The main production method for fullerenes is pyrolysis,
[74] so accordingly the base case scenario assumes 90% of the fullerene mix from pyrolysis
with an equal weighting between carbon precursors (see Table 2). The best case scenario
assumes that all fullerenes are produced from pyro-tetralin, which was previously reported
to be the production method with the lowest embodied energy [59]. In comparison, the
worst case scenario increases the proportion of fullerenes produced from the two plasma

methods from 10 in the base scenario to 20% of the total mix.

The amount of polymer in the base case scenario is 0.3 g/m2 to produce a 100 nm

polymer layer. It is adjusted based on the optimal layer thickness for various photovoltaics
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assuming 85% active area and 10% loss according to optimized conditions [61]. For the
polymer as well as all the other variables in the sensitivity analysis, the best and worst case

scenarios correspond to +25% of the base case scenario.

The best small molecule material utilization efficiency reported is 50% and
corresponds to an optimized organic vapor phase deposition method [75]. Previous LCA
studies only considered aluminum evaporation and assumed material utilization from
16.7% [61] to 100% [42]. In this case, 40% is used as the base case scenario and the best
and worst are adjusted by 10%, accordingly. The base case scenario for slot-die coating is
based on previous values for large area production of organic photovoltaics [61] while the
energy consumption for evaporation is based on actual measured values, and is adjusted

using an energy consumption factor of +/- 25%.

Table 2: Scenarios for sensitivity analysis.

Best Base Worst
Fullerene mix %
(pyro-tetralin / pyro-toluene/ Arc Plasma / RF Plasma) 100/0/0/0 ~45/45/5/5 40/40/10/10
Polymer usage per layer (g/m?2) 0.225 0.3 0.375
Small molecules material utilization efficiency (%) 50 40 30
Slot-die coating (M]/m?2) 0.975 1.3 1.625
Evaporator energy consumption factor 0.75 1 1.25

3.2 Polymer photovoltaics

Polymer photovoltaics, are made by mixing the donor and acceptor materials to
form a bulk heterojunction in between electrical contact materials. Due to the low mobility
of the semiconducting material, the maximum thickness of the device is generally between
50-200 nm, therefore limiting the total amount of material being used. The initial
improvement from 3.5% to 5% using the same P3HT: CoPCBM combination was a result of

better processing conditions such as thermal annealing and solvent optimization as well as
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addition of interface layers to improve charge collection [76]. Specific solvents, annealing
conditions, and interface materials can significantly influence the analysis results. Figure
17a shows the structure of a typical single junction photovoltaic where the donor: acceptor
bulk heterojunction is changed using the various conditions described in Figure 17b. All
photovoltaics use PEDOT:PSS as an EBL which is commonly annealed at 150°C for 10
minutes [76]. For slot-die coating, the amount of solvent is calculated using a polymer
concentration of 1% weight in the coating solution. The impact of using TiOx as a HBL is

also compared for P3HT and PCDTBT-based devices.

ITO coated PET

e P

(a)
Donor Acceptor D/Aratio m (%) Solvent HBL (nm) Annealing Ref
Ceo PCBM 1/0.8 5.1 CB 150°C (30 min)  [77]
Ceo PCBM 1/0.8 5.0 CB TiOx (30) 150°C (10 min) [78]
P3HT Ceo bisPCBM  1/1.2 4.5 0-DCB 110°C (5min)  [79]
Ceo ICBA 1/1 6.5 0-DCB 150°C (10 min)  [65]
C70 ICBA 1/1 5.6 0-DCB 150°C (10 min)  [80]
PSiF-DBT Ceo PCBM 1/2 5.4 CB - [81]
PTB1 Ceo PCBM 1/1 4.8 0-DCB - [82]
C70 PCBM 1/12 5.3 0-DCB - [82]
C70 PCBM 1/2 5.5 0-DCB - [83]
PCDTBT C70 PCBM 1/4 61  o-DCB  TiOx (10) 780 EC(?;)OH:;?BI)* [84]
PIDTBT C70 PCBM 1/3 6.3 0-DCB - [85]
PTB7 C70 PCBM 1/1.5 7.4 0-DCB - [86]
PBDTTT C70 PCBM 1/15 7.7 CB - [55]
(b)

Figure 17: (a) Schematic of a single OPV bulk heterojunction between electrical contact
layers and (b) best devices efficiencies reported for various donor/acceptor combinations
with and without hole blocking layer (HBL). The solvent is in reference to CB is

chlorobenzene and o-DCB: is ortho-dichlorobenzene.

The impact of a solution processed multi-junction photovoltaic is compared for two

polymer bulk heterojunction multi-junction devices described in Figure 18b.
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PCDTBT: P3HT PFTBT : pBBTDPP2

1 (%) 6.5 49
Ref. [87] (88]
g Cell 1 Cell 2 Cell 1 Cell 2
PCDTBT: . . pBBTDPP2: Cso
17O contod PET D/A CooPCBM P3HT: C70PCBM |PFTBT:CéoPCBM PCEM
EBL (20 nm PEDOT:PSS) D/A ratio 1/3.6 1/0.7 1/4 1/2
Solvent CB C CB C /oDCB (1:1)
Active layer
thickness (nm) 130 170 180 125
EBL (20 nm PEDOT:PSS) HBL (nm) TiOx (20) TiOx (20) Zn0 (30)
HBL HBL HBL
. (10 min 80 °C) | (10 min 80 °C) | (10 min 80 °C)
Annealing EBL (10 min | Device (5min | EBL (10 min
140 °C) 160 °C) 140 °C)
(a) (b)

Figure 18: (a) Schematic of a multi-junction OPV bulk heterojunction between electrical
contact layers and (b) device structures considered based on best reported efficiencies and

processing conditions.

3.3 Small molecule photovoltaics

Small molecule photovoltaics use various combinations of thin heterojunction and
diffuse heterojunction structures prepared by deposition of multiple materials. The most
common type of small molecule employed is phthalocyanines which are deposited with Ceo
using thermal evaporation under vacuum, and typically without an EBL. The evaporation
process allows the molecules to self-organize, therefore, increasing the carrier mobility [26]

compared to polymers such as P3HT which requires annealing to increase long range order.

Recently, the solution-processable squaraine derivative 2,4-bis[4- (N,N-
diisobutylamino)-2,6-dihydroxyphenyl]squaraine (SQ) [26] has been synthesized and used
as an alternative to vacuum processed phthalocyanines devices. SQ photovoltaics have a
slightly different device structure since they require the evaporation of a 8 nm MoO3; EBL
prior to the deposition of the SQ using solution processing. The Ce¢o and HBL layers are

evaporated prior to thermal annealing at 110 °C for 20 minutes [26].
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Details about all single junction small molecule photovoltaics being analyzed are
available in Figure 19 a-b for planar and planar-mixed heterojunctions. Multi-junction
structures as illustrated in Figure 19c are made by successive evaporation of each layer. For
small molecule multi-junction, device efficiency has been shown to increase from 3.6 % for
a single junction chloroboron subnaphthalocyanine (SubPc) to 5.2% by adding a

chloroboron subphthalocyanine (SubNc) device [89].

ITO coated PET

L2

ITO coated PET PTCBI (5 nm)
Ag (0.1 nm)
ITO coated PET MoO3 (2 nm)
L4
HBL I - HBL I - HBL (10 nm BCP) I -
(a) (b) (c)
Donor L1 (nm) L2 (nm) L3 (nm) L4 (nm) HBL (nm) n (%)
Single junctions
AlPcCl AlPcCl (24) Ceo (40) BCP (10) 3.0 [89]
ClInPc ClInPc (20) Ceo (40) BCP (10) 3.3 [90]
SubNc SubNc (7.5) Ceo (40) BCP (10) 3.5 [89]
SubPc SubPc (22) Ceo (35) BCP (10) 3.6 [89]
ZnPc ZnPc:Ceo (1:1) (35) Ceo (25) Bphen (7) 39 [91]
ZnPc PdPc (15) ZnPc:Ceo (1:1) (20) Ceo (30 nm) BCP (15) 3.7 [92]
CuPc CuPc (20) Ceo (40) BCP (10) 3.7 [93]
CuPc CuPc (15) CuPc:Ceo (1:1) (10) Ceo (35 nm) BCP (10) 5.0 [93]
SQ SQ (6.2) Ceo (40) BCP (10) 4.6  [26]
Multi-junctions
SubNc + AlPcCl AlPcCl (16) Ce0 (20) SubPc (16) Ceo (20) BCP (10) 4.1 [89]
SubNc + SubPc SubNc (7.5) Ceo (16) SubPc (16) Ceo (20) BCP (10) 5.2 [89]

Figure 19: Schematic of (a) planar (b) planar-mixed and (c) planar multi-junction small
molecules devices and (d) structure considered for single and multi-junction small

molecules photovoltaics highlighted in grey represent the planar-mixed devices.
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RESULTS AND DISCUSSION
1. Embodied energy of OPV materials
1.1 Fullerenes

The most common acceptor molecules for organic photovoltaics are fullerenes,
either in their native form for small molecule photovoltaics or structurally modified (e.g.
PCBM, ICBA, etc.) for polymer photovoltaics. In the recent analysis, the fullerene embodied
energy from four production methods was detailed [59], and has been summarized in
Figure 20 for the three different sensitivity scenarios described in Table 2. As illustrated, C7o
structures (both native and functionalized) have consistently higher embodied energy than
Ceo ones. There are also significant differences between the modified and native fullerenes,
where the “Best” case PCBM scenario for each structure is higher than the worst case native
one (e.g. CcoPCBM is s more than double the embodied energy for pure Ceo). New analysis
calculation in the present work evaluates the Csp and C7o indene bisadduct (ICBA)[64]. The
comparison between PCBM and ICBA derivatives shows that the ICBA derivatives have a
dramatically lower embodied energy, on the order of 40% less for both Ceo and Cro
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