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Solar energy is one of the few renewable, low-carbon resources with both the scalability and the
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technological maturity to meet ever-growing global demand for electricity. Among solar power
technologies, solar photovoltaics (PV) are the most widely deployed, providing 0.87% of the world's
electricity in 2013 and sustaining a compound annual growth rate in cumulative installed capacity of 43%
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since 2000. Given the massive scale of deployment needed, this article examines potential limits to PV
deployment at the terawatt scale, emphasizing constraints on the use of commodity and PV-critical
materials. We propose material complexity as a guiding framework for classifying PV technologies, and

DOI: 10.1039/c4ee04073b

we analyze three core themes that focus future research and development: eﬃciency, materials use, and
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manufacturing complexity and cost.

Broader context
Solar photovoltaics (PV) are the fastest-growing energy technology in the world today and a leading candidate for terawatt-scale, carbon-free electricity
generation by mid-century. Global PV deployment is dominated by crystalline silicon (c-Si) wafer-based technologies, which benet from high power conversion
eﬃciencies, abundant materials, and proven manufacturability. While PV module costs continue to decline rapidly, however, further system-level cost
reductions will likely require lightweight and exible module designs that are inaccessible with today's c-Si technologies. Various emerging PV technologies
promise lower-cost manufacturing and deployment, but none has yet reached large-scale commercial production. In this article, we propose a framework for
organizing PV technologies based on material complexity. We review all relevant PV technologies today, analyze their strengths and weaknesses on equal footing,
and identify key technological roadblocks to PV deployment at the terawatt scale.

Introduction
Solar photovoltaics (PV) are the most widely deployed solar
electric technology today. Fueled by light, solar cells operate
near ambient temperature with no moving parts, and they
enable distributed generation at any scale: a 10 m2 PV array is in
theory no less eﬃcient per unit area than a 10 km2 array, unlike
thermal generators or wind turbines, which lose eﬃciency with
reduced scale.
In this article, we explore the current status and future
trajectory of solar cell technology. Aer a brief discussion of
the solar resource, we review today's PV technologies in three
classes: wafer-based, commercial thin-lm, and emerging
thin-lm PV. Key advantages and disadvantages of each technology are discussed. We then introduce a new, unied
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framework, based on material complexity, for thinking about
current and future PV technologies. Within this framework, we
identify three primary directions for PV research and development (R&D): eﬃciency, materials use, and manufacturing
complexity and cost. Last, we discuss potential limits on the
deployment of solar PV at the terawatt scale, commensurate
with international climate-change mitigation targets, with a
focus on the cost and availability of commodity and PV-critical
materials.
Many of the topics discussed herein have been identied
and, in some cases, discussed widely in the literature.
However, most previous studies have been concerned
primarily with individual technologies or technology classes;
few have examined the full range of technologies under
investigation today.1–10 In this work, we analyze all relevant
photovoltaic technologies within a single coherent framework. Throughout this article, we assume a baseline familiarity with solar PV. Key background information, including a
glossary of terms and a primer on photovoltaics, is presented
in the ESI†.
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† Electronic supplementary information (ESI) available: Glossary of terms, life
cycle carbon intensity analysis, PV fundamentals, and impact of module
eﬃciency on system cost. See DOI: 10.1039/c4ee04073b
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The solar resource
The Sun continuously delivers about 174 000 TW to the upper
level of Earth's atmosphere at an average power density of
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Complete minute-by-minute solar irradiance proﬁle in Golden, CO, for the year 2012. The time axis is to scale, with nights included.
Numerous trends are apparent from these data. The most obvious temporal characteristic of the solar resource is its daily ﬂuctuation. At the
shortest timescales, rapid variations arise from shifting cloud cover. On September 1st, for example, the solar intensity drops by a factor of 4 from
12:28–12:30 PM as a result of passing clouds. The month of July is characterized by sharp afternoon reductions in intensity due to frequent
afternoon thunderstorms unique to the Colorado Rocky Mountains. Strong day-to-day variations are also observed: the total irradiance delivered
on April 1st and 2nd diﬀer by a factor of 15, and some overcast weather systems persist for several days (e.g., October 4–6). Longer variations are
also seen over the course of the year. Following a particular day of the month downward, the length of the day as well as the peak and integrated
irradiance are seen to increase from winter to summer (January to June) and decrease thereafter.
Fig. 1

1366 W m!2, known as the solar constant.‡11,12 This value is
reduced to around 1000 W m!2 by atmospheric absorption and
scattering, and to between 125 and 305 W m!2 (3 to 7.3 kWh per
m2 per day)13 by latitude-dependent oblique incidence, seasonal
variation, and diurnal variation. Ignoring weather-related
attenuation, this leaves an annual-average irradiance of roughly
250 W m!2 at the average latitude of the continental US (38" N)
and of the world's land mass (37" N). Cloud cover and weather
further reduce this value to 188 W m!2 or 4.5 kWh per m2 per
day in the continental U.S.,14 comparable to the global-average
solar irradiance over land of 183 W m!2.15 This is our solar
budget—the starting point for all solar harvesting technologies.
The solar resource is fundamentally intermittent. An
unavoidable challenge for satisfying human energy needs with
solar power lies in converting this highly intermittent
resource, characterized by dramatic uctuations in magnitude
across wide temporal scales, into a steady and reliable source
of electricity.
Intermittency is composed of two types of temporal variation: stochastic and deterministic. Stochastic variability
includes the eﬀect of cloud cover and weather, and is inherently
unpredictable. Deterministic variability occurs over longer
timescales and includes predictable diurnal and seasonal variations as well as local climate. Both types of variation are
apparent in Fig. 1, which displays the complete minute-byminute solar irradiance prole over the year 2012 in Golden,
CO.16 While these data originate from one particular
‡ The solar constant, dened at a constant distance of 1 AU from the sun, varies
slightly—on the order of 0.1%—over the 27-day solar rotation period and the
11-year sunspot cycle.11 The actual solar irradiance at the Earth's upper
atmosphere varies an additional 6.9% annually from perihelion to aphelion due
to the Earth's elliptical orbit.12
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measurement station in one particular year, they illustrate
important characteristics of the solar resource that are present
at any location in any year. At the shortest timescales of minutes
to days, rapid stochastic variations occur from shiing clouds
and weather. Longer deterministic variations occur over the
course of the year: unsurprisingly, the length of the day as well
as the peak and integrated daily irradiance are seen to increase
from winter to summer (January to June) and decrease
thereaer.
Strategies for managing intermittency diﬀer by time and
length scale: local, short-term variation can be smoothed by
geographical averaging—power distribution over length scales
larger than clouds and weather systems—or by demand
management. Managing larger or longer-term variation will
require either grid-scale energy storage or deployment of dispatchable or complementary sources.17
Despite its temporal and geographical variability, the solar
resource remains one of the most equitably distributed energy
resources. No location in the world lacks direct local access to
sunlight, as shown in Fig. 2. Furthermore, average solar
insolation varies by no more than a factor of three across
heavily settled areas. Neither of these statements applies to
fossil fuels and other extractive energy resources. We also
observe that solar availability is not highly correlated with
economic wealth. Fig. 2h shows insolation18 and per-capita
GDP in 2011 (ref. 19) for each country for which these data are
available. Average insolation is much less variable than GDP,
and the weak anti-correlation indicates that developing
countries are not fundamentally lacking in access to solar
energy. But more importantly, the availability of capital and
infrastructure for fully utilizing this resource does vary widely
between countries.
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Worldwide distribution of the solar resource. (a) Global map of solar irradiance [W m!2] averaged from 1990 to 2004 (©Mines ParisTech/
Armines 2006).20 Histograms of world land area [m2 per " ], population [persons per " ] (reproduced with permission from ref. 21), and average
irradiance at the Earth's surface [W m!2] are shown as a function of longitude (b–d) and latitude (e–g). In (b) and (e), land area is shown in black,
and water area is shown in blue. (h) Correlation of average insolation and GDP per capita by country for the year 2011.18,19 Each dot represents one
country.
Fig. 2

Fig. 3 Typical solar PV device structures, divided into wafer-based and thin-ﬁlm technologies. Primary absorber layers are labeled in white, and
thicknesses are shown to scale. c-Si encompasses sc-Si and mc-Si technologies. GaAs cells use thin absorbing ﬁlms but require wafers as
templates for crystal growth. For III-V multijunctions, sub-cells are shown for the industry-standard GaInP/Ga(In)As/Ge triple-junction cell, and
some interface layers are omitted for simplicity. A representative single-junction a-Si:H PV structure is shown here, although PV performance
parameters used elsewhere correspond to an a-Si:H/nc-Si:H/nc-Si:H triple-junction cell. Front contact grids are omitted for thin-ﬁlm technologies since the metals used for those grids do not directly contact the active layers and are thus more fungible than those used for waferbased technologies.
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The PV technology landscape
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Solar cell technologies are typically named according to their
primary light-absorbing material. As shown in Fig. 3, we can
classify PV technologies using two categories: wafer-based and
thin-lm cells. Wafer-based cells are fabricated on semiconducting wafers and can be handled without an additional
substrate, although modules are typically covered with glass for
mechanical stability and protection. Thin-lm cells consist of
semiconducting lms deposited onto a glass, plastic, or metal
substrate. Here we further divide thin lms into commercial
and emerging thin-lm technologies.
Wafer-based PV
Three primary wafer-based technologies exist today:
# Crystalline silicon (c-Si) solar cells constitute $90% of
current global production capacity and are the most mature of
all PV technologies. Silicon solar cells are classied as singlecrystalline (sc-Si) or multicrystalline (mc-Si), with respective
market shares of $35% and $55% in 2014.22 Cylindrical single
crystals are typically grown by Czochralski (CZ)23,24 or oat-zone
(FZ) methods, while mc-Si blocks are formed by casting. The
resulting ingots are sliced into 150–180 mm wafers prior to cell
processing. A high-eﬃciency sc-Si variant is the heterojunction
with intrinsic thin layer (HIT) architecture, which combines ntype sc-Si with thin amorphous silicon lms, which reduce
interface recombination and can increase open-circuit voltages
by 5–10%.25,26 Multicrystalline cells contain randomly oriented
grains with sizes of around 1 cm2. Grain boundaries hinder
charge extraction and reduce mc-Si performance relative to scSi. Record cell eﬃciencies stand at 25.6% for sc-Si and 20.8% for
mc-Si; large-area module records are 22.4% for sc-Si and 18.5%
for mc-Si.27,28 One fundamental limitation of c-Si is its indirect
bandgap, which leads to weak light absorption and requires
wafers with thicknesses on the order of 100 mm in the absence
of advanced light-trapping strategies. Key technological challenges for c-Si include stringent material purity requirements,
high material use, restricted module form factor, and batchbased cell fabrication and module integration processes with
relatively low throughput.
B One emerging research direction for c-Si PV is the use of
thin (2–50 mm) c-Si membranes instead of wafers as starting
material.8 Thin lms can be produced by thinning of sc-Si
wafers,29,30 epitaxial growth or direct “epi-free” formation on
native c-Si substrates with subsequent release and transfer,31–33
or direct deposition on foreign substrates with a seed layer.31
Wafer thinning strategies can produce extremely thin (<2 mm)
and exible free-standing silicon layers29 and have achieved
high eﬃciencies (21.5% with a 47 mm-thick sc-Si wafer30), but do
not reduce material use or facilitate high-throughput processing. Epitaxial and epi-free transfer approaches have been
investigated widely; they allow substrate reuse and can produce
high-quality c-Si lms and eﬃcient devices with a range of
thicknesses (22.3% reported34 and 21.2% certied cell
records28). However, epitaxial lm growth is relatively slow, and
cell areas remain limited to that of conventional wafers. Direct
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seeded growth on foreign substrates—typically by solid-phase
or liquid-phase crystallization35—enables high deposition rates
and facilitates monolithic integration of durable modules,36,37
but the resulting polycrystalline lms are generally lower in
crystallographic quality, leading to lower eﬃciencies (11.7%
reported35 and 10.5% certied28 with c-Si on borosilicate glass
(CSG)). High-temperature-compatible substrates are also
required. Key technical challenges for thin-lm c-Si PV include
enhancing light absorption by employing advanced anti-reection and light-trapping strategies, reducing recombination losses by engineering higher-quality crystalline lms, reducing
processing temperatures to enable exible substrates and
modules without sacricing material quality, and developing
new methods for high-throughput inline module integration.
# Gallium arsenide (GaAs) is almost perfectly suited for solar
energy conversion, with strong absorption, a direct bandgap
well matched to the solar spectrum, and very low non-radiative
energy loss. GaAs has achieved the highest power conversion
eﬃciencies of any material system—28.8% for lab cells and
24.1% for modules.27,28 A technique known as epitaxial lioﬀ
creates thin, exible GaAs lms and amortizes substrate costs
by reusing GaAs wafers,38 but has not yet been demonstrated in
high-volume manufacturing. Cost-eﬀective production will
require improved lm quality, more substrate reuse cycles, and
low-cost wafer polishing, which denes a cost oor for epitaxial
substrates. High material costs may limit the large-scale
deployment of GaAs technologies.
# III-V multijunction (MJ) solar cells use a stack of two or more
single-junction cells with diﬀerent bandgaps to absorb light eﬃciently across the solar spectrum by minimizing thermalization
losses. Semiconducting compounds of group III (Al, Ga, In) and
group V (N, P, As, Sb) elements can form high-quality crystalline
lms with variable bandgaps, yielding unparalleled power
conversion eﬃciencies—46.0%, 44.4%, and 34.1% for record 4junction (4J), 3J, and 2J cells, respectively, under concentrated
illumination.27,28 Module records stand at 36.7% and 35.9% for
4J and 3J concentrator modules, respectively.28 Record cell eﬃciencies without concentration are 38.8%, 37.9%, and 31.1% for
5J, 3J, and 2J cells, respectively.27 III-V MJs are the leading technology for space applications, with their high radiation resistance,
low temperature sensitivity, and high eﬃciency. But complex
manufacturing processes and high material costs make III-V MJ
cells prohibitively expensive for large-area 1-sun terrestrial applications. Concentrating sunlight reduces the required cell area by
replacing cells with mirrors or lenses, but it is still unclear whether
concentrating PV systems can compete with commercial singlejunction technologies on cost. Current R&D eﬀorts are focused on
dilute nitrides (e.g., GaInNAs),39 lattice-mismatched (metamorphic) approaches,40 and wafer bonding.41,42 Key challenges for
emerging III-V MJ technologies include improving long-term reliability and large-area uniformity, reducing materials use, and
optimizing cell architectures for variable operating conditions.
The vast majority of commercial PV module production has
been—and is currently—c-Si, for reasons both technical and
historical. Silicon can be manufactured into non-toxic, eﬃcient,
and extremely reliable solar cells, leveraging the cumulative
learning of over 60 years of semiconductor processing for
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integrated circuits. Between sc-Si and mc-Si cells, the higher
crystal quality in sc-Si cells improves charge extraction and
power conversion eﬃciencies at the expense of more costly
wafers (by 20% to 30% (ref. 22)) and material processing. A key
disadvantage of c-Si is its relatively poor ability to absorb light,
which requires the use of thick, rigid, impurity-free, and
expensive wafers. This shortcoming translates to high
manufacturing capital costs and constrained module form
factors. Despite these limitations, wafer-based c-Si will likely
remain the leading deployed PV technology in the near future,
and present c-Si technologies could conceivably achieve terawatt-scale deployment by 2050 without major technological
advances. Current innovation opportunities include increasing
module eﬃciencies, reducing manufacturing complexity and
costs, and reducing reliance on silver for contact metallization.
Solar cells based on thin lms of crystalline silicon can
potentially bypass key limitations of conventional wafer-based
c-Si PV while retaining silicon's many advantages and
leveraging existing manufacturing infrastructure. Similarly to
commercial thin-lm technologies, thin-lm c-Si PV can
tolerate lower material quality (i.e., smaller grains and higher
impurity levels), uses 10–50% less material than wafer-based cSi PV, may enable lightweight and exible modules, and allows
high-throughput processing. However, eﬃciencies for highthroughput-compatible approaches remain low compared to
both wafer-based and leading commercial thin-lm technologies, and manufacturing scalability is unproven. The only thinlm c-Si technology that has been commercialized to date was
based on c-Si lms on glass, but no companies remain in that
market today.
Commercial thin-lm PV
While c-Si currently dominates the global PV market, alternative
technologies may be able to achieve lower costs in the long run.
Solar cells based on thin semiconducting lms now constitute
$10% of global PV module production capacity.22 Thin-lm
cells are made by additive fabrication processes, which may
reduce material usage and manufacturing capital expense. This
category extends from commercial technologies based on
conventional inorganic semiconductors to emerging technologies based on nanostructured materials.
Key commercial thin-lm PV technologies include the
following:
# Hydrogenated amorphous silicon (a-Si:H) oﬀers stronger
absorption than c-Si, although its larger bandgap (1.7–1.8 eV,
compared to 1.12 eV for c-Si) is not well matched to the solar
spectrum.31,43 Amorphous silicon is typically deposited by
plasma-enhanced chemical vapor deposition (PECVD) at relatively low substrate temperatures of 150–300 " C. A 300 nm lm of
a-Si:H can absorb $90% of above-bandgap photons in a single
pass, enabling lightweight and exible solar cells.31 Amorphous
silicon PV technologies held a global market share of 2% and a
thin-lm market share of 22% in 2013.44 An a-Si:H cell can be
combined with cells based on nanocrystalline silicon (nc-Si) or
amorphous silicon–germanium (a-SiGe) alloys to form a multijunction cell without lattice-matching requirements. Most
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commercial a-Si:H modules today use multijunction cells. Silicon
is cheap, abundant, and non-toxic, but while a-Si:H cells are well
suited for small-scale and low-power applications, their susceptibility to light-induced degradation (the Staebler–Wronski
eﬀect45) and their low eﬃciency compared to other mature thinlm technologies (13.4% triple-junction cell record and 12.2%
dual-junction module record27,28) limit market adoption.
# Cadmium telluride (CdTe) is the leading thin-lm PV technology, with a global PV market share of 5% and a thin-lm
market share of 56% in 2013.44 CdTe is a favorable semiconductor for solar energy harvesting, with strong absorption
across the solar spectrum and a direct bandgap of 1.45 eV.31
Record eﬃciencies of 21.0% for cells and 17.5% for modules27,28
are among the highest for thin-lm solar cells, and commercial
module eﬃciencies continue to improve steadily. CdTe technologies employ high-throughput deposition processes and oﬀer
the lowest module costs of any PV technology on the market
today, although relatively high processing temperatures are
required ($500 " C). Concerns about the toxicity of elemental
cadmium46 and the scarcity of tellurium have motivated research
on alternative material systems that exhibit similar ease of
manufacturing but rely on abundant and non-toxic elements.
# Copper indium gallium diselenide (CuInxGa1!xSe2, or CIGS)
is a compound semiconductor with a direct bandgap of 1.1–1.2
eV. CIGS technologies held a global PV market share of 2% and a
thin-lm market share of 22% in 2013.44 Like CdTe, CIGS lms
can be deposited by a variety of solution- and vapor-phase techniques on exible metal or polyimide substrates,47 favorable for
building-integrated and other unconventional PV applications.
CIGS solar cells exhibit high radiation resistance, a necessary
property for space applications. Record eﬃciencies stand at
21.7% for cells and 17.5% for modules.27,28 Key technological
challenges include high variability in lm stoichiometry and
properties, limited understanding of the role of grain boundaries,48 low open-circuit voltage due to structural and electronic
inhomogeneity,49 and engineering of higher-bandgap alloys to
enable multijunction devices.31,50 Scarcity of indium could hinder
large-scale deployment of CIGS technologies.
The active materials used in commercial thin-lm PV technologies absorb light 10–100 times more eﬃciently than silicon,
allowing use of lms just a few microns thick. Low materials use
is thus a key advantage of these technologies. Advanced factories can produce thin-lm modules in a highly streamlined and
automated fashion. Furthermore, life cycle analyses suggest
that thin lms produce lower greenhouse gas emissions during
production and use than c-Si PV (45 g CO2-eq per kWh for c-Si,51
compared to 21, 14, and 27 g CO2-eq per kWh for a-Si:H, CdTe,
and CIGS, respectively52).§

§ The life cycle carbon footprint of solar PV (in g CO2-eq per kWh) is dominated by
emissions from energy consumption during materials processing and module
manufacturing. It has been suggested that the manufacturing of PV modules in
countries with a high carbon intensity of electricity and subsequent deployment
in countries with lower carbon intensities may diminish the low-carbon benets
of solar PV. We analyze this eﬀect in the ESI† and conclude that if the goal is to
reduce emissions, it is far less important where PV is manufactured than where
it is deployed, and most important whether it is deployed at all.
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A key disadvantage of today's commercial thin-lm modules
is the comparatively low average eﬃciencies of 12–15%,
compared to 15–21% for c-Si. Low eﬃciencies increase system
costs due to area-dependent balance-of-system (BOS) costs such
as wiring and mounting hardware. Most thin-lm materials
today are polycrystalline and contain much higher defect
densities than c-Si. Some compound semiconductors such as
CIGS have complex stoichiometry, making high-yield, uniform,
large-area deposition a formidable process-engineering challenge. Sensitivity to moisture and oxygen oen requires more
expensive hermetic encapsulation to ensure 25-year reliability.
Use of regulated, toxic elements (e.g., Cd) and reliance on rare
elements (e.g., Te, In) may limit the potential for large-scale
deployment. Current innovation opportunities in thin lms
include improving module eﬃciency, improving reliability by
introducing more robust materials and cell architectures, and
decreasing reliance on rare elements by developing new materials with similar ease of processing.
Emerging thin-lm PV
In recent years, several new thin-lm PV technologies have
emerged as a result of intense R&D eﬀorts in materials discovery
and device engineering. Key emerging thin-lm PV technologies
include the following:
# Copper zinc tin sulde (Cu2ZnSnS4, or CZTS) is an Earthabundant alternative to CIGS, with similar processing strategies
and challenges.53,54 One key challenge involves managing a class
of defects known as cation disorder: uncontrolled inter-substitution of Cu and Zn cations creates point defects that can
hinder charge extraction and reduce the open-circuit voltage.55
Record certied cell eﬃciencies have reached 12.6%.28,56
# Perovskite solar cells evolved from solid-state dye-sensitized
cells57,58 and have quickly become one of the most promising
emerging thin-lm PV technologies, with leading certied eﬃciencies reaching 20.1% (ref. 27 and 28) in less than 3 years of
development.59–61 The term “perovskite” refers to the ABX3 crystal
structure, and the most widely investigated perovskite for solar
cells is the hybrid organic–inorganic lead halide CH3NH3Pb(I,Cl,Br)3. Optical bandgaps can be tuned from $1.25 to 3.0 eV
by cation (A, B) or anion (X) substitution (e.g., HC(NH2)2Pb(I1!xBrx)3,62 CH3NH3SnI3,63,64 and CH3NH3Pb(I1!xBrx)3 (ref.
65)). Polycrystalline lms can be formed at low temperatures by
solution or vapor deposition.66–68 Key advantages of this class of
material include long carrier diﬀusion lengths,69,70 low recombination losses,71 low materials cost, and bandgap tunability. Early
perovskite devices have achieved high open-circuit voltages (>1.1
V), typically the most diﬃcult PV performance parameter to
improve. Key challenges include rened control of lm
morphology and material properties, high sensitivity to moisture,
unproven cell stability, and the use of toxic lead.59,60
# Organic photovoltaics (OPV) use organic small molecules72,73
or polymers74–76 to absorb light.77–80 These materials consist
mostly of Earth-abundant elements and can be assembled into
thin lms by large-area, high-throughput deposition methods.81
Organic multijunction cells may be much easier to fabricate than
conventional III-V MJs because of their high defect tolerance
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and ease of deposition.82 Small-molecule and polymer OPV cells
have reached 11.1% certied eﬃciencies, with module eﬃciencies reaching 8.7%.27,28 Key concerns involve ineﬃcient exciton
transport,72,74,76 poor long-term stability,83 low large-area deposition yield, and low ultimate eﬃciency limits.84
# Dye-sensitized solar cells (DSSCs) are among the most
mature of nanomaterial-based PV technologies.85–87 These photoelectrochemical cells consist of a transparent inorganic scaffold anode (typically nanoporous TiO2) sensitized with lightabsorbing dye molecules (usually ruthenium (Ru) complexes).88,89
Unlike the other solid-state technologies discussed here, DSSCs
oen use a liquid electrolyte to transport ions to a counter electrode, although eﬃcient solid-state devices have also been
demonstrated.86,90,91 DSSCs have achieved eﬃciencies of up to
12.3% (ref. 92) (11.9% and 8.8% certied cell and module
records, respectively27,28) and may benet from low-cost materials, simple assembly, and colorful and exible modules. Key
challenges involve limited long-term stability under illumination
and high temperatures, low absorption in the near-infrared, and
low open-circuit voltages caused by interfacial recombination.31
# Colloidal quantum dot photovoltaics (QDPV) use solutionprocessed nanocrystals, also known as quantum dots (QDs), to
absorb light.93–98 The ability to tune the bandgap of colloidal
metal chalcogenide nanocrystals (primarily PbS) by changing
their size allows eﬃcient harvesting of near-infrared photons,
as well as the potential for multijunction cells using a single
material system.99,100 QDPV technologies are improving consistently, with a record certied cell eﬃciency of 9.2%,27 and they
oﬀer simple room-temperature fabrication and air-stable operation.101 Key challenges include incomplete understanding of
QD surface chemistry102–105 and low open-circuit voltages that
may be limited fundamentally by mid-gap states or inherent
disorder in QD lms.106,107
These emerging thin-lm technologies employ nanostructured materials that can be engineered to achieve desired
optical and electronic properties. Reliance on Earth-abundant
materials and relatively simple processing methods bodes well
for large-scale manufacturing and deployment. While these
technologies range in maturity from fundamental materials
R&D to early commercialization and have not yet been deployed
at scale, they oﬀer potentially unique device-level properties
such as visible transparency, high weight-specic power
[W g!1], and exible form factors. These qualities could open
the door to novel applications for solar PV. In the long term,
emerging thin-lm technologies may overcome many of the
limitations of today's deployed technologies at low cost,
assuming improvements in eﬃciency and stability are realized.

PV technology classiﬁcation by
material complexity
Historical “generation”-based classication
Solar PV technologies can be ranked by power conversion eﬃciency (PCE), module cost, material abundance, or any other
performance metric. The most widely used classication
scheme today focuses on two metrics, module eﬃciency and
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cluster along a single $ per Wp line in any given year, likely due
to competitive market dynamics.
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Complexity-based classication

Fig. 4 Limited utility of generational classiﬁcation scheme. Average
module eﬃciencies108 and price per area109 from 2009–2013 are
shown for commercial PV technologies in three conventional generations (G1 in red, G2 in green, and G3 in blue). Most current G1 and G2
modules cluster near the region originally deﬁned as G2. The single G3
data point corresponds to performance projections for a III-V MJ
module.42

area cost, that delineate the three distinct generations listed
below.6,7,10
(1) First-generation (G1) technologies consist of wafer-based
cells of c-Si and GaAs.
(2) Second-generation (G2) technologies consist of thin-lm
cells, including a-Si:H, CdTe, and CIGS.
(3) Third-generation (G3) technologies include novel thinlm devices, such as dye-sensitized, organic, and quantum
dot solar cells, along with a variety of “exotic” concepts,
including spectral-splitting devices (e.g., multijunction
cells), hot-carrier collection, carrier multiplication, and
thermophotovoltaics.6,7,31
This generational scheme may not adequately describe the
modern PV technology landscape. Emerging technologies like
QD and perovskite solar cells have largely been lumped together
under the third-generation label of “advanced thin lms”.10
Furthermore, any chronological classication scheme is likely
to treat older technologies pejoratively in favor of new “nextgeneration” concepts, even as silicon and commercial thin-lm
technologies far outperform today's emerging thin-lm
technologies.
The three generations are commonly represented as shaded
regions on a plot of eﬃciency vs. area cost. Fig. 4 shows these
regions as originally dened in 2001,{6 along with module
performance trends for commercial PV technologies from 2009–
2013.108,109 All technologies move toward the upper-le corner
with time as eﬃciencies rise and costs fall. Current modules do
not fall in the marked zones. Nearly all current G1 and G2
technologies appear close to the zone designated G2. Furthermore, no third-generation technology to our knowledge has
reached the zone marked G3. More generally, we nd that
average commercial module prices for both G1 and G2 tend to

{ The generations shown in Fig. 4 are typically represented in terms of cost per
area, rather than price per area. Here we use module prices because
manufacturing cost data are not consistently available. However, we must
emphasize that price is an imperfect proxy for underlying costs. Reductions in
module price do not always reect technological progress.
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We propose an alternative approach to PV technology classication based on material complexity that we have found
useful. Material complexity can be dened roughly as the
number of atoms in a unit cell, molecule, or other repeating
unit.k The repeating units that constitute the active material in
modern PV technologies run the gamut in complexity from
single silicon atoms to QDs containing thousands of lead and
sulfur atoms.
In this framework, all PV technologies fall on a spectrum
from elemental (lowest) to nanomaterial (highest) complexity,
shown in Fig. 5. At one end of the material complexity spectrum
are wafer-based technologies with relatively simple building
blocks, including c-Si and III-V cells. Technologies based on
more complex materials fall under the broad umbrella of thinlm solar cells, ranging from polycrystalline thin lms such as
CdTe and CIGS to complex nanomaterials such as organics and
QDs.
Material complexity is not equivalent to processing
complexity. In fact, one is oen traded for the other: silicon
may be considered a simple material, but processing it is a
complex industrial procedure due to relatively stringent
purity requirements.** More complex materials typically
employ solution-based synthetic procedures. Once synthesized, these materials can be deposited as thin lms quickly
and easily, without expensive equipment or high-temperature
processing.
We note that higher material complexity is not always “better”.
Technological maturity and cell eﬃciencies tend to vary inversely
with complexity. In the history of semiconductor technology, bulk
crystalline materials based on elemental and compound building
blocks were discovered, studied, and engineered rst, for electronic and optoelectronic devices alike. The rst solar cell, made
in 1883 by Charles Fritts, was based on a wafer of selenium. Lesscomplex materials like silicon are better understood than novel
nanomaterials, and improved control over electronic and optical
properties allows better device modeling and engineering. Silicon
and conventional III-V semiconductors have achieved the highest
eﬃciencies among PV technologies. Indeed, silicon now
commands the vast majority of the global market.
Increased material complexity, however, does give rise to
several novel attributes of value:
k Material complexity is associated with the degree of disorder in a material.
Amorphous materials can be qualitatively classied as generally more complex
than their crystalline counterparts, since relative atomic positions are well
dened in crystals, less so in polycrystalline lms, and not at all in amorphous
lms.
** Solar-grade silicon is typically rened to a purity of “six nines” (99.9999%).
Integrated circuit manufacturing requires a silicon purity of “nine nines”
(99.9999999%). For comparison, materials used in organic solar cells and other
emerging thin-lm technologies oen have measurable purities on the order of
99%; less-stringent purity requirements oen reduce processing complexity and
cost.
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Alternative PV technology classiﬁcation scheme based on material complexity. Crystal unit cells or molecular structures of representative
materials are shown for each technology, with crystal bases highlighted and expanded (right column) to illustrate the relative complexity of
diﬀerent material systems. Wafer-based materials consist of single- or few-atom building blocks. Thin-ﬁlm materials range from amorphous
elemental materials (a-Si:H) to complex nanomaterials with building blocks containing up to thousands of atoms (e.g., PbS QDs). Lattice
constants and bond lengths are shown to scale, while atomic radii are 40% of actual values in comparison. Single carbon atoms (brown) in the
perovskite crystal structure represent methylammonium (CH3NH3) cations.

Fig. 5

This journal is © The Royal Society of Chemistry 2015
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Reduced materials use. Absorber thicknesses tend to
decrease with increasing complexity, since complex building
blocks are oen engineered or selected for maximum light
absorption. Strong absorption in nanomaterials reduces material use and cell weight.
Improved defect tolerance. Crystallographic defects, nonstoichiometry, and impurities tend to hinder exciton and
carrier transport and limit PV performance. Thinner
active layers reduce the distance traveled by photogenerated
charges and thus increase defect tolerance. In general,
complex nanomaterials may tolerate imperfections
more readily than single-crystalline and polycrystalline
materials.
Flexible substrates and versatile form factors. Commercial
thin-lm PV technologies are characterized by one-step
formation of the absorber material on a substrate, while
emerging thin lms oen employ separate active material
synthesis and deposition steps. Building blocks such as
organic molecules and QDs can be synthesized in a separate
chemical reaction at high temperatures and deposited at low
temperatures. Flexible and lightweight substrates (e.g.,
plastic110,111 or paper112) can then be used, potentially enabling
high specic power.
Visible transparency. The lack of long-range crystalline order
in organic molecules leads to light absorption that does not
strictly increase with photon energy. Non-monotonic absorption allows some organic materials to absorb infrared radiation
while transmitting visible light, potentially enabling the development of visibly transparent solar cells.113,114
Future solar cell applications may well require some or all of
these performance characteristics, and improving the conversion eﬃciency and stability of these complex material platforms
is a key priority for PV technology development.

Performance metrics for future PV
applications
To understand the challenges facing PV technology adoption,
it is instructive to dene performance metrics by which
candidate PV technologies can be compared. These metrics
may be purely technical or may incorporate both technical and
economic factors. Here we consider key metrics driving
adoption in two primary classes of PV applications: grid connected and oﬀ grid.
Grid-connected applications employ ground- or roofmounted PV arrays at the residential (peak power output # 10
kWp), commercial (10 kWp to 1 MWp), or utility (>1 MWp)
scale. Grid connectivity imposes a single dominant requirement: low levelized cost of energy (LCOE, in $ per kWh). A
comparison of LCOE for solar PV and for competing generation sources dictates the economic feasibility of a grid-connected PV system. Recent analysis suggests that the current
LCOE for unsubsidized PV in the U.S. ranges from roughly
$0.11 per kWh to $0.16 per kWh for utility-scale systems and
from $0.19 per kWh to $0.29 per kWh for residential systems.13
Federal tax subsidies reduce these values by 20–40%,
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depending on the eﬀectiveness of the subsidy, to $0.07 per
kWh to $0.13 per kWh for utility-scale systems and $0.12 per
kWh to $0.23 per kWh for residential systems.††
However, LCOE alone may underestimate the value of
solar generation due to temporal variation in electricity
demand and price.115 Other important metrics include
system cost ($ per Wp), reliability, and where roof loading is
crucial, specic power. All but the last of these directly aﬀect
LCOE.
It is worth noting the growing importance of non-module
costs in grid-connected PV system cost. Since the year 2000,
average system prices in the U.S. have decreased by over 50%.116
Current average system costs in the U.S. are estimated at
roughly $3.25 per Wp for residential and $1.80 per Wp for utilityscale systems.13 But these reductions have been primarily due to
falling module prices. BOS costs, which include auxiliary
hardware (e.g., inverters, wiring, and racking) as well as installation labor, customer acquisition, permitting, inspection,
interconnection, sales tax, and nancing, have remained relatively constant and now constitute up to 80% of residential and
60% of utility-scale system cost in the U.S.13 In Germany,
arguably a more mature market, the ratio between module and
BOS is closer to 50/50. An important present R&D theme is thus
new materials, processes, and designs that can substantially
lower BOS costs.
Oﬀ-grid applications, including portable devices and
deployment in developing countries, tend to value system cost
along with a variety of non-cost factors, such as specic power,
form factor (e.g., exibility), aesthetics, and durability. One
example is the use of small-area solar cells to power mobile
phones, small water purication systems, and other portable
electronic devices. In many applications, signicant value may
derive from low module weight. We note that PV technologies
with lifetimes too short or eﬃciencies too low to power today's
high-power mobile devices may be adequate for the low-power
lighting and communication requirements of the developing
world.
Another potential oﬀ-grid application is building-integrated
PV (BIPV), the use of PV modules in structural features whose
primary purpose is not electricity generation (e.g., windows,
skylights, shingles, tiles, curtains, and canopies). Aesthetic
concerns oen drive module form factor and positioning, which
may be sub-optimal for solar energy collection. That said, some
BIPV systems may achieve competitive LCOE by piggybacking
on the materials, installation, and maintenance costs of the
existing building envelope. Other potential application areas for
PV are discussed below.
Fig. 6 compares the technological maturity, power conversion eﬃciency, and specic power of today's PV technologies
ordered by material complexity. We make several observations:
(1) Crystalline silicon and conventional thin lms are the only
technologies deployed at large scale today. (2) Record module
†† Current federal tax preferences for solar energy include a 30% investment tax
credit (ITC) and a 5-year accelerated depreciation schedule. Various other energy
technologies—e.g., fuel cells, small wind turbines, geothermal, and combined
heat and power (CHP) systems—also qualify for similar tax benets.
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eﬃciencies lag behind lab-cell eﬃciencies by a signicant
margin. (3) Thin-lm PV technologies use 10 to 1000 times less
material than c-Si, reducing cell weight per unit area and
increasing power output per unit weight. (4) All deployed PV
technologies have been under development for at least three
decades.

Unique PV applications
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The technical demands of diverse applications will continue to
drive major foundational R&D eﬀort toward the development of
alternative PV technologies. These technologies can be classied according to their purpose:
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Ultra-high eﬃciency. Some applications (e.g., satellites and
defense applications) require eﬃciencies over 30%, twice that
of typical commercial modules. Achieving such high eﬃciencies typically requires more expensive approaches
involving multiple absorber materials (e.g., multijunction
and spectral-splitting devices) or solar concentration.
Recently, substantial R&D eﬀort has focused on combining cSi technology with an overlayer of wide-bandgap thin-lm
material,117 such as III-Vs, chalcogenides, metal oxides, or
perovskites.60
Unique form factors. Some applications may benet from
form factors that depart from traditional glass-covered
modules. Examples include BIPV, portable consumer devices,
and solar textiles.
Unique aesthetics. Colored or transparent solar cells, which
absorb primarily infrared or ultraviolet light, may be considered
to have aesthetic advantages when incorporated into certain
applications, including construction façades, windows, and
consumer electronics.
Measuring PV module and system performance

Fig. 6 Key metrics, at the time of this writing, for PV technologies
ordered by increasing material complexity. Cumulative global installed
capacity,44,129 power conversion eﬃciency under 1 sun (except III-V
MJ), time elapsed since ﬁrst NREL certiﬁcation, absorber thickness, and
cell mass per area all generally decrease with increasing material
complexity. Speciﬁc power is shown for active layers alone and for
cells with a 25 mm polyethylene terephthalate (PET) or 3 mm glass
substrate or encapsulation layer. Speciﬁc power is calculated for III-V
MJs based on the record cell eﬃciency under 1 sun (38.8%). Despite
their lower eﬃciencies, thin-ﬁlm cells on thin and ﬂexible substrates
can achieve much higher speciﬁc power than wafer-based cells.

This journal is © The Royal Society of Chemistry 2015

In a deployed PV system, energy output does not depend on
the rated eﬃciency alone. The DC peak power rating of a PV
module or system (in Wp) reects its eﬃciency under standard
test conditions (STC): 1000 W m!2 irradiance, 25 " C operating
temperature, and Air Mass 1.5 (AM1.5) spectrum. But the
actual AC energy output depends strongly on local insolation,
shading losses (e.g., soiling and snow coverage), module eﬃciency losses (e.g., due to elevated temperatures, low irradiance, or increased reection at non-normal incidence), and
system losses (e.g., module mismatch, wire resistance, inverter
and transformer losses, tracking inaccuracy, and age-related
degradation). For example, a PV module that maintains its
rated eﬃciency at low light levels could produce more power
over the course of a day than a module with the same power
rating but reduced eﬃciency under low irradiance (e.g., during
evening hours).
An important performance metric is thus energy yield
(kWh/kWp), which is directly related to system-level metrics
such as capacity factor and performance ratio, as discussed
below. Energy yield quanties the AC energy output per unit
of installed capacity. To reduce LCOE, module and BOS
technology development will attempt to increase energy
yield, making heat and light management, durability, and
reliability more important. An inherent tension exists
between improving these technical factors and reducing area
costs. Identifying key operating parameters that aﬀect
energy yield for diﬀerent technologies is a critical research
priority.
The performance of a deployed PV system is typically characterized by its actual AC energy output per year, relative to the
expected DC output. The expected output can be calculated in
terms of either ideal or actual insolation, yielding two diﬀerent
metrics. The capacity factor (CF) compares system output to the
performance of an ideal (lossless) system with identical nameplate capacity operating at 25 " C under constant peak
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(1000 W m!2) irradiance. The performance ratio (PR) or quality
factor (Q) instead compares system output to that of an ideal
system operating at 25 " C in the same location (i.e., under local
insolation).
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CF ¼

PR ¼

Eﬃcient cells and modules reduce system costs per peak watt,
since some BOS components scale with module area. These
area-dependent BOS costs dominate the total system cost when
module eﬃciencies are low. Research eﬀorts should thus target

Actual AC energy output ½kWh per year(
!
"
DC peak power rating kWp % 8760½h per year(

Actual AC energy output ½kWh per year(
"
!
Average plane-of-array irradiance ½W m!2 (
DC peak power rating kWp % 8760½h per year( %
1000½W m!2 (

Capacity factors are commonly used to compare power
generation systems. The annual capacity factor for a typical
utility-scale solar PV system in the U.S. is around 20%,
compared to 22% for solar thermal, 31% for wind, 40% for
hydropower, 44% for natural gas combined cycle, 64% for coal,
and 90% for nuclear power plants.118 Solar power systems
without storage can operate only when sunlight is available; this
constraint alone limits the capacity factor to the fraction of
daylight hours. By accounting for geographical and temporal
variations in insolation, the performance ratio isolates nonideal module and system losses (e.g., due to elevated temperatures or component failures) and allows comparison of PV
systems in diﬀerent locations. Typical performance ratios range
from 60% to 90%.

PV R&D pathways
The performance metrics described above reect applicationspecic performance demands. The extent to which these needs
are fullled by any particular PV technology will determine the
commercial viability of that technology. These metrics lead us
to three key themes common to PV technology development:
eﬃciency, materials use, and manufacturing complexity and
cost. Technologies that excel in each of these categories are
suitable for deployment in a wide variety of applications. In this
section we discuss R&D strategies and priorities across these
themes.

PV technologies that have demonstrated potential to reach high
(>15%) eﬃciencies. Key technological approaches to boosting
cell eﬃciency include improving surface passivation to reduce
recombination loss, identifying more conductive transparent
electrode materials to reduce resistive losses,119,120 engineering
optical and electronic materials to improve current collection,
and employing advanced cell architectures.
Solar PV eﬃciency is fundamentally restricted to the
Shockley–Queisser limit of $33.7% for single-junction cells
operating at 300 K under the AM1.5G spectrum.121–123 For
mature technologies—i.e., those approaching their limiting
eﬃciencies—little room for improvement remains. In such
cases, material use and processing innovations should be
prioritized over cell eﬃciency gains.
Complementing the need for high eﬃciency is the need for
maintaining high eﬃciencies stably over the lifetime required
for a given application. For most applications, a 15%-eﬃcient
solar cell that operates reliably for 25 years is more valuable
than a 25%-eﬃcient cell that degrades completely within
months.‡‡ However, initial high eﬃciency is a prerequisite for
maintaining high eﬃciency over time, so eﬃciency improvements should be prioritized over lifetime studies for emerging
technologies. Research toward improving reliability and lifetime includes investigations of air-stable and water-insensitive
materials, light- or moisture-induced degradation mechanisms,
and barrier and encapsulation layers.
Module vs. cell eﬃciency

!2

Power conversion eﬃciency (PCE) [% or W m ]
Increasing power conversion eﬃciency has traditionally been
the target of major PV R&D eﬀorts. While we have stressed the
importance of alternative performance metrics, new technologies must nonetheless reach a minimum PCE to be economically feasible for most applications. Fig. S11 in the ESI†
illustrates the eﬀect of module eﬃciency on system costs.
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Module PCEs tend to approach cell PCEs with increasing
development time, highlighting the importance of improving
‡‡ There are some applications where a short lifetime may be acceptable. For
example, a solar cell used to power future low-cost, paper-based electronics may
only have to last as long as the paper substrate itself. Even in such cases,
however, the degradation process must be controllable—or at least
predictable—to be useful.
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the eﬃciency of large-area cells and integrated modules. Novel
electrical and mechanical design strategies for integrating cells
into eﬃcient modules can also lead to lower cost.
PV module eﬃciency records can be up to 40% lower than
small-area cell records, as shown in Fig. S12 in the ESI,† and
typical commercial modules are less eﬃcient still. Two primary
types of losses occur in the transition from research lab to
production line:
Intrinsic scaling losses. Scaling from small cells to large
modules with multiple interconnected cells incurs physical
scaling losses.
C Increase in cell size ($1 cm2 to $100 cm2): For technologies employing electrode grids (rather than transparent conducting electrodes alone), electrons must travel farther to reach
an electrode in larger cells, resulting in higher resistive losses.
Shadowing from electrodes reduces available light, while higher
non-uniformity over large areas increases the likelihood of
reverse current leakage (shunts).
C Increase in number of cells: Longer wires dissipate more
power through resistive heating. Spacing between cells reduces
the active area of the module. The output current of seriesconnected cells is limited by the lowest-performing cell.
Extrinsic manufacturing losses. While researchers oen
target the highest possible eﬃciencies without regard to cost,
manufacturers may sacrice eﬃciency to reduce cost, improve
yield, and increase throughput.
C Process: Fabrication techniques that produce high eﬃciencies in the lab may be ineﬀective or too costly for large-scale
manufacturing. Increasing production scale also increases
contamination risk.124
C Materials: Research labs work primarily with small-area
devices and can aﬀord to use scarce, expensive, or high-purity
materials, such as gold electrodes and high-quality glass
substrates. Higher-quality materials may have fewer defects,
lower recombination losses, and lower parasitic absorption
(e.g., in encapsulation and electrode materials).
Materials usage [g m!2 or g per Wp]
Reducing materials use has the potential to simultaneously
reduce cost and enable new applications. Thinner substrates
and active layers make cells lighter and more exible. Lightweight cells and modules could reduce transportation and
installation costs, while increased exibility may help prevent
breakage during shipping, installation, and operation. High
specic power and exibility are particularly valuable for mobile
and BIPV applications. Furthermore, for thin-lm cells,
reducing layer thickness directly increases manufacturing
throughput and decreases manufacturing cost per watt.
In quantifying material use, a useful metric is material
intensity, measured in g per Wp. Material use (and cost) per
peak watt is directly proportional to layer thickness and
inversely proportional to eﬃciency. Reducing the material
intensity of rare or expensive elements is particularly critical for
scalability, and we encourage further investigation into abundant substitutes for such elements. One prominent example is
the ongoing industry eﬀort to replace screen-printed silver
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electrodes in c-Si solar cells with electroplated copper.22
Approaches for reducing material intensity include epitaxial
growth and release of thin c-Si or GaAs layers, optical engineering to enhance light absorption, and development of thin,
lightweight substrates.
A related R&D direction deserving further attention is the
development of novel material extraction and production
strategies. A method for extracting tellurium more eﬃciently
and cost-eﬀectively from copper ores could improve signicantly the prospects of CdTe PV for large-scale deployment.
Emerging thin-lm technologies would benet from improved
synthetic approaches for producing organic materials and
colloidal QDs with high yield and high throughput. Synthetic
methods with a small number of steps are essential for scalable,
low-cost production.125 Ultimately, addressing materials-use
limitations for PV from both the production side and the
consumption side is recommended.

Contribution of absorber and electrode materials to system
cost
Here we analyze the contribution of diﬀerent materials to PV
system cost. Throughout this analysis, material intensity,
specic power, and other performance parameters are calculated using record-eﬃciency or representative device structures
and absorber compositions, assuming current certied record
lab-cell eﬃciencies and 100% materials utilization and
manufacturing yield. These optimistic assumptions may
underestimate the amount of material required, but they
provide a simple and traceable point of comparison. In practice,
material utilization and manufacturing yields depend strongly
on technological maturity and the processing strategy
employed. Actual materials utilization has been estimated to
range from 15–70% for a-Si:H, 60–80% for CIGS, and 90–99%
for CdTe.126 All performance parameters are calculated for III-V
MJs based on the standard triple-junction structure shown in
Fig. 3, for a-Si:H based on an a-Si:H/nc-Si:H/nc-Si:H triplejunction, for perovskite cells based on the mixed-halide perovskite CH3NH3PbI2Cl, for organic cells based on a tandem
polymer device, and for DSSCs based on the common N719 dye.
A concentration ratio of 500% is assumed for III-V MJs unless
otherwise specied.
Fig. 7 displays the material intensity, elemental abundance,
and raw material cost for key elements used in diﬀerent PV
technologies. Technologies that tend toward the lower le
corner of each plot can achieve large-scale deployment with
lower risk of raw material cost and availability limitations.
Silicon is abundant but used with high intensity in c-Si PV.
Some commercial thin-lm technologies, including CdTe and
CIGS, employ scarce elements in relatively large quantities,
which may limit their scalability.
Fig. 8 shows the cost of common PV electrode materials as a
function of power conversion eﬃciency. At eﬃciencies below
$10%, a 100 nm-thick Au electrode alone contributes over $1
per Wp to the cell cost, more than the current market price per
peak watt for an entire c-Si PV module ($0.65 per Wp (ref. 109)).
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Fig. 7 Materials usage, abundance, and cost for key elements used in commercial and emerging PV technologies. Each element has an esti-

mated crustal abundance127 and thus a ﬁxed position along the y-axis, but varies in position along the x-axis depending on technology-speciﬁc
material needs. In the bottom plot, gray dashed lines indicate the contribution of raw material costs to the total cell cost in $ per Wp, assuming
current market prices.

Manufacturing complexity and cost

Fig. 8 Cost of common PV electrode materials as a function of power

conversion eﬃciency. Raw material costs, based on current market
prices, are shown for 100 nm-thick electrodes made of various metals
and transparent conducting oxides. Curves for 10 nm and 1 mm are also
shown for Au, commonly used in thin-ﬁlm PV. Current record lab-cell
eﬃciencies for several representative PV technologies are indicated by
vertical dashed lines.
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The cost and footprint of manufacturing equipment for today's cSi technologies may limit large-scale PV deployment. At current
$1 per Wp investment costs for c-Si, a 1 GWp per year factory
requires a billion-dollar capital investment. Incremental reductions in manufacturing cost can be realized by making factories
larger and improving supply-chain eﬃciency.128 For thin lms,
moving from lab-scale batch processes to large-scale continuous
processes will likely reduce manufacturing complexity and cost.81
Lab-scale methods are oen not feasible for high-volume
manufacturing. For example, spin-coating of polymer and QD
solutions wastes up to 90% of the starting material and is
incompatible with high-throughput roll-to-roll processing.
Increasing material deposition and manufacturing yield reduces
costs and supports the materials-use targets discussed above.
No single PV technology today excels in all three of these
technical characteristics: eﬃciency, materials use, and
manufacturing cost. Today's emerging technologies are
improving far faster than current deployed technologies
improved in their early years, but it is important to note that the
road to market and large-scale deployment is invariably long.
Practical limits to PV deployment will depend on a wide range of
technical, economic, and political factors, including the
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material constraints discussed below. While we do not seek a
“silver-bullet” technology—diﬀerent applications may call for
diﬀerent solutions—it is clear that innovation opportunities
exist for all PV technologies.
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PV material scaling limits
Recent growth of the solar PV market has been rapid and
unrelenting. Between 2000 and 2014, global grid-connected PV
capacity grew from 1.3 GWp to 139 GWp,129 a staggering 10 600%
total increase at a compound annual growth rate of 43%—a
doubling every two years. Despite this swi expansion, however,
solar PV accounted for only 0.87% of global electricity production in 2013.130 Combined with the contribution of other lowcarbon technologies, this fraction must increase by up to two
orders of magnitude by mid-century if dangerous anthropogenic interference with the Earth's climate is to be averted.131,132
Such an ambitious target for deployment of solar power
requires consideration of scaling of materials, manufacturing
capacity, and land use.13 This section principally focuses on
materials constraints for terawatt-scale deployment of solar PV.
We view materials requirements in the context of current global
production levels,126,133–136 using the metric of years of current
production required to meet a deployment target. While we do
not consider possible growth trajectories, others have extended
this analysis by quantifying the rate at which materials
production must grow to achieve particular deployment
targets.133–135
Any quantitative analysis of PV scaling must make an
assumption about future electricity demand and the fraction of
that demand satised by PV (the solar fraction). The product of
demand and solar fraction is the required annual solar generation in Wh per year; dividing this value by an assumed capacity
factor and 8760 hours per year gives the installed PV capacity
required, in Wp. Given a technology-dependent material intensity, installed capacity translates directly to material
requirements.
Here we estimate the amount of key materials needed to
satisfy 5%, 50%, or 100% of global electricity demand in 2050
with solar PV generation. The year 2050 is chosen to match
globally recognized climate change mitigation targets.132,137,138
In its 2 " C global warming scenario, the International Energy
Agency forecasts a global electricity demand of 33 000 TWh in
2050.139 This baseline demand, along with an average capacity
factor of 15%,§§15,118,140 is assumed for all calculations. We make
the simplifying assumption that the power system can fully
utilize solar generation regardless of its temporal prole. The
5%, 50%, and 100% solar fraction scenarios then translate to
installed PV capacities of 1.25, 12.5, and 25 TWp, respectively.
We note that this analysis can be rescaled easily to
§§ Current annual-average PV capacity factors range from $11% in Germany to
$20% in the U.S., primarily due to diﬀerences in insolation.118 Global-average
capacity factors will likely increase with time, as deployment is expanding
fastest in countries with higher insolation than Germany.140 With an average
irradiance over land15 of 183 W m!2 and a typical DC-to-AC derate factor of
$0.8, we expect the long-term global average capacity factor to approach $15%.
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accommodate diﬀerent capacity targets and PV technology
mixes. Although material issues are the focus of our analysis,
realizing the aforementioned 2 " C scenario in practice will
require wide-reaching changes in global energy systems and
public policy, from upgrades in transmission and distribution
grid infrastructure to addition of grid-scale energy storage to
streamlining of regulatory procedures.13
Commodity materials scaling
Here we consider common materials that are used in PV
modules and systems but are not intrinsically required for solar
cell operation. These commodity materials could be characterized as non-cell balance-of-system materials, and they share a
number of properties that distinguish them from PV-critical
materials. We classify as commodity materials:
# Flat glass – substrates, module encapsulation
# Plastic – environmental protection
# Concrete – system support structures
# Steel – system support structures
# Aluminum – module frame, racking, supports
# Copper – wiring
These commodity materials are abundant and are extracted
or produced as primary products. Key inuences on their longterm global production are thus market conditions and
production capacity rather than elemental abundance. These
materials are used in a variety of non-PV applications and are
transferable between diﬀerent end uses with little change in
form; for example, the concrete and copper wiring used in a PV
array are no diﬀerent from the concrete and copper wiring used
in an oﬃce building.
Our analysis of commodity materials is based on a technologically conservative vision of a future dominated by today's
commercial technologies, including c-Si, CdTe, and CIGS. Since
these systems are already in use and BOS requirements are well
known, detailed projections of materials use under diﬀerent
scaling scenarios can be made. These projections are valid as
long as module form factors do not change substantially. Estimates based on c-Si PV may constitute an upper bound on
commodity materials usage: new PV technologies are likely to
be competitive for grid-connected applications only if they can
achieve lower BOS requirements than silicon, perhaps by
employing lightweight and exible modules with thin absorber
layers.
Fig. 9 shows the absolute amount of each commodity
material that must be produced between now and 2050 to
deploy enough PV capacity to satisfy 5%, 50%, and 100% of
global electricity demand in 2050. Comparison of material
requirements with current annual production indicates how
much commodity markets must expand to accommodate global
PV demand. For example, current PV modules employ at glass
as substrates and encapsulation layers. To satisfy 50% of 2050
electricity demand with PV, corresponding to 12.5 TWp of
installed capacity, we need 626 million metric tons of glass. At
the current at glass production rate of 61 million metric tons
per year, roughly 10 years' worth of production would have to be
allocated for PV modules between now and 2050.
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Fig. 9 Commodity material requirements for large-scale deployment
of current PV technologies (primarily c-Si). For each commodity, we
show the total amount of material required to deploy suﬃcient solar
PV capacity to satisfy 5%, 50%, or 100% of global electricity demand in
2050. Gray dashed lines indicate the required increases in total
production as a fraction or multiple of current annual production. Only
ﬂat glass, and to a lesser extent, copper and aluminum would require a
signiﬁcant expansion or redirection of production in order to achieve
the material target under the 100% solar scenario. Material intensities
are derived from DOE estimates.135

There appear to be no major commodity material constraints
for terawatt-scale PV deployment through 2050, with the
possible exception of at glass at 100% solar electricity. For
some commodities—glass, aluminum, and copper—the
required production for a solar fraction of 100% (25 TWp of
peak capacity) exceeds 6 years at current annual production
levels, which suggests that PV may eventually become a major
driver for some commodity markets. However, we emphasize
that future commodity material demand for other applications
is not easily predictable. Current demand from PV constitutes a
small fraction of total demand for each commodity considered
in our analysis. More stringent constraints may arise for the
critical elements used within each PV cell. These constraints are
considered below.
Critical materials scaling
Today's PV technologies use chemical elements that diﬀer
greatly in abundance and annual production. Large-scale
deployment of PV technologies that employ scarce elements
would vastly increase demand for those elements. Unlike many
other aspects of power systems, the use of scarce elements does
not benet from economies of scale. On the contrary, because
they are genuinely scarce, the contribution of these elements to
cell and module cost will likely increase with the scale of
deployment in ways that are diﬃcult to predict or control.
Here we consider possible constraints on solar PV deployment presented by PV-critical elements, dened as elements
that are necessary components of certain PV technologies.
Unlike commodity materials, these critical materials have few,
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if any, substitutes in a given PV technology. In most cases, they
are part of the light-absorbing and charge-transporting layer;
substituting another element would be akin to introducing a
new and unproven technology. Critical materials availability
constraints have been discussed in signicant detail in the
literature, particularly for commercial thin-lm technologies.126,136,141,142 In this work, we provide a unied analysis that
includes all leading commercial and emerging PV technologies.
The absolute amount of any critical element is not expected
to be a major constraint. Even supplying 100% of global electricity demand in 2050 with CdTe PV would only require on the
order of 1/10 000 000 of the tellurium in the Earth's crust.
However, the mining of any element{{ is only economical when
it is concentrated far above its average crustal abundance. Most
scarce elements are rarely found in concentrations high enough
to warrant extraction as a primary product at today's prices: only
a few rare elements, including gold, the platinum group
elements, and sometimes silver, are so highly valued that they
are mined as primary products. With the exception of silver and
silicon, all of the critical elements used in deployed PV systems
today are obtained as byproducts of the mining and rening of
more abundant metals. For example, tellurium is found in
copper, zinc, and lead ores, and is primarily obtained as a
byproduct of the electrolytic renement of copper.
Producing an element as a byproduct or co-product is typically much less expensive than producing the same element as a
primary product because of economies of scope. The costs of
investment capital, mine planning, permitting, extraction,
haulage, and various rening steps are borne by the primary
product.13,143 As a result, the price and availability of critical
byproducts depend strongly on the demand for the primary
product. In addition, byproduction output is oen sensitive to
changes in the technology used to extract the primary product,
making the demand-price function volatile and diﬃcult to
predict. Byproduction dynamics may restrict the annual
production of critical elements until prices increase enough to
warrant primary production, and it is likely that the resulting
higher material costs will impede cost-eﬀective PV deployment.
A detailed analysis of the economically recoverable fraction
of these critical elements as a function of PV demand is beyond
the scope of this study, but a comparison of the relative abundances of these elements provides a useful sense of scale when
considering them as candidates for large-scale deployment.
Silicon is 20 000 times as abundant as gallium and 300 000 000
times as abundant as tellurium. To supply 100% of global
electricity in 2050 with c-Si PV would require roughly one-third
as much silicon and one-half as much silver as has been
produced since 1900. Complete reliance on CdTe or CIGS PV, on
the other hand, would require over 75 times more tellurium or
gallium for PV than has ever been produced for all other uses
combined.
While necessary, raw elemental availability is not a suﬃcient
condition for ramping up to TW-scale PV production. The
scalability of annual global production of PV-critical elements at
{{ Apart perhaps from the eight major rock-forming elements (O, Si, Al, Fe, Ca,
Na, K, and Mg), which are all present at crustal abundances above 2%.
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Critical material requirements for large-scale deployment of
wafer-based, commercial thin-ﬁlm, and emerging thin-ﬁlm solar cell
technologies. For each PV technology, we show the amount of key
elements required to satisfy 5%, 50%, or 100% of global electricity
demand in 2050, corresponding to a total installed capacity of $1.25
TWp, 12.5 TWp, or 25 TWp. Gray dashed lines indicate material
requirements as a multiple of current annual production. Technologies
that tend toward the upper-left corner of each plot can achieve
terawatt-scale deployment without substantial growth in annual
Fig. 10
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required purities may be more relevant than crustal abundance.
Production and price are not necessarily linked to abundance:
while silver is one of the least abundant elements considered
here, it has been highly valued for millennia, and primary
mining of silver is a well-established industry. Selenium costs
less and is more copiously produced than gallium and indium,
even though it is the least abundant of the three. Furthermore,
as pointed out by Kavlak et al.,133,134 limits to the rate of growth
in the production of particular elements may hinder aggressive
growth in the deployment of particular PV technologies.
In Fig. 10, which mirrors the format of Fig. 9, we compare
the total amount of key elements required to satisfy 5%, 50%,
and 100% of global electricity demand in 2050 with today's
wafer-based, commercial thin-lm, and emerging thin-lm
PV technologies. Total material requirements are plotted
against current annual production144,145 to provide a sense of
scale.
To supply 100% of 2050 global electricity demand with CdTe
PV, we need similar amounts of cadmium and tellurium:
737 000 metric tons and 786 000 metric tons, respectively. Both
elements thus appear at roughly the same position along the
horizontal axis. But current annual cadmium production
(21 800 t per year) exceeds tellurium production (525 t per year)
by two orders of magnitude. As a result, tellurium lies far below
cadmium on the vertical axis. Deploying 25 TWp of CdTe PV
would require the equivalent of 34 years of global cadmium
production and 1500 years of global tellurium production at
current rates.
We nd that c-Si PV could meet 100% of electricity demand
by 2050 without major material constraints, assuming the use
of silver contacts can be reduced or eliminated. The same
cannot be said for technologies based on tellurium, indium,
and other scarce elements. This is consistent with the ndings
of previous studies.126,133,134 Current commercial thin-lm technologies would need to demonstrate dramatic reductions in
active material intensity to fulll a large fraction of electricity
demand. Approaches to mitigating potential critical material
scaling limits include (1) decreasing the material intensity of
presently-used elements and (2) developing thin-lm technologies that employ more abundant and widely produced
elements.
For some commercial PV technologies, the required reductions in material intensity may be prohibitively large, given
physical and practical limits on layer thicknesses. For example,
thinner lms may be unable to absorb sunlight fully or may
aggravate shorting in large-area cells. Avoiding scarce elements
altogether is thus desirable. Many emerging technologies
require less material than commercial technologies and use
only Earth-abundant elements.
Returning to Fig. 10, a stark contrast arises between material
requirements for commercial and emerging thin-lm PV technologies. Consider colloidal quantum dot PV: deploying 25 TWp

production of constituent elements. Boxes and oval for c-Si represent
the range spanned by sc-Si and mc-Si technologies. Organic and dyesensitized solar cells require only abundant elements and are omitted.
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of PbS QDPV would require the equivalent of only 22 days of
global lead production and 6 hours of global sulfur production.
This disparity can be attributed to the use of abundant, highproduction-volume primary metals and ultra-thin absorber
layers.
Materials scaling considerations may be a deciding factor in
determining which technologies fulll the majority of PV
demand in the coming decades. We emphasize however that no
single PV technology is likely to capture 100% of the PV market.
Commercial thin-lm technologies could avoid critical material
constraints and remain viable at a deployment scale of up to
hundreds of gigawatts by 2050. Furthermore, emerging thin
lms have not reached the scale needed to precisely quantify
materials utilization and manufacturing yield in high-volume
module production, although the order-of-magnitude conclusions discussed above should remain valid in the absence of
disruptive technological change.

Conclusion
Predicting the future development of any technology is by
nature fraught with uncertainty. While crystalline silicon
dominates the PV market today, alternative technologies are
evolving rapidly. The solar cell of the future may be a rened
version of current commercial cells or an entirely new technology. Furthermore, global installed PV capacity today is a
miniscule fraction of expected future deployment. Few—if
any—industries have grown as fast or as unpredictably as the PV
industry in recent years.
Faced with uncertain technological change and uncertain
economic pressures, we abstain from betting on any particular
PV technology. Instead, we view all technologies through the
objective lens of application-driven performance metrics. These
metrics guide us toward three technical themes—increased
eﬃciencies, reduced materials usage, and reduced
manufacturing complexity and cost—that technology leaders
should target in their R&D eﬀorts. By focusing on the unique
strengths and potential applications of solar photovoltaics, we
can identify windows of opportunity for future PV technology
development and deployment.
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Glossary of Terms
Balance-of-system (BOS): All components of an installed solar PV system besides PV modules.
This term typically includes both hardware (e.g., inverter, transformer, wiring, and racking) and
non-hardware (e.g., installation labor, customer acquisition, permitting, inspection,
interconnection, sales tax, and financing) costs.
Bandgap: Fundamental property of semiconducting materials that determines the minimum
energy (maximum wavelength) of light that can be absorbed, in units of electron-volts (eV).
Direct-bandgap materials (e.g., GaAs, CdTe, and PbS) absorb light much more efficiently than
indirect-bandgap materials (e.g., Si and Ge), reducing the required absorber thickness.
Byproduction: Production of an element as a secondary product of the mining and refinement of
a major (primary) metal. Byproduction can reduce raw material prices substantially due to
economies of scope, but the associated price volatility and production ceiling make byproduced
elements a potential obstacle to large-scale deployment of some PV technologies.
Capacity factor (CF): The ratio of the actual AC energy output [kWh/y] of a PV system to the
output of an ideal system with the same nameplate capacity and no DC-to-AC conversion losses,
under constant peak irradiance (1000 W/m2) and at 25ºC. Capacity factors are often used to
compare electric power generation systems.
Commodity materials: Abundant materials (e.g., glass, concrete, and steel) that are used in PV
modules and systems as well as a variety of non-PV applications. The cost and availability of
commodity materials are typically determined by market conditions and production capacity
rather than raw abundance.
Critical materials: Elements used in the active absorber or electrode layers of PV cells. Critical
materials are often mined as byproducts and typically have few available substitutes for a given
PV technology without sacrificing performance.
Crustal abundance: The relative concentration of a chemical element in the Earth’s upper
continental crust (top ~15 km), typically reported in units of parts per million (ppm) by mass.1
Oxygen and silicon are the two most abundant elements in the crust.
Energy yield: The actual energy output of a PV module or system divided by the nameplate DC
capacity, in units of kWh/kWp or hours. The energy yield of a PV module or system over a given
time period corresponds to the number of hours for which it would need to operate at peak power
1

to produce the same amount of energy.
Exciton: An electron-hole pair bound together by electrostatic attraction. Excitons are neutral
quasi-particles that are formed when light is absorbed in a semiconductor; they must be separated
into free charges to contribute to photocurrent. Excitons in conventional inorganic
semiconductors (Wannier-Mott excitons) are weakly bound and tend to dissociate shortly after
formation. Excitons in many emerging thin-film PV materials such as organic small molecules
and polymers (Frenkel excitons) are more strongly confined and only dissociate when they
encounter a heterojunction interface (i.e., between two energetically dissimilar materials).
Form factor: General term that refers to the physical characteristics of a solar cell or module,
including dimensions, weight, and flexibility.
Insolation: A measure of the solar energy received over a given area over a given time period,
typically in units of kWh/m2/day. “Insolation” is a contraction of the phrase “incoming solar
radiation.” When the time unit in the denominator is omitted, the period of observation must be
specified (e.g., “an average daily insolation of 4.5 kWh/m2”). The term “irradiation” is
sometimes used interchangeably with “insolation.”
Intermittency: Temporal variation in the availability of sunlight and hence PV panel output over
varying time scales, from seconds to days to seasons. Intermittency can be caused by
unpredictable (stochastic) cloud cover and weather or by predictable (deterministic) diurnal,
seasonal, and climatic variations.
Irradiance: A measure of the solar energy received over a given area, typically in units of W/m2.
The average irradiance over a given time period is equal to the insolation over the same period.
Lattice mismatch: A situation that occurs when a crystalline semiconductor is deposited directly
(epitaxially) on another crystalline material with a different lattice constant (physical dimension
of repeating unit cells in a crystal). When the mismatch is large, defects (dislocations) are likely
to arise, increasing recombination and decreasing PV performance. Lattice matching is a key
consideration for III-V MJ solar cells, which consist of many stacked epitaxial films with
different lattice constants. Lattice-mismatched approaches avoid the need for lattice matching by
incorporating a “metamorphic” buffer layer with graded composition to accommodate mismatch.
Levelized cost of energy (LCOE): Also known as levelized cost of electricity; total cost per unit
of electrical energy produced by an electric power system, in units of $/kWh or ¢/kWh. A
complete calculation of levelized cost of energy includes the effect of actual system output (as
measured by the performance ratio or capacity factor), upfront capital costs, fixed and variable
operation and maintenance (O&M) costs (including fuel where applicable), subsidies, financing,
cost of capital, degradation, and replacement.
Manufacturing yield: The fraction of manufactured cells or modules that operate as desired
(i.e., within a desired tolerance of targeted performance parameters). All else equal, increasing
manufacturing yield reduces module cost per watt.
Material complexity: The number of atoms in a unit cell, molecule, or other repeating unit of a
material. Material complexity is related to the degree of disorder at the nanoscale. For current PV
technologies, higher material complexity often translates to lower technological maturity,
material intensity, processing temperatures, and processing complexity.
Material intensity: Amount of raw material required per unit of PV power output, in units of
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mg/Wp or t/GWp. Material intensity varies directly with active layer thickness and inversely with
cell efficiency, materials utilization, and manufacturing yield.
Materials utilization (U): The fraction of original source material (feedstock) that ends up in a
working solar cell. The remainder (1-U) is lost during processing. Efficient recycling of process
waste can increase materials utilization.
Multijunction cell: A solar cell consisting of more than one charge-collecting junction. When
stacked in order of decreasing bandgap, multiple junctions allow light of particular wavelength
ranges to be absorbed and photovoltaic energy conversion to occur in the sub-cell that incurs
minimal thermal losses for that wavelength range.
Open-circuit voltage (VOC): The voltage measured across the terminals of a solar cell under
illumination when no load is applied. The open-circuit voltage is fundamentally related to the
balance between light current and recombination current, and is thus a primary measure of the
quality of a solar cell. PV technologies with high open-circuit voltages (i.e., close to the materialdependent bandgap) typically exhibit low internal losses.
Performance ratio (PR): The ratio of the actual AC energy output [kWh/y] of a PV system to
the output of an ideal system with the same nameplate capacity and no DC-to-AC conversion
losses, under local insolation conditions and at 25ºC. Performance ratios are often reported for
individual months or years and are helpful for identifying failure of system components. The
quality factor (Q) is the same as the performance ratio.
Processing complexity: A qualitative measure of the difficulty of purifying raw materials and
manufacturing cells and modules for a given PV technology. Technologies with high processing
complexity may require substantial capital equipment investments, many discrete manufacturing
steps, high material purity, high-temperature processing, and long process times. Processing
complexity tends to vary inversely with material complexity.
Recombination: Undesirable loss of charge carriers within a solar cell. Radiative recombination
results in emission of a photon and is the basis of light-emitting device (LED) operation, while
non-radiative recombination results in energy loss as heat. Recombination rates are often
increased by defects in bulk semiconducting material or at interfaces.
Roll-to-roll (R2R) processing: General term for high-throughput film deposition on flexible
substrates (e.g., papers, plastics, and textiles) in the form of continuous rolls. Roll-to-roll
processing may reduce thin-film PV processing costs per area substantially, although commercial
demonstrations at large scale are currently limited.
Shockley-Queisser limit: Maximum theoretical power conversion efficiency, originally derived
by Shockley and Queisser in 1961, for a solar cell consisting of a single pn junction. This
limiting efficiency depends on the assumed solar spectrum (e.g., blackbody approximation, AM0
outside Earth’s atmosphere, or AM1.5G at the surface). The Shockley-Queisser or detailed
balance efficiency limit is 33.7% for a bandgap of 1.34 eV, under the AM1.5G spectrum without
concentration at 300 K.2,3 Multijunction cells can achieve efficiencies above this value.
Solar fraction: The fraction of global electricity demand satisfied by solar photovoltaics.
Specific power: The power output per unit weight of a PV cell or module, in units of W/g. Thinfilm solar cells can achieve higher specific power than wafer-based cells based on active layer
weight alone, but substrate weight often dominates the specific power of today’s thin-film cells.

3

Life Cycle Carbon Intensity of PV
The carbon footprint of solar PV (in grams of CO2-equivalent per kWh of electricity produced
[g CO2-eq/kWh]) depends on both the electricity generated and the greenhouse gases (GHGs)
emitted throughout the PV life cycle. A full life cycle assessment (LCA) tracks the complete
environmental burden of PV—including material and energy flows—from upstream processes
(i.e., materials extraction and processing, module and system component manufacturing,
transportation, and installation) through 20–30 years of operation to downstream processes (i.e.,
plant decommissioning, recycling, and waste disposal).4-13
The life cycle carbon intensity of PV is typically dominated by emissions from the energy
consumed during materials extraction and component manufacturing.4 Ignoring differences in
manufacturing energy consumption and installed system performance with location, we can
roughly estimate the relative impact of manufacturing location and deployment location on the
carbon footprint of c-Si PV. For this example, we consider the United States and China as
representative locations for PV manufacturing and deployment. We acknowledge that a proper
life cycle calculation for PV considers many more factors than those described in the equations
below.14,15 However, we adopt a simplistic approximation below, to elucidate the principal
parameters that often govern life cycle calculations.
Life cycle carbon intensity of PV ≈ “Levelized” carbon footprint of PV manufacturing
!!" ! ≈ !!!×!!!×!
!!!"! !!"
!"#

!=!

!!!"! !!"
!"#

!
!

!×!

!"#
!!

!×!

!!
!"#

where CPV = life cycle carbon intensity of PV
C = carbon intensity of local electricity16
CUS = 610 g CO2-eq/kWh
CChina = 1049 g CO2-eq/kWh
E = energy required to manufacture 1 Wp of PV
Y = energy yield (1/Y = Wp required to get 1 kWh of lifetime output)*
A 2012 LCA harmonization study by Hsu et al.4 screened a broad range of published c-Si PV
LCAs and adjusted their estimates of life cycle GHG emissions to correct for different values of
input parameters, including insolation, module efficiency, performance ratio, and system
lifetime†. The analyses referenced in that study were published between 2000 and 2009, and as a
result rely primarily on data from PV manufacturers in Europe and in the U.S. For an annual
insolation of 1,700 kWh/m2/y (194 W/m2 or 4.7 kWh/m2/day)—corresponding to the average
insolation in southern Europe—the study reports a median (harmonized) life cycle carbon
*

As mentioned above, the energy yield of a PV system depends directly on local insolation and system
performance. In this analysis, we assume that the system performance is unaffected by deployment location, and
hence differences in energy yield can be attributed to differences in insolation.
†
Hsu and colleagues report harmonized results based on an annual insolation of 1,700 kWh/m2/y, a module
efficiency of 13.2% (mc-Si) or 14.0% (sc-Si), a performance ratio of 0.75 (rooftop and building-integrated systems)
or 0.80 (ground-mounted systems), and a system lifetime of 30 years.
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intensity of 45 g CO2-eq/kWh, with an interquartile range of 39–49 g CO2-eq/kWh.
As shown in Figure 2 in the main text, the average irradiance in the continental U.S. ranges from
135–245 W/m2 (3.2–5.9 kWh/m2/day). Correcting for differences in insolation gives an
estimated range for the median carbon intensity of c-Si PV modules manufactured in the U.S.
and deployed in the U.S.: 36–65 g CO2-eq/kWh. If the primary factor contributing to life cycle
GHG emissions is the carbon intensity of electricity in the manufacturing location, we can scale
the values above by the ratio of the average carbon intensities of electricity in China and in the
!
!"#$
U.S. ( !"#$%
= !"# ) to estimate the carbon intensity of PV modules manufactured in China and
!
!"

deployed in the U.S.: 61–111 g CO2-eq/kWh.
The average irradiance in China ranges from 125–265 W/m2 (3.0–6.4 kWh/m2/day). Performing
the same adjustments as before, we calculate the carbon intensity of PV manufactured in either
the U.S. or China, and deployed in China. The results are listed below.
Carbon intensity of PV modules manufactured in U.S. and deployed in U.S.
!!",!",!" ! ≈ ! !!" !×!!!×!

!

≈ 36–65 g CO2-eq/kWh

!!"

Carbon intensity of PV modules manufactured in China and deployed in U.S.
!!",!"#$%,!" ! ≈ ! !!"#$% !×!!!×!

!

≈ 61–111 g CO2-eq/kWh

!!"

Carbon intensity of PV modules manufactured in U.S. and deployed in China
!!",!",!"#$% ! ≈ ! !!" !×!!!×!

!

≈ 33–70 g CO2-eq/kWh

!!!!"#

Carbon intensity of PV modules manufactured in China and deployed in China
!!",!"#$%,!"#$% ! ≈ ! !!"#$% !×!!!×!

!
!!!!"#

≈ 57–120 g CO2-eq/kWh

All of these ranges are much lower than the typical carbon intensities of natural gas (~500 g
CO2-eq/kWh) and coal (~1000 g CO2-eq/kWh).17 So PV electricity is cleaner than fossil fuelbased electricity from an emissions perspective, regardless of where the modules are
manufactured and deployed. But the deployment location still matters: Deploying PV in China
avoids more emissions than deploying PV in the United States, due to the high carbon intensity
of electricity in China today.
Avoided emissions with PV manufactured in U.S. and deployed in China
CChina – CPV,US,China

= 1049 – (33 to 70) = 979–1016 g CO2-eq/kWh (best case)

Avoided emissions with PV manufactured in China and deployed in China
CChina – CPV,China,China = 1049 – (57 to 120) = 929–992 g CO2-eq/kWh
Avoided emissions with PV manufactured in U.S. and deployed in U.S.
CUS – CPV,US,US

= 610 – (36 to 65)

= 545–574 g CO2-eq/kWh
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Avoided emissions with PV manufactured in China and deployed in U.S.
CUS – CPV,China,US

= 610 – (61 to 111) = 499–549 g CO2-eq/kWh (worst case)

Thus if our goal is to reduce emissions, it is far less important where the PV is made (reduction
of -13–87 g CO2-eq/kWh if manufactured in U.S. instead of China) than where it is used (380–
493 g CO2-eq/kWh if deployed in China instead of U.S.), and most important whether it is used
at all (499–1016 g CO2-eq/kWh if deployed).
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Basics of Solar Photovoltaic Energy Conversion
Introduction
In this primer, we describe the principles governing the conversion of light into electricity in
photovoltaic (PV) devices. We begin by discussing the fundamentals of energy conversion, light,
and electric power. We next introduce the concept of semiconductors, describing the electrical
and optical properties that govern their interaction with light. We explain the concept of the
diode as the fundamental functional unit of a PV device and describe the characterization and
standard performance metrics of solar cells. Finally, we discuss how solar cells are used in PV
modules, arrays, and systems. For a more complete explanation of the physical concepts
described here, we point the interested reader toward a number of relevant textbooks.18-24

Energy and Power

Energy can be defined as the capacity of a system to perform work.* In the International System
of units, energy is measured in units of joules (J); 1 J is roughly the amount of energy required to
lift a can of soda 1 foot off the ground.† Power is the rate of flow of energy per unit time and is
measured in units of watts (W), where 1 W is equal to an energy flow of 1 J/s. Energy can thus
equivalently be expressed in units of watt-hours (Wh) or, more commonly in the electric power
sector, kilowatt-, megawatt-, gigawatt-, or terawatt-hours (kWh, MWh, GWh, and TWh,
respectively). A typical home in the United States utilizes electric power at an average rate of
roughly 1.24 kW, corresponding to an energy usage of ~30 kWh per day.25
Energy cannot be created or destroyed, but it can be stored and converted between different
forms.‡ There are many different forms of energy: The chemical energy stored in carbon-carbon
bonds in a piece of coal, the gravitational potential energy of elevated water in a dammed
reservoir, and the radiant energy continually delivered to the Earth’s surface by the Sun are all
familiar examples. What are typically thought of as energy generation devices—coal-fired power
plants, hydroelectric dams, or solar panels—are thus actually energy conversion devices.
Fig. S1 summarizes, in a simplified format, the forms of energy and processes of energy
conversion relevant to electric power generation. Note that the only continuous input of energy
to the Earth is the radiant energy of the Sun. Each energy conversion process, here denoted by
labeled arrows, involves the irreversible conversion of some portion of the energy input to lowgrade thermal energy (i.e., waste heat). Some of these conversion processes are more efficient
than others; while turbines can convert only around 30–40% of the thermal energy from burning
coal into kinetic energy, generators can convert over 90% of the kinetic energy of a spinning
turbine into electrical energy. Photovoltaics are unique in their ability to directly convert radiant
solar energy to electrical energy, and by eliminating the relatively inefficient processes of

*

We refer to work as it is used in physics; that is, as a measure of the force applied on a point in motion over a
displacement in position, for the component of the force in the direction of that motion.
†
Much more energy is contained within the can of soda; one joule is roughly the amount of extractable dietary
energy contained in one-hundredth of a drop of soda.
‡
Einstein’s famous “E=mc2” equation implies that mass and energy are equivalent properties and represent the same
physical quantity—not that energy can be “created” from matter.
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photosynthesis (0.5–2% efficient)26 and thermal-to-kinetic-energy conversion, they represent the
most direct and efficient use of Earth’s primary energy input—sunlight.

Fig. S1: Relevant forms of energy (colored boxes) and energy conversion processes (labeled
arrows) for the production of electric power. Note that gravitational, nuclear, and chemical
energy all represent energy that can be stored for long periods of time with high efficiency;
direct storage of thermal, kinetic, or electric energy is much less efficient. Radiant energy from
the Sun is the only external energy input to the Earth system.*
We next describe the properties of light (radiant power) and electricity (electric power)—the
input and output of PV devices, respectively.

Light
Light refers to a specific type of electromagnetic radiation (EM) that is visible to the human eye.
Electromagnetic radiation is comprised of alternating electric and magnetic fields that oscillate
with a given frequency and wavelength and propagate in a straight line. Fig. S2 graphically
represents the EM spectrum. Visible light is typically characterized as EM radiation with a
wavelength between 400 and 750 nanometers (nm);† as shown in the figure, we perceive light of
different wavelengths as different colors. This range represents a small fraction of a spectrum
that stretches over many orders of magnitude in wavelength (and frequency), from gamma and X
rays, through ultraviolet, visible, and infrared radiation, to microwaves and radio waves.
The fundamental quantized unit (or quantum) of light is the photon, which represents the
smallest isolable packet of EM radiation of a given wavelength. The energy content of a photon
is proportional to its frequency and inversely proportional to its wavelength, and the power
delivered by a light source to an absorbing surface is equal to the flux, or rate of flow, of photons
absorbed by that surface times the energy of each incident photon. Most of the sun’s emission
spectrum lies between the ultraviolet and the infrared. The power delivered by solar radiation to
a surface pointing toward the Sun, located at the Earth’s surface at noon, on a cloudless day and
at a latitude representative of many of the world’s major population centers, is roughly 1000
*

The flow of geothermal energy from the Earth’s interior to its surface results in roughly equal measure from
leftover energy still being dissipated from the Earth’s formation and from the nuclear decay of radioactive isotopes
in the Earth’s interior.27
†
One nanometer is 10-9 m; a human hair is roughly 75,000 nm in diameter.28
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W/m2, typically known as 1 sun. The nature of sunlight and its interaction with the Earth and its
atmosphere is described in detail in Ref. 29.

Fig. S2: Spectrum of electromagnetic radiation in units of energy (in electron-volts, eV, where 1
eV ≈ 1.6 × 10-19 J) and wavelength (in nm), with the visible range of light highlighted. Reprinted
with permission from Ref. 30.

Equation 1: Photon Energy
The energy of a photon E is given by
ℎ!
= ℎ!
!
where h is Planck’s constant (~6.63 × 10-34 J-s), c is the speed of light in vacuum
(299,792,458 m/s), λ is the photon wavelength, and ν is the photon frequency.
!=

Electricity and Electric Power
Electricity is characterized by voltage and current. Current, measured in amperes or amps (A),
corresponds to the rate of flow of charge; if we imagine electricity flowing through a wire in
analogy to water flowing through a pipe, current is the rate of flow of the water. Voltage,
measured in volts (V), corresponds to the electric potential energy difference, per unit charge,
between two points. In our analogy of water flow, the voltage between two points corresponds to
the pressure or height difference between those points; it is the driving force behind the flow.
The electrical resistance of a sample of material, measured in ohms (Ω), is the ratio between the
voltage applied to the sample and the current that flows through it; in our analogy, the resistance
would be inversely proportional to the diameter of the pipe through which the water flows.
Electric power is equal to the product of voltage and current.
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Equation 2: Ohm’s Law
Current I, voltage V, and electrical resistance R are related by Ohm’s Law:
! = !"!
We now describe the properties of charge carriers within electronic materials and explain how
these materials can be used to fabricate solar cells.

Electronic Materials

A typical solid such as silicon contains roughly 7 × 1023 electrons/cm3 of material, where an
electron is a subatomic particle with an electric charge, by definition, of -1 e.*,† These electrons
occupy states of well-defined energy within the solid; much like water filling up a bucket,
electrons minimize their energy by filling up the lowest-energy states (the deepest part of the
bucket, or the most tightly-bound atomic energy states) first.
Electrons are one of two types of charge carriers in a solid; the other is the hole, which is simply
the absence of an electron in a position where an electron would normally be found. If electrons
are compared to drops of water, holes can be compared to bubbles below the water’s surface.
Since it carries an absence of negative charge while surrounded by a sea of negatively charged
electrons,‡ a hole can be treated as a carrier of positive charge, moving in the opposite direction
from an electron under an applied electric field. The electrical conductivity of a material is
proportional to the volume density [cm-3] of mobile electrons and holes multiplied by their drift
mobility [cm2/(V-s)] in that material, defined as the ratio of a charge carrier’s velocity to the
magnitude of the electric field that drives its motion.
Equation 3: Electrical Conductivity
The electrical conductivity of a material is given by
! = ! !! + !! = !(!!! + !!! )
where e and h are the electron and hole conductivities, respectively; q is the
charge of the electron; n and p are respectively the electron and hole densities; and µe
and µh are respectively the electron and hole mobilities.
Electrons can be excited by the absorption of external energy in the form of light or heat. A
single excitation generates both an electron and a hole; the excited electron transfers to a higherenergy state and leaves a hole in its previous state. In a typical solid at room temperature, heat is
manifested as minute vibrations in the atoms that make up the solid. For electrons, this heat
behaves like a continuous spectrum of low-energy excitations, inducing small ripples on the
surface of the energetic sea of electrons.
*

A charge of “1 e” is equivalent to ~1.6 × 10-19 A-s, or the amount of charge that flows past a point when a current
of 1 A is allowed to flow for ~1.6 × 10-19 s.
†
An electron-volt (eV) can also be defined as the energy gained by an electron as it passes through a voltage
difference of 1 V.
‡
The negative charge of each electron is balanced by a positive charge in the nucleus of the atom from which the
electron originates, such that the entire solid carries no net charge.
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Like vibrational modes on a guitar string, only certain electron energies are allowed within a
material. In a single atom or molecule, these energies exist as discrete, isolated energy states; in
extended many-atom solids, these discrete states are smeared out into broad energy bands. In
pure materials, electrons can only reside at energies within these bands; they cannot occupy
energies between bands, where there are no electronic states. The electronic properties of a
material are determined to a large extent by the shapes of these bands and the extent to which
they are filled with electrons. The highest-energy band that is completely filled with electrons is
called the valence band; the next-higher band is called the conduction band.
As shown in Fig. S3, the three major classes of electronic materials—metals, insulators, and
semiconductors—are characterized by distinct energy band arrangements. Metals contain an
incompletely filled energy band, allowing electrons at the energetic surface of the filled states to
move (much like waves in a partially-filled container of water). Insulators contain completely
filled bands separated by a large energy bandgap. This bandgap in insulators is too wide to allow
significant excitation of electrons across the gap by heat (at typical operating temperatures) or
visible photons. Because the valence band of insulators is completely filled with electrons (with
no mobile holes) and the conduction band is completely empty of electrons, no charge carriers
are available to flow under an applied electric field, making these materials electrically resistive.
Semiconductors are intermediate between metals and insulators; they exhibit a bandgap that is
small enough for electrons to be excited across it by heat or visible photons. Most importantly,
semiconductors can be doped (intentionally or unintentionally) with minute quantities of foreign
atoms that donate excess electrons or holes to the rest of the solid. Doping allows the density of
free charge carriers and thus the conductivity of the material to be controlled over many orders of
magnitude.

Fig. S3: Schematic electronic band structure of metals, semiconductors, and insulators.
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Table 1: Bandgaps of various materials. Common solar cell materials are highlighted in blue;
insulators are highlighted in green.20,22,31-33
Material
Metals

Bandgap [eV]
0

PbS (lead sulfide)

0.4

Si (silicon)

1.1

CdTe (cadmium telluride)

1.4

CIGS (copper indium gallium diselenide)

1.0–1.7

C (diamond)

5.5

SiO2 (silica glass)

~9

LiF (lithium fluoride)

13.6

pn-Junction Diodes and Solar Cells
The fundamental functional unit of a solar cell is a pn-junction diode, which forms at the
interface between two semiconductors: one doped with an excess of electron-donating impurities
(an n-type semiconductor, so named for the excess of free negatively-charged electrons), and one
doped with an excess of hole-donating impurities (a p-type semiconductor, so named for the
excess of free positively-charged holes). Fig. S4 illustrates the fundamentals of the pn-junction
diode. When an n-type and p-type material are put in contact, free electrons from the n-type side
and free holes from the p-type side diffuse across the interface, cancelling each other out (the
electrons “fill in” the holes). This elimination of the free carriers near the interface uncovers the
fixed charges of the dopants that originally balanced the charge of the free electrons and holes,
generating a built-in electric field in the interface region that prevents further diffusion. This
field corresponds to a built-in voltage between the n-type and p-type sides of the junction.
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Fig. S4: Physical structure and electric properties of a pn-junction diode before and after
diffusion of charge carriers across the junction interface.
The diode acts as a one-way valve for charge carriers, as shown in Fig. S5. If a positive voltage
is applied to the p-type side of the junction (forward bias), the built-in field is reduced, and large
numbers of carriers can diffuse across the interface, generating a large current. If a negative
voltage is applied to the p-type side (reverse bias), the built-in field is strengthened, diffusion
remains unfavorable, and the current remains low. The current flow in a representative diode at
different applied voltage levels is shown by the curve labeled “dark” in Fig. S6a: The current
increases exponentially under positive voltage, but remains small under negative voltage.
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Fig. S5: Energy band diagram during operation of a pn-junction diode in the dark, showing (a)
reverse bias, (b) equilibrium, and (c) forward bias conditions. Blue and orange arrows represent
flux of electrons and holes, respectively.

Fig. S6: (a) Representative current-voltage characteristics of a solar cell in the dark (blue
curve) and under illumination (red curve). The short-circuit current density (JSC), open-circuit
voltage (VOC), and fill factor (FF) are indicated; the physical significance of these metrics is
described in the text. Since the current output of an illuminated solar cell is proportional to its
illuminated surface area, the current density (current divided by area) normalizes for different
cell sizes. Voltage and current are measured between the positive and negative terminals of the
solar cell (b, c).
A solar cell is simply a diode that can generate free electrons and holes through the absorption of
light, as depicted in Fig. S7a. These free charge carriers are separated under the built-in electric
field of the diode, generating photocurrent. Since the generation of photocurrent is roughly
independent of the voltage across the solar cell, the “light” curve in Fig. S6 is vertically offset by
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a constant amount from the “dark” curve. The current is correlated with the number of carriers
generated, which depends upon the absorption properties of the semiconductor and its efficiency
in turning absorbed photons into extractable charge carriers (this efficiency, known as the
external quantum efficiency (EQE), is described in more detail below). The voltage is correlated
with the strength of the built-in electric field of the diode.

Fig. S7: (a) Operation of a solar cell under illumination, showing excitation of electrons and
holes by light, followed by charge carrier separation under the built-in electric field. The
conduction band and holes are shown in orange; the valence band and electrons are shown in
blue. (b) Interaction of light of various wavelengths with a light-absorbing semiconductor. Shortwavelength photons of energy higher than the bandgap (here depicted as blue wavy arrows)
generate excited electron-hole pairs with net energy greater than the bandgap, but the electron
and hole quickly lose their excess energy and “relax” to the bottom of the conduction band (for
electrons) and top of the valence band (for holes). Long-wavelength photons of energy lower
than the bandgap (here depicted as red wavy arrows) are not absorbed and do not generate free
electron-hole pairs.
Fig. S6 illustrates the current-voltage output of a representative solar cell both in the dark (blue
curve, acting as a simple diode) and under illumination (red curve), with key operational
parameters identified. If the two terminals of an illuminated solar cell are left open (i.e., not
connected to each other by a conductive path) and no current is allowed to flow, the voltage
measured between them is the open-circuit voltage (VOC). If the two terminals are shorted
together by a highly conductive pathway (like a copper wire) and thus held at the same voltage,
the current flowing through that pathway—divided by the cell area—is the short-circuit current
density (JSC).
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Equation 4: Current-Voltage Characteristics of a Solar Cell
The current density output from a solar cell, JPV, as a function of voltage is given by
!"

!!" = !! !! !! ! − 1! − !!"
where J0 is the reverse saturation current density [mA/cm2], q is the charge of the
electron, V is the applied voltage, kB is the Boltzmann constant (1.38 × 10-23 J/K), T is
the temperature [K], and JSC is the short-circuit current density [mA/cm2]. With JSC set
to zero, this equation represents the output of a simple diode.
The voltage across the terminals of an operating solar cell can range between zero and VOC; the
current output stays roughly constant over much of this range, until the voltage approaches VOC.
The power output at a given voltage is equal to the product of the current and the voltage and
will reach a maximum near the apparent “shoulder” in the current-voltage curve (as depicted by
the orange rectangle in Fig. S6). The ratio between the power output per area at this maximum
power point and the product of the JSC and VOC is the fill factor, which corresponds to the
“squareness” of the illuminated current-voltage curve. The power conversion efficiency (PCE) is
equal to the product of the short-circuit current density, open-circuit voltage, and fill factor,
divided by the power per area of the incident light source (usually measured under standard
illumination conditions of 1000 W/m2, as discussed above).

Solar Cell Efficiency
The current and voltage output of a solar cell cannot be simultaneously optimized. Since a solar
cell can only absorb photons with energy greater than the bandgap, reducing the bandgap
generally increases current. However, as depicted in Fig. S7b, electrons excited by photons with
energy greater than the bandgap quickly dissipate their excess energy as wasted heat, ultimately
settling at an energy equal to the bandgap. The bandgap energy is thus the maximum energy that
can be extracted as electrical energy from each photon absorbed by the solar cell. Reducing the
bandgap leads to smaller voltages, eventually counteracting the benefit of increased current. The
broad emission spectrum of the sun thus limits our ability to harvest both the maximum number
of photons and the maximum energy from each photon.
The maximum power conversion efficiency of a single-junction solar cell, under unconcentrated
solar illumination and room-temperature operation, is roughly 33%, a quantity known as the
Shockley-Queisser Limit.2,3 This limit can be surpassed by multijunction solar cells that use a
combination of materials of different bandgaps; these devices enable a greater fraction of the
energy of each absorbed photon to be extracted as voltage and have demonstrated efficiencies up
to 46% under concentrated sunlight. In an actual solar cell, the presence of defects and parasitic
resistive losses decreases the efficiency to values below the theoretical limits.
As mentioned above, the external quantum efficiency of a solar cell is the efficiency with which
individual photons of a given wavelength are converted to extractable charge carriers. Fig. S8
shows the EQE spectra of world-record solar cells of various types, compared with the solar
spectrum observed at the Earth’s surface. A sharp cutoff in EQE is observed on the highwavelength (low-energy) side of each spectrum at the bandgap of the absorbing material, as
photons with energy less than the bandgap cannot be absorbed. The multiplicative product of the
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EQE spectrum and the solar spectrum, integrated over all wavelengths, is proportional to the
short-circuit current produced by the solar cell. Incomplete absorption of the incident light by the
solar cell active material may result from light reflection and from absorption by non-currentgenerating materials within the cell. These absorption losses, along with parasitic resistances,
decrease the EQE to below 100%.

Fig. S8: Solar photon flux at the Earth’s surface as a function of wavelength, and normalized
external quantum efficiency spectra for different solar cells.34-38 The solar cell technologies
listed here are described in more detail in the main text.

Solar Cell Fabrication
A solar cell can be fabricated by one of two general methods: modification of a bulk wafer or
additive deposition of thin films onto a substrate. The first approach, wafer modification, is used
for conventional crystalline silicon cells and III-V multijunction cells. In this method, an
extremely pure wafer of semiconductor is used as the starting material and dopants are
introduced near the surface to create a pn junction. The wafer serves as both light absorber and
substrate; charge carriers are generated within the wafer and extracted directly from the front
17

(top) and back (bottom) faces of the wafer by electrical contacts. The second approach, additive
deposition, is used to make most thin-film solar cells. Here a separate substrate—a sheet of glass,
plastic, or metal, which can be either rigid or flexible—serves as a mechanical support for the
active cell. Light-absorbing films and electrical contacts are formed in a layer-by-layer process
on the substrate by vapor- or solution-based deposition techniques such as thermal evaporation,
chemical vapor deposition, spray coating, or screen printing. Different materials can be
individually optimized for light absorption and charge transport, and additional layers are often
introduced to enhance charge extraction.

Solar PV Arrays and Systems
A single 6” × 6” (15 cm × 15 cm) crystalline silicon solar cell generates a voltage of ~0.5–0.6 V
and a power output of ~4–5 W under illumination with direct sunlight at an intensity of 1000
W/m2. As shown in Fig. S9, individual cells are connected in series in a PV module or panel to
increase their collective voltage output; a typical module contains 60 to 72 individual cells,
generating a voltage of 30–48 V and a power output of 260–320 W. PV modules often
incorporate additional materials, such as a glass sheet for mechanical support and protection,
laminated encapsulation layers (commonly ethylene vinyl acetate, or EVA) for UV and moisture
protection, a fluoropolymer backsheet for further environmental protection, and an aluminum
frame for mounting (Fig. S10). Common module dimensions are 1 m × 1.5 m × 4 cm.
PV modules are typically connected in series to further increase their collective output voltage,
or in parallel to increase their collective output current; such a collection of PV modules is often
called a solar PV array. PV arrays can be stationary or can utilize solar tracking, whereby the
modules are rotated throughout the day to point toward the sun, increasing the power output per
panel. Some arrays—particularly those utilizing multijunction solar cells—use mirrors or lenses
to concentrate sunlight onto the solar cells. Concentrating systems allow smaller solar cells to be
used, but typically require accurate solar tracking to keep the concentrated sunlight focused onto
the cells.
In addition to PV modules, a typical solar PV system also includes additional balance-of-system
(BOS) components such as combiner boxes, inverters, transformers, racking, wiring,
disconnects, and enclosures. Since most BOS components today vary with application but not
with PV technology, we refer the reader to the literature on hardware39 and non-hardware
“soft”40 BOS costs. In a grid-connected system, inverters and transformers convert the lowvoltage direct-current (DC) output of a solar array into high-voltage alternating-current (AC)
power that is fed into the electric grid. In an off-grid system, the DC output may be utilized
directly, or batteries and charge controllers may be incorporated to store energy for later use.
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Fig. S9: Schematic representation of a solar cell, a solar PV module incorporating multiple
cells, and a solar PV array incorporating multiple modules. Balance-of-system components such
as racking, wiring, inverters, and transformers are not shown.

Fig. S10: (a) Illustration of grid-connected PV system. (b) Breakout view of PV module.
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Fig. S11: Effect of module efficiency on PV system cost. (a) Contribution of module and BOS to
system costs. BOS cost components can be divided into two categories: area-dependent (e.g.,
land, materials and labor for wiring and mounting) and area-independent (e.g., inverters,
permitting, interconnection, and taxes). One-quarter of BOS costs at 15% PCE are assumed to
scale with area, consistent with estimates for a fixed-tilt utility-scale system.41 At 15% PCE,
modules constitute 36% of the total system cost of $1.80/Wp.29 A constant module price of
$0.65/Wp is assumed.42 (b) Higher module efficiencies reduce the importance of area-dependent
and hence total BOS costs. At low efficiencies, the fraction of the system cost attributable to BOS
approaches unity due to the larger system area required. (c) The marginal cost reduction from
increasing PCE by a fixed quantity (e.g., one percentage point) decreases with increasing
absolute efficiency.
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Fig. S12: Effect of development time on relative record efficiencies of cells and modules. Module
efficiencies tend to be closer to cell efficiencies for older technologies. The time elapsed since the
first NREL-recognized cell efficiency is used as a proxy for development time.43,44 We note that
this metric is an imperfect proxy, particularly for older technologies. The advent of some solar
technologies predates their first certified efficiency measurement; for example, the first modern
c-Si cell was demonstrated in 1954, while the first certification reported by NREL occurred in
1977. Early technologies are thus shifted to the right of their true values. Correcting for this
effect would likely only strengthen the observed trend. Some emerging thin-film technologies
(CZTS, perovskites, and QDPV) are omitted because few or no modules have been demonstrated.
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