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Abstract

Photovoltaic solar cells have recently made significant commercial progress and are on track
toward meeting more than 1% of global energy demand. However, further research is needed on
photovoltaic technologies that face no scalability constraints in generating more than 10% of the
world’s electricity. This 2017 article briefly reviews emerging photovoltaic absorber materials,
focusing on research progress over the past 2—3 years. Particular emphasis is given to emerging
solar cell absorbers—for example, SnS,;S&) CwSnS, and CuSbSe—related to established
solar cell technologies such as CdTe, Cu(In,Ga)8ed CHNH3sPbk. Finally, the general
publication and performance trends are discussed, and the promising future research directions

are pointed out.
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I ntroduction

Photovoltaic (PV) solar cells are semiconductor-based devices that directly convert sunlight
into electricity. The main component of any solar cell device is the PV absorber material, which
absorbs sunlight and transports the resulting charge carriers to electrical contacts. Currently, the
most commonly used solar cell absorber is thick (4@ multicrystalline silicon (Si) due to its
high efficiency (>20%), low cost (<0.5 $/W), and good reliability (<25 years). The closest
commercial competitors for terrestrial application are CdTe and Cu(In,55@%&S) thin-film
solar cells that are as efficient yet use ~100x less absorber material compared to Si; another
emerging pre-commercial thin-film PV technology is hybrid organic-inorganic perovskite
CHsNH3Pbk (MAPI). For space applications, IlI-V multijunction PV with higher efficiencies
(~40%) is at premium despite higher costs. Substantial progress in research, development, and
deployment in each of these solar cell technologies gives confidence that 1 terawatt (TW) of
electrical energy (~3% of global demand) will be generated by solar cells in the near future
(2020-2030).

Table |I. Cost, efficiency, and reliability of PV modules for established solar cell
technologies, important for scaling toward 1-TW installation levels; italics indicate yet to be
proven projections. (Additional criteria become important for scaling to the 10-W level, and new

PV absorbers should have the potential to meet all these criteria.)

Photovoltaic Module Module Module Capital Environmental Elemental
Technology Cost Efficiency  Reliability Expenditures Concerns Abundance
Si Low High Good High No High

CdTe Low High Good Medium Yes Low

CIGS Medium  High Good Medium No Low

"-v High Very high  Good Medium No Low

MAPI Low High Bad Low Yes Medium
New absorber Low High Good Low No High

To satisfy 30% of the world’s energy demand (~10 TW) by 2040-2050, several other solar
cell technology criteria—in addition to efficiency, cost, and reliability—become important. At
this scale, an ideal PV absorber technology should also have low capital expenditures (to rapidly
finance and build a large number of new solar cell fabrication pteams) be composed of
chemical elements that are environmentally friendly, abundant in the Earth’s crust, and not
concentrated in one geographical region of the planet. Unfortunately, none of the existing solar

cell technologies currently meets all these criteria. As shown in Table I, the capital intensity of Si
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may be difficult to reduce, environmental friendliness of Cd and Pb are questionable, and Earth-
abundance of In, Ga, and Te are under debate. Thus, additional research and development of
emerging PV absorber materials is needed to diversify the portfolio of incumbent solar cell
technologies.
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Fig. 1. (a) Record efficiencies and (b) number of publications as a function of year for the
established (CdTe, CIGS, multicrystalline Si, MAPI, CZTS—certified) and emerging (SnS,
ShQs, CuSbhSg Cu.SnS—not all certified) PV absorber technologies. The inset in (b) shows
the number of publications for the emerging absorbers.

This brief review summarizes the progress in emerging PV absorber materials over the past
2-3 years. Figure 1 shows the emerging PV absorbers, which, for the purposes of this article, are
limited to materials that have some resemblance to existing PV technologies. The common
feature of these materials is that they have measurable efficiencies (~5%, Fig. 1a) despite the
small number of publications per year (usually ~10-40, Fig, 1b). The three specific classes of
such emerging PV absorber materials discussed below include binary chalcogenides related to
CdTe (e.g., SnS, $8e), copper chalcogenides related to CIGS (e.g,S68%, CuSbSg), and
emerging absorber materials related to MAPI. For more details beyond the high-level
comparative information provided here, see other reviews on incumbent solar cell technologies

such as Si, 1lI-V, CdTe, CIGS, MAPI, dye-sensitized solar cells, and organic PV.

Binary chalcogenides related to CdTe
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One emerging class of PV materials under active investigation are binary congruently
subliming compounds such as,Skor SnS (see recent review in Refs. 2,3), which are related to
CdTe but made of more environmentally friendly and Earth-abundant elements. Similar to CdTe,
their evaporation temperature is below the decomposition temperature. Thus, thin films of these
materials can be synthesized using relatively simple vacuum-based evaporation or close-spaced
sublimation techniques. Despite the long history of reséar@mnS heterojunction solar cells
achieved 4.4% efficiency only relatively recently (Fig. 4@his progress was achieved in part
due to changing from CdS to Zn(O,S) heterojunction conf&disf more challenges remain that
are related to absorber morpholdgynd purity™® Similar advances in contacts are needed in
ShSe/CdS solar cells, which are also likely to have high a conduction-band position.

The efficiency of SkSe; solar cells has increased very rapidly in the past 2—-3 years—from
1%—2%" to 5%—69%7 for the absorbers prepared by evaporation (see Fig. 1a and recent review
in Ref. 13). Various classical thin-film absorber processing techniques have been attempted,
including the addition of oxygen during growttand post-deposition CdCtreatment? It is
notable that for the related non-vacuum-basegssIV technology, the similar efficiencies for
electrodeposited $8y/Pt planar Schottky junctions had been demonstrated as early a¥® 1994,
and confirmed in 2014 in planar SB/TiO, structures grown by atomic layer depositiéin
the interim 20 years, $8; research has focused on mesoscopic sensitiaad extremely thin
absorber (ETA) cell¥’ reaching similar efficiencies.

One common feature that makes SnS ang$SliQ=S,Se) scientifically interesting and
distinct from CdTe is their non-cubic crystal structtfrepnsisting of pseudo-2-D layers for SnS
and pseudo-1-D ribbons for &&.*? These low-dimensional structural features may lead to more
electronically passive grain boundaries compared to 3-D bonded materials due to fewer dangling
bonds. These pseudo low-dimensional SnS anQsSibsorbers may bridge the knowledge gap
between applied development of thin-film solar cells and basis research on truly 2-D materials
such as MoSeand Sn$ (see recent review in Ref. 21). Such 2-D monolayers have recently
attracted considerable scientific attenff@md have been proposed for various optoelectronic
applications®® **however, tangible PV conversion efficiencies remain to be demonstrated. The
SnS and SiQ); materials also provide a fresh perspective on the >30 year old field of binary PV

absorbers (e.g. GE>**FeS$?"?Y), so they fully deserve additional research.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Copper chalcogenidesrelated to CIGS

In 2010-2014, the research on emerging absorbers related to the ternary chalcopyrite
Cu(In,Ga)Sg (CIGS) alloy has largely focused on the quaternary kesterit€&nSn(S,Se)
(CZTS) alloy that can be derived by cation mutation of In/Ga into Zn/Sn (see recent review in
Refs. 29,30 and a book in Ref. 31). In 2010, the 9.6% record efficiency was demonstrated in
CZTS,* eventually reaching 12.68% by solution processing and 11.6% by thermal co-
evaporation in 2014-2015 (Fig. 1#4)Since that time, significant progress has been made in
understanding CZTS point defects extrinsic impurities (see Ref. 35 for review), cation
disorder®*-*" and surfaces/interfacé®:**:*°However, record efficiencies remained constant,
possibly due to Cu/Zn disorder on the cation sublattice, which is currently causing research to
shift to related quaternary materials that do not contain either Cu or Zn, suciZaSA,Se)

(AZTS) ** and BaCuSn(S,Se) (BCTS).*? ' ** A related family of materials—such as
CoZnShS;;, CuilnShyS;;, CwoZn,ShySes and CuyolTesS;s—have tetrahedrite crystal
structure derived from metallic €$hS;3 by substitution of Zn, In, or Sb for Cu, or Te for‘Sb.

An alternative strategy in copper chalcogenide absorbers is to take a step back from
chemically complex quaternaries such as,ZD&nS to simpler ternary materials such as
CwSnS, CuSnSi* or Cw(Sn,Ge)$ (CTS) (see Ref. 46 for recent review). The motivation
for CTS is that it has a similar diamond-derived structure as CZTS but one less element (Zn), and
thus, less chance for cation disorder. For CTS, the efficiencies of 4%-5% in i8aSCu
compound’*®and 6%—7% in CSn,Ge)$ alloy*® have been demonstrated (Fig. 1a). However,
the CTS structure is composed of two different tetrahedral motifs around S atomsS(g-#wl
S-CuSn), leading to a different kind of structural disorder that may be equally detrimental to PV
device performanc®:®’ In addition, the structurally related metallic $S0S compound' and
associated GSnS-CusSnS, alloys? may be responsible for high apparent doping density and
subpar open-circuit voltages observed in CTS to date.

Another option is to move away from the tetrahedrally bonded materials such as CIGS,
CZTS, and CTS to absorbers with other structures such #2b&uUCuSbS, and CuShg(see
Ref. 53 for a recent review), as well as the Ag/Bi/Se variants. For example, the advantage of the
layered chalcostibite CuSp8CAS) is that the coordination environments of Cu (tetrahedral) and
Sb (three short bonds and three long bonds with S) are sufficiently different that the cation

disorder is unlikely to occur. In addition, these materials tend to have higher absorption
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coefficients than the tetrahedrally bonded counterpaetaeit at the expense of slightly indirect
bandgap¥ and higher effective mass¥sor CAS, which is the most studied material of the
family, tunable properti@§and suitable defect physithave been demonstrated, but the solar
cell efficiencies remain close to 19%:>°°®\with one exception (39%} Higher efficiencies of 4 -

5% have been shown in the chalcostibite CuSksorber (Fig. 14'°*and up to 6% in
chemically related rocksalt-type AgBi& ®® Overall, these recent results show promise of
emerging multinary copper chalcogenides with unusual crystal structures for PV absorber

applications and they call for more research in this family of materials.

Absorber materialsrelated to MAPI

Efficiencies of hybrid organic-inorganic perovskites such asNEHPbk (MAPDbI; or
MAPI) have increased rapidly from 5%—1680%2°"%n 2012 to >20% today (Fig. 1&)which
is faster than any other PV technology so far (see Refs. 72,73 for recent reviews). This success is
accompanied by an unprecedented spike in research activity across the world (Fig. 1b), fueled by
the ease of solution processing of the material. The key to efficiency success of this hybrid
organic-inorganic PV (HOPV) technology appears to be the long photo-excited charge-carrier
diffusion lengths: it is >Ium in films’ and >175um in crystals’” indicating recombination
lifetimes much longer compared to other absorbefhe remaining electrical (e.g., charge-
carrier mobility, effective mass, doping density) or optical (absorption coefficient, bandgap)
properties are comparable to other absorfbérfhe logical question to ask is why the
recombination lifetimes in HOPV perovskites so long? This question is particularly important to
answer in the context of emerging perovskite-related materials, given the concerns about
intrinsic thermal instabilit{®’and environmental toxicit§ of MAPI1.2*

Several hypotheses have been put forward about the origin of excellent charge-transport
properties in MAPI (also see recent review in Ref. 82). One hypothesis is that the long
recombination lifetimes in MARhay result from all electronic states of abundant defects being
close to the band edges (shalld#§?Such “defect tolerance” may originate from the unusual
electronic structure with anti-bonding (instead of bonding) valence band maxifalso
present in many other materials with*Gun**, PE*, Srf*, Sb™*, and BF* low-valent cation&®
Another hypothesis is that the photoexcited charge carriers are screened by liquid-like molecular

reorientation or “large polaron” formatidf® pointing to a special role of organic molecules in
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MAPI. The long photoexcited carrier lifetimes in hybrid halide perovskites were also
hypothesized to have a relativistic origin related to large Rashba spiittiigading to slightly
indirect-bandgap character under illumination—and hence, suppressed radiative recombination
of electrons and holéd.One more effect that may contribute to the enhanced performance is
ferroelectricity? *3of MAPI due to its polar perovskite-type crystal structure (see Refs. 94,95 for
recent reviews).

Following these hypotheses, many new PV materials related gNKERbL have been
studied recently, with different chemical elements and different crystal structures. On one hand,
several Pb-free materials with perovskite crystal structure have been considered (see recent
review in Ref. 96). These include different kinds of perovskites, both hybrid organic-inorganic
(CHsNH3Snk,®” CH(NH,),Gek*®) and purely inorganic, including single- (e.g., CsSA&t®
CsGet® ) and double- (e.g., GBIAgCls, CsBiAgBre) *°? 1% halide perovskites. Other
perovskite chemistries have also been proposed, including d¥fd@ssulfides/selenide$?*°’
and nitrides:®®1%°0On the other hand, “perovskite-inspired” materials, with different crystal
structures but similar chemical elements, have also been studied (see Ref. 110 for recent review).
Examples include Bi/Sb-based halides §Bi' (CHsNH3)sBizlg, **? (K,Rb,CS)Bialg, 3
CssShile,*% and mixed-anion compounds (Bi(S,SEf;**°BiOl,***1*°shset’ 1§, Currently,
these materials show lower solar cell performance (~10%) compared;tdHgPbk (~20%)
Nevertheless, the wealth of the chemistries studied across the few publications gives the promise

to discover new perovskite-related and perovskite-inspired PV solar cell absorber materials.

Summary, Conclusions, and Outlook

In summary, emerging photovoltaic absorber materials that have some similarities to existing
PV technologies have been briefly reviewed, focusing on progress over 2014-2016. The general
publication trends include a large spike of activity in research on perovskites and related
materials (Fig. 1b), a gradual shift of attention from CZTS to other quaternary (AZTS, BCTS)
and ternary (G5nS, CuSbSg absorbers (Fig. 1b inset), and increased scientific attention to
pseudo-low-dimensional binary chalcogenide absorbers (SngepbThe corresponding
performance trends include the rise of perovskite efficiencies from ~10% to >20%, and the

emergence of several new absorbers with ~5% efficiencies (Fig. 1a).
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Fig. 2. Cumulative number of publications vs. record efficiency for each incumbent and
emerging PV absorber technology from Fig. 1. The dashed lines correspond to an average
number of publications required to raise the efficiency by 1%. The emerging PV absorbers are

outlined by an ellipse.

These publication and performance trends are summarized in Fig. 2, which shows a scatter
plot of the cumulative number of publications vs. record efficiency achieved to date for several
incumbent and emerging PV absorber technologies. When plotted in these coordinates, the
different PV technologies clearly cluster into several groups—including established absorbers
(Si, CdTe, CIGS), emerging absorbers &8 CwSnS, CuSbSg, and absorbers that are in
between (e.g., SnS, CZTS, MAPI). Note that the constant slopes in this correlation plot
correspond to the number of papers required to increase the efficiency by 1%, and it ranges from
~20 papers for emerging absorbers to ~200 papers for established solar cell technologies. These
numbers can easily be converted to estimates of global investment requirements if the
approximate cost of research and development to publish one paper is known. However, the cost
per publication may vary between individual technologies and between countries.

As an outlook, a separate topic that was not covered in this review is new PV absorbers for
which high-performing prototype solar cells hawat been reported. The first group includes
new absorber chemistries, such as oxidesjitrides*® and mixed-anion compounds. The

second group is emerging PV technologies that feature new absorber physics, including multiple
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exciton generation?* hot-carrier extraction®? ferroelectric photovoltaic¥ and so on. These

two interesting research directions deserve more attention in the future.
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