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.Perovskite Photovoltaics: The Path to a
.Printable Terawatt-Scale Technology

3 bundant, low-cost, reliable, and clean energy is critical
4 Anot just to maintain but also to improve the living
5 conditions across the globe. Because of the world’s
6 unrelenting population and GDP growth that is only slightly
7 offset by gains in energy intensity per $ of GDP, it has been
8 estimated that by 2050 the world will consume an average of 30
9 Terawatts (TW) of total (ie. not just electricity) energy, of

10 which, assuming no current generation capacity retires, at least

1

1 between 10—15 TW will be completely new capacity.'

12 Addressing this “Terawatt challenge”, a term originally coined
13 by Richard Smalley” in 2004, in a nonpolluting and sustainable
14 way is integral to addressing socioeconomic needs in both
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industrial and rapidly developing countries worldwide. In
conjunction with ongoing electrification of the energy system,
the vastness of the available solar resource will provide a
8 solution to the world’s energy needs if we can develop
sufficiently low-cost, high-performance, and massively scalable
photovoltaic (PV) technology.

1 PVs based on halide perovskite materials appear to have
attributes to assist in the process of large-scale electrification,
thus offering a pathway to develop a truly transformational
technology at the TW scale. Uniquely, halide perovskite solar
cells (HPSCs) have the highest efficiencies when they are
solution-processed; therefore, one can envision solar cells
printed in a similar manner and scale as newspapers. Also, the
8 optoelectronic tunability of perovskites can enable multi-
9 junction devices—perovskite/perovskite as well as perovskite/
o silicon or perovskite/thin-film absorber (e.g, CIGS)—that
1 yield very high efficiencies. HPSCs are therefore suited to
2 helping address the challenge of large-scale, PV-based electricity
3 production that can power the future world.

4 In this Viewpoint, we discuss how and why HPSCs can
s provide a path to TW-scale PVs because of potentially
6 extremely low cost cell technology coupled with an inherently
7 scalable production technology. Realizing low-cost, high-
8 performance HPSC technology at the TW scale will shift
9 research needs from the device level to other critical elements
0 required to implement solar at these scales—elements such as
distribution along with associated power systems, electro-
2 chemical storage, and electrification of industry. The oppor-
3 tunity for HPSCs to positively change the dynamics of the solar
4 market justifies investing the resources for their development.
s Printable, Terawatt PV Technology. The PV market is
6 currently dominated by silicon (Si)-based devices. In part,
7 this is a result of the massive investments in Si-based research
8 and development that created a foundational understanding of
9 this semiconducting material that is unrivaled. Despite the basic
o materials physics limitations of Si (e.g, indirect bandgap and
1 modest absorption cross sections), this scientific platform has
2> allowed PV devices based on this Earth-abundant material to
3 approach their practical performance limit.”* The solar
4 industry, dominated by Si technology, has exhibited massive

(=}

—_

W ACS Publications  © Xxxx American Chemical Society

A

success with average growth of ~40% each year for the last 10
years. However, as much of the world looks to add even more
production capacity, sustaining even a 20% level of growth will
require innovative low-cost technologies to allow PVs to be
coupled with a flexible grid at a combined cost that is lower
than conventional power. As the industry has demonstrated,
continued innovation is happening within the silicon industry
that will continue to reduce both product and CapEx costs.
However, the strong need for low-CapEx, highly scalable, and
low-cost overall technologies makes perovskite-based technol-
ogies a prime candidate to enhance Si and existing thin-film
technologies toward TW-scale production and to provide an
additional scalable PV technology in its own right to help
enable the TW PV revolution.

PV technologies can offer a streamlined path toward TW-
scale production and deployment if several basic constraints are
met. First, the materials in the device stack must be sufficiently
abundant in the Earth’s crust to not fundamentally limit the
amount of PVs that can be produced. Second, the technology
must be stable, scalable, and have a sufficiently high efficiency.
In contrast to existing thin-film PV technologies, HPSCs, with
their remarkable performance, have propelled perovskite-based
PVs to efficiency parity on a time scale an order of magnitude
faster, making them an exciting new candidate to develop for
TW-scale deployment.

Two main methods for producing HPSCs are vapor-phase
deposition and solution processing, which are both inherently
scalable technologies. Solution processing, in particular, enables
unique opportunities for large-scale production at relatively low
CapEx. Considering solution processing and sheet-to-sheet
(S2S) production approaches, technoeconomic analyses
indicate that HPSCs can compete with other PV technologies.’
Furthermore, roll-to-roll (R2R) approaches to fabricate the

entire HPSC module could further accelerate the rate of ss

production. The opportunity to rapidly scale PVs manufactured
using a R2R printing process is readily illustrated by the
following calculation: Imagine we are able to develop a R2R-
printed PV technology with speed comparable to news print
based on the daily circulation of news print in China, India,
Japan, United States, and Germany—about 300 million copies
per day and ~30 m” per copy. We would then have a total
production capacity of ~3 X 10'> m” per year. If this equipment
were used to print modules with efficiencies of 15% or 150 W/
m?, this would enable printing of modules at a rate close to S00
TW per year! This is a factor of 5000 greater than the current
manufacturing capacity for PV modules!

For vapor deposition, the second main method of producing
HPSCs, we can make a similar comparison—with similar
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103 conclusions—to producing potato chip bags, where vapor
104 deposition is used to produce the metal layers that keep potato
105 chips fresh. These analyses, of course, presuppose a component
106 supply chain and module processing that can sustain this
107 production level, but it impressively conveys the opportunity
108 for disruptive R2R processing technologies.

19 HPSCs clearly represent a major opportunity for a new
110 technology that can drive increased competition in the global
111 PV market and because of this increased diversity of
112 technologies and radically different production methodology
113 might drive a new maturation rate for the entire industry.
114 Increased technology diversity is important for the success of
115 solar in the market, and increased consumer choice is highly
116 desirable. It also appears to be a technology that could open
117 new markets because of the ease with which it could be
118 integrated into thin flexible packages and could have a
119 significant domestic manufacturing base because of the
120 presence of a complete supply chain and the coupling to
121 application into products that are manufactured locally.

122 Solid demonstrations of high-efficiency, long-term opera-
123 tional stability as well as scalability at the cell and module levels
124 are critically required to move perovskite PVs from laboratory-
125 scale devices to industry-relevant PV technology if we are to
126 even begin considering the extreme scaling envisioned above.
127 During the past several years, significant improvements have
128 been demonstrated on achieving >20%-efficient devices with
120 much improved stability of the perovskite composition and
130 device stack.'’”"® During the last year, we have also seen rapid
131 progress on module development faster than any technology in

—

132 history.”'*™'® Figure 1 compares perovskite PVs to single-
28
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Figure 1. Comparison of perovskite PVs to single-crystalline Si and
polycrystalline CdTe PV technologies based on device and module
(or mini-module) results from the past 20 years.®™’

133 crystalline Si and polycrystalline CdTe PV technologies based
134 on certified results at both device and module (or mini-
135 module) levels from the past 20 years.””” It is worth noting that
136 PV efficiency normally decreases with increasing device area for
137 all PV technologies. However, this would not change the
138 development trend revealed from Figure 1. In general, the
139 module development follows behind developing laboratory-
140 scale devices with a performance gap gradually decreasing to
141 around 3—4%.

142 The progress reported for perovskite PVs is advancing more
143 rapidly than all other PV technologies. Laboratory-scale
144 perovskite devices should soon achieve efliciencies of 24—
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25% via continuous advances on perovskite composition, device 145
architecture, optical management, and other aspects already 146
applied to other thin-film technologies but which have only 147
been explored cursorily for HPSCs.'”~"? Thus, it is reasonable 14
to expect the demonstration of >20%-eflicient perovskite PV 149
modules in a few years. Critical to the ability to realize HPSCs 150
at the TW scale is the ability to sustain the rate of production 151
across various manufacturing inputs (e.g, glass, refined raw 1s2
materials). Advances in stability, scalability, and efficiency of 1s3
devices are the foundation of applied PV research. However, 154
clear needs exist to develop advanced manufacturing 1ss
approaches that can enable realizing these levels of production 156
capacity for full PV modules and the associated materials and 157
component inputs. 158

Finally, we note that permitting, financing, and other soft 159
costs are often rightly identified as critical cost bottlenecks for 160
PV deployment. The existence of these and other bottlenecks 161
to PVs not discussed here is also critical, but no high 162
penetration PV scenario is possible without lowered cost. 163

Low-Cost, Ultrahigh-Efficiency Tandem Devices. As the record 164
efficiencies of single-junction PV technologies steadily approach 165
their theoretical efliciencies limited by thermodynamic 166
principles, i.e., the Shockley—Queisser (SQ) radiative efficiency 167
limit,” new approaches may significantly improve their 16s
efficiency levels. One proven approach to break the single- 169
junction SQ_efficiency limits is to form tandem devices by 170
stacking two or more solar cells with different bandgaps.”' Each 171
subcell is optimized to absorb a different portion of the solar 172
spectrum, reducing voltage loss caused by thermalization of 173
photogenerated carriers. In general, the subcells can be stacked 174
in two different ways: (1) 2n-terminal (2n-T), where n is the 175
number of subcells and each subcell works independently, or 176
(2) 2-terminal (2-T) tandem cells, where subcells are 177
monolithically integrated and current-match among all subcells 178
is required. In principle, the 21-T tandem cell configuration has 179
a slightly higher theoretical efficiency than the 2-T config- 180
uration because it does not require current-matching between 181
the two subcells as in the 2-T configuration. This is particularly 182
advantageous when the solar spectrum varies, to which the 2-T' 183
configuration is more sensitive.””>’ Compared to the 2-T 184
structure, the 2n-T configuration also allows selection from a 1ss
wider range of absorbers with different bandgaps, as well as 186
offers fabrication advantages because the subcells can be 187
developed separately without worrying about the processing 1ss
compatibility. However, the 2n-T tandem cells may require 189
more materials such as substrates and contacts, which 19
potentially can lead to higher module costs and more parasitic 191
optical/electric losses. 192

Ultrahigh-efficiency tandem solar cells have been fabricated 193
with III-V semiconductors. The 2-T five-junction solar cells 194
based on III—V materials have demonstrated efficiencies up to 195
38.8%.”" Unfortunately, these cells have rather limited use for 19
terrestrial applications due to the high costs associated with the 197
complex epitaxial growth and expensive substrates. Recently, 198
tandem cells combining III—V top cells and Si bottom cells 199
have reached ultrahigh efficiencies—32.8% for a 4-T dual- 200
junction III-V/Si tandem cell and 35.9% for a 4-T tandem cell 201
combining a GalnP/GaAs dual-junction cell with a Si single- 202
junction cell.”® Although the Si single-junction bottom solar 203
cells are much less expensive than the III-V cells, 204
technoeconomic analysis>® reveals that the costs of III—V/Si 205
tandem solar cells are an order-of-magnitude more expensive 206
than the Si single-junction cells. Thus, to reduce the cost, 207
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208 alternative deposition and lift-off technologies for III—V have to
209 be developed that radically lower the cost of the expensive
210 wide-bandgap epitaxially grown III-V absorbers. Alternatively,
211 these materials could be replaced by lower-cost polycrystalline
212 wide-bandgap thin-film absorbers. In addition, the low-bandgap
213 III-V absorbers could be replaced by less expensive absorbers
214 with similar bandgaps (e.g., Si, CIGS, or perovskite).

215 To date, polycrystalline thin films have not become
216 mainstream contributors to tandem cells because of two main
217 reasons: (1) The wide-bandgap thin-film top cells all have low
218 efficiencies due to significant open-circuit voltage (V,.) deficits;
219 and (2) the cell fabrication processes require high temperatures
220 and chemical treatments that degrade the performance of
221 bottom cells.

222 Here again, the emergence of HPSCs can remove these
223 obstacles. First, HPSCs exhibit V. deficits close to the epitaxial
224 single-crystalline III—V thin-film solar cells, and the V. deficit
225 does not significantly increase as the bandgap increases.
226 Second, HPSCs can be fabricated by low-temperature solution
227 processing. The low processing temperature and use of organic
228 solvents that do not attack inorganic low-bandgap solar cells
229 such as Si and CIGS can enable tandems with these
230 technologies. Halide perovskites exhibit excellent tunability of
231 bandgap—from about 1.2 to >2.3 eV. Therefore, halide
232 perovskites also provide an unprecedented opportunity for
233 fabricating low-cost and ultrahigh-efficiency perovskite-based
234 tandems with established thin-film technologies based on
235 lower-bandgap materials (e.g, Si, CIGS). The ability to make
236 tandems across technologies naturally enables perovskite/
237 perovskite tandems and the potential for multijunctions at
238 the TW scale.

239 Figure 2 summarizes the current status of state-of-the-art
240 two-junction tandem solar cells. At present, the best 2-T

—

w

35
30
25 1 23.6

20 4 18.5

15 -

104 =

Tandem efficiency (%)

GalnP/ GalnP/ PVSK/  PVSK/  PVSK/
GaAs Si Si CIGs PVSK

Figure 2. Comparison of the current status of state-of-the-art two-
junction tandem solar cells including 2-T (green) and 4-T (blue:
top cell; brown: bottom cell) configurations.” '

241 tandem is based on GalnP/GaAs with an efficiency of 31.6%,
242 and the best 4-T tandem is achieved using GaInP/Si with an
23 efficiency of 32.8%.”>*° These results were achieved after
244 decades of research. With the rapid progress of HPSCs in the
245 past several years, however, we have already seen impressive
246 advancement of perovskite-based tandem devices. 4-T and 2-T
247 tandem cells combining wide-bandgap HPSCs with low-
248 bandgap Si or CIGS solar cells have been demonstrated,
249 showing the best efficiencies of 26.4% for 4-T perovskite/Si,”’
250 23.6% for 2-T perovskite/Si,”® 22.1% for 4-T perovskite/

just
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CIGS,” 21% for 4-T perovskite/perovskite,” and 18.5% for 2- 251
T perovskite/perovskite tandem configurations.”’ 252

The development of HPSCs is much less mature than III-V 253
cells; therefore, we expect significant advances in the coming 254
years for perovskite/X (where X = [Si, CIGS, or perovskites]) 2ss
tandem solar cells, with the potential of >30% efficiency. To 256
reach this target, a key effort is to further improve the 257
performance of wide-bandgap (~1.7—1.9 eV) HPSCs to an 258
efficiency level of about 20% or higher. This advance would 259
lead to about 30 and 33% tandem efliciency when paired with 260
20 and 25% Si bottom cells, respectively, based on a recent 261
spectral efficiency analysis.”” Reaching this target requires a 262
continuous increase of V. via reduction of recombination in 263
the bulk and at the interfaces, as well as the advances in 264
contact/transport materials with optimized energetic levels and 265
transport properties. 266

All-perovskite-based tandems require low-bandgap (~1.2— 267
1.3 eV) HPSCs with high response in the near-infrared 26s
wavelength range (~700—1000 nm) and low processing 269
temperature. For monolithic integration, the interconnection 270
layer/structure needs to have good optical and electronic 271
coupling, but it should also be effective at protecting the lower 272
subcells during processing. The deployment of perovskite/X 273
multijunctions at the TW scale will depend on some of the 274
constraints for the bottom-cell technologies. Here again, 275
perovskite-based multijunctions appear to have advantages 276
that could make them transformational, even in the context of 277
existing technologies. 278

Life Cycle and Environmental Considerations. At TW-scale 279
production, we must consider the life cycle for modules in a 280
more integral fashion. The cost of recycling, refurbishing, or 281
disposing will grow with increasing market size, and basic 282
research is needed on how to address these costs—both by 2s3
simply prolonging module lifetime and by fundamentally 284
addressing recyclability. At the TW scale, any technology 285
faces challenges related to module disposal, costs associated 286
with material reclamation and reuse in production, as well as 287
environmental impacts (e.g., CO, production).32 Existing cost 288
models for HPSCs as well as other PV technologies typically do 289
not factor in the impacts of the product life cycle and associated 290
economic cost nor do they provide a comparison across 291
technologies at the TW scale. This is a major shortcoming of 292
such analyses because the actual cost of electricity is directly 293
controlled by the life cycle of the modules, among other factors. 294

Existing HPSC cost models typically indicate that the 295
primary cost of HPSC modules, if a reasonable lifetime is 296
assumed, is dominated by the back- and front-plane glass and 297
electrodes. The low formation energy and solution process- 298
ability of the active and transport materials could enable a much 299
more efficient and cost-effective approach to refurbishing or 300
recycling HPSC modules. Indeed, the reuse of substrates, along 301
with reclamation of electrode and active layer materials, has 302
been demonstrated for laboratory-scale HPSCs.**~* 303

Many have viewed the reliance of HPSCs on lead (Pb) in the 304
active layer to be a significant concern for deploying at the TW 305
scale because of possible environmental contamination and 306
associated human and animal health impacts. Objectively, this 307
concern does not appear to be significant because the amount 308
of Pb in the active layer is minimal due to the strong absorption 309
coefficient of the perovskite; this results in panels that would 310
contain less Pb per unit area than presently found in an 311
equivalent-area Si-based module.*® Analysis performed thus far 312
indicates that HPSCs deployed at the TW scale will not present 313
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a serious hazard of Pb contamination into the environment.
With the thin-film absorber being ~200—500 nm thick and the
relatively low density of typical HPSC absorber layers, the
amount of Pb in 1 t of coal represents enough Pb to produce
more than 400 m* of HPSC absorber. The 2015 U.S. domestic
coal consumption of 900 million short tons®” can be estimated
to have released enough finely dispersed Pb into the
environment to produce on the order of 50 TW of nameplate
capacity HPSC. Nevertheless, one cannot discount the impact
of public concern about Pb, and significant public education
about these issues must occur if HPSCs based on Pb
compounds are to be widely deployed.

Of considerably larger and more realistic concern are the
solvents currently used in producing HPSCs that are often
highly toxic or have major environmental impacts.’*’”
Development of greener solution chemistry will likely be
required to enable production of HPSCs at the TW scale or, at
a minimum, development of highly efficient solvent-recapture
processes for the current generation of solvent chemistries.
Indeed, failure to make advances on this front would undercut
the solution-processing advantage of HPSC technologies. In
this case, vapor-phase-based methodologies may still be able to
have impact at the TW scale. However, a path to the massive
TW-scale production could become more difficult as a result of
the increased CapEx associated with vacuum processing. The
future path will depend on what other gains can be made in
efficiency and device lifetime by changing these processing
details.

To conclude, while explosive growth in research on halide
perovskite PVs has been made possible by the low barrier to
entry for researchers to enter the field commensurate with its
low-CapEx potential and the rapid efficiency enhancements
that have been made, the promise of the technology is
predicated on the exciting possibility of a TW-scale technology
that could address the future societal needs for energy. The
potential that has driven the research community and the
associated financial investment is a testament to the potential of
these materials to be transformational in meeting the world’s
future energy needs. On the basis of their physical properties,
meteoric rise in efficiencies, ease of processing, and abundances,
HPSCs offer a path to addressing TW-scale energy production.
In addition, these materials can impact other parts of the energy
sector such as solid-state lighting via improved efficiencies. For
energy generation via ubiquitous installed HPSCs, we must
tackle critical research needs associated with stability as well as
make continued advances in efficiencies and in scalability of
both cells and modules. The rapid advances in scientific
understanding, coupled with ongoing technology development
efforts across the globe, make HPSC and tandem cells based on
hybrid perovskites a very real pathway to energy at the TW
scale. )
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