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Abstract

Over the past decade, the global cumulative installed photovoltaic (PV) capacity has grown
exponentially, reaching 591 GW in 2019. Rapid progress was driven in large part by
improvements in solar cell and module efficiencies, reduction in manufacturing costs and the
realization of levelized costs of electricity that are now generally less than other energy sources
and approaching similar costs with storage included. Given this success, it is a particularly
fitting time to assess the state of the photovoltaics field and the technology milestones that must
be achieved to maximize future impact and forward momentum. This roadmap outlines the
critical areas of development in all of the major PV conversion technologies, advances needed
to enable terawatt-scale PV installation, and cross-cutting topics on reliability, characterization,
and applications. Each perspective provides a status update, summarizes the limiting immediate
and long-term technical challenges and highlights breakthroughs that are needed to address
them. In total, this roadmap is intended to guide researchers, funding agencies and industry in
identifying the areas of development that will have the most impact on PV technology in the
upcoming years.

Keywords: solar cell, photovoltaics, tandem cell, pervoskites, silicon, energy storage, energy
yield
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1. Introduction

Gregory M Wilsonl, Mowafak Al-Jassim®

and Wyatt K Metzger2

' G M Wilson Consulting
2 National Renewable Energy Laboratory

Photovoltaics (PV) has advanced at a rate that is astonishing
even to experts in the field and now promises to have a prom-
inent role in the ongoing energy transition. Consequently, it is
a particularly fitting time to describe the status of PV techno-
logies and a roadmap of future directions and challenges.

For the last decade, the global PV industry has been grow-
ing at an average compound annual rate greater than 35%.
At the end of 2019, the world’s cumulative PV capacity
was 591 GW with an annual module production capacity of
184 GW and shipments of approximately 125 GW. This expo-
nential growth can be largely attributed to dramatic cost reduc-
tions (figure 1), solar technology improvement, complement-
ary renewable energy policy and diversified financing. Today,
the levelized cost of energy (LCOE) for utility scale PV plants
is less than conventional fossil fuel generators throughout
most of the world. According to Lazard’s most recent LCOE
analysis [1], the LCOE range for utility scale PV is $32 to
$44 USD per MWh while the LCOE for natural gas combined
cycle plants is $44 to $68 USD per MWh. The LCOE for both
coal and nuclear plants are higher still. In fact, the increased
installation of dispatchable PV electricity is an indication that
the cost of PV coupled with energy storage is now starting to
rival conventional fuels.

Looking forward, PV deployment will continue to grow as
the global energy portfolio transitions more towards renewable
energy. PV’s share of total electricity supply will increase sig-
nificantly because of its low cost relative to other sources. Fig-
ure 2 compares the current policy growth scenarios with the
much more aggressive scenarios needed to limit global tem-
perature rise to well below 2 °C according to the International
Renewable Energy Agency (IRENA) [5] and the International
Energy Agency World Energy Outlook (WEO), respectively
[6]. The current policy scenario from the IRENA and WEO
forecasts are labelled as the ‘Planned Policy Case’ and ‘Stated
Policies Scenario’, respectively. The scenarios based on lim-
iting global temperature rise are referred to as the ‘REMap
Case’ (IRENA) and ‘Sustainable Dev. Scenario’ (WEQO). The
IRENA scenarios go out to the year 2050 and the WEO scen-
arios to 2040. Forecasts of future PV growth have increased
dramatically over the last several years and now both the con-
servative and aggressive forecasts from the WEO and IRENA
predict multiple terawatts of PV capacity will be in place
within the next 20 years. While the IRENA ‘REMap’ scenario
is somewhat more aggressive than the IEA’s ‘Sustainable Deyv.

Scenario’, both anticipate approximately 5 TW of cumulative
PV capacity by 2040.

While PV is generally associated with electricity genera-
tion, many analysts and large energy companies (e.g. DNV-
GL [7], Wood MacKenzie [8] and Royal Dutch Shell [9])
predict that by mid-century, PV systems will supply a large
portion of the world’s energy needs beyond the power sector
as the result of new electricity-to-fuel technologies. Most of
these technologies involve the production of renewable hydro-
gen from intermittent renewable electricity sources, but oth-
ers involve the direct synthesis of dense energy carriers such
as ammonia. Even by the end of this decade, PV systems are
anticipated to be a major energy source for dense fuel pro-
duction, energy intensive commodity chemicals and processed
metals [10].

Given PV’s critical role in the emerging global energy sys-
tem, it is critical to assess the state of the photovoltaics field
and the technology challenges that must be addressed to max-
imize future impact. This roadmap outlines critical areas of
research and development involving the most promising PV
conversion technologies. These include crystalline silicon and
cadmium telluride that are produced at industrial scales today,
as well as several promising technologies that may reach com-
mercial production in the future. As PV continues to mature,
the technical challenges become greater, requiring more rather
than less effort to continue progress.

The roadmap also examines important topics that cut across
all PV conversion technologies. For continued PV growth,
large financial investment and hence bankability are required;
these depend on PV system energy yield forecasts, service life
and system degradation predictions, and improving stability
through research and development. Similarly, next generation
characterization techniques are critical for all PV researchers
to develop new technology and reduce costs. Advancement
of multiple energy storage technologies can increase long-
term PV market penetration and dispatchability. Research and
development of novel substrates and cell architectures can
enable and foster rapid growth in new markets such as building
integrated photovoltaics, aviation, defence applications, and
beyond.

This roadmap is intended to provide the reader with an
overview of a rapidly evolving field at a time when car-
bon emission reductions and the global energy transition are
increasingly important topics. To aid readability, certain sub-
jects such as balance of system components and transparent
conducting oxides are not included, and the size of each sec-
tion is limited. However, references are included to provide
further reading where desired. This roadmap was produced by
PV technology and industry experts across the world, and we
hope it will serve as a valuable reference for both seasoned
enthusiasts learning about different specialties or those just
discovering the amazing potential of photovoltaics.
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learning curve showing the average module sales price as a function of cumulative PV module shipments. Several pivotal years in the
history of the industry are included for reference. Reproduced with permission from [4].
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2. Trends in crystalline silicon photovoltaics

Stefan W Glunzl’2 and Pierre Verlinden‘q”4

! Fraunhofer Institute for Solar Energy Systems ISE
2 University of Freiburg

3 Amrock Pty Ltd

4 University of New South Wales

2.1. Status

The exponential growth of photovoltaics from small manufac-
turers to today’s fully automated 150 GW industry was mainly
driven by crystalline silicon solar cells. The rapid development
of silicon photovoltaics in terms of efficiency improvement
and production cost reduction enabled a strong reduction of
module prices (see figure 1 in section 1 - Introduction). In the
following we will try to give an overview of important aspects
and trends not only looking at technological improvements
but also at some of the significant changes in mass production
environment.

Evolution of industrial cell architecture—Silicon solar
cells with diffused pn junctions were invented already in the
1950 s shortly after the first semiconductor diodes [11]. In the
beginning boron diffusion into arsenic doped wafers was used
to create the pn junction, however, phosphorus diffusion into
boron-doped wafers is the standard industrial technology of
today. After switching from n-type to p-type wafers in the
1960 s, the introduction of the aluminium back surface field
(Al-BSF) [12] by alloying the rear contact into the base result-
ing in nTpp™ structure allowed for a reduced recombination at
the rear side. This rather simple structure with screen-printed
contacts (see figure 3(a)) has maintained a leading position
with 70%-90% market share over many of the last decades.
The source of its success was a stable device, a robust process
sequence and a constant increase of efficiency that is mainly
due to evolutionary changes such as improved metal pastes
that increase the quality of the Al-BSF by reducing the recom-
bination parameter J, of the pp™ rear high-low junction, or
that allow contacting front emitter profiles with lower surface
doping.

However, around 2013 the efficiency of industrial Al-BSF
cell plateaued around 20%. This made it attractive to substi-
tute the fully contacted Al-BSF cell by the Passivated Emit-
ter and Rear Cell (PERC) cell structure with local rear con-
tacts (see figure 3(b)), resulting in better electrical and optical
properties. The potential of this cell structure was already
proven in 1980 s [13] but was limited to laboratory pro-
cesses due to the high cost compared to the efficiency gain.
The transfer of the PERC technology to industrial mass pro-
duction theoretically had a relatively low threshold for the
industry since only two process steps had to be added to the
Al-BSF process flow, i.e. the rear surface passivation layer
and the fine patterning of the local rear contacts. However,
it took several decades to finalise a cost-effective PERC pro-
cess. Several factors have contributed to the introduction of
the PERC in low-cost large-volume fabrication and to the

efficiency improvement to values between 22% and 23.4% in
production:

e Introduction of the rear surface passivation with aluminium
oxide by Plasma Enhanced Chemical Vapour Deposition
(PECVD) and formation of a local Back Surface Field
(BSF) by laser ablation of the rear passivation layer and
Al alloying.

e Introduction of a selective emitter process in low-cost man-
ufacturing, either through an ‘etch-back’ process or laser-
doping process.

e Reduction of the width of the front metallization fingers,
from about 100 pm to less than 30 pm in large volume
production, while, at the same time, reducing the contact
resistance for lightly phosphorus-doped silicon.

e Addition of a low-cost hydrogenation step at the end of the
cell process for the passivation of bulk defects and deac-
tivation of the boron-oxygen complexes responsible for the
Light-induced degradation (LID).

e Re-emergence of mono-crystalline silicon wafers as a con-
sequence of cost reduction in Czochralski silicon ingot fab-
rication as well as the introduction of diamond wire sawing.

e Cleaner production environment and better contamination
control throughout the entire process from silicon feedstock
to modules.

And at the module level:

e Design of PV modules with half-cells, allowing to reduce
by a factor of 4 the loss due to the series-resistance of cell
interconnection, improving the power output at Standard
Testing Conditions (STC) by about 1.5%.

e Increasing the number of busbars from 2 to 5, while main-
taining the same shading factor, and finally switching to
multi-busbars using round wires (9 to 15 wires) instead of
flat ribbons as interconnections.

In parallel with the PERC cell, other high-efficiency cell
structures were transferred to mass production, such as the
interdigitated back contact (IBC) solar cell [14] or hetero-
junction solar cells (SHJ) [15] (see figure 4 and next section).
Despite their high efficiency potential, their market share is
still limited. This is probably due to the standardization of
technology in mass production as described in the follow-
ing section. However, since the market demands a continu-
ous increase in module efficiency, these and other technolo-
gies might play an important role in the future.

Development of production technology—During the period
2010 to 2020, the silicon PV industry went through a period of
significant changes, including a rapid decrease in manufactur-
ing cost (more than —15% per year in average) and a continued
increased in efficiency (+2% relative per year) and module
power (typically +5 W per year at the beginning of the decade,
increasing much faster nowadays due to larger wafer sizes).
The manufacturing cost reduction was driven by an increased
collaboration between manufacturing partners, or even com-
petitors, which accelerated the learning curve (see figure 3
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Figure 3. Silicon solar cell structures: (a) AI-BSF, (b) PERC.

in the general introduction). This resulted in a standardiza-
tion of the technology, including standardization of cell (and
module) design or process, and a complete alignment of the
supply chain (equipment, materials, chemicals). The learning
rate increased in absolute from a 40-year historical value of
—20% decrease in cost for every doubling of the cumulative
production to about —30% in the last decade) [16].

The latest comers in silicon PV manufacturing benefit
from cheaper production tools with higher productivity, for
example:

e More automation: increased labour productivity from 10
Direct Labour (DL, i.e. full time equivalent operator) per
annual production of 1 MW (in 2010) to less than 1
DL MW ! in 2020.

e Larger cells: from 125 mm square wafers in 2010 to
166 mm in 2020, or even 210 mm.

e Thinner wafers and less kerf-loss in slicing: the diameter of
wires for slicing silicon wafers went from about 150 ym to
less than 50 um during the last decade.

e More wafers per batch in diffusion furnaces: from about
500 wafers per batch to 1600 wafers per batch in 2020.

e Higher throughput: from 1800 to 8000 wafers per hour with
some tools in 2020.

2.2. Current and future challenges

What’s next?—The silicon PV industry has embraced a con-
tinuous effort in efficiency improvement and increasing mod-
ule power (from 250 W to 500 W in the last decade), which res-
ulted in the decrease of the relative contribution of the module

cost to the total PV system cost where the land and installation
costs are becoming more important). One of the key challenges
is to continue making such improvements described in the
Status section. As manufacturers are in an extremely compet-
itive environment, a challenge is to make high stake decisions
on the best technology paths forward. Generally speaking,
the roadmap for silicon solar cell development calls for the
introduction of passivating contacts to the mainstream high-
volume production of PV devices, then a possible switch to
n-type material and finally the introduction of tandem cells.
Below we describe challenges for the different technology
classes.

PERC cell—The PERC cell being the actual ‘workhorse’
of the PV industry, the key challenge is to maintain its major
role by continuous performance improvement and cost reduc-
tion. In terms of cost reduction, the production of PERC cells
has the advantage that the entire supply chain is aligned and
standardised to this technology. Increasing the throughput of
the tools and automation are the main avenue toward lower
cost of manufacturing. One of the most recent approaches
is to increase the wafer size up to 210 mm which poses
enormous challenges not only in cell manufacturing but
also in module design and assembly, and potentially mod-
ule reliability. In terms of efficiency improvement, the task
is starting to be very difficult, as the efficiency in production
has reached 23.3% and the practical efficiency limit of this
structure is about 24.5%. Several key challenges should be
mentioned:

e to obtain and maintain a high ratio of minority carrier life-
time (in psec) and the wafer resistivity (in €2 cm), greater
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Figure 4. Silicon solar cell structures: (a) i-TOPCon, (b) heterojunction (SHJ) in rear junction configuration, (c) back contact cell (IBC)
with heterojunction contacts.

than 1000 psec Q2 cm™!. For example, the best silicon wafer e to introduce some of the passivating contact technologies

manufacturers are now able to maintain a carrier lifetime to originally developed for SHJ or tunnel oxide passivating

resistivity ratio greater than 2000 (usec € cm ™) in produc- contact (TOPCon) (see below);

tion for n-type wafers; e to improve the bifaciality (ratio between the rear and front
e to continuously reduce the metal coverage fraction, by efficiency) without impacting front side efficiency.

reducing the finger width to less than 30 ym and remov-

ing the busbars (measuring and sorting busbar-less cells is Bifacial modules—Although they have been commercially

a major challenge); introduced more than three decades ago but did not receive

e to improve the rear contacts of PERC cells by reducing the the expected consideration because of cost, bifacial PV mod-
percentage of voids created by the dissolution of siliconinto  ules have done a remarkable come-back since 2018. Bifacial

the aluminium layer; modules are now considered as one of the standard technolo-
e to improve the contact resistance for lightly doped phos-  gies for ground-mounted applications, with a fixed tilt struc-
phorus emitters; ture, on a tracker or even in a vertical North-South orienta-
e to develop other materials (other than SiN, and Al,O3) for tion. By reducing the metal coverage on the rear side, n-type
the surface passivation layer; PERT (Passivated Emitter Rear Totally diffused) or TOPCon
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solar cells can reach 80%—-95% bifaciality, while PERC solar
cells made on p-type substrates have typically a 65%-75%
bifaciality, lower than for n-type because of greater metal cov-
erage to form the local AI-BSF and shorter effective carrier
lifetime. The additional annual energy provided by the bifacial
modules is highly dependent on the reflectivity of the ground
creating the albedo, a measure of the diffuse reflection of solar
radiation, and bifaciality. It varies from a few percent’s, typ-
ically 6% for PERC and 9% for TOPCon or SHJ cells, up to
about 25% in the best cases (ground with very high reflectiv-
ity, like snow or white gravel). The overall system design plays
an important role to provide a benefit in energy yield (height
from the ground, array-to-ground area or coverage fraction,
rack design, module orientation, tracking or not). It is partic-
ularly important to avoid any shading of the backside of the
modules [17]. Research in modelling the energy yield of bifa-
cial PV modules is still ongoing, as well as research to increase
the bifaciality of PERC solar cells.

Silicon heterojunction solar cells (SHJ)—Heterojunction
solar cells also known as HIT [15] cells make use of passiv-
ating contacts based on a layer stack of intrinsic and doped
amorphous silicon (see figure 4(b), SHJ in rear junction con-
figuration). Due to their superior surface passivation quality,
SHI cells hold the record for open-circuit voltage at one sun of
750 mV. In recent years, the fill factor was strongly improved
due to a better understanding of carrier transport and interface
carrier recombination [18]. The main challenge of amorphous
silicon passivating contacts is the parasitic absorption in the
front layer stack resulting in a somewhat lower short-circuit
current compared to cells with a diffused emitter. This can be
overcome by using IBC cell structures (see below) or using
SHI structures as the bottom cell in silicon-based tandem cells
where parasitic absorption of blue light is no issue.

One of the biggest technological challenges of this prom-
ising cell structure is that no processes with temperatures
above 200 °C can be used after the deposition of the amorph-
ous silicon layer. This excludes the well-established fired
screen-printed metal contacts and thus requires alternatives
routes using low-temperature pastes or plated contacts. Strong
activities to establish fabrication lines with high throughput
able to compete with the current standard production lines are
currently under way. For SHJ technology to become main-
stream, it will need to overcome the challenges of the higher
cost of tools for cell production, the reduction of the silver
usage or replacement by copper by developing Cu-plating
technology, and the reduction of indium usage in the trans-
parent conductive oxide (TCO) layer.

Polysilicon-based passivating contacts (TOPCon)—the
TOPCon structure is an alternative to SHJ for passivating con-
tacts, but it is a much newer technology in industrial pro-
duction. It consists in adding a thin tunnelling silicon diox-
ide (about 1.5 nm) and a doped polysilicon layer between the
silicon substrate and the rear metal contact. In the case of
an n-type substrate, a phosphorus-doped polysilicon layer is
used as the rear contact structure. Efficiencies of 25.8% (ded-
icated area, in laboratory) [19] and 24.6% (total area, in the
industry) [20] have been demonstrated with this structure and
n-type substrates. The TOPCon technology is fundamentally

compatible with the conventional silicon solar cell process. It
just adds two to four steps in the normal cell process. It does
not have the advantage of 30 years of production history like
SHIJ but might be easier to integrate with existing production
lines. Currently, the main current challenge is to adopt a well-
accepted standard process sequence for the industry that would
enable a cost-reduction roadmap.

Interdigitated back contact (IBC) solar cell—Solar cells
with interdigitated back contacts (IBC) were always regarded
as the cell architecture with the highest efficiency potential by
avoiding shading losses [21]. The company SunPower is the
pioneer of developing a mass-production IBC cell [14]. Indeed
the first industrial solar cell with efficiencies clearly above
20% was based on this concept. The biggest challenge for this
cell structure compared to a conventional cell structure is the
higher process complexity, with doping and contacts of both
polarities on one side, requiring a relatively fine patterning of
at least three levels with a precise alignment between them.
Therefore, to be cost-competitive, it is a major requirement
that its efficiency should be significantly higher than the one of
PERC-type cells. SunPower has reached a major boost in effi-
ciency above 25% by applying passivating contacts. The cur-
rent efficiency record for silicon solar cell of 26.7% [22] com-
bines an IBC structure with heterojunction passivating con-
tacts (see figure 4(c)). IBC cells with polysilicon-based passiv-
ating contacts have also reached excellent efficiencies (26.1%)
[23]. Recently, new rear patterning process approaches, e.g.
using tunnel structures, have been presented which might help
to reduce process complexity [24].

n-type vs. p-type—While the first efficient silicon solar cell
was made on a n-type substrate, the selection of p-type as the
substrate of choice comes from the observation that a boron-
doped p-type substrate was less susceptible to carrier lifetime
degradation after electron irradiation, a major requirement for
solar cells for space power applications. Many years later, alu-
minium diffusion was used to form a BSF at the same time as
forming a positive electrode. When the Al-BSF process is not
used, the n-type substrate might become the substrate of choice
due to its minority carrier lifetime being higher and less sens-
itive to donor-like metallic impurities, like iron. In general, for
solar cell structures using passivating contacts instead of Al-
diffusion, like for SHJ or TOPCon, n-type substrates are pre-
ferred.

Multicrystalline vs. Monocrystalline—For many years
multicrystalline Si held a dominant market share because of
lower costs, mostly due to less energy consumption and higher
throughput per crystallization tool. With increasing quality of
the cell structures (surface passivation etc.), material quality
plays a more important role than in the past. For example,
it resulted that, when upgrading from a conventional Al-BSF
structure to a PERC structure, for the same additional cost, the
power gain was greater with monocrystalline wafers than with
multicrystalline wafers. In addition, the slicing cost of mono-
crystalline wafers is significantly lower for mono- than for
multicrystalline wafers (higher slicing speed, less kerf loss and
more wafers per kg of silicon). Currently very interesting tech-
nological options to close the efficiency gap between mono-
and multicrystalline are being investigated, such as the growth
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of cast monocrystalline material using a seed crystal to achieve
better crystallographic quality (also known as quasi-mono).
Excellent efficiencies have been achieved using cast mono-
crystalline material which shows that research on improved
crystallisation processes opens new horizons for cast silicon.

Stability and Energy Yield—As efficiency increases, an
obvious benefit is the improvement of the temperature coef-
ficient of efficiency, but increasing energy yield and product
lifetime are other paths for improvement. Thus, the already
proven long-term stability of crystalline silicon modules of
25-30 years should be extended to 40 years. This can be
reached by improved module technology e.g. using glass-glass
modules or new encapsulation materials. Use of bifacial mod-
ules will additionally increase the energy yield. A more accur-
ate prediction of module performance and energy yield is
an urgent task with increasing fraction of PV in the energy
market.

Scaling and Sustainability: In a 100% renewable energy
economy, PV will play a major role. A key challenge is to
increase the annual production of PV modules to 3—4 terawatts
annually by 2040. Materials sustainability in the fabrication
and recycling of PV modules will become a significant issue
including the reduction of CO, emissions in silicon material,
cell and module production. Again, increasing the efficiency
is of key importance since it reduces the necessary amount of
energy-intensive materials such as crystalline silicon and mod-
ule glass, i.e. it reduces the energy payback time [25]. Also
a direct reduction of energy use i.e. CO, emission by using
alternative silicon material processes such as epitaxial wafer
growth [26] should be considered. Moreover, rare or costly
materials, such as silver for the metal contacts or indium for
TCO layers in SHJ cells, should be reduced or even avoided.

2.3. Advances in science and technology to meet challenges

Understanding material properties and degradation effects—
Although silicon is the best understood semiconductor, there
is still research needed to refine the characterisation of its
basic properties and defects. Due to the indirect nature of the
bandgap structure of silicon, Auger recombination rather than
radiative recombination limits its theoretical efficiency [27].
The strongly improved surface passivation developed in the
last decade enabled determining the Auger-coefficients more
accurately.

Additionally, a detailed analysis of defect recombination
in silicon is of major importance. While many of the ‘clas-
sical” impurity-based point defects as Fe are well understood,
metastable defects causing LID [28] or Light and elevated
Temperature Induced Degradation (LeTID) still need further
investigation. With improved quality of the cell structures, i.e.
surface passivation, such effects are getting more important.
Especially the contradictory role of hydrogen in silicon is a
very interesting field of research. While hydrogen is beneficial
for the regeneration i.e. deactivation of LID, it seems to play
a negative role for the extent of LeTID [29]. Thus, a deeper
understanding of the underlying processes will help to reduce
the degradation effects which cause losses and uncertainty in
field application.

Surface passivation and passivating contacts—All record
silicon solar cells with total-area efficiencies above 24.5%
have one feature in common: passivating contacts to reduce
carrier recombination. Technologies based on poly-crystalline
silicon (TOPCon [30]) or amorphous silicon (SHJ [18]) have
proven to yield excellent surface passivation and good carrier
transport properties. However, the challenge is the parasitic
absorption of light resulting in lower currents especially when
applying such passivating contacts to the front side. Therefore,
either developing an elegant patterning technology resulting
in selective passivation contacts (similar to diffused selective
emitters) or using transparent materials such as metal oxides
are interesting routes to achieve solar cells with perfect elec-
trical and optical properties.

Silicon-based tandem cells—Single-junction crystalline
silicon solar cells have a theoretical efficiency limit of between
29.4 and 29.5% [27, 31]. The silicon PV industry has enough
options to drive the efficiency of single junction silicon solar
cells to a practical technical limit of about 27.5% in laboratory
and 26% in production. Due to the high development speed,
this point might be reached in the next decade. Further effi-
ciency improvement is only possible with new multi-junction
cell structures. Silicon-based tandem solar cells offer one of
the most promising solutions for efficiencies above 28% (see
chapter ‘“Tandem Solar Cells’). A monolithic combination of
silicon as the bottom cell with III-V based top cells has already
demonstrated in laboratories efficiencies well above 30% and
thus above the theoretical limit of a single junction silicon cell.
The biggest challenges for this route are the development of a
defect-free direct growth of the III-V top cells on the unpol-
ished surface of a low-cost silicon cell and a strong cost reduc-
tion in the fabrication of the III-V layers. A potentially cheaper
route is the use of perovskites as top cells with current record
efficiencies above 28%. In this case, long-term stability and
low-cost mass production have still to be shown.

2.4. Concluding remarks

Cost reduction and efficiency improvement in silicon PV tech-
nology can be continued by addressing the different challenges
outlined in this roadmap. Building on a largely standard-
ized industry and a steep learning curve, crystalline silicon-
based PV is well positioned to meet the challenge of produ-
cing many terawatts of power. Research in passivating con-
tacts provides a common route for silicon PV technologies
to improve. Improved module technology, as well as careful
defect analysis and control, are key paths to increase reliabil-
ity. Ultimately, tandem technologies can increase performance
beyond the single junction theoretical limit, however signific-
ant research is still required to enable this at low costs for the
mass market. Despite the maturity of this technology, continu-
ing research and development have become more critical than
ever to navigate and develop the diverse possibilities.
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3. CdTe
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3.1 Status

CdTe solar cell technology has reached an unsubsidized lev-
elized cost of electricity competitive with wind technology,
slightly less than Si PV, and generally less than all other elec-
tricity generation sources. Typically, the module manufactur-
ing is an inline process, where glass enters a factory and exits
as a completed solar panel in several hours. The semiconductor
layers are several microns thick, and they cost just a few pen-
nies per watt to manufacture. Capital and energy expenditures
are relatively low. In 2019, cumulative CdTe module ship-
ments reached 25 GW.

CdTe solar technology has evolved significantly over
time. Certified cell efficiencies reached 10% in the 1980s
[32], and in the 1990s, efficiency exceeded 15% using a
glass/SnO,/CdS/CdTe structure and an anneal in a CdCl,
ambient followed by Cu diffusion [33]. In the 2000s, cell effi-
ciency reached 16.7% using sputtered Cd, SnO,4 and Zn,SnOy4
for the transparent conducting oxide (TCO) layers [34]. In the
past decade, First Solar and General Electric exchanged new
world-record cell efficiencies, which climbed to 22.1% [32].
Costs have steadily declined, and CdTe solar technology is
bankable and scalable. First Solar is forecasting 7.6 GW of
annual capacity by the end of 2020, and modules are being
installed across the world for multiple applications. Although
most installations have been for utility-scale power plants,
CdTe technology increasingly has been adopted in roof-top
systems and building-integrated photovoltaics (figure 5).

Figure 6 shows a typical CdTe solar cell schematic. The
recent performance gains have come in part by nearly maxim-
izing photocurrent through optimizing the cell optical prop-
erties, removing parasitically absorbing CdS, and introdu-
cing lower-bandgap CdSexTe|x. The CdSexTe; x grades the
absorber bandgap from ~1.4 to 1.5 eV and increases the carrier
lifetime, thereby increasing photocurrent collection without a
commensurate loss in photovoltage. The adoption of ZnTe in
the back contact also significantly improves contact ohmicity,
thereby improving performance.

3.2. Current and future challenges

Efficiency. A near-term focus is to increase cell efficiency to
25%. Photocurrent and fill factor have nearly been maximized
for current technology. Consequently, the greatest challenge is
to increase photovoltage by overcoming fundamental mater-
ial issues such as recombination and low carrier concentra-
tion. GaAs solar cells have achieved open-circuit voltage (V)
greater than 1.1 V with a bandgap of 1.4 eV, whereas produc-
tion CdTe solar cells with a similar bandgap have been limited
to a Vo of 800-900 mV [35]. Once V. is increased, further
gains in fill factor are possible.

Carrier Concentration. Like many polycrystalline thin-
film technologies, controlling absorber carrier concentration
has been difficult. The rapid deposition of the absorber layer
on nanocrystalline substrates leads to micron-size grains and
extremely poor carrier lifetime. Consequently, CdTe techno-
logy has relied on a CdCl, anneal that passivates the grain
boundaries, interfaces, and bulk, thereby increasing perform-
ance. Afterwards, Cu is traditionally diffused into the CdTe
to achieve a low-resistance back contact, increase CdTe hole
density, and optimize efficiency. However, the Cu and CI form
a compensated defect chemistry. After decades of adjusting
these processes, the useful hole density has consistently been
limited to the order of 10'* cm™3. This has contributed to lim-
iting production cell V. to 800-900 mV.

Group-V Dopants. Recent efforts in doping single-crystal
CdTe with Group-V elements (e.g. P, As, Sb) demonstrated
that CdTe is capable of 10'°~10'7 cm™? hole density with radi-
atively limited lifetimes and V. exceeding 1 V for the first
time [35]. Group-V doping of polycrystalline CdTe has now
resulted in elevated hole density of 10'°-10'7 cm™3, com-
parable to that in single-crystal material [36]. The Group-
V dopants are far more stable than Cu under heat treatment
or light/electric bias. This has increased energy yield and
provides a platform to increase efficiency toward 25%.

Front (p-n junction) Interface. The V. of Group-V doped
CdTe devices is less than expected from absorber hole density
and lifetime measurements. This can be reconciled by front
interface recombination consistent with V..(T) data, other
experimental observations, and computational modelling [36].
Simultaneously optimizing the p-n junction interface and car-
rier activation remains a challenge to increase performance.

Enhanced Energy Yield. CdTe solar technology using Cu
has achieved state-of-the-art long-term degradation less than
0.5% yr~! as well as excellent field performance. However,
there is room to improve. Cu migration has been a primary
limiting factor of cell stability. Early results with Group-V
doping and no Cu show far superior cell stability and energy
yield compared to their Cu counterpart, thus providing a path
to increase energy yield and product lifetime beyond today’s
technologies.

Carrier Lifetime. CdSeTe has increased carrier lifetime
toward tens of nanoseconds. But a further tenfold increase is
possible, which would enhance performance and enable new
paths to improve efficiency.

Back-Contact Passivation, Reflectors, and Fields. As more
minority carriers reach the rear contact, back-surface passiv-
ation and electron reflectors can boost performance toward
28% efficiency according to modelling or comparisons with
GaAs [37]. Today, back-surface recombination velocity is
about 10°-10° cm s~!, so back-surface passivation methods
are needed.

Transparent Back Contact for Bifacial and Tandem Cells.
Bifacial and tandem solar cells are both considered future dir-
ections in research and development. A transparent back con-
tact is a prerequisite for each application. Coupling a transpar-
ent back contact with improved back-surface passivation and
long absorber lifetimes can establish effective bifacial CdTe
solar technology.
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Figure 5. (a) Residence with CdTe PV tile in Europe; (b) office building with semi-transparent CdTe panels in Europe; (c) exhibition hall
with 5556 m? of standard, semi-transparent, and artistic CdTe panels in Asia; (d) Topaz solar plant owned by BHE renewables in the United
States. Reproduced with permission from (a)—(c) Advanced Solar Power, (d) First Solar Inc.

Figure 6. Schematic from [36] of a CdTe solar cell. The TCO layers are typically a few hundred nanometers thick. The buffer may consist
of tens of nanometers of CdS, MgZnO, or another material. The back contact generally has a layer such as Te or ZnTe followed by
metallization.
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Critical Mass. Today, only a handful of non-industry
groups are making polycrystalline CdTe solar cells worldwide.
CdTe PV provides a combination of real-world impact and rich
research needs. Although concerns exist about toxicity and
abundance, the CdTe film is very thin and is generally non-
reactive, encapsulated, and recycled. The greatest sources of
ingested Cd are from food and coal emissions, and Te supply
is primarily a byproduct of Cu mining. Several studies have
indicated that CdTe PV manufacturing has the lowest environ-
mental footprint compared to other technologies [38]. Fthena-
kis et al estimated that Te reserves are sufficient to support
as much as 10 TW cumulative this century [39]. At end of
life, approximately 95% of the semiconductor materials are
recycled for use in new modules.

3.3. Advances in science and technology to meet challenges

Synthesis, characterization, and theory need to be advanced
well beyond the state of the art to meet the challenges outlined
above.

The best dopants and activation methods are still not clear.
Activation is defined as the ratio of the hole density (carri-
ers cm ) relative to the dopant density (e.g. P atoms cm™3).
For Group-V defect chemistry, 0.3%—-3% activation is typ-
ical. As a result, high doping incorporation levels (10'® cm™3)
induce intra-grain potential fluctuations, which can reduce V.
by 100 mV [36]. Methods have been developed to image
Group-V elements on Te lattice sites, but advances are needed
to understand how unactivated dopants reside in the lattice.
Theory and experiment need to describe the interaction of
dopants with impurities such as Cl, and novel synthesis meth-
ods to increase activation are critical.

Understanding the science of the p-n junction interface
and carefully manipulating its properties is another fron-
tier. Methods need to be developed to measure the band
alignment and electron density in this buried interface after
device fabrication to engineer less recombination. In addition,

high-throughput measurements of interface recombination
velocity with improved sensitivity are needed to gauge and
accelerate experimental efforts. Recent work has enabled
atomically smooth planar cleaves of the junction inter-
face in an inert (O,-free) high purity ambient to exam-
ine previously unreported interfacial chemistry [40]. Identi-
fying interface defect chemistry and its correlation with
electronic states is desired to guide interface engineering
to reduce recombination and improve performance. Sig-
nificant research is required to achieve chemical passiva-
tion and field manipulation at the buried junction inter-
face in conjunction with new processes to increase dopant
activation.

Advances in new materials, nanolayers, two-dimensional
structures, and/or bilayer designs can extract carriers while
passivating the front and back contacts. Recent studies with
Al,O3; and other materials have demonstrated significantly
reduced interfacial recombination velocity [41], but these
materials are not suitable for low-resistance contacts. In addi-
tion, sophisticated materials research is needed to develop
transparent back contacts to allow light to pass through a
CdTe top cell in tandem PV devices or to enable bifacial
CdTe PV.

There are a number of next-generation technology pos-
sibilities. These include but are not limited to seeding large
grain growth with low-cost methods, achieving nucleation that
removes the need for the CdCl, anneal, establishing n-type
absorbers, creating new cell architectures such as homojunc-
tions, and implementing interdigitated back contacts.

3.4. Concluding remarks

CdTe photovoltaic technology has reached large-scale produc-
tion and levelized cost of electricity competitive with conven-
tional electricity generation sources, yet a tremendous amount
of foundational research and development still remains to
enable this technology to reach its full potential.



J. Phys. D: Appl. Phys. 53 (2020) 493001

Roadmap

4. CIGS

Lorelle M Mansfield" and Billy J Stanbery2

! National Renewable Energy Laboratory
2 HelioSourceTech LLC

4.1 Status

The group I-III-VI chalcopyrite (Ag,Cu)(In,Ga)(S,Se), semi-
conductor alloys, commonly known as CIGS, are particu-
larly suitable absorber materials for solar cells. Their direct
bandgaps range from ~1 to 2.6 eV, they have high absorp-
tion coefficients and favourable intrinsic defect properties that
enable high minority carrier lifetimes, and solar cells there-
from are intrinsically stable in operation. Their first reported
efficiency was a 12% single-crystal device in the mid 1970 s
[42]. Subsequently, CIGS thin-film absorbers, processing, and
contacts have improved dramatically, yielding 23.4% small-
area thin-film cells [43]. Current record module efficiencies
are 17.6% on glass (0.72 m? total area), and 18.6% on flexible
steel (1.08 m? aperture area).

The history of CIGS cell technology efficiency improve-
ment is summarized in figure 7. Briefly these stages can be
characterized as (1) evaporation of the compound CIS; (2)
reactive elemental codeposition of bilayers; (3) selenization
of sputtered metal precursors; (4) chemical bath deposition
of CdS with ZnO:Al as the emitter; (5) gallium alloying; (6)
sodium alkali incorporation; (7) three-stage codeposition; (8)
alkali heavy-ion-exchange post-deposition treatment; and (9)
sulfurization-after-selenization (SAS). Progress has not been
linear [42], and the full potential of optimizing the complex
interactions of these techniques, as well as others in devel-
opment (e.g.: silver alloying [44]), has not yet been realized.
Many researchers specializing in CIGS believe that 25% effi-
ciency will be achieved.

CIGS is a versatile material that can be fabricated by mul-
tiple processes and implemented in different form factors.
Currently, four main categories of deposition techniques are
employed when fabricating CIGS films: (1) metal precursor
deposition followed by sulfo-selenization; (2) reactive code-
position; (3) electrodeposition; and (4) solution processing.
All recent world records and the most commercially success-
ful have utilized two-step sulfo-selenization of metal precurs-
ors or reactive codeposition [45]. CIGS can also be depos-
ited on a variety of substrates including glass, metal foils, and
polymers. Glass is suitable for making rigid modules, whereas
metal and polymer foils allow for applications that require
lighter-weight or flexible modules. As global energy mar-
kets evolve to value greenhouse gas emission mitigation and
circular economy considerations, the relatively benign envir-
onmental impacts of CIGS (particularly without CdS) com-
pared to other PV technologies become another competitive
asset [46]. With further advances, CIGS can fulfil the prom-
ise of versatile, low-cost solar cells, and provide a foundation
for high-performance low-cost multijunction tandem modules
[47] (see section 7).

4.2. Current and future challenges

CIGS commercial production is currently 1 GW. It has been
limited primarily due to the challenges of cost-effectively scal-
ing both module size and production volume using SAS and
co-evaporation processes that produce high module efficien-
cies. The efficiency gap between record small-area cells and
commercial modules is greater than that of more mature tech-
nologies currently in large-scale production, predominately
because of the challenges of achieving large-area device uni-
formity. Monolithic integration of multiple cells in series by
patterning films deposited on a single substrate is a method
available when depositing on insulating substrates or insulated
metal substrates. This reduces integration costs compared to
discrete device technologies like silicon (or thin film cells sin-
gulated from conducting substrates), but Kirchhoff’s current
law then demands superior uniformity since cells cannot be
selectively matched. A key challenge is to solve these prob-
lems by improving production tool designs and in situ control
metrologies.

Optimizing CIGS modules for lower levelized-cost-of-
electricity (LCOE) requires balancing the complex interplay
of manufacturing cost, efficiency, energy yield, and durab-
ility. One conceptual benefit of thin-film PV is lower direct
semiconductor materials cost than wafer-based PV. Realizing
lower costs in production requires high input-materials utiliz-
ation and low raw-materials conversion costs. Unlike silicon
PV, where cells can be fabricated in one location and mod-
ules in another, monolithic integration necessitates coloca-
tion of the manufacturing value chain. This makes large-
scale thin-film module production facilities both more cap-
ital intensive and more cost efficient when utilizing rapid pro-
cessing technologies. Solving the challenges of accelerating
diffusion-limited SAS processes and increasing the materials
utilization of high-rate codeposition tools are essential. The
challenge of cost-effective cadmium-free buffer deposition at
scale is also significant. The glass-glass architecture of most
modern fielded CIGS modules provides durability [49] and
energy yield [47] comparable to silicon. As customers demand
increasingly lower energy-yield degradation rates, another key
challenge is to establish whether process, device structure, or
module packaging modifications will be required to sequester
mobile alkalis that are essential to competitive CIGS effi-
ciency.

4.3. Advances in science and technology to meet challenges

The greatest challenge to increasing CIGS device effi-
ciency is reducing its voltage deficit (Vocae) towards the
AM 1.5 G detailed balance limit of solar cell parameters.
VOC,def = VOC,DBL - VOC where VOC,DBL is the detailed bal-
ance limit open-circuit voltage which is a function of the
bandgap of the cell [49]. For example, the record CIGS
cell [43] with a bandgap of 1.08 eV (Vocpsr = 0.827 V
[49]) and Vpc of 0.734 V has a Vocay = 0.093 V.
Reducing Voc qer requires reducing non-radiative recombina-
tion rates while increasing radiative recombination emission
reabsorption and quasi-Fermi level splitting (QFLS). Recent
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Figure 7. Annotated history of record CIGS cell efficiencies and key innovations [42].

progress in alkali post-deposition treatment [50] and silver
alloying have reduced both grain-boundary recombination and
sub-bandgap defects states that cause potential fluctuations
(thus reducing QFLS), but further co-optimization is needed.
Optimizing processes to increase intergrain homogeneity is
a promising strategy. World-record devices that utilize sul-
fur substitution on the absorber Group VI lattice site showed
reduced voltage deficit with Zn(O,S,0OH) relative to CdS buf-
fers, attributed to reduced space-charge region recombination
[43]. Complete understanding of issues, including secondary
phases, doping, and bandgap alignment, that are deleterious to
the buffer/CIGS interface would provide opportunities to bet-
ter match these layers based on their processing and resulting
properties.

Most commercial products experience an increase in open-
circuit voltage due to light-soaking (metastability), creating
difficulty in accurately and inexpensively testing products,
which is necessary for labelling and system sizing. Device
designs that eliminate metastability or methodologies to

predict and quickly measure metastability would reduce costs
associated with that uncertainty. Reducing recombination at
the CIGS/MoSe,/Mo contact by utilizing passivated back con-
tacts may both enable thinner absorbers and permit reduced
bandgap gradients within the absorber, increasing QFLS
while reducing cost [51]. Back contact structures can also be
designed to incorporate light management features increasing
radiative recombination emission reabsorption [51]. Advances
in processing technologies to flexibly incorporate Group I sil-
ver alloying, only implemented successfully using codepos-
ition, and Group VI alloying, only using SAS, may also be
fruitful.

Adapting laboratory processes that are optimized at low
rates to high-throughput production is critically important.
To maximize capital equipment utilization efficiency, man-
ufacturing systems often utilize dynamic deposition pro-
cesses which would benefit from better fundamental scientific
understanding of reaction kinetics’ relationships to materials
properties and structure. Pertinent contexts include chemical
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Figure 8. Cross-sectional diagram of CIGS solar cells. The conventional CIGS device structure is on the left, and an example of a
passivated back-contact structure [51] is on the right. Alk refers to heavy alkalis such as K, Rb, or Cs.

bath deposition and spatial atomic-layer deposition processes
for fabricating buffer layers. The development of metrology
techniques applicable in sifu for inline process control are
immensely valuable to expeditious translation of laboratory
methods to production optimization. Optical techniques for
process control need further development, in lieu of laborat-
ory methods less amenable to extended production runtimes.
Examples include optical absorption for selenium pressure,
white light, photoluminescence, and defect detection spectro-
scopies [52].

4.4. Concluding remarks

Research on solar cells and development of manufactur-
ing technologies for modules fabricated from group I-1II-VI

chalcopyrite (Ag,Cu)(In,Ga)(S,Se), semiconductor alloys is
far from over. This material class remains one of the most
versatile in processing, substrate type, and device architec-
ture. Fielded module studies have demonstrated these products
provide low degradation rates for decades [48], so 50 year
lifetimes are a realistic goal. With further advances in sci-
entific understanding, 25% efficiency devices are within reach
as are even higher efficiencies in tandem architectures as
their lower-bandgap partner. Translating those device and pro-
cess advances to manufacturing technology will dramatically
reduce LCOE once sufficiently scaled in both module size
and production volume. This will require adapting deposition
processes for higher rates and to larger-scale equipment while
developing suitable robust techniques for inline process and
quality control.
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5.1 Status

Perovskite solar cells (PSCs) represent an emerging, revolu-
tionary photovoltaics (PV) technology based on metal hal-
ide perovskites (MHPs)—e.g. methylammonium or form-
amidinium lead iodide (MAPbI; or FAPbI;, respectively).
MHPs combine several preferred characteristics for a PV
absorber, such as direct bandgap with strong absorption coef-
ficient, long carrier lifetime and diffusion length, low defect
density, and easy tuning of composition and bandgap. In 2009,
MHPs were first reported as a sensitizer in a dye cell configura-
tion based on liquid hole-conducting electrolyte [53]. In 2012,
the demonstration of ~10%-efficient PSCs based on a solid-
state hole conductor has triggered explosive PSC research
efforts [54, 55]. Within about a decade of research, the per-
formance of a single-junction PSC has skyrocketed to a certi-
fied 25.2%.

Figure 9 summarizes the efficiency progress for PSCs ran-
ging from lab cells (~0.1 to 1 cm?) to mini-modules (>10 cm?).
Strikingly, most high-efficiency PSCs to date are fabricated by
solution processing, which makes PSCs attractive as a poten-
tially high-performance and low-cost PV technology. Vari-
ous deposition approaches have been developed to scale up
PSCs [56], leading to recent demonstration of a 802-cm? per-
ovskite solar module with a certified 16.1% efficiency [57].
This module performance is rapidly approaching that of estab-
lished thin-film PV technologies (e.g. CdTe and CIGS). Dur-
ing the past few years, PSC stability has also been drastically
improved via various efforts to optimize perovskite absorbers
and device structures along with encapsulation strategies [58].

Although there are still many unanswered technical and sci-
entific questions to address, the high performance and scalable
(printable) fabrication of PSCs coupled with low production
and CapEx costs have already positioned PSCs as a poten-
tial PV technology to address terawatt-scale energy demand.
Among all polycrystalline thin-film PV technologies, PSCs
are uniquely capable of producing >20%-efficient devices
with a bandgap near 1.7 eV or higher. These wide-bandgap
PSCs can be paired with low-bandgap PSCs and other PV
technologies (e.g. Si and CIGS) to form ultrahigh-efficiency
tandem devices to break the thermodynamic efficiency limits
of single-junction cells set by the Shockley-Queisser detailed
balance theory. Thus, PSCs have multiple potential pathways
to terawatt-scale energy production [59].

5.2. Current and future challenges

Stability. Achieving long-term stability under outdoor oper-
ating conditions is a major target for PSC development. At
present, most stability studies are frequently conducted on

small-area cells under inert environment (e.g. Ny). It is critical
and challenging to understand degradation mechanisms asso-
ciated with various factors (e.g. light, heat, bias, moisture, O,
or their combinations). Transitioning to modules and/or tan-
dems can introduce unique degradation pathways not available
at the level of a single cell (e.g. shading, bias potential, scrib-
ing, nonuniformity, process/material compatibility). Standard
packaging/encapsulation schemes need to be tailored for per-
ovskites to ensure compatible thermal budgets and material
chemistry. Furthermore, it is known that standard Interna-
tional Electrotechnical Commission (IEC) protocols for sta-
bility assessment developed for other PV technologies are
not directly applicable to PSCs as they address known fail-
ure mechanisms based on fielded modules. At this time, such
test data for assessing PSC and module operational stability is
not present even if the IEC standards were relevant. Thus, it
is challenging, if not impossible, to make predictions of long-
term outdoor life based on standard test protocols that may not
apply and for which there is not significant field data present.

Scaling Up. At present, the record performance is 25.2%
for a ~0.1 cm? cell and 16.1% for a ~800 cm”® module.
The performance gap (~9%) is much larger than prediction
(~3%—-4%) based on the common scaling behaviour [60],
which can be attributed to multiple factors including the
nonuniform coating of perovskite and other device layers
as well as non-ideal interconnection structure/geometry lim-
ited by material and processing constraints. The state-of-
the-art PSC device stack is still under active development.
Several device structures and perovskite compositions can
reach a similar performance. The best scalable deposition
method (solution/vapor/hybrid) can change depending on the
targeted device structure and perovskite composition. Thus,
it is critical to adopt a scalable fabrication process/protocol
that can incorporate new improvements based on cell-level
studies.

Efficiency. The single-junction PSC has reached 25.2% effi-
ciency based primarily on FAPbI; (bandgap ~1.5 eV). For
this perovskite absorber, a short-circuit current density near
27 mA cm~2 has been demonstrated [61]. Further advance-
ment will likely result from increasing open-circuit voltage
and fill factor via interface engineering and defect reduction.
A bandgap of 1.5 eV is slightly higher than ideal for a single-
junction PV absorber. Incorporating Sn into Pb-based per-
ovskite represents a promising approach to further increase
short-circuit current density [62], but Sn-induced defect and
stability issues remain much more challenging than Pb-based
PSCs.

Toxicity. At present, all high-efficiency PSCs contain toxic
Pb, and no Pb-free PSCs have been effective. Although the
amount of Pb used in PSC is small, the presence of Pb
could present a challenge for PSC commercialization. This
has been a subject under continuous debate since the begin-
ning of the field. The exact impact of Pb to the environ-
ment and humans should be carefully evaluated and quanti-
fied. If Pb is indispensable for PSCs, then strategies for pre-
venting/mitigating the potential impact must be considered
[63].
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Figure 9. Significant power conversion efficiency progress for perovskite solar cells and mini-modules with different active device areas.

5.3. Advances in science and technology to meet challenges

The PSC development is largely determined by improving
material qualities by a wide range of synthetic approaches
developed under the guidance of a fundamental understand-
ing of MHP growth mechanisms [64]. Understanding the com-
plex and interdependent perovskite formation processes (e.g.
nucleation, grain growth, and microstructure evolution) has
helped to tailor a wide range of highly effective growth modes
(e.g. one-step growth, sequential growth, solution process,
vapor process, post-deposition treatment, non-stoichiometric
growth, additive-assisted growth, and structure dimension tun-
ing). Recent efforts have shifted toward interface engineer-
ing, with a focus on reducing open-circuit voltage loss and
increasing stability, especially with the incorporation of a two-
dimensional perovskite surface layer. With advances on syn-
thetic controls, the perovskite composition is on a trend to
become simpler toward mainly FAPbI;. This will no doubt
help to simplify the deposition approaches at scale and the
basic understanding of the structure-property relationship.
Accelerated lifetime testing (ALT) based on mechanistic
insight will need to play an important role in developing PSCs
and modules to ensure operational lifetimes. Stability tests

that differ qualitatively and quantitatively from those currently
used, such as the IEC 61215 protocol, and instead target not
only relevant degradation modes but also particular mechan-
isms of device failure are required. Science driven ALT must
target specific, relevant, and, to the extent possible, univer-
sal degradation pathways. Only with the appropriate mater-
ial insight will rapid experimental approaches provide pre-
dictive lifetime assessment over extended time periods. The
ALT methods must be designed to address the science and
associated unique behaviors of PSCs (e.g. current-voltage
hysteresis and potential metastability against heat and mois-
ture). To enable a reliable prediction of module lifetime,
myriad test results across various test conditions, device archi-
tectures, and material processing approaches are necessary.
Use of data-science driven approaches (e.g. machine learn-
ing or related techniques) are needed to systematically ana-
lyze complex datasets to facilitate understanding of the fun-
damental degradation mechanistic interdependencies and their
origins.

Advanced computational methods are also needed to reli-
ably calculate the optoelectronic, defect properties, and inter-
faces within the PSCs devices. These methods will enable
rapid calculations to guide understanding of direct relevance
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to devices. The results will provide insights for addressing
not only efficiency, stability and scalability, but also, toxicity
issues. These will also be critical to other related issues such as
recyclability and lifecycle and related environmental impacts
important to a sustainable terawatt-scale technology.

5.4. Concluding remarks

Metal halide perovskites can perform as efficient single-
junction thin-film solar cells, all-perovskite tandems, and are
easily integrated with other established PV technologies to
create hybrid tandems. Rapid advances are made in efficiency,
stability, and scalability. To more rapidly progress to mar-
ket, the issues outlined above must be addressed in com-
bination to ensure the feedback between process develop-
ment, scaling, efficiency, and stability. This can be done by
developing ALT protocols to more rapidly assess stability,
along with sophisticated computational tools and advanced
data analytics. Although the net impact of Pb-based PSCs is
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generally positive, the potential local impact will require that
technologies to mitigate toxicity issues are developed, in par-
allel with designing for recyclability and sustainability. The
advent of PSCs has created an opportunity to develop a new
efficient, scalable, stable, and sustainable PV technology that
will change how energy is produced if continued efforts are
made.
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6.1. Status

III-V materials yield the highest photovoltaic (PV) conversion
efficiencies, reaching 29.1% for single-junction GaAs at one
sun illumination and 47.1% for a six-junction device under
concentrated sunlight [57]. They are also thin (absorber lay-
ers typically have thicknesses between 2 and 5 ym) and can
therefore be processed as light, flexible devices that can be
applied on curved surfaces. III-V devices are very stable, with
a track record of high performance in demanding applications
like space. Consequently, these devices fulfill the requirements
of current and future PV applications. This tremendous value
comes at a cost, however, currently $100-200 Wpfl. This is
more than two orders of magnitude higher than today’s GW-
scale technologies. These current high costs also represent
the promise of III-Vs: they will continue to have the world-
leading conversion efficiency, low mass, flexibility, and stabil-
ity necessary for current and future solar applications, but they
also have the opportunity to follow a familiar path of increas-
ing scale combined with manufacturing technology advance-
ment to enable significant cost reductions.

Current costs broadly fit into three categories: substrates for
epitaxial growth, semiconductor deposition itself, and back-
end processing. Each of these needs to be decreased together
to produce lower device costs. GaAs and Ge substrates are
approximately $100 per 6" wafer at high volumes, already
representing $20-25 W, ~! at one-sun for the substrate alone.
Final substrate costs need to be closer to $1 per 6 wafer,
which could be realized through substantial reuse of the wafer
or the development of direct growth on a less expensive tem-
plate, e.g. solar-grade Si, that will still lead to essentially
perfect epitaxy. The dominant deposition process for III-Vs,
metalorganic vapor phase epitaxy (MOVPE), is responsible
for virtually every record III-V device efficiency; however,
it has historically been deemed an expensive growth tech-
nique due to high precursor costs, relatively low utilization of
those precursors, and batch-style growth runs that take hours
to complete. Recent research has greatly increased growth
rates and shown much higher utilization of the chemical pre-
cursors, both using MOVPE and hydride vapor phase epitaxy
(HVPE), while HVPE also addresses precursor costs. Back-
end processing today involves a large number of labor intens-
ive, expensive, and relatively low-throughput process steps,
including photolithography, manual spin coating and contact
alignment, and metal evaporation and liftoff.

III-Vs will be able to access much larger markets when
these costs are reduced. This is especially true for area-
constrained applications that value the high efficiency that
III-Vs deliver. Because of the differentiating high efficiency
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Figure 10. Cost reduction of III-V solar cells will open new
markets with significantly larger volume. Space and concentrating
photovoltaics are already existing markets for III-V multi-junction
solar cells, space constellations and HALE vehicles as well as
automotive integration are under development. Reproduced with
permission from (http://pvinsights.com) (17.1.2020). Graph ©
Fraunhofer ISE after H Helmers.

of III-Vs, there are some intermediate markets where this
technology will compete without having to achieve the same
or lower costs than incumbent, mainstream PV technologies,
including military applications, high-altitude long-endurance
(HALE) vehicles, large space constellations in low-earth orbit,
thermophotovoltaics, and solar-supported electric cars and
planes, as shown in figure 10. This affords an opportunity for
technology development and staged scale-up to ensure con-
tinuous cost reduction through increasing production volumes.

6.2. Current and future challenges

Fortunately, III-V solar cell devices themselves do not need
substantial improvement in technology because they already
boast the highest conversion efficiencies available. The cur-
rent record for a single-junction GaAs cell is 29.1% [57],
which is closer to its Shockley-Queisser limit (33.5%) than
any other PV technology. III-Vs have also proven to be readily
extendable to multijunction structures, demonstrating a record
conversion efficiency of 47.1%. Therefore, it is difficult to
identify a significant technical hurdle that III-Vs must sur-
mount. Efficiencies can be improved, but clearly this is not
what is keeping III-Vs from widespread adoption. Instead, the
major challenges that III-Vs must address are cost and scale.
III-Vs need significant cost reductions in substrates, epitaxy,
and back-end processing to compete in larger-scale terrestrial
applications. Of the necessary cost reductions, perhaps epitaxy
is the most straightforward. Deposition systems need lower
capital costs, much higher throughput, lower cost precursors,
and higher growth efficiency in the use of those precursors.
Recent research shows greatly increased growth rates using
MOVPE (up to 280 um h™!' compared to more typical val-
ues closer to 15 um h™1!) [65, 66] and HVPE (>500 um h™")
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[67]. Both techniques also show good solar cell devices with
low group V precursor usage compared with typical MOVPE
growth regimes. Typical ratios of group V flows to group III
flows (V/II ratio) can be in the 10 s or 100 s for today’s depos-
ition technology, while V/III < 5 is a worthwhile goal for the
community.

It is also relatively easy to envision a path toward
lower back-end processing because much of the development
already exists for other technologies. The III-V solar industry
must reduce the number, complexity, and labor intensity of
back-end process steps. Ideally, patterning techniques such as
photolithography would be replaced by higher volume pro-
cesses such as screen printing [68] or inkjetting. Metallization
techniques such as evaporation and liftoff could be replaced
by electroplating. These processes may lead to a trade-off
between cost and performance if the lower-cost processing
leads to higher shadow losses. This challenge follows the same
path as for high-performance silicon PV.

Substrates will require significant advances over state-of-
the-art to be viable in large terrestrial markets. Epitaxial liftoff
(ELO) is the only current commercial technology for reusing
the expensive GaAs or Ge substrate and holds the promise of
virtually eliminating the wafer cost from III-V PV. This is
only possible, however, if the process of preparing the wafer
for subsequent growth adds negligible cost. If the growth of
high-efficiency devices requires chemo-mechanical polishing
to re-prepare the wafer surface, the ultimate costs will remain
far in excess of $1 Wp_1 [69]. This is also true for lower
cost substrates, e.g. silicon, where chemo-mechanical polish-
ing would have to be replaced by less costly grinding or etch-
ing processes. An additional challenge is process yield during
the ELO step. Any area that fails to lift off from a wafer during
an ELO cycle may render that wafer unusable for subsequent
growths. In addition, wafer breakage, edge chipping, or defect
enhanced etching during ELO may decrease yield. III-Vs also
need advances in the handling of thin films once removed from
the parent substrate.

6.3. Advances in science and technology to meet challenges

As noted above, cost and scale are the major factors limiting
M-V PV from becoming a larger fraction of the PV land-
scape. IT1I-V materials and devices are already at a high level of
scientific maturity. The technological path forward for III-Vs
requires entering larger markets in order to increase scale and
decrease costs. Therefore, this section focuses on the advances
necessary for III-Vs to become less expensive and to grow into
larger markets.

The incumbent MOVPE growth technique needs to become
less expensive through increasing growth rates and using
materials more efficiently while maintaining material qual-
ity. Impacts on spatial uniformity and defect formation from
these improvements should also be assessed. This will require
reoptimization of material and device quality under these new
growth conditions, although this work will likely not need
any advances in technology over what was successfully used
in the past. Deposition equipment will need to be redesigned
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with PV in mind to optimize for throughput and cost of own-
ership. There is also room for new deposition methods like
HVPE, which offers the promise of parity with MOVPE qual-
ity while using lower-cost precursors. Necessary advances
in HVPE include demonstrating large spatial area uniform-
ity in a production-capable reactor, and the development of
Al-containing materials [70] to attain the highest conver-
sion efficiencies. Both techniques would also benefit from the
development of inline growth capabilities to greatly increase
throughput.

Currently, GaAs and Ge substrates are dominant because
they lead to essentially perfect epitaxy. Any reductions in sub-
strate costs should not substantially lower the efficiency of I1I-
Vs, otherwise their advantage decreases greatly. The historical
prices for Ga and As, and especially Ge, suggest that these
substrates will have great difficulty reaching $1 per 6" wafer
without significant reuse. Future work should focus on devel-
oping ELO toward avoiding repolishing costs and increas-
ing yield. There are other possible liftoff and reuse techno-
logies, such as controlled spalling, porous Ge, laser liftoff,
and others. Each of these exists at different stages of research
and will require development before any potential down-select
of liftoff technology. Other opportunities for reducing sub-
strate costs include using lower-purity materials during boule
growth, increasing boule growth rates and yield, and using
less-polished wafers. These alone will not lead to order of
magnitude cost reductions but could help reduce the number
of necessary reuses.

Si is often offered as a low-cost template for III-V's because
costs of unpolished 156 mm Xx 156 mm monocrystalline Si
wafers can be as low as $0.34 [71]. Impressive efficiencies up
to 34.1% (2-terminal, wafer-bonded) and 35.9% (4-terminal,
mechanically-stacked) have been produced for III-V/Si triple-
junction cells using Si wafers [57, 72, 73]. Still, much work
remains. Issues with lattice- and thermal-mismatch should be
addressed, and future work should focus on much less expens-
ive unpolished, solar-grade Si starting templates. Disruptive
technology solutions like III-V on molybdenum foil are still
far from reaching the necessary material quality but may offer
low cost approaches in the longer term.

Back-end processing should move toward ‘silicon style’
processes as much as possible, including eliminating photo-
lithography and expensive metals. This will require advances
in the understanding of ohmic metallization to common con-
tact layers in III-V PV devices, such as n-type GaAs. Stand-
ardization and increased automation will also benefit III-Vs.
Processing developments should be tailored for lifted-off 11—
V films, which may present process limitations, for example
low maximum annealing temperatures or difficulty in handling
thin films.

There is an interplay between cost and device complexity.
More complex devices, such as structures with more than three
junctions, may achieve higher efficiencies, which are useful in
applications where efficiency is of premium value, but may
also require higher levels of monitoring and control that lead
to increased cost. Simpler devices, such as single- or dual-
junction structures, may make sense in applications with lar-
ger cost constraints, but somewhat relaxed area constrictions.
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Different applications may require different hardware and
growth conditions to achieve the necessary performance. The
field would benefit from more detailed techno-economic stud-
ies to tease out these distinctions [69].

6.4. Concluding remarks

III-V compounds are already excellent materials and devices,
reaching world record performance under all solar irradi-
ance conditions on Earth and in space. The challenge is to
drive down manufacturing costs. There are technical paths
forward to reduce the costs of III-V PV, but the critical
issue will be identifying 50-100 MW yr~! markets that do
not require <§1/W,, costs. Near term markets include milit-
ary, HALE vehicles, low-earth orbit satellite constellations,
thermophotovoltaics, electric cars, and others. It is currently
unclear which of these will offer sufficient growth opportunity
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to allow III-Vs to reach economies of scale. The categor-
ies of innovation needed to drive down cost are known, and
the marginal costs of materials are low enough to enable
the transition. However, without the clear identification of a
profitable application for III-Vs at a reasonable scale, one
might expect III-V PV to remain restricted to its existing
niches.
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71. Status

Record-efficiency single junction photovoltaics are nearing
their practical limits, but tandem cells offer headroom to reach
significantly higher efficiency. This in turn gives the potential
for decreased cost, as area-related balance-of-systems costs
now dominate the cost of photovoltaic systems. Tandems have
historically been used for space and concentrator applications,
but the emergence of new materials and processing techniques
means that they are now of interest as a direct competitor to
single junction cells. Efficiencies of up to 47.1% have been
achieved using III-V based multi-junction cells under concen-
tration [74]. However, the backbone of the current PV deploy-
ment is c-Si technology (market share >90%). Typical mod-
ule efficiencies (front illumination) are ~20%,p,, while bifacial
design can achieve an additional energy yield of ~10%—20%.
High-efficiency tandem solar cells using Si as the bottom
junction have been demonstrated by being partnered with III—-
V semiconductors, with high efficiencies reaching 32.8% for
two junctions and 34.1%-35.9% for three junctions (two and
four terminals, respectively) [74]. Perovskite materials have
the advantage of much lower cost, and rapid strides have been
made in their performance [74, 75], leading to the highest per-
ovskite/Si tandem efficiency of 29.15% in only a few years
of development [76]. Another option is CdTe on Si, which
leverages two of the most established PV technologies. How-
ever, there has been less research on this combination: the
latest reported tandem efficiency, 17%, is less than commer-
cial CdTe module efficiencies today [77]. Several all-thin-
film options that do not use Si as a bottom cell have also
been demonstrated, including all-perovskite tandems and per-
ovskite/CIGS tandems with efficiencies over 24% [78, 79].
One of the most significant factors in tandem cell design
is the choice of monolithic (e.g. materials deposited directly
on each other) or stacked (e.g. cells fabricated separately and
then combined) designs. Important considerations include pro-
cessing compatibility of cell materials and how many termin-
als are ultimately desired. Two main tandem architectures have
been investigated: 4-terminal (4 T, typically stacked) and 2-
terminal (2 T, typically monolithic). 4 T tandems are easier to
prototype due to the absence of the electrical coupling between
the subcells, permitting the independent development of the
subcells. 4 T’s also do not require processing compatibility
or current matching between individual subcells, which res-
ults in higher efficiency and energy yield. 2 T tandems may
reach lower LCOE as a result of the usage of fewer sub-
strates and transparent contacts. An alternative is three ter-
minal tandems, which can be either monolithic or stacked, but
require a more nuanced understanding of device physics [80,
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81]. These configurations are shown schematically in figure
11(a). Possible materials that can be used in these tandems,
along with their detailed-balance efficiencies (assuming 3 T
or 4 T configurations—not current matched), are shown in fig-
ure 11(b). 2 T tandems have a similar peak efficiency poten-
tial, but are much more sensitive to band gap combinations.
For example, GaAs/Si solar cells have a theoretical efficiency
potential of 41% in a 4 T or 3 T configuration, but only 25%
in a 2 T configuration when assuming the top cell is optic-
ally thick. Reducing top cell thickness for partial transparency
or using bifacial bottom cells can partially address the current
matching issue in 2 T configuration.

72. Current and future challenges

For terrestrial tandems, ultimately a lower levelized cost of
electricity (LCOE) than for single junctions is desired, which
means that it is crucial to achieve low cost of materials and
processing along with very high efficiency. Due to the cost
discrepancy between single junction and tandem PV, tandem
solar cells are expected to enter the market in applications
where the efficiency is of especially high value, including roof-
tops as well as special applications such as vehicle integrated
PV with severe space constraints and requirements for high
efficiency. The need for differentiation among competing cell
manufacturers might become a further stimulus for the tan-
dem technology, driving initial adoption and scale up. Ulti-
mately, any tandem cell is likely to be more expensive than a
single junction cell, and thus efficiency higher than state of the
art single junctions are required to justify a tandem approach.
Figure 12 illustrates the progress of a number of cell technolo-
gies toward higher efficiency. As shown in figure 12, the only
cells that have met this metric are III-Vs, III-V/Si, and per-
ovskite/Si, meaning that any other technology needs efficiency
improvements first and foremost. A key challenge is to con-
tinue this progress while retaining paths to lower LCOE.

In designing tandems, researchers should think beyond the
individual (often small) cell level and consider how mul-
tiple tandem cells will interact in strings and modules. Two-
terminal cells can simply replace existing single junctions
in strings, but 3 T and 4 T designs offer higher efficiency
with more complex stringing. The primary challenge for 4 T
is minimizing optical and resistance losses related to lateral
current collection from intermediate contacts; if this can be
achieved then voltage matching of top cell and bottom cell
strings enables high module efficiencies. For 3 T cells, string
designs have been proposed and modelled, but more research
is needed to account for the variety of device designs and integ-
rate these findings into optimized string models [84].

Another essential component of achieving low LCOE is
long module lifetime. As commercial modules are guaranteed
to maintain 80% of their initial power after 25 years, this is
the benchmark that we should use to evaluate silicon-based
tandems. Many top cell technologies, including III-Vs and
CdTe, have existing reliability track records that can be expec-
ted to apply to tandems. The stability requirements for per-
ovskite/Si tandems have been investigated recently [85], and
it was found that the maximum permissible perovskite top cell
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degradation rates are around 1%-2% per year. LCOE calcula-
tions indicated that if the tandem cost is 50% higher than single
junctions, efficiencies of 27%—-29% would result in econom-
ically competitive tandems.

73. Advances in science and technology to meet challenges

Because Si is a suitable material for a bottom cell, tandem
technology can be applied directly to it. Current developments
in the c-Si community such as local contacts and passivat-
ing contacts can be used. Options for low-resistance inter-
connection of the top and bottom cell include tunnel junc-
tions between n+ and p+ doped Si layers [86], and TCOs
as recombination layers, along with a new approach of direct
interlayer-free connection of the top and bottom cell [87]. All
of these can enable new and improved tandem cell designs.
For some types of top cells deposited directly on Si, advances
are needed in heteroepitaxy and nucleation both to ensure
both that top cell materials can reach optimized performance
and to avoid damaging the Si. This is particularly challen-
ging given the distinct needs for Si passivation and nucle-
ation of top cell materials. For example, III-V growth on Si
generally utilizes a polished, offcut top surface, while high
efficiency Si cells typically terminate with polycrystalline or
amorphous materials on chemically textured surfaces. More
work is needed to reconcile these distinct requirements. For
thin-film based tandem devices such as perovskite/perovskite
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tandem cells, an improvement of the external quantum effi-
ciency in the near infrared regime is of utmost importance [78].
For thin-film bottom cells, compatibility is required with top
cell processing. Depending on the bottom cell material, this
may mean improved temperature stability or altered chemical
composition, in order to be resistant to solvents used in later
processing steps—this is particularly important for perovskite
bottom cells.

Advances in top cell materials, designs, and deposition
techniques will also be required. In particular, for III-V top
cells, cost reduction is the critical factor: achieving cost tar-
gets will require advances in deposition methods, substrates,
and metallization, as discussed in the preceding section [72].
For perovskites, increases in efficiency and stability along
with decreases in cost are required. To improve performance,
greater transparency of transport materials and back contacts
is required. The most important step in reducing the cost is to
replace expensive materials such as gold and spiro-O-MeTAD.
The number of steps in cell fabrication is also an important
determinant of the cost. Promising approaches that may help to
simultaneously achieve cell efficiency and stability targets are
inorganic transport layers, barrier layers and new perovskite
formulations.

For tandems, proper cell characterization is more difficult:
itis necessary to get the right amount of light into each junction
and to test stacked tandem solar cells in a fully stacked device
configuration, with both cells held at load conditions, with
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appropriate optical masking. Erroneous results can stem from
measurements differing from realistic conditions, especially
via optical effects such as luminescent coupling and stray light,
and underestimation of optical losses. 3 T’s must be tested by
measuring both circuits simultaneously, due to both optical
and electrical coupling of circuits. For perovskites, hyster-
esis in JV curves should be considered. We need continued
advances in testing and certification methodologies to keep up
with new variations in cell designs.

However, researchers should not lose sight of important
concerns such as scalability, module integration, and reliabil-
ity by focusing too closely on small high-efficiency cells. More
work also is needed in outdoor and reliability testing and mod-
eling of strings and energy yield to have the potential to make
areal impact on the market.

74. Concluding remarks

Tandems have the potential to allow continued reduction of
the cost of photovoltaics through increasing the efficiency
and hence reducing the impact of balance-of-systems costs.
This has been recognized through the inclusion of silicon-
based tandems in the International Technology Roadmap for
Photovoltaics. If tandems are to realize their potential, they
must demonstrate not only significantly higher efficiency than
single junction silicon cells, but similar stability and only mar-
ginally higher cost. So far great strides have been made in
the efficiency of III-V tandems, and perovskite-Si tandems
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have emerged recently as another promising high efficiency
approach. While it is essential to continue to raise the effi-
ciency, particularly important areas of focus now are low cost
processes and materials as well as development and testing
of long-term and outdoor performance. If these aims can be
achieved, then tandems will become an important part of the
continued cost reduction in photovoltaics and the develop-
ment of solar electricity as one of the world’s major energy
sources.
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8.1 Status

Most PV is produced for utility-scale ground-mount, com-
mercial rooftop, or residential rooftop markets. While some
variations exist (e.g. current, voltage, shape), PV is generally
a commodity with a ‘one-size-fits-all” approach valued on a
cost-per-watt basis. Silicon PV has been historically monofa-
cial, with wafers sandwiched between glass frontsheets and
opaque polymer backsheets. Thin-film modules are packaged
similarly, except using glass backsheets. Increasing module
size and space utilization, and reducing cell interconnection
resistance have significantly reduced the cost-per-watt. The
theoretical limits to improve efficiency by these methods are
fast approaching. There is now focus on metrics beyond cost-
per-watt. One related trend is (Si) bifacial modules which use
glass or transparent polymer backsheets to absorb additional
light for increased energy-yield-per-rated-watt, with reported
increases up to 30% [88]. While bifacial thin-film modules
exist for niche markets (e.g. solar windows), their perform-
ance suffers from higher resistance transparent back contacts.
Eliminating this performance gap to enable bifacial thin-film
modules is an active area of research.

While improving capacity factor, energy yield, and the
value triad of efficiency, cost, and reliability will continue
for the foreseeable future for ‘traditional’ solar, several
non-traditional applications derive value on a separate axis
and/or benefit from ‘value-stacking’. The most common sep-
arate value axis combines flexibility and reduced weight,
which go hand-in-hand. Specific power (power-to-weight
ratio) is valued by aerospace (e.g. satellites, unmanned aerial
vehicles (UAVs)), recreational and military person-portable,
and ground transportation markets [89].

Architectural Solar or Building Integrated PV (BIPV) is
the largest market (estimated ~10 GW cumulative deployed
by 2018 end [90]) presently benefiting from value-stacking
(sometimes called ‘dual-use’). Glass, aluminum and polymers
are common materials in today’s built environment while also
providing photovoltaics’ structural backbone. Solar’s incre-
mental cost can be reduced by directly replacing cladding ele-
ments or integrating cells into glass laminates already used
within the building envelope. An appealing multi-functional
attribute of photovoltaics is the opportunity to leverage its
opaque or semi-transparent nature. The building industry com-
monly coats glass with transparent coatings (e.g. low-E) or
semi-transparent patterns (ceramic frit). Both reduce the solar
heat gain coefficient (SHGC) of vision or sloped glazing.
Semi-transparent treatments also benefit glare control and
bird-safe applications, while opaque treatments may conceal
floor partitions within a facade (e.g. spandrel glass). Currently
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available PV technologies can address these exact needs, while
also generating energy, in-turn providing a value-stack.

These ‘niche’ markets (figure 13) have the ability to extract
additional value through alternative module and mounting
architectures. These markets, while modest in size compared
to utility-scale, are important due to their ability to support
protected learning/experience for emerging PV players as dis-
cussed below.

8.2. Current and future challenges

For fully integrated architectural applications one size does
not fit all. Glass today is a customizable architectural com-
ponent and any solar-based substitutes must conform or will
not be considered for integration into the building envelope.
This includes not just varying transparency levels, but also
the ability to specify somewhat arbitrary sizes. This presents
BIPV’s greatest technical challenge because of the cost implic-
ations associated with designing, manufacturing and certify-
ing a range of sizes. Additionally, appearance is of paramount
importance. Thin-film panels’ homogeneity over large areas
provide an advantage over wafer-based Si. Presently, while
Si dominates the roof BIPV market compared to thin-films
with a 90/10 market split, thin-films dominate fagades with
a 56/44 split [90]. The architectural glass industry is already
well-versed in ‘soft’ coatings (e.g. sputtered low-E coatings)
protected inside dual panes—replacing these with thin-film cell
‘coatings’ seems a logical extension. Lack of precision in man-
ufacturing customized integrated glass units (IGUs), however,
requires some technologies/designs to utilize an additional
glass lite to fully seal the PV against moisture. Increased mois-
ture resistance in thin-films could minimize these costs/relax
design constraints. Another large opportunity is to utilize com-
moditized solar panels in place of building components. If
architects adapted to a standard form factor, which some-
times happens with cladding systems, substantial costs could
be avoided (figure 14). A vertical solar system costing $2—
3 watt~! (installed) at 18% efficiency, equates to $3.90—
5.85 m~2. Most Aluminum Composite Material (ACM) exter-
ior wall cladding systems common to commercial construc-
tion, have installed costs of ~$2.75-4.65 m~2 [91]. Replacing
metal cladding systems with standard, commoditized framed
solar solutions present a significant opportunity to reduce
BIPV costs through value-stacking.

Two emerging value-stacking applications are floating PV
(FPV), which has surpassed 2 GW installed and expects high
annual growth rates with TWs of potential, and agrivolta-
ics (APV), which is now being explored [90, 93-95]. Unlike
BIPYV, the value-stacking is less straightforward to quantify
and will require detailed experimental studies and new mod-
eling.

While FPV has been most successful in markets with
high land costs (e.g. Japan, South Korea, Taiwan), there is
also potential to mitigate evaporation from reservoirs and/or
maintain water quality, which are susceptible to undesirable
processes like UV-initiated bromination and algae bloom-
ing. Furthermore, reports of FPV and APV indicate cooler
operating temperatures (9 °C for APV in Arizona [95]) and
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Figure 14. Traditional solar in place of metal cladding on
Colorado’s first net-zero multi-tenant building Boulder Commons,
Boulder, CO. Photo courtesy of Christopher Klinga.

hence increased performance, but no predictive model exists.
A preliminary study of APV in the Arizona desert, sug-
gests its cooler temperatures improves water-use efficiency by
>150% in certain situations and improves crop yields [95].
The value associated with any storage for PV in general is not
well-quantified, presenting a significant avenue of high-value
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research. This is highlighted by FPV installations consider-
ing co-location with hydroelectric generation, with the dual
benefit of eliminating new high-power grid connections and
serving as effective storage by storing water during daytime
hours.

Other applications, however, require an additional value
axis such as specific power and flexibility, necessitating a
complete module redesign. The majority of weight and rigid-
ity in modules stem from the package. Si wafers thick-
nesses range from 100-200 pum while thin-film cells are
<5 pm, making the thick glass, polymer sheets, and Al fram-
ing of traditional modules an impediment to achieving high
specific power. All of the traditional module’s packaging
elements, however, serve important roles including optical
coupling; protection from breakage, mechanical loading, and
water/moisture vapor; and safety against electrocution. Bey-
ond resisting detrimental flexure, these roles can generally
be accomplished with thinner, lightweight packaging substi-
tutions (e.g. high moisture barriers films) that ‘merely’ cost
more at today’s scale than components like glass. It is worth
noting, any sufficiently thinned-down material becomes flex-
ible, with glass an excellent example. Thick glass is rigid and
fragile, whereas ultrathin glass fibers are used for insulation
and fiber optics. This makes it possible for any PV techno-
logy, hypothetically, to achieve high specific power, although
technical obstacles pose limitations to some more than
others.
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It is important to note some reports overstate specific power
of organic PV and perovskites, by not accounting for realistic
packaging requirements/overemphasizing cell thickness. Sim-
ilarly, ‘half-packaged’ or unpackaged cells can lead to unfair
comparisons. For a detailed discussion of limitations on spe-
cific power, see [89].

8.3. Advances in science and technology to meet challenges

FPV has leveraged traditional Si panels, but innovated in
mounting solutions. Mounting has largely used high density
polyethylene and Al frames, with long histories in aquatic
applications (e.g. buoys). Presently, reliability due to motion
fatigue, soiling, and corrosion are open research questions.
While systems have been fixed-tilt to date, tracking is
being increasingly considered [96]. While traditional panels
presently make economic sense, FPV also may benefit from
membrane-based, flexible modules. BIPV’s most needed tech-
nological advancement is an adaptation to cost-effectively
insert PV into the glass fabrication process either as a direct
soft coating similar to low-E or with a customizable lamin-
ate (e.g. thin-film structure on polymer adhered inside glass)—
either must have a solution for arbitrary sizes.

Each high specific power PV technology presently has
a drawback. While 150 pym thick Si wafers make efficient
solar cells and are more flexible than 200 pym ones, they
are still fragile and heavy compared to thin-film absorbers.
Ultrathin (<10 pm) Si is highly flexible, but silicon’s indir-
ect bandgap makes light harvesting more challenging and
research is needed to reduce its significant interface recom-
bination, with efficiencies less than half of Si records [97].
The most efficient polycrystalline thin-films (CIGS and CdTe)
are deposited at temperatures incompatible with the lightest
weight plastic substrates. This requires altering processing
conditions, which often lowers efficiency. Potential research
directions include flexible glass or metal substrates, which
can introduce different impurities and thermal mismatch or a
liftoff approach, with issues in cracking and impurities [98—
103]. Perovskites and organic photovoltaics have the lowest
thermal budgets, making growth on plastic substrates more
straightforward. However, they still use transparent conduct-
ing oxides (TCOs), with limited flexibility before fracture.
Metal (nanowire) networks and TCOs with metal interlay-
ers are being explored as flexible replacements. This element
must be improved or controlled for, by setting limits to flexure
into a final package design. High moisture barriers will also
be required for the near future, and lowering their cost-per-
performance can boost these niches. III-V PV’s challenge is
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reducing cost without losing efficiency to maintain its domin-
ance in the highest specific power applications.

Additionally, further technical challenges in aerospace,
person-portable, and vehicle-integrated PV applications cost
are balancing specific power with reliability. Aerospace is
the least cost-sensitive (up to $100-200 W1 due to the
high launch and system costs (although these are dropping),
but with added reliability to temperature/pressure cycling and
radiation hardness, while relaxing the actual required oper-
ational lifetime (i.e. 1-5 yr for UAVs, 1-8 yr for low earth
orbit, 7-15 for geosynchronous orbit) [89]. Vehicle integra-
tion for range extension of plug-in hybrid and battery elec-
tric vehicles is the most cost-sensitive ($2.5-10 W) applic-
ation, with appearance also critical and reliability linked to car
lifetime (i.e. 250000 miles or 10 yr) and crash safety stand-
ards [89]. Person-portable PV has intermediate specific power
and cost-sensitivity ($4—16 W) requirements, with greater
durability to rough handling, but relaxed operational lifetime
requirements (1-3 yr) [89].

8.4. Concluding remarks

As many of these applications have been previously con-
sidered, a natural question is why are they still ‘niche’? Despite
the added value-stack benefit, especially now with plummet-
ing PV component costs, there are still major barriers to wide-
spread adoption. For BIPV these are: lack of building industry
buy-in to integrate solar technologies; codes and standards
geared towards standardized products rather than customiz-
able architectural solutions; and an uneducated market on how
to integrate such technologies. Floating PV, though growing
exponentially, is in the infancy of understanding siting, reli-
ability, and quantifying its value-stack. Numerous compan-
ies have pursued lightweight, flexible PV products for many
years. To date, a value proposition trade-off has limited each
market’s size. Some cost limitations stem from the added
price of customization. Even c-Si products at low-scale cost
an order of magnitude more than utility-scale. The special
requirements of these markets maintain them as laboratories
of innovation. To date they have supported every commer-
cialized technology (a-Si, c-Si, CIGS, CdTe, OPV, DSSC,
III-V), with the advances of each pushing the whole mar-
ket. These markets’ prospective value has the potential to
support billions of dollars of experience, which can ulti-
mately lower costs. This can lead to the implementations
of new technologies and architectures at large-scale, which
may find new value propositions beyond the lowest upfront
cost-per-watt.
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9.1 Status

Very-large-scale deployment of PV will require addressing the
variable and uncertain nature of the solar resource. Lessons
learned from current levels of PV deployment, and studies of
even higher levels of deployment in many regions, have helped
clarify the pathway towards cost-effective integration of PV
at the multi-TW level and the role of ‘enabling’ technologies
such as energy storage.

Overall, the challenges of integrating PV occur at multiple
timescales and change in nature as PV penetration increases.
Early concerns regarding deployment at low penetration (up
to a few percent on an annual basis) focused on the short-
term variability of PV and the potential for output to drop
rapidly in the seconds to minutes time frame. This concern
has been largely mitigated by factors including recognizing
the impact of spatial diversity, which greatly reduces aggreg-
ated PV ramping events in this short time frame [104]. Other
measures have enabled cost-effective PV integration, such as
improved market operations including increasing size of the
balancing area, enabling sub-hourly scheduling and dispatch,
improving forecasting, and increasing power system flexibil-
ity [105]. Some of the needed flexibility can also be derived
from PV itself, by dispatching it to provide operating reserves
and by taking advantage of the extremely rapid response rates
available from inverter-based resources, as opposed to thermal
resources that take much longer to respond [106].

9.2. Current and future challenges

As PV penetration increases further, the diurnal mismatch
of supply and normal electricity demand patterns becomes a
greater concern. This mismatch includes both the potential
oversupply of PV during periods of relatively low demand,
and insufficient PV generation during periods of high demand.
These issues are commonly illustrated by the ‘duck curve,
shown in figure 15, which shows periods of low net load and
potential overgeneration (resulting in PV curtailment) that has
started to occur in places such as California on some spring
days [92]. During periods of low demand, a combination of
large PV generation and flexibility limits on current power
plants results in generation that exceeds demand. During these
periods PV must be curtailed, which decreases its net capa-
city factor, increasing its cost of delivered energy (or decreas-
ing its value, depending on perspective). This decline in PV
energy value as a function of penetration is compounded by
its decline in capacity credit, or its ability to replace conven-
tional generation resources that are typically available during
periods of peak demand (sometimes simplistically described
as dispatchable or ‘firm’ resources) [107]. In the USA, and
in many other regions with warmer climates, the demand for
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electricity peaks during hot summer afternoons that are often
coincident with high solar output. However, as PV is added,
the net peak demand is shifted to later in the day during peri-
ods of low output. This means that even at relatively low pen-
etration (<20% on an annual basis) PV by itself may provide
little incremental contribution to a system’s ability to meet its
peak demand. In combination, these factors decrease the cost
competitiveness of PV and will require measures to improve
the diurnal coincidence of solar supply and energy demand.

Beyond the diurnal mismatch, there is a seasonal mismatch
that varies regionally. In summer-peaking systems, this mis-
match can be relatively small; however, in many regions of
the world, demand can peak during the winter or other periods
of low solar output.

9.3. Advances in science and technology to meet challenges

The declining value of PV can be partially mitigated by many
cost-effective non-storage options. These include increased
power system flexibility, which can be enabled by improved
PV forecasting and power system scheduling. Greater use of
flexible loads could substantially address the issue of sup-
ply/demand imbalance. Lower-cost PV can help mitigate the
decline, as cheaper PV can remain cost effective even with the
lower capacity factors that result from curtailed energy [108].
Lower-cost PV also allows for higher DC/AC ratios that have
reduced variability and greater output during shoulder periods
in the evening. Addressing the diurnal supply/demand mis-
match is the first step in enabling extremely large-scale PV
deployment.

Howeyver, there are of course limits to what low-cost PV
can achieve by itself, given the simple unavailability of solar
energy at night. Science and technology advances are critical
to develop practical storage solutions for diverse PV applica-
tions. Compressed air, flywheels, supercapacitors, and solar-
to-fuels such as hydrogen have been discussed for some time,
but still require development. In 2017, pumped hydro had
a total nameplate capacity of over 180 GW, accounting for
95% of tracked storage installations worldwide [109]. Pumped
hydro energy storage systems borrow technology from hydro-
electric power generation systems and have been in service
for over 70 years. In these systems, water is moved from a low
elevation reservoir to a higher elevation reservoir during peri-
ods of low demand, and then the flow is reversed to drive tur-
bines during periods of high demand. Energy can be stored for
days or even weeks depending on the size of the system. Draw-
backs include high initial capital investment and geographic-
ally unique locations. Positives include high system reliability,
multi-decadal service life and round-trip efficiency of ~80%.
Recent work suggests that geographical limitations may be
less of a barrier for modern off-river pumped hydro facilities
that make use of deep reservoirs with large large elevation dif-
ferences and the use of brown field sites and decommissioned
mines [110].

Diverse battery technologies can also help meet storage
challenges. The outstanding energy capacity of lithium-ion
batteries coupled with enormous cost reduction has been
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displacing the traditional lead-acid battery. Lithium-ion bat-
teries have seen a nearly 90% reduction in prices in real terms
from $1183 kWh~! in 2010 to $156 kWh~! in 2019 and
is expected to approach $100 kWh~! by 2023 [111]. One
challenge is to scale battery technologies to levels appropri-
ate for TW deployment, and at the same time develop par-
ticular anodes, cathodes, electrolytes, battery controls, and
plant management with properties tailored specifically to PV
applications. Solar panel warranties are typically 25 years and
likely to become longer, so a key challenge is to develop bat-
tery technology that can retain high round trip energy effi-
ciency for more than 9000 cycles with suitable power charging
and discharging rates within cost constraints that will enable
PV + storage to be significantly less expensive than conven-
tional electricity sources.

In the near term, relatively short-duration storage (4 h or
so) can mitigate much of the overgeneration concern [112]. In
addition, PV physically coupled with short-duration batteries
(~4 h) creates a unique synergy that enhances grid capabil-
ity of a PV plant (e.g. capacity firming, energy shifting, and
flexibility) and makes it competitive with new peaking capa-
city [113]. When storage and PV are physically coupled and
share a common interconnection and infrastructure, the pro-
ject cost savings are realized. Systems coupled on the DC side
of a shared inverter can enable higher DC/AC ratios, which
can further reduce project siting and other balance-of-system
costs. With respect to policy, the US Income Tax Credit incent-
ive has motivated many developers to include storage with PV.
These project savings in turn reduce cost per unit of delivered
energy.

As PV penetrations increase, longer-duration storage can
largely address the requirements for diurnal shifting—and
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studies have found that batteries or other storage technologies
with eight or less hours of capacity can achieve economic pen-
etrations of PV greater than 50% on an annual basis [114].
Figure 16 (top) illustrates a modelled projection scenario
demonstrating the possible deployment under further aggress-
ive cost reduction (achieving 3 cents kWh~! by 2030 for
utility- scale PV in average locations in the USA). It also shows
the impact of advancing lower cost storage, which greatly
increases deployment. Figure 16 (bottom) illustrates how stor-
age could be dispatched to shift supply to evening and early
morning.

At ultra-high PV penetrations (>50% on an annual basis),
longer-term (including seasonal) mismatch may drive declin-
ing PV economics. Shifting energy supplies over days, weeks,
or months may be needed depending on the region. Develop-
ment of advanced ‘conventional’ longer-duration storage tech-
nologies, including pumped hydro and compressed air energy
storage, may enable the multi-day shifting requirements, while
the focus of truly seasonal storage has been the conversion of
electricity to storable fuels for later use in fuel cells or thermal
generators. For purely electric applications, existing non-
battery technologies are limited by low round-trip efficiencies
[115]. However, solar fuels production also enables economy-
wide decarbonization by providing transportation fuels, space
and process heating, and chemical feedstocks. Understanding
the trade-offs among competing storage technologies requires
additional analysis, including examining the potential role of
meeting seasonal mismatch through using PV as a purely
‘peaking’ resource with very low net capacity factor. Ultra-
low-cost PV potentially allows for ‘overbuilding,” which can
generate greater production during peak seasonal periods,
while accepting greater amounts of cost-effective curtailment
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Figure 16. Deployment scenario for PV in the United States under an aggressive cost reduction target, and also with low cost storage (top).
Dispatch in the Western and Eastern interconnections during periods of highest instantaneous penetration of nonsynchronous generation.

Source: NREL.

during periods of low demand. The economically optimal
configuration of systems with very large amounts of PV has
not been well characterized, given the evolving state of the
technology.

9.4. Concluding remarks

Multi TW-scale PV deployment ultimately requires address-
ing the inherent mismatch between when the sun shines and
when people use energy. The short-term (sub-hourly) mis-
match problem can be largely addressed via changes in how
the grid is operated. The diurnal mismatch challenge will
likely require deployment of a variety of technologies, includ-
ing storage with multiple hours of capacity, to ensure the peak
demand for electricity can be served. On longer timescales (12
or more hours), the challenge becomes more difficult due to
the high capital costs, low efficiency, and low utilization rates
of storage, which decreases the economic competitiveness of
PV. A research agenda to improve the cost and performance

33

of storage technologies at all timescales will aid in finding
solutions to achieve extremely high PV penetrations.

Acknowledgments

This work was authored in part by the National Renew-
able Energy Laboratory, operated by Alliance for Sustainable
Energy, LLC, for the US Department of Energy (DOE) under
Contract No. DE-AC36- 08G028308. Funding provided by
the US Department of Energy Office of Energy Efficiency
and Renewable Energy Solar Energy Technologies Office. The
views expressed in the article do not necessarily represent the
views of the DOE or the US Government. The US Government
retains and the publisher, by accepting the article for publica-
tion, acknowledges that the US Government retains a nonex-
clusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this work, or allow others
to do so, for US Government purposes. Editing support was
provided by Devonie McCamey.



J. Phys. D: Appl. Phys. 53 (2020) 493001

Roadmap

10. Energy yield modeling
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10.1. Status

Modeling PV energy yield is crucial throughout the value
chain for designing and financing projects, investigating
new technologies, identifying underperforming systems, and
understanding how PV fits into energy infrastructure. Reli-
able models with accurate inputs and well-quantified uncer-
tainties enable successful deployment and shorten financial
negotiations, decreasing overall costs. Established methods for
predicting system yield in real world conditions have been an
important component in the expansion of PV. However, there
are also opportunities for continued advancement to support
rigorous design optimization, improved uncertainty analysis,
emerging technologies, and more challenging conditions like
complex terrain.

A great deal of progress has been made with current prac-
tices employing modelling software with a single year of
hourly solar resource and weather data (e.g. typical meteoro-
logical year (TMY) [116]) and system characteristics (e.g. PV
temperature coefficient) to predict energy yield. A complete
model is built from sub-models for each step of the conversion
from irradiance to module performance to system energy out-
put [117]. For some of these steps, there are established models
with accepted uncertainties, but others rely on estimates res-
ulting in high uncertainty. Even well-established models have
only been validated against limited data.

10.2. Current and future challenges and advances in
technology to meet them

10.3. Model inputs

Solar resource availability is one of the largest predictors
of energy yield, but estimating it for a specific location
is challenging. The status quo is to use a single year of
hourly resource data. This practice became prevalent partially
to overcome challenges with limited computational power
[116]. The development of satellite-based irradiance models
has improved the geographical and temporal extent of avail-
able irradiance data. This, along with increases in comput-
ing power, provide the opportunity to model at higher tem-
poral and spatial resolution, and to improve methods of utiliz-
ing many years of historical data to better understand uncer-
tainty in PV yield. As shown in figure 17, higher frequency
simulation (e.g.: minutes or seconds) enables models to accur-
ately capture sub-hourly clipping and ramp rates, effects that
hourly modelling does not capture, for more accurate predic-
tions. Synthesized high-frequency data [118] could provide a
promising solution with adequate validation against appropri-
ate ground data.
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The single diode model used to predict module power
output results in additional input complexity. It requires para-
meters that cannot be directly measured from cells or modules.
Multiple methods exist [120, 121] to derive these parameters
from measured characteristics under varying temperature and
irradiance, but industry has not converged on the most accurate
method. Public databases of module characteristics (e.g. IEC
61 853 matrix data) paired with field performance data would
aid in building industry consensus.

Losses and their uncertainty must also be considered.
Examples include degradation, snow, soiling, and equipment
outages. Solutions like SAM’s PV-RPM [122] offer a prom-
ising approach to quantify losses and their uncertainty. Such
approaches require good input about the probability and
impact of different losses. The development of promising new
analysis tools such as StatisticalClearSky [123] and RdTools
[124] along with fleet-scale analyses like the PV Fleet Data
Initiative [125] may offer the opportunity to quantitatively
understand losses at scale and close the loop with developers,
independent engineers, and investors.

10.4. Meeting the demands of advancing technology

In order to gain traction with stakeholders, models for emer-
ging technologies must be credible and accurate. For example,
the industry is grappling with modeling bifacial systems, due
in part to a dearth of high-quality, realistic, independent val-
idation datasets from large-scale bifacial systems. There is
much uncertainty around bifacial gain, its effects, and optim-
ization. Advances in modelling are still required to understand
whether energy yield gains justify the cost of bifacial modules.
Currently, bifacial gain is quantified with two-dimensional
view factor models that assume infinitely long arrays. Recent
advances in raytracing and cloud computing [126, 127] have
enabled models that treat electrical mismatch, structural shade,
and transmission. However, these simulations are slow and
expensive, making them intractable for practical use. The chal-
lenge is to create fast and accurate modeling tools to both pre-
dict and optimize bifacial performance. Similarly, there is a
need for improved modeling and optimization of single axis
trackers and their tracking algorithms for both bifacial and
monofacial systems.

Bifacial modules illustrate the importance of laying the
groundwork for accurate energy yield modeling for new and
emerging technologies. This includes looking beyond stand-
ard test condition (STC) measurements and record cell effi-
ciencies for emerging cell technologies like perovskites and
tandems. It is useful to characterize cells under varying tem-
perature, irradiance, and spectrum, then to use this data to
quantify energy yield potential in the field. It is also import-
ant to realistically consider how the technology will be inter-
connected in modules at the square-meter scale and consider
associated losses. Finally, as the technology matures and full-
size modules become available, realistic research-grade field
performance data should be collected and scrutinized by the
community to build confidence in associated models.

Models must also evolve with the rest of the power sys-
tem. As increased renewable penetration drives PV-coupled
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Figure 17. High-frequency solar resource data from the NIST testbed [119] was used to predict energy yield for three hypothetical systems
with different DC/AC ratios of 1.1, 1.3, and 1.5 based on the NIST ground array for the month of July. Top panel shows modelled energy
yield for systems with different DC/AC ratios as the time resolution of the solar resource data is changed. Down-sampling data from 1 min
to 2 h shows energy yield is over-predicted when DC/AC ratio is high, but as DC/AC ratio approaches unity, predictions are less sensitive to
data-resolution. Bottom panel shows a subset of several days of global horizontal irradiance (GHI) resource data and the resulting modelled
PV system output (PV) for one-minute and 1 h time resolution, with a DC/AC ratio of 1.5. The DC/AC clipping limit is indicated by the
dashed horizontal line. Intermittent high solar resource is not captured by hourly data resulting in under-predictions of clipping loss and an

over-prediction of energy yield.

battery storage, models must consider the complexities of
systems with storage. Modeling challenges include DC- vs
AC-connected topologies, complex degradation, thermal and
voltage characteristics, and rapidly evolving value streams.
Additionally, modeling battery dispatch is essential to estim-
ating system value, and involves assumptions about gener-
ation and load forecasting. Many PV modeling tools have
already added the ability to couple PV systems with battery
storage, but development and evolution of these models will
need to continue to keep pace with the rapidly changing battery
market.

Similarly, with increased renewables on the grid, PV plants
will no longer operate simply to maximize energy output,
but may be required to provide grid services or work within
voltage, frequency, and reactive power constraints. These
new behaviors need to be included in energy yield models.
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This will require new complexity in inverter models and
may precipitate coupling detailed PV models with distribu-
tion or transmission grid models to fully understand complex
interactions.

10.5. Validation, uncertainty, and optimization

An important challenge is validation of model accuracy
against measured data, especially for new and emerging tech-
nologies. Proper validation requires high-quality, relevant,
large-scale, clean, and documented datasets. Although some
entities have sufficient proprietary data to conduct internal
validations, public datasets provide greater reproducibility
and can accelerate adoption of new models. There exist
some high-quality datasets such as the mobile performance
and energy rating testbed mPERT [128] and NIST [119]
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datasets, but datasets for large systems are limited. More
publicly-available datasets of this high caliber, especially
for large-scale systems and emerging technologies, will
accelerate the development of better, faster, more accurate
models.

Uncertainty is present in every aspect of PV modelling,
and it affects many financing decisions. Yet the industry lacks
transparent, widely accepted methods to quantify uncertainty
in energy yield estimates. Better definitions of terms and more
robust methodologies will help build consensus and standard-
ize the calculation of this critical metric in energy yield mod-
eling.

Furthermore, as more and more PV systems are deployed,
the need for automated optimal system design increases. Many
developers still design systems manually, using CAD tools and
rules of thumb, instead of coupling design to performance.
No longer are systems exclusively installed on graded land
in the desert southwest; new systems are located in rolling
terrain, in areas with high snowfall, or with a new focus on
rear-side irradiance. These novel system environments call for
true design optimization, which is only achievable through
accurate modeling of new and existing technologies. Cloud
computing power and open source software provide new
opportunities to optimize these systems for energy, cost, and
construction.

10.6. Concluding remarks

As the PV industry advances in both applications and techno-
logy, so too must energy yield predictions. We have described
several areas for continued advancement. Those are briefly
summarized here:
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Good models begin with good inputs. Moving away
from hourly single-year data to high-frequency multi-year
weather datasets along with improved understanding of
model inputs, losses, and uncertainty will yield more accur-
ate, higher-confidence models.

PV remains a rapidly evolving space, with new cost-
reducing and value-increasing ideas emerging regularly.
From novel cells to bifacial technology, tracker algorithms,
energy storage and more, each technological improvement
demands an accurate and timely representation in the mod-
eling world to ensure its success.

Models are only as good as our ability to validate them.
High-quality public validation datasets, relevant to cur-
rent technology trends (e.g. bifacial systems) are critical to
building industry consensus around evolving models and
their inputs.

Finally, advances in cloud computing power and open
source software provide a tremendous opportunity to move
energy yield modeling beyond prediction and into optim-
ization to improve the value proposition of PV and unlock
new applications.

Each of these challenges presents a unique opportunity for
the PV modeling world to enable the continued success of the
PV industry.
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11.1. Status

Reliability plays a central role in PV project economics and
the cost competitiveness with traditional energy sources. Early
reliability efforts for terrestrial applications originated from
the Jet Propulsion Laboratory (JPL) Flat-Plate Solar Array
project, which colloquially became known as the JPL Block
Buy program. State-of-the-art modules from commercial man-
ufacturers were purchased, tested, and fielded. Feedback of
the detailed observations were provided back to the manufac-
turer for product improvements. Starting in 1975, through five
rounds, the failure rates were drastically reduced and longev-
ity considerably increased [129]. Beyond these obvious reli-
ability improvements, the program had a lasting impact on
the industry. Many of the tests that constitute the Interna-
tional Electrotechnical Commission (IEC) 61215 PV mod-
ule qualification standard—and its predecessor, the Commis-
sion of European Communities (CEC) Specification 503—are
based on the tests first developed during that time period [130].
This qualification standard is a set of tests that quickly expose
design or materials flaws that would otherwise lead to prema-
ture failures (infant mortality) in fielded modules. Yet, these
tests are not designed to provide information about life expect-
ancy. The sustained commercial success, however, depends on
the performance of a module and system to within expecta-
tions over its entire life.

This reliability challenge is visualized in figure 18, which
shows the exponential growth of installed PV capacity—in
gigawatts direct current (DC)—from 1976 to 2019 (blue dia-
monds) [131]. The consequence of this often-discussed growth
curve is shown in the red circles, which is the percentage of
PV capacity installed for less than 2 years. These numbers
are derived from the growth curve alone and do not include
decommissioning of systems that have reached their end of
life. When the industry was in its infancy during the 1970 s
and 1980 s, about three-quarters of all installations had been
installed for less than 2 years. That high percentage was less
of a concern because the longest warranties ranged from 1
to 3 years. During the following decades, the percentage of
systems fielded for less than 2 years first declined and then
rebounded to around 40% at the time of this writing. However,
the length of warranties increased disproportionally to a range
of 25-30 years. This spread between guaranteed performance
and field time adds to the challenge of PV reliability.

11.2. Current and future challenges

Two macrotrends have dominated the PV industry through-
out its existence: (1) downward price pressure leads to the
introduction of new materials and processes; and (2) cell
and module designs continue to increase in efficiencies. The
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consequence of these two trends is a technological landscape
that is continually changing, which potentially impacts PV
failures and degradation. Typically, failures are sudden ter-
minations of production or precipitous reduction in perform-
ance below a specified threshold (e.g. the warranty). On the
other hand, degradation—also known as soft failures—is the
gradual, relative loss of performance, which may eventually
lead to failure [48]. Degradation rates, or curves for non-linear
cases, are typically low—about 1/2 to 1% per year, and the
rates are a relative number and should not be confused with the
absolute efficiency of a cell, module, or system. For instance,
if a module that has an initial absolute efficiency of 22%—
a high-end module today—steadily degrades 0.6 relative per-
cent per year, it would still have an almost 19% absolute effi-
ciency 25 years later. Minimizing both degradation and fail-
ures is essential for the bankability of PV.

Historically, cell, module, and system reliabilities have
been separated because module reliability issues have primar-
ily concerned module packaging (e.g. encapsulation discolor-
ation, delamination, broken glass and cells, and solder-bond
failures), which were differentiated from cell-related issues.
The situation has changed substantially during the last dec-
ade. Module packaging can still be problematic, especially
with the introduction of new materials such as encapsulants or
backsheets; but in addition, cell-related reliability issues can
have an impact in the early-life phase such as LID or LeTID
[132]. Cell design-related reliability issues are also beginning
to emerge in long-term field observations [133]. Furthermore,
new module designs, such as half-cut cells to reduce series res-
istance, shingled cells, bifacial modules that can also capture
light reflected from the rear, and glass-glass construction, may
lead to the emergence of new failure and degradation modes.

System-level innovations, such as higher operating
voltages, have led to potential-induced degradation (PID)
that impacts PV reliability [134]. In addition, increased usage
of trackers, which lead to higher operating temperatures and
higher inverter loading ratios (DC to AC ratio), may also
impact PV reliability. Furthermore, new applications such
as floating PV (systems built on water instead of land) may
provide reliability challenges. Despite these challenges, repor-
ted module field failures in recent years have been relatively
low compared to other PV system components such as invert-
ers, perhaps due to the PV reliability learning cycle shown
in figure 19. However, further improvement in reliability is a
key, as new technologies such as PERC are fielded.

Until now, decommissioning and recycling of older PV sys-
tems has been relatively low; however, the numbers of systems
reaching their end-of-life state may increase in proportion to
the installation growth curve. Therefore, the demand for a cir-
cular economy may also introduce new cell designs, materials,
and processes into the PV value chain, with perhaps new chal-
lenges for PV reliability.

11.3. Advances in science and technology to meet
challenges

The PV reliability learning cycle is a continuous improvement
cycle that starts with observation and diagnostics of fielded
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products. Understanding of the underlying degradation mech-
anisms through failure analysis allows to develop physical
models of the mechanism. These models then can be used to
develop accelerated tests that can be applied to new products.
Subsequently, products that have passed tests developed for
this degradation mechanism can be fielded with higher confid-
ence, thus closing the learning cycle. Unfortunately, the length
of each learning cycle (years) is considerably longer than the
product development cycle (months).

Improving PV reliability depends on reducing the reliabil-
ity learning cycle. Multiple degradation or failure mechanisms
may be occurring in parallel or series in PV modules. In addi-
tion, indoor accelerated tests may be unintentionally acceler-
ating a failure mechanism that may not be observable in the
field. Therefore, accurate field observation and detection are a
critical part of the feedback loop. As the cost of data storage,
acquisition, and processing continues to decrease more granu-
lar and richer datasets are becoming available and are provid-
ing the opportunity to determine field changes more quickly.
In particular, the advent of machine-learning algorithms and
cloud-computing will allow for more detailed and faster ana-
lysis of time-series datasets and real-time alerting, thus short-
ening the feedback loop.

Additional ex-situ methods, preferably contactless as to
not interrupt production (such as electroluminescence, pho-
toluminescence, or ultraviolet fluorescence) allow multi-
dimensional characterization of the physics and chemistry
within a module. When these techniques are combined with
aerial vehicles such as drones the integrity of large installa-
tions can be quickly investigated. Complementary minimally
invasive ground techniques such as reflectometry may quickly
detect interruptions.

Further reduction in the reliability feedback loop may be
achieved through in-situ monitoring the continued miniatur-
ization of physical and chemical sensors allows the possib-
ility to embed sensors in modules, thus enabling more rapid
identification of changes within a module [135]. Because of
the added cost, embedding sensors in a majority of modules
may be impractical for the foreseeable future. However, these
sensors could be embedded in only a few modules that would
serve as ‘control’ modules. These control modules in the field
could be stressed and the degradations could be accelerated
at higher temperatures through the use of thermal insulators
covering the substrates of the modules. Changes inside these
modules could lead to more rapidly identifying problems and
a proactive approach to operations and maintenance. In addi-
tion, it would also lead to more quickly identifying degradation
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mechanisms such as PID and developing physical and chem-
ical models to accelerate the learning curve of degradation sci-
ence.

These degradation models could then lead to more rapid
development and implementation in extended, sequential and
combined stress tests, thus closing the reliability learning
cycle [136, 137]. Chemical sensors in a module may alert to
changes in the chemistry such as the presence of acetic acid,
which may indicate changes in the encapsulation. In addi-
tion, sensors could alert to the presence of hydrogen, and thus,
to diffusion of hydrogen, which is often used in advanced
cell architectures. Physical sensors may detect changes when
delamination occurs or excessive impacts from snow, wind,
or hail.

These enhanced characterization methods and understand-
ing can further help guide materials science solutions. For
example, nanomaterials provide exciting opportunities to
improve PV reliability. For instance, embedding carbon nan-
otubes or other nanomaterials in the metallization may help
preserve electrical integrity even when cell or interconnec-
tion cracks occur that would typically disrupt current extrac-
tion [138]. Other material science opportunities are not lim-
ited to the cell and module level but are also at the system
level. For instance, inverters have been found to be the balance-
of-system component that has failed most often in PV sys-
tems. Advances in developing wide-bandgap semiconductors
could lead to more efficient inverters, and thus, reduced heat-
dispersion requirements and potentially more robustness to
elevated temperatures.

11.4. Concluding remarks

Reliability is of the utmost importance for the bankability
of PV and its cost competitiveness with traditional energy
sources. The PV industry often guarantees multiple decades of
performance, which can be difficult to predict in a short time-
frame. The challenge and the future of PV reliability is to shift
from a more reactive approach to a more proactive approach
by reducing the length of the PV reliability learning cycle. The
convergence of multiple scientific disciplines at the cell, mod-
ule and system level is required to achieve that goal in this
dynamic environment.
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12.1. Status

Photovoltaic (PV) energy conversion is achieved through a
wide range of technologies with varying active materials, pro-
cessing treatments, device configurations, packaging schemes,
stages of development, and intended uses. In this dynamic
field, the quest to optimize photovoltaic devices does not
imply only one ideal final configuration. For example, robust
devices suited for floating PV installations (i.e. resistant to salt
corrosion, water ingress, waves, and high winds) are likely not
the same as the light and flexible systems chosen for mounting
onto low-weight-capacity or mobile structures. These varying
needs of end users, and the impressive range of available PV
technologies, simultaneously complicate and enrich the task
of characterizing PV materials and devices.

Ultimately, PV efficiency is judged by the photodiode
current-voltage (I-V) response, but I-V characterization alone
is insufficient to comprehensively understand the underly-
ing physical reasons for differing PV performance and reli-
ability. Figure 20 illustrates some elements of the diverse
toolset employed to examine PV materials, ranging from
(a) analysis of module power output and degradation rates
[139], to (b) international standard test protocols for early
identification of field-relevant failure mechanisms [140], to
(c) nano/microscale analysis of defects and atomic struc-
ture [141], to (d) optical probing of energy landscape and
excited-state quasiparticles [142]. As PV technologies mature
and bankability gains importance, the mix of characteriza-
tion methods correspondingly evolves. In particular, increas-
ing cell sizes, incorporation into meter-scale modules, and
deployment of PV arrays increases the need for spatially-
correlated measurements that link the distribution of funda-
mental materials parameters to the efficiency of charge gen-
eration and collection, enabling targeted optimization of the
entire PV package.

Within the varied PV characterization toolset, methods
are needed for characterization from size scales of meters
down to angstroms, where the structural and chemical mater-
ials properties would ideally be correlated to the electro-
optical performance. Optical characterization often has the
practical advantage as being relatively simple and non-
destructive for probing defect states, variations in crystallin-
ity/phase/composition/purity, and degradation of material or
interface quality over time. However, other types of probes can
offer greater spatial resolution, such as electron beam-based
measurements (e.g. scanning electron microscopy, SEM;
transmission electron microscopy, TEM) or using an oscil-
lating sharp tip (e.g. atomic force microscopy, AFM). Both
destructive and non-destructive probes can also be used for
characterizing chemical composition (e.g. sputtering paired
with methods like x-ray photoemission spectroscopy, XPS and
secondary ion mass spectrometry, SIMS). Here, we discuss
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some challenges for PV characterization and how a mix of
multiple methods with reasonably high through-put is needed
for comprehensive multiscale analysis.

12.2. Current and future challenges

12.2.1. Multiscale characterization for cell and module devel-
opment.  Multiscale and multi-technique characterization
of PV materials and devices is both necessary and challen-
ging. In addition to tracking nonuniformities from the module
level down to the sub-cell or nanoscale materials level, some
challenges for commercial-level PV module characterization
include: accessing active cell components within the mod-
ule packaging for microscopic characterization; distinguishing
between module-scale packaging/interconnect degradation
versus cell-level properties; quantifying the relative import-
ance of identified defects; differentiating between design flaws
versus poor manufacturer processing; making characterization
higher throughput and more accessible to non-specialists; and
developing outdoor-compatible instrumentation implement-
able without disrupting field operations.

12.2.2. Electro-optical characterization. Electro-optical
characterization can be performed over large spatial scales,
and these methods are essential for optimizing PV electricity
generation from materials’ interactions with light. However,
at the lower limit, the spatial resolution of optical methods
is restricted by the diffraction limit of light (i.e. hundreds
of nanometers to micrometer scale). Although impurities,
defects, or other structural features causing low-energy trap
states may be significantly smaller, optical methods (such
as time-resolved photoluminescence, microwave photocon-
ductivity, transient absorption microscopy, Raman, Fourier-
transform infrared spectroscopy, reflectance, etc) provide
important information about thermodynamics and kinetics
affecting photovoltaic operation that could not be inferred
from structural characterization alone. For example, carrier
lifetimes are inherently related to voltage, and time-resolved
absorption/emission spectra can provide information about
excited state occupancy. For these reasons, optimization of
electro-optical characterization methods is needed despite the
poor lower-limit of spatial resolution.

12.2.3. Microscopic structural and chemical characterization.

On smaller spatial scales, structural characterization meth-
ods have been well-developed and can achieve nanometer (e.g.
AFM, SEM) to angstrom (e.g. TEM) levels as shown in figure
21. For PV materials characterization on these size scales, the
greater challenge lies in the ability to correlate spatial proper-
ties with atomic composition or the lower-resolution electro-
optical characteristics. Methods for detecting elemental con-
centrations are typically only sensitive to 0.1-1 atomic per-
cent. This includes STEM-based methods such as electron
energy-loss spectroscopy (EELS) and energy dispersive x-ray
spectroscopy (EDS) that offer nanometer spatial resolution,
or time-of-flight-SIMS with 100 nm resolution. Higher chem-
ical sensitivity can be obtained with dynamic SIMS, but the
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Figure 20. Examples of PV characterization including: (a) statistical analysis of current-voltage parameters from [139], where this study
shows degradation rates of module power output for various technologies from pre- and post- year 2000, collecting data from over 100
publications and 32 countries; (b) in-situ electroluminescence imaging during combined-accelerated stress testing from [140]; (c)
multiscale, multi-method characterization ranging from module to atomic level, in this case using dark lock-in thermography (DLIT),
electron beam induced current (EBIC), and time-of-flight secondary ion mass spectrometry (TOF-SIMS) to identify Na+ accumulation
causing shunting during potential-induced degradation from [141]; and (d) luminescence imaging allowing to make structure-property
relationships between chemical composition and energy landscape, in this case for perovskite devices from [142]. (a) [139] John Wiley &
Sons. Copyright © 2013 WILEY-VCH Verlag GmbH KGaA & Co., Weinheim. (b) © IEEE. Reprinted, with permission, from [140]. (c)
[141] John Wiley & Sons. Copyright © 2018 WILEY-VCH Verlag GmbH KGaA & Co., Weinheim. (d) Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Nature Photonics [142] (2018).

improvement in sensitivity comes with decreased spatial resol-
ution, e.g. from ~100 nm for TOF-SIMS to ~1 pm or more for
d-SIMS. Due to the difficulty in characterizing the composi-
tion at the atomic scale, many studies rely on prior knowledge
of the different materials that were used during fabrication.
This strategy has been used, for example, for inferring the role
of hydrogen in light and elevated temperature induced degrad-
ation (LeTID) in silicon cells [143]. However, prior knowledge
of the bill of materials is not often a viable strategy during stud-
ies of commercialized devices.
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12.3. Advances in science and technology to meet
challenges

12.3.1. Multiscale characterization for cell and module devel-
opment.  Combining field investigations, measurements of
cored module pieces, and controlled studies on lab materi-
als is necessary to understand the impacts of defects and pro-
cess variations on long-term outdoor PV performance. To this
end, it is particularly important to advance quantitative meth-
ods for distinguishing local versus global effects of interfaces
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Figure 21. (a) Spatial ranges for different characterization methods, where blue represents primarily imaging techniques, green represents
primarily analytical methods, and red represents combined imaging and analytical methods; (b) example of scanning transmission electron
microscopy (STEM)/electron energy loss spectroscopy (EELS); (c) example of atom probe tomography (ATP); (d) example of electron
backscatter diffraction (EBSD); (e) summary of module-scale imaging methods Reproduced from [144] CC BY 4.0. .

and defects on -V metrics. When defects at the module level
are found, relevant characterization depends on cleaner and
more reliable extraction of materials and interfaces for micro-
scopic analysis. This necessitates improved coring techniques
(e.g. mechanical drilling, waterjet, laser cold ablation, chem-
ical treatment). Additional sample preparation such as mech-
anical polishing or focused-ion-beam milling may introduce
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impurities or microstructural changes, so advances in prepar-
ation methods (particularly for cross-sectional analysis) are
needed. Beyond post-mortem analysis, verifying the applic-
ability of accelerated stressing methods is needed to advance
toward predictive approaches. In general, multi-method char-
acterization can be expedited by increasing the user access-
ibility and throughput of specialized equipment, which will
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allow more inclusive characterization of a broader sample
range.

12.3.2. Microscopic structural and chemical characterization.

The spatial resolution for structural characterization is one
area that may not have a pressing need for further advances.
However, greater sensitivity to atomic composition at high
spatial resolution, especially for light elements, would help to
make progress in understanding the effects of PV processing,
contamination, and material degradation mechanisms. In addi-
tion to improving methods for direct detection of atomic sig-
natures (e.g. SIMS, EDS, XPS, etc), in some cases it may be
beneficial to explore the avenue of improving detectivity of
defects with chemical treatments of the sample. While some
methods do achieve high spatial resolution paired with high
sensitivity to chemical composition (such as atom probe tomo-
graphy, APT) [145], further development would be beneficial
for making these methods more accessible for a wider range
of users.

12.3.3. Electro-optical characterization. Electro-optical
characterization has great potential for non-destructive charac-
terization of defects and recombination mechanisms occurring
at the front/back surfaces, interfaces, or bulk regions of the
materials and device structures. Significant progress is being
made in distinguishing between processes occurring in these
different sample regions via methods such as wavelength
dependence, two-photon absorption, time-correlated tech-
niques, and frequency-modulated lock-in characterization.
Further development would be beneficial to target the char-
acterization of specific sample layers, defect states, and
micro/nano-structural features in a non-destructive way, espe-
cially at the level of encapsulated devices.

12.3.4. Outdoor characterization. ~ With growing PV field
deployment, outdoor characterization methods are increas-
ingly necessary to discover early signs of module degradation
while preventing shut-down of operations. Thermal or lumin-
escence imaging using drones and fly-over imaging are prom-
ising for statistical analysis of large systems. Other outdoor-
compatible methods have been proposed, such as lock-in
based sun-excitation photoluminescence imaging [146], UV-
fluorescence of the encapsulant [146], pseudo-EQE measure-
ments based on ‘contactless’ electroluminescence, and port-
able versions of FTIR, XPS, and reflectance.

12.4. Concluding remarks

The promising environmental and political benefits from
implementing renewable energy has driven PV research for
many years, and recently PV electricity is also becoming
the economic choice for utilities providers. This makes it
an exciting time to expand PV characterization efforts and
build comprehensive understanding of PV performance and
reliability from modules to atoms. Multi-scale characteriza-
tion drives deeper understanding and targeted improvement
of PV systems, where the use of complementary methods is
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essential to identify performance implications arising from
specific device layers, components, defects, interfaces, addit-
ives, and so on. For further elucidating structure-function rela-
tionships between micro/nanoscale composition and semi-
conductor performance, additional improvements in chem-
ical sensitivity paired with high spatial resolution would be
beneficial to the community. Enabling more facile access of
these characterization capabilities to a wider range of non-
specialists is also critical for achieving broad understanding
through greater statistics. In addition, continued development
of non-traditional and outdoor-compatible instrumentation is
essential for decreasing the cost of PV electricity while filling
the needs of additional users through varied materials and
technologies.
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