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Chapter 3

Environmental impacts of llI-V/silicon photovoltaics: life cycle
assessment and guidance for sustainable manufacturing

Abstract

Multijunction III-V/silicon photovoltaic cells (III-V/ Si), which have achieved record conversion
efficiencies, are now looking like a promising option to replace conventional silicon cells in future
PV markets. As efforts to increase efficiency and reduce cost are gaining important traction, it is
of equal importance to understand whether the manufacturing methods and materials used in
these cells introduce undesired environmental trade-offs. We investigate this for two state-of-the-
art I[I-V/Si cell design concepts using life cycle assessment. Considering that the proposed 11—
V/Si technologies are still at an early research and design stage, we use probabilistic methods to
account for uncertainties in the extrapolation from lab-based data to more industrially relevant
processes. Our study shows that even at this early stage and considering potential uncertainties,
the III-V/Si PV systems are well positioned to outperform the incumbent silicon PV systems in
terms of life-cycle environmental impacts. We also identify key elements for more sustainable
choices in the [II-V/Si design and manufacturing methods, including the prioritization of energy
efficiency measures in the metalorganic vapour phase epitaxy (MOVPE) process and a reduction
in the consumption of indium trichloride in spray pyrolysis.
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3.1. Introduction

The last few decades have seen a dramatic increase in global efforts to accelerate the
market penetration of renewable energy sources like solar photovoltaics (PV). It is well
recognized that the success of a technology in the PV landscape is highly dependent on
lowering the cost per unit of electricity generated (i.e., $/kWh). Such cost reductions have
come either from lowering manufacturing costs, or from increasing conversion efficiency
through technological innovation. Numerous alternatives to the conventional silicon-
based PV technologies have been introduced with the aim of minimizing the
cost/efficiency ratio. Alternative options to silicon-based PV include thin-film cadmium-
telluride (CdTe), copper-indium-gallium-selenide (CIGS)!, perovskite? organic®, dye-
sensitized*, and multijunction III-V cells®®. Yet, while the focus on $/kWh reduction is
driving innovation, it is equally important for the industry not to lose sight of the
environmental impacts of the proposed technological changes. In order to avoid undesired
environmental trade-offs, PV technology developers must constantly aim for the right
balance between cost, efficiency and environmental impacts.” Even more so in early
research and development stages, when more sustainable design choices are cheaper and
easier to implement.®

This balance between cost, efficiency and environmental impacts is especially relevant for
PV systems based on I1I-V solar cells. I1I-V cells use crystalline arrangements of elements
from groups III and V of the periodic table (e.g., arsenic, phosphorus, aluminium, gallium,
indium) to capture sunlight from parts of the spectrum outside of the physical limits of
silicon. Despite having achieved record efficiencies amongst the newer generations of PV
technologies®', the high production cost of I1I-V solar cells has so far restricted them to
niche applications, such as concentrators, and space and military missions.!"”'* One
possible way to reduce cost is to replace the germanium substrate that has been used as
a bottom cell with a silicon bottom cell instead (I1I-V/Si).!'** If such innovations become
scalable, I1I-V/Si solar cells could potentially take up a substantial part of the future PV
market.!""'* Rapid shifts in technology and materials, however, may also introduce
unforeseen environmental impacts, given that the manufacturing of the new generations
of [1I-V solar cells involves energy intensive processes, and requires the use of highly toxic
substances, such as arsine and phosphine. Small amounts of critical or scarce materials,
such as indium and gallium, are also consumed in the processing of these cells.'>¢

In light of the promising technical and economic outlook of III-V/Si PV, in this study we
complement the recent technological development efforts by assessing the life cycle
environmental impacts of state-of-the-art I1I-V/Si PV design concepts. In doing so, we
investigate whether the ongoing advances in these technologies may bring about
undesired environmental trade-offs. Our assessment is also meant to serve as an early
guidance for more sustainable design of III-V/Si PV cells that will eventually achieve an
optimal balance between cost, efficiency and environmental impacts.
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3.2.Methods

We applied the life-cycle assessment (LCA) method!”, which allows identifying and
quantifying the environmental trade-offs in globally distributed product systems.'® We first
defined the product system and its boundaries (section 3.2.1) and calculated the total
energy and material inputs and outputs of each production step (section 3.2.2). Next, we
assessed the impacts of the environmental inputs and outputs using life cycle impact
assessment models (section 3.2.3). We then interpreted the results by considering the
uncertainty and variability of the data and the influence on the results of various modelling
choices (section 3.2.4).

3.2.1. Product system definitions

We used 1 kWh of electricity generated in a slanted-roof PV installation as the basis (i.e.,
functional unit'®) to assess the environmental performance of the studied PV systems.
Choosing electricity generation (instead of a given area of solar cell, for example) allowed
us to account for the environmental benefits of higher cell efficiencies that require less
module area and infrastructure materials to produce the same amount of electricity.

A slanted-roof PV installation consists of solar panels, which contain the cells and the
balance of system (BOS). The BOS includes the AC/DC inverter, cables and other
supporting infrastructure necessary for the functioning of the installations. Multijunction
[1I-V/Si cells have different configurations of ultrathin layers of elements from groups III
and V of the periodic table (e.g., gallium, indium, arsenide and phosphide). These layers
constitute the top cells, which are placed on top of a silicon substrate, or bottom solar cell.
The top and bottom cells are designed to capture different wavelengths of the solar
spectrum, allowing them to convert more energy than conventional silicon cells. Some
additional intermediate III-V layers are required, e.g., for bonding and tunnel diodes that
act as interconnecting layers between sub cells. We modelled two different I1I-V/Si cell
designs based on lab-scale concepts of a 2-terminal [1I-V/Si cell that are being developed
by a team led by Fraunhofer ISE."% For a comparative reference we used the
conventional single-crystalline (single-Si) PV systems that dominate the current PV
market, based on data from the ecoinvent v3.4 LCA database.?' The three different cell
designs are presented in Figure 3-1.

The manufacturing of [1I-V/Si cells starts with the silicon wafer that constitutes the bottom
cell. This wafer is similar to the one used in commercially available single-Si PV and its
manufacturing process is well documented in the ecoinvent database.?' The silicon wafer
is then grinded and etched to prepare it for coupling with the additional I1I-V cells.?? After
grinding and etching, the cell is implanted with phosphorus and boron ions which are
generated by creating an arc discharge in phosphine and boron trifluoride gas. The ions
are then accelerated with specific energies to achieve the desired doping characteristics
(e.g., depth of ion concentration and quantity).
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This process is followed by annealing, a thermal treatment that helps to activate the
dopants and repair any damage caused by the ion implantation process. A passivation
layer, which reflects non-absorbed light back into the cell, is added to the backside of the
cell by atomic layer deposition (ALD) of a 10nm film of aluminium oxide (AlLOs). This is
followed by plasma enhanced chemical vapour deposition (PECVD) of a silicon nitrate
(SiNy) film of 70-100nm.

For the use phase, we considered a system lifetime of 30 years with no degradation, in line
with most LCA studies of conventional silicon PV systems. While stability has been a
sensitive aspect in LCA studies of some emerging PV technologies such as organic and
perovskites?, I1I-V multi-junction solar cells are well known for applications in space
where reliability is a key concern and significant tests are performed before a product is
qualified for a space mission.” I1I-V multi-junction cells are also significantly less sensitive
to impurities since the absorber thickness is only on the order of 1-3 ym compared to 100-
200 um for Si. This also relaxes the required diffusion length for photogenerated carriers,
an important quantity in any solar cell material. Furthermore, the crystals are formed at
high temperatures above 600°C and found to be very stable at operating temperatures up
to 120 °C and even above. III-V multi-junction cells have already been deployed in
concentrator photovoltaic modules where they operate at around 80°C with irradiance
levels up to 1000 suns. All these harsh conditions have not been leading to any significant
signs of degradation, making this technology very suitable for next generation
photovoltaics with high reliability.?6-2

We excluded electricity distribution, final disposal/recycling and other end-of-life (EOL)
options for the I1I-V/Si cells. We only focused on cradle to gate because the distribution
of electricity is not specific to the III-V/Si system, and it is still too early to understand
potential recycling options that may be applicable to the III-V/Si cells. We separately
discuss the potential implications of recycling in section 3.3.5.

The process flowcharts for each manufacturing route are presented in Appendix Figures
A-2.1 and A-2.2. The systems are split between the foreground, which includes new
processes specific to the III-V/Si technology, and the background, which includes all the
raw materials, transport, energy and ancillary services further upstream in the supply
chain.

3.2.2. Data collection

Input and output data for all background system processes was obtained from the
ecoinvent v3.4 database.*! For the foreground processes, we collected data directly from
technology developers and secondary sources such as scientific literature and technical
equipment / safety data sheets. We used average European electricity markets as
modelled in ecoinvent for all foreground electricity inputs and average global markets for
raw materials. Many of the processes for manufacturing the II1-V prototypes are still lab-
based, which could result in unrealistically high consumption of energy and materials. To
account for this, we used proxies or extrapolated data where possible in order to represent
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more realistic industrial-scale processes (e.g., use of in-line tools for wet chemical
processes instead of single-use baths). We then attached uncertainties to these
extrapolations and assumptions as described in section 3.2.4. The full life-cycle inventory
of inputs, outputs and data sources for each of the foreground processes is presented in
Appendix A-2, along with the corresponding calculations and assumptions.

3.2.3. Impact assessment

The life-cycle impacts were calculated following the methods recommended by the
International Reference Life Cycle Data System (ILCD).?* We calculated impacts across
all impact categories recommended by ILCD, including climate change, human toxicity,
freshwater ecotoxicity, ionising radiation and depletion of mineral resources (see section
3.3.1).

3.2.4. Uncertainty analysis

For emerging technologies, it is often the case that data is unavailable due to commercial
sensitivities, is not fully representative as it may be based on lab-scale processes, or can
only be expressed as ranges as the technology has not been fine-tuned.®*® Table 3-1
summarizes the key processes in the foreground with high uncertainty and the parameters
used to characterize them. For the background system, we incorporated the uncertainty
information supplied by the ecoinvent v3.4 database.*’ We performed an uncertainty
analysis by running 1000 Monte Carlo simulations for each alternative PV system.*> We
used a dependent sampling method, which takes the same random values for parameters
in processes that are shared by the alternative systems in each Monte Carlo run. This
method provides a more realistic comparison and avoids over or underestimation of
variance in the LCA model’s ouputs.®® We then tested the significance of the difference in
impact scores between each alternative PV system using the modified null hypothesis test
method proposed by Heijungs et al.**. For this we used the calculation tools for significance
testing in LCA developed by Mendoza-Beltran et al.*®

3.3.Results and discussion

3.3.1. Environmental profile

Figure 3-2 shows the impacts of the [1I-V/Si PV systems, taking the single-Si PV system
as a comparative reference (100%). The III V/Si systems have lower scores than the
single-Si system across all impact categories except for ionizing radiation and mineral
resource depletion (concept B only). The high radiation impact, however, is a consequence
of choosing the average European electricity market for the foreground processes, where
countries like France and Ukraine contribute significant amounts of nuclear energy. It can
also be seen that there is only a very slight difference between the direct growth (concept
A) and the bonding (concept B) methods used to manufacture the I1I-V PV system, across
all impact categories except mineral resource depletion.
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Table 3-1 Uncertainty parameters for foreground data

Parameter Mode Criteria
Hazardous gas 7.65 kg Max value obtained from
abatement — mass of empirical lab results. Min
granulate consumed value based on expert opinion
per mass of gas inflow (Fraunhofer ISE, personal

communication). Mode set as
max for worst-case scenario.
GaAs substrate 70% Based on Lichtensteiger
manufacturing — (2015)%? and Eichler (2012)%.
process losses during Mode set as max for worst-
wafer slicing and case scenario.
polishing
GaAs substrate 550 ym Based on expert opinion
thickness (Joanneum, personal
communication).
Equipment electricity 75% We assume equipment not
consumption — always operates at full power,
calculated as power which is especially the case
input (kW) * operating for heating.
time (h)
Energy and mass Reported We take the value just as
inputs — taken from value reported in the technical
technical spec sheet specifications sheet.
Energy and mass Reported We take the value as reported
inputs — taken from value in the brochure but add
commercial brochure uncertainty that can arise
from applying the technology
in different conditions.
Solvent quantities — —30% of Much larger efforts are placed
taken from peer- reported on recycling of solvents in
reviewed scientific value industrial scale.
literature, patents &
third-party lab
protocols for chemical
synthesis
Reactant quantities — Reported Reactants are needed in
taken from peer- value stoichiometric quantities.

reviewed scientific
literature, patents &
third-party lab
protocols for chemical
synthesis
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CJ I-V/Si Concept A - Direct Growth
IIl-V/Si Concept B - Bonding
(1single-Si - Reference

Figure 3-2 Comparative impact results of [1I-V/Si PV systems manufactured using both I1I-V/Si concepts
and commercial single-Si (slanted-roof) as modelled in ecoinvent v3.4. AC: acidification; CC: climate change;
FET: freshwater ecotoxicity; FEU. freshwater eutrophication; HTC: human toxicity, cancer effects; HTNC:
human toxicity, non-cancer effects; IRH. ionising radiation, human health; LU: land use; MEU: marine
eutrophication; MRD: mineral, fossil and renewable resource depletion,; OD. stratospheric ozone depletion;
PM: particulate matter; POZ: photochemical ozone formation, TEU: terrestrial eutrophication; WRD. water
resource depletion.

3.3.2. Key process contributions to impacts
3.3.2.1.  Climate change

The individual process contributions to the climate change impacts of the III-V/Si
(concept A) and single-Si systems are shown in Figure 3-3. Process contributions smaller
than 1% are not shown. The electricity consumed by the MOVPE reactor is the dominant
flow amongst the processes specifically related to the manufacturing of the III-V/Si cell.
Even though other processes require similarly high temperatures (e.g., annealing), the
throughput of MOVPE is much smaller.

Only 31 four-inch wafers are treated in a one-hour run, while over 100 four-inch wafers
per run are processed in the annealing furnace. In an MOVPE reactor, most of the energy
spent for heating is lost as radiation in the cooled reactor walls and heaters. At this point,
however, it is already challenging to increase the area throughput even more. Some
experiments have been made to change resistance heating for induction heating in the
past®, but these changes are not expected to create significant efficiency gains in the
overall process.

However, opportunities exist in the future to minimize the thermal mass that must be
heated and possibly optimize the source utilization efficiency. Higher growth rates and
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Figure 3-3 Relative contribution of economic flows and foreground processes to the total life cycle climate
change impacts of generating electricity with a reference single-Si PV system (left) and a III-V/Si PV system
(concept A — Direct Growth, right). BOS flows are indicated in blue, panel flows in grey.

shorter growth time would also result in important energy efficiency improvements. There
are some more developed MOVPE tools that already exist in the market like the Aixtron
R6 that can handle more than 100 two inch wafers or 31 four inch wafers per run.*” Recent
production type Planetary Reactors® can automatically load/unload 5x200 mm wafers.
We further investigate the effects of this potential improvements in section 3.3.4.1.

The manufacturing of the silicon wafer is another dominant process for both III-V/Si and
single-Si systems. Here, however, the III-V/Si PV systems draw an advantage from the
reduced area required per kWh, which greatly reduces silicon but also panel and balance
of system material requirements. The inverter’s contribution is not offset by the smaller
area because it depends on the power, so its contribution is equal in both III-V/Si and
single-Si systems.

Notably, the consumption of ultrapure gases is not an important contribution and, in most
cases, falls below the 1% threshold (except for hydrogen and TMGa which contribute 2.06
and 1.15% of the total impact respectively). This is also the case for the front contact
metallization. While the manufacturing of engineered nanoparticles does require
additional processing energy and materials vs. the bulk silver paste®, the smaller quantity
of metal that is used in the nanoink-printed contacts appears to offset the impacts vs. using
conventional metallization pastes.

3.3.2.2.  Human toxicity, non-cancer effects

Copper feeds are the most important contributors to human toxicity impacts for both III-
V/Si and single-Si systems Figure 3-4. Copper is mainly consumed in the inverter and
electrical installation, both of which are BOS components and not related to the 11I-V/Si
or single-Si cells. MOVPE also has an important contribution to the toxicity impact
categories as well, due to the large fraction of the electricity mix in the average European
market that is coal based. Coal mining releases zinc, nickel, copper and other metal
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Figure 3-4 Relative contribution of economic flows and foreground processes to the total life cycle human
toxicity (non-cancer effects) impacts of generating electricity with a reference single-Si PV system (left) and a
1II-V/Si PV system (concept A — Direct Growth, right). BOS flows are indicated in blue, panel flows in grey.

emissions to water during the treatment of coal mining spoils, resulting in an important
contribution to the total impact. In comparison to these life cycle impacts, the contribution
of hazardous waste treatment of arsine and phosphine gases is very small (1.8%).

3.3.2.3.  Freshwater ecotoxicity

The freshwater ecotoxicity impacts of both III-V/Si and single-Si systems are largely
dominated by the metal components in the BOS. Here, the largest contributor is the
treatment of scrap copper waste from the electrical installation. Copper as an input raw
material also has important contributions to the installation of inverters. The use of toxic
hydride gases in MOVPE again has a minor contribution in this category (5%), where the
relevant contribution mostly derives from the coal-based fraction of electricity consumed.
Powering the MOVPE reactor with a renewable source of electricity could reduce
freshwater ecotoxicity impacts by up to 4%.

3.3.2.4.  Mineral resource depletion

In this impact category, the bonding concept (B) performs considerably worse than
the direct growth concept (A) and the single-Si reference systems. In concept B, the
largest contributions to resource depletion result from the consumption of indium
(47%), tantalum (25%), cadmium (6%) and silver (5%). The consumption of indium
occurs mainly during the spray pyrolysis process which consumes indium
trichloride in the solution. Tantalum is entirely consumed in the inverter, which is a
BOS component required for all systems. Tantalum could also be used as anti-
reflection coating layer; however, we have considered titanium dioxide instead. The
other important components are the aluminium alloy for the panel and arsine.

Notably, the contributions to resource depletion from gallium and indium consumed
in the MOVPE process are negligible in comparison. This may be attributable to the
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low quantities of metalorganic precursors required per cell and the high precursor
efficiencies achieved in the Aixtron reactor we modelled (gallium: 38%, indium:
27%, aluminium: 38%). To put these values in perspective, we calculated the
consumption of these metals (both identified as critical materials by the European
Commission'®) for a large-scale yearly production of 1 GWp of 11I-V/Si cells. Such
large-scale manufacturing would consume 818 kg of indium per year. The global
refinery production of indium was 760 tonnes in 2019 (estimated).*® Therefore, the
[11-V/Si market would demand 0.1% of current global supply.

On the other hand, manufacturing 1 GWp of III-V/Si cells would consume
approximately 80 tonnes of gallium, ca. 25% of the current world production of
primary gallium (320 tonnes in 2019, estimated®®). The reason behind the low
impact score of gallium in this category is that the ILCD impact assessment method
we used is based on a rough estimate of total gallium reserves rather than
production®!. According to the U.S. Geological Survey, gallium contained in world
resources of bauxite can exceed 1 million tons, and a considerable quantity is also
contained in zinc resources.*® Various authors have investigated the criticality of
gallium and noted that current supply is still much lower than its actual potential.*>43
As a result, such an increase in demand for III-V/Si cells would not necessarily
compromise exploitable reserves, but could significantly change the future supply
and market dynamics for gallium.

3.3.3.Uncertainty analysis

Figure 3-5 shows the results of the Monte Carlo simulations and presents the
difference in impacts between the conventional single-Si systems and the III-V/Si
systems. The positive values indicate a larger impact of single-Si. The Monte Carlo
results show that the III-V/Si PV systems are overall likely to perform better
environmentally than the commercial single-Si systems modelled in ecoinvent. In
most cases, positive results appear to fall well within 75% confidence intervals. The
exceptions to this are the impact categories of ionising radiation, where both III-
V/Si systems perform worse than single-Si by a factor of between 1 and 2, and
resource depletion, where concept A (direct growth) performs worse by a factor of
around 0.1-0.5. It can also be seen that concept A performs slightly better than
concept B (bonding) in all impact categories, although the difference appears to be
relatively small (except for the resource depletion impact category). The modified
null hypothesis test with an alpha value of 0.05 further confirmed the statistical
significance of these differences.
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Figure 3-5 Monte Carlo simulation results for comparative impacts of I1I-V/Si PV systems vs. the reference
single-Si PV system. Values are normalized to the deterministic impact score of the reference single-Si PV
system. Positive values indicate a better performance of the I1I-V/ Si systems. The middle line shows the

median, the bottom and top edges of the box indicate the 25th and 75th percentiles respectively. The whiskers
show minimum and maximum values, with outlier points removed.

3.3.4.Sensitivity analysis
3.3.4.1. Technological advances and supply chain optimizations

The reference single-Si PV system from ecoinvent v3.4 is representative of
technologies installed before the year 2010.2' However, several technological
advances in single-Si PV have been made since then. For example, the aluminium
back surface field (Al-BSF) technology has given way to the passivated emitter and
rear contact (PERC) cells resulting in higher module conversion efficiencies.* There
have also been considerable optimizations in the energy and materials used in the
silicon supply chain, as well as in metallization, module and balance of system
components.*® These optimizations can also be expected to benefit the 11I-V/Si PV
systems, but to a lesser extent. We therefore tested how these improvements could
affect the comparative advantages and disadvantages of the I1I-V/Si PV systems
vs. newer PERC single-Si systems.

As shown in Figure 3-6, the improved supply chains for silicon and BOS reduce the
comparative climate change impact score of the reference single-Si system (Al-BSF)
by 34%. These same material reductions lower the climate change impact of the
I1I-V/Si systems by 24% because of the smaller impact of the silicon bottom solar
cell and the improved panel and BOS infrastructure. Further implementation of
PERC technologies and raising single-Si module conversion efficiencies to 17, 18
and 19% result in additional reductions of 13.3%, 2.7% and 2.3% respectively.

It is also expected that the fabrication of the III-V layers in the I1I-V/Si tandem cell
will improve with the maturity of the technology in the future.’** One of the largest
contributions to the climate change impact is the energy consumption during the
MOVPE process, which currently accounts for 8.8 kWh for one single 156x156 mm?
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wafer. This consumption was estimated based on a pilot MOVPE reactor design
that can process 31 x 4-inch wafers per hour. By comparison, some modern day
silicon chemical vapour deposition (CVD) reactors can process over 1000 wafers
per hour®, with energy consumptions as low as 0.014 kWh per wafer. If a similar
performance is achieved with the III-V/Si process, this could result in an energy
reduction in MOVPE of more than 99%, making the impact contribution of MOVPE
almost negligible.

Figure 3-6 shows how such expected reductions in MOVPE energy consumption
would decrease the comparative climate change impact score of the III-V/Si
systems. There is roughly a 5% total impact reduction for each 30% MOVPE energy
efficiency improvement. In the best scenario with negligible MOVPE energy
consumption, the climate change impact score of the II1I-V/Si PV system comes
down to 38 g CO.eq per kWh electricity generated. In such situation, I1I-V/Si
systems would perform better than the most advanced PERC Si systems in all
impact categories except ozone depletion and photochemical ozone formation. In
the former category, a small disadvantage (~3%) remains attributable to the methyl
chlorides required for the production of metalorganic compounds. In the latter
category, the remaining disadvantage (~5%) is attributable to the hydrogen gas
consumed in the MOVPE process. Similar graphs for other impact categories are
provided in the Appendix Figure A-2.2.

Next to energy efficiency improvements and increased throughput in MOVPE,
external policies to increase the participation of renewables in the European energy
mix can have an equally important effect. If we take the 2040 projections in the
Sustainable Development Scenario proposed by the International Energy Agency®,
with 73% renewables, 16% nuclear, 10% natural gas and 1% coal, the contributions
to climate change and human toxicity impacts from MOVPE alone would be
reduced by more than 90%.

2009 Al-BSF 2009 l1I-V/Si (E,,,= 8.8 kWh/waf)

2015 AI-BSF 2015 llI-V/Si (E,,, = 8.8 kWh/waf)

2015 PERC n=17% 2015 llI-V/Si (E,,, = 6.2 KWh/waf)

2015 PERC n=18% 2015 HI-V/Si (E, = 3.5 kWh/waf)

2015 PERC n=19% 2015 II-V/Si (E,,, = 1.0 kWh/waf)

Technological improvements

2015 llI-V/Si (E,,,= 0.0 kWh/waf)

100% 80% 60% 40% 20%

Figure 3-6 Change in climate change impact scores as a result of technological improvements. 2009:
Reference data (2009) for silicon, module and BOS supply chains from ecoinvent v3.4; 2015: Updated IEA
PVPS data (2015) for silicon, module and BOS supply chains, n: module efficiency; Ewr.: Energy
consumption of MOVPE process per wafer.
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3.3.4.2. Hazardous gas abatement

One parameter that is highly uncertain due to unavailability of data is the hazardous
gas abatement process for MOVPE exhaust gases. The consumption of adsorbing
granulate in this process was calculated from an experimental run conducted by
Fraunhofer ISE in Freiburg, Germany. However, the precise granulate composition
is undisclosed by the manufacturer and we used secondary data from literature.’!
We tested this assumption by modelling an additional worst-case scenario where
the granulate had a composition of 80% copper oxide and 20% activated silica. We
also assumed that none of the granulate is recycled or regenerated, which is not a
realistic situation as important efforts in the industry to recover copper content are
already being applied. With this setup, the increase in climate change impacts is
negligible, and for freshwater ecotoxicity the impact of the hazardous waste process
increased by 4%. For human toxicity, the impacts are more significant, and showed
an increase of nearly 12%. These increases are mostly attributed to the
consumption of copper oxide for preparation of the adsorbent granulate. In this
worst-case scenario for hazardous waste, 11I-V/Si still outperforms single-Si with an
18% lower impact score. Reducing the amount of copper in the granulate may be
an effective way to balance the impacts of increasing adsorbent requirements.

3.3.4.3. Carrier gases and inert atmospheres

Carrier or inert gases for processes like MOVPE, PECVD, ion implant and annealing
are consumed in large volumes. Therefore, any change in their quantities or
environmental profile could propagate throughout the whole system. Some authors
have argued for the technical and environmental advantages of hydrogen over
nitrogen for MOVPE®**3, but overall there appears to be some room for flexibility.
Based on our model, nitrogen performs better than hydrogen in terms of climate
change by a factor of approximately 3 (1.04 vs. 0.32 kg CO.eq per m? of gas). It also
performs better in terms of photochemical ozone formation and particulate matter.
In all other categories, it performs worse by an equal factor of 3. This indication
appears unaffected by the different purification processes required for each gas.

The sourcing of these carrier and inert gases also merits closer inspection from an
environmental perspective. We tested two options for hydrogen; on-site generation
with a proton exchange membrane system (PEM) and procuring of commercially
available liquefied hydrogen produced off-site via steam methane reforming (SMR).
The latter option scored better by a factor of almost 3 in terms of climate change
(2.77 vs 1.04 kg CO,eq per cubic meter of gas) and by a factor of approximately 25
in terms of human health and freshwater ecotoxicity. The poor performance of the
PEM system is related to the coal-based fraction of the energy mix. However, this
could change significantly if the PEM system is powered with renewable electricity.
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3.3.4.4. GaAs substrate (bonding method only)

The vertical gradient freeze (VGF) crystal growth method for GaAs substrates is
quite energy intensive. It also consumes much more gallium because the substrate
is considerably thicker than the I1I-V layers (by two orders of magnitude). Therefore,
the reuse rate that is achievable for this substrate will be of high importance. There
is a realistic potential for reuse >100 times, in which case the GaAs substrate would
only be a minor contribution to the overall environmental footprint (ca. 2 g COzeq
or 3% of total contribution). If the recycling rate falls to 30 times, the GaAs substrate
would add 7 g COzeq, or 9% impact contribution. In this pessimistic scenario, the
climate change impacts of the III-V/Si system would still be 20% less than the
reference single-Si system.

3.3.4.5. Laser treatment vs. wet chemical processing

The laser processes involved (epitaxial lift-off and front-contact sintering) have also
been attempted using wet chemical processing. We compared both alternatives to
investigate whether there is an overall preference for laser-based methods, which
are mostly dependent on energy inputs. For the lift-off process, the laser treatment
contributed 1 g COzeq (ca. 1.5%), while a chemical treatment using approx. 1.4 gr
of hydrogen fluoride per wafer would only contribute 0.17 g CO;eq. (ca. 0.2%).

In sintering the nanoink-printed front contacts, the laser treatment contributed a
negligible amount to all impact categories. We modelled an alternative lab-based
process for chemical sintering of the nanoink, using 50 mL of formic acid, 5 mL of
ethanol and 42 L of ultrapure nitrogen to sinter a 1 cm? sample. This process would
contribute an additional 0.2 kg COzeq. to climate change, multiplying the total
impact of the III-V/Si systems by a factor of nearly 3. An industrial setup for such
process would have to be able to sinter a cell area 60 times larger using the same
quantities of chemicals in order to keep the impact contribution within 5%. This
suggests that laser sintering is a clearly preferred method from an environmental
perspective.

3.3.4.6.  Silver vs. copper nanoink for front contacts

Silver nanoink showed a slightly higher impact (+1-3%) than copper in most impact
categories, when using the laser-based sintering method. However, these small
relative differences would not make a noticeable change in the overall impact of the
I[TI-V/Si PV systems. On the other hand, silver nanoink can be sintered by thermal
treatment in open air, i.e., it would not require the use of formic acid, ethanol and
nitrogen. Therefore, if the chemical sintering method is chosen over laser sintering,
then silver nanoink would be a much better option.

3.3.5. Potential recycling of llI-V materials

The environmental benefits and technical feasibility of recycling important
quantities of materials like glass, aluminium and silver from conventional silicon PV
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modules have been discussed by various authors.** However, even after many years
there are still important economic barriers hindering this and today only
approximately 10% of silicon PV panels are recycled.” 111-V/Si cells could present
additional technical and economic challenges because of the complexity of the
crystalline layers. Yet it may still be the case that waste management regulations or
constricting markets promote the case for recycling of critical elements like gallium
and indium from III-V/Si cells.

Scant work has been conducted to date on recycling of III-V cells, but significant
work has been published on recycling of light-emitting diodes (LEDs) which have
similar compositions of I1I-V materials and are also grown via MOVPE.*®! These
methods, which include combinations of mechanical, chemical and thermal
processing, have been able to recover more than 90% of gallium and indium. Yet
they tend to be quite energy intensive, in some cases requiring processing
temperatures of up to 1000°C to be sustained for long periods of time. A detailed
assessment of such options is out of scope for this work, but some preliminary
calculations can help to set expectations. Each modelled III-V/Si cell contains
approximately 2.3 mg of indium and 220 mg of gallium (for concept A). Sourcing
these quantities from virgin product adds a CO; footprint of 0.7 and 54 g COzeq
respectively. These amounts set an upper threshold for the carbon emissions of the
proposed recycling processes if environmental benefits are to be derived. For a
comparative reference, annealing 100 cells at similarly high temperatures for 1 hour
added 40 g CO,eq per cell. Therefore, beyond criticality considerations discussed
in section 3.3.2.4, it seems challenging for the recovery of I1I-V materials to deliver
significant environmental benefits.

An additional incentive for recovery/recycling of III-V materials from the cells
could be the avoidance of possible leaching of toxic arsenic compounds to soil and
groundwater. Following a similar calculation as before, each III-V/Si cell contains
360 mg of arsenic. In a pessimistic scenario where the entirety of arsenic leached
and infiltrated into groundwater, this would raise the freshwater ecotoxicity impact
of the II1-V/Si systems by roughly 260%. Note however that this is highly unlikely
since the arsenic would be contained in a III-V crystal lattice and would be much
less soluble under normal atmospheric conditions.

3.4. Conclusions

We can conclude that the environmental outlook of III-V/Si PV systems looks
promising if module conversion efficiencies of 28% or above can be reached with a
cost competitive product. Our results demonstrate that the higher conversion
efficiency of 1II-V/Si tandem cells can indeed compensate for the impacts of the
additional processes and materials used in its manufacturing. Since the operation
phase of the III-V/Si system has negligible environmental inputs and outputs, the
impacts are almost entirely (>99.99%) embedded in the infrastructure. The
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infrastructure increases proportionally to the total module area required for the
generation of 1 kWh, and the cell area is inversely proportional to cell efficiency.
This creates a strong negative correlation between cell conversion efficiency and
environmental impact, which reduces not only the impacts of the 11I-V/Si cell but
also of the smaller panel framework and mounting system needed to produce the
same amount of electricity.

We further showed through a sensitivity analysis that, factoring in technological
advances of the past decade for single-PV and further process optimizations during
upscaling of [1I-V/S], the difference between both systems may eventually become
narrower. In such a scenario, the deciding factors may then turn to limitations like
space availability in urban areas (favouring III-V/Si) or criticality of specific
materials like gallium (favouring single-Si).

Having probed every processing step and their commercially and technically viable
alternatives, our investigation produced several important takeaways for III-V
technology developers to prioritize in their designs. First, energy efficiency
measures in the MOVPE process are the most effective way to improve the
environmental profile of III-V PV technologies. Additional room for noticeable
improvement in CO, footprint is in the thermal processing, where rapid thermal
annealing or other more energy efficient methods can be pursued. Second, with
respect to hazardous gases like arsine and phosphine, we have found that the toxic
impacts (from an LCA perspective) are mostly attributed to the use of (primary)
copper in the scrubber granulate that is required to absorb the gases. This is due to
the fact that, under standard operating conditions, negligible quantities of arsine and
phosphine are emitted directly to the environment.

Mining copper for the granulate does result in direct environmental emissions of
heavy metals and other pollutants. Therefore, the industry’s increasing focus on
reusing copper in adsorbent granulates is well placed in order to manage the use of
these gases sustainably. Third, on-site generation of carrier gases is only preferable
when the electricity source powering the systems is mostly renewable. Fourth,
epitaxial lift-off and bonding is also an environmentally acceptable manufacturing
route insofar as GaAs substrate can be reused at least dozens of times, and the
indium trichloride consumption for spray pyrolysis can be reduced or alternative
adhesives proposed. In the bonding route, chemical lift-off is preferred over laser
lift-off. Finally, chemical sintering of copper ink can introduce significant
environmental burdens from the formic acid, therefore a laser sintering method is
preferable.

While keeping these elements in mind, it is still the case that larger and more easily
achievable improvements for both I1I-V and single-Si PV systems may come from
improving the life cycle impacts of silicon wafers, panel frame and BOS
components, where a large fraction of most impacts resides. These can come from
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reducing the silicon wafer thickness and losses, and from using recycled or
substitute materials for panel (aluminium) and electric components (copper).
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