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METHODS FOR MAKING PEROVSKITE SOLAR CELLS HAVING
IMPROVED HOLE-TRANSPORT LAYERS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No. 62/356,328

filed June 29, 2016, the contents of which is incorporated herein by reference in its entirety.

CONTRACTUAL ORIGIN
The United States Government has rights in this disclosure under Contract No. DE-
AC36-08G028308 between the United States Department of Energy and the Alliance for
Sustainable Energy, LLC, the Manager and Operator of the National Renewable Energy
Laboratory.

BACKGROUND

Organic-inorganic hybrid perovskite solar cells (PSCs) have experienced
unprecedented efficiency growth from 4% to 22% certified efficiency within several years of
active research, allowing significant progress in realizing a low-cost solution-based process
for photovoltaics. One of the key components of PSCs is the hole-transport layer (HTL) that
is in contact with the perovskite absorber to extract the photogenerated positive charge
carriers (holes). HTLs must have a relatively large conductivity, ideally with more affinity
for holes than for electrons. While various HTLs ranging from small molecules, polymers, to
carbon based materials, have demonstrated good performance in PSCs, 2,2°,7.7-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) has prevailed
as the dominant hole-transport material for high-efficiency devices. However, pristine spiro-
OMeTAD has a relatively low conductivity and moderate hole-mobility, limiting its

functionality as a HTL in high-efficiency PSCs.

The conductivity of spiro-OMeTAD may be increased through p-doping, whereby
additives are added to increase the charge-carrier density in the material. In organic-
semiconductors, this may be achieved using chemical oxidants such as lithium salts, ionic
liquids, cobalt(Ill) salts, FATCNQ and SnCly. Lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI) has been used as a dopant for spiro-OMeTAD. While Li" itself does not have a
strong enough redox potential to oxidize spiro-OMeTAD, oxidation by Li-TFSI is a slow
process that requires oxygen infiltration (normally from the ambient air) into the hole-
transport layer. In addition, the Li Oy by-products are hygroscopic compounds, potentially

facilitating moisture infiltration into the perovskite layer while the spiro-OMeTAD is
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aging/oxidizing to improve its conductivity. The moisture ingression is a main cause of the
degradation of the perovskite material and device performance. Thus, strategies for rapidly
enhancing the conductivity of HTLs represent an important area in developing PSC

technology.

SUMMARY

An aspect of the present disclosure is a device that includes a first layer that includes a
hole-transport material and an acid, where the first layer has a conductivity between 20
uS/cm and 500 puS/cm. In some embodiments of the present disclosure, the first layer may
absorb light having a wavelength between 400 nm and 600 nm. In some embodiments of the
present disclosure, the hole-transport material may include at least one of 2,2°,7.7-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD), a derivative
of spiro-OMeTAD, poly(triarylamine), poly(3-hexylthiophene), and/or N,N’-bis(3-
methylphenyl)-N,N’-diphenylbenzidine.

In some embodiments of the present disclosure, the acid may include at least one of
an organic acid and/or an inorganic acid. In some embodiments of the present disclosure, the
first layer may further include a dopant that includes at least one of an alkaline salt, a Co(III)
salt,  2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane, ~ SnCly,  Ag-N-butyl-N'-(4-
pyridylheptyl)imidazolium bis(trifluoromethane)sulfonamide (Ag-TFSI), N-butyl-N'-(4-
pyridylheptyl)imidazolium bis(trifluoromethane)sulfonimide, and/or N(PhBr);SbCls. In
some embodiments of the present disclosure, the conductivity may be between 100 uS/cm

and 500 uS/cm.

In some embodiments of the present disclosure, the device may further include a
perovskite layer and an electron-transport layer, where the perovskite layer may be positioned
between the first layer and the electron-transport layer, and the device has a fill-factor of
greater than 0.70 and a power conversion efficiency of greater than 17%. In some
embodiments of the present disclosure, the perovskite layer may include ABXs, A is a first
cation, B is a second cation, and X is an anion. In some embodiments of the present
disclosure, the first cation may include an alkyl ammonium cation and/or an alkali metal
cation. In some embodiments of the present disclosure, the alkali metal cation may include at
least one of cesium and/or rubidium. In some embodiments of the present disclosure, the
alkyl ammonium cation may include at least one of methylammonium, ethylammonium,

propylammonium, butylammonium, and/or formamidinium (FA).
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In some embodiments of the present disclosure, the second cation may include at least
one of lead, tin, and/or germanium. In some embodiments of the present disclosure, the
anion may include a halogen. In some embodiments of the present disclosure, the perovskite
layer may include FA;CsPbl;, where x is between zero and 1.0 inclusively. In some

embodiments of the present disclosure, the perovskite layer may include FA ssCsg.15Pbls.

An aspect of the present disclosure is a method that includes mixing a hole-transport
material, a dopant, an acid, and a solvent to form a solution; separating the solution into a
liquid and a solid; applying the liquid to a surface of a perovskite layer to form a liquid layer
on the surface; and removing at least a portion of the solvent to transform the liquid layer to a
solid layer comprising the hole-transport material, the dopant, and the acid, where the liquid
is substantially free of the solid, the solid is substantially free of the liquid, and the solid layer
has a conductivity between 100 uS/cm and 500 puS/cm.

In some embodiments of the present disclosure, the separating may be performed by
at least one of filtrating, centrifugation, and/or electrostatic separation. In some embodiments
of the present disclosure, the separating may be by filtration using a filter having an average
pore size of less than 1.0 microns. In some embodiments of the present disclosure, the
applying may be performed using at least one of spin-coating, curtain-coating, dip-coating,
blade-coating, slot-die coating, and/or spraying. In some embodiments of the present
disclosure, the mixing may be performed at a temperature between 15°C and 100°C. In some
embodiments of the present disclosure, the removing may be performed by at least one of
centrifugation, heating the liquid layer, and/or flowing a gas over the liquid layer. In some
embodiments of the present disclosure, the removing may include heating the liquid layer to a

temperature between 30°C and 100°C.

BRIEF DESCRIPTION OF THE DRAWINGS
Exemplary embodiments are illustrated in referenced figures of the drawings. It is
intended that the embodiments and figures disclosed herein are to be considered illustrative

rather than limiting,

Figure 1 illustrates a perovskite, according to some embodiments of the present

disclosure.

Figure 2 illustrates a device containing, among other things, a perovskite layer in

contact with a hole transport layer, according to some embodiments of the present disclosure.

Figure 3 illustrates a method for making a hole transport layer having improved
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properties, according to some embodiments of the present disclosure.

Figure 4 illustrates the effects of H;PO4 as an additive to a spiro-OMeTAD HTL on
the light J-V performance curves of PSCs utilizing these HTLs, according to some

embodiments of the present disclosure.

Figure 5 illustrates the effects of H;PO, as an additive to a spiro-OMeTAD HTL on
the dark J-V performance curves of PSCs utilizing these HTLs, according to some

embodiments of the present disclosure.

Figure 6 illustrates the conductivity of spiro-OMeTAD HTLs with different dopants,

according to some embodiments of the present disclosure.

Figure 7 illustrates the conductivity of spiro-OMeTAD HTLs as function of aging
time, where the films were stored in a dry air environment, according to some embodiments

of the present disclosure.

Figure 8 illustrates UV-Vis spectra of spiro-OMeTAD HTLs as deposited and aged in

air for 14 days, according to some embodiments of the present disclosure.

Figure 9 illustrates light J-V characteristics of PSCs with different dopants in spiro-
OMeTAD measured on the same day as device fabrication, according to some embodiments

of the present disclosure.

Figure 10 illustrates the molecular structures of various dopants, according to some
embodiments of the present disclosure: (A) spiro-OMeTAD; (B) Li-TFSI; (C) 4-
(trifluoromethyl)styryl)phosphonic acid (CF;PA), a specifically synthesized derivative of
phosphonic acid with better solubility in spiro-OMeTAD solution; (D) FK209, cobalt (III)
TFSI salt.

Figure 11 illustrates UV-Vis spetra of spiro-OMeTAD solutions doped with acid or
FK209 Co(Ill) salt, according to some embodiments of the present disclosure. The inset

shows the normalized spectra.

Figure 12 illustrates UV-Vis spectra of acid-containing spiro-OMeTAD
(solution—=>concentrated film—> redissolved solution), according to some embodiments of the

present disclosure.

Figure 13 illustrates UV-Vis spectra of FK209 doped spiro-OMeTAD
(solution—=>concentrated film—>redissolved solution), according to some embodiments of the

present disclosure.
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Figure 14 illustrates the reversible color change of a spiro-OMeTAD-containing
solution with acid added and subsequently neutralized by base, according to some

embodiments of the present disclosure.

Figure 15 illustrates "H NMR spectra of spiro-OMeTAD showing no oxidation change
from CF;PA (4-(trifluoromethyl)styryl)phosphonic acid, a phosphonic acid derivative) and
oxidation change from FK209, according to some embodiments of the present disclosure.
(top curve — with 25 mol% Co(II1); middle curve — with 400 mol% CFsPA; and bottom curve

— pristine).

Figure 16 illustrates an overlay of 'H NMR spectra (from Figure 17) of spiro-
OMeTAD having different amounts of CF;PA, according to some embodiments of the

present disclosure.

Figure 17 illustrates stacked 'H NMR spectra of spiro-OMeTAD having different

amounts of CF;PA, according to some embodiments of the present disclosure.

Figure 18 illustrates full '"H NMR spectra of spiro-OMeTAD containing CF3PA and
8

FK209, according to some embodiments of the present disclosure.

Figure 19 illustrates the '"H NMR spectra of CFsPA with different concentrations in

spiro-OMeTAD, according to some embodiments of the present disclosure.

Figure 20 illustrates a schematic of a possible interaction between CF;PA acid and

spiro-OMeTAD, according to some embodiments of the present disclosure.

Figures 21 and 22 illustrate UPS spectra of spiro-OMeTAD with different dopant/acid
combinations, according to some embodiments of the present disclosure. (Figure 21, starting
from the left: undoped, H;PO,, Li-TFSI + H;PO,, Li-TFSI, Co(Ill), and Co(IIl) + H5POy;
Figure 22 starting from the top: Co(Ill) + H3PO,, Co(Ill), Li-TFSI + H;PO4, Li-TFSI,
H;POy4, and undoped.)

Figure 23 illustrates the extracted Fermi-level and ionization energies from the UPS

spectra illustrated in Figures 21 and 22.

Figure 24 illustrates and SEM cross sectional image of the FA( 3sCso.1sPbl; perovskite

solar cell, according to some embodiments of the present disclosure.

Figure 25 illustrates PSC performance with and without acid additions, according to
some embodiments of the present disclosure (spiro-OMeTAD is pre-doped with Li-TFSI and

FK102 to achieve a better baseline performance): Light J-V curves of solar cells with
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different acids.

Figure 26 illustrates PSC performance with and without acid addition, according to
some embodiments of the present disclosure (spiro-OMeTAD is pre-doped with Li-TFSI and
FK102 to achieve a better baseline performance): Statistical PCE distribution of solar cells

with acid (bottom bar graph) and without acid (top bar graph).

Figures 27 and 28 illustrate the stable power output of perovskite solar cell having
acid-treated HTL, according to some embodiments of the present disclosure. (Figure 27: solid

line — V. to Ji; dashed line — Jg. to Ve.)

Figure 29 illustrates the IPCE spectrum and integrated current density perovskite solar
device having an acid-containing HTL, according to some embodiments of the present

disclosure.

Figure 30 illustrates PSC performance with and without acid addition, according to
some embodiments of the present disclosure: J-V hysteresis of solar cells with forward and

reverse scan (dashed lines — with acid; solid lines — without acid).

Figure 31 illustrates PSC performance with and without acid addition, according to
some embodiments of the present disclosure: scan rate and scan direction dependent PCE of
solar cells (solid lines — without acid; dashed lines — with acid; circles — reverse, triangles —

average; squares — forward).

Figure 32 illustrates light J-V curves of perovskite solar devices using spiro-
OMeTAD with Li-TFSI with acid and without acid, according to some embodiments of the

present disclosure. (Measurements were done same day as cell fabrication.)

Figures 33 and 34 illustrate the full "H NMR spectra of spiro-OMeTAD HTLs (Figure
g

33), and CF5PA (Figure 34), according to some embodiments of the present disclosure.

Figure 35 illustrates the full UPS spectra of spiro-OMeTAD HTLs containing
different dopants and/or acids (starting at the top: Co(Ill) + H;PO,, Co(Ill), Li-TFSI +
H;POy, Li-TFSI, H;PO,, and pristine).

REFERENCE NUMBERS
100...........................perovskite
110........................... A-cation
120...........................B-cation
130...........................anion (X)
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.device

hole-transport layer (HTL)

.perovskite layer
.electron-transport layer (ETL)
first charge collecting layer
.second charge collecting layer
.method

.mixing

.hole-transport material

.acid

.dopant

.solvent

.solution

.separating

.solid

Jiquid

applying

.intermediate device
.device having a liquid layer

.removing

volatiles

device having a solid hole-transport layer

DETAILED DESCRIPTION

The present disclosure may address one or more of the problems and deficiencies of

the prior art discussed above.

However, it is contemplated that some embodiments as

disclosed herein may prove useful in addressing other problems and deficiencies in a number

of technical areas. Therefore, the embodiments described herein should not necessarily be

construed as limited to addressing any of the particular problems or deficiencies discussed

herein.

Figure 1 illustrates that a perovskite may organize into cubic crystalline structures and

may be described by the general formula ABXj;, where X (130) is an anion and A (110) and

B (120) are cations, typically of different sizes with the A-cation 110 typically larger than the

B-cation 120. In a cubic unit cell, the B-cation 120 resides at the eight comers of a cube,
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while the A-cation 110 is located at the center of the cube and is surrounded by six X-anions
130 (located at the face centers) in an octahedral [MXe]* cluster (unit structure). Typical
inorganic perovskites include calcium titanium oxide (calcium titanate) minerals such as, for
example, CaTiOs5 and SrTiO;. In some embodiments of the present invention, the A-cation
110 may include a nitrogen-containing organic compound such as an alkyl ammonium

compound. The B-cation 120 may include a metal and the anion 130 may include a halogen.

Additional examples for an A-cation 110 include organic cations and/or inorganic
cations. Inorganic examples of an A-cation 110 include the cation forms of at least one of
cesium, rubidium, potassium, sodium, and/or silver. Organic A-cations 110 may be an alkyl
ammonium cation, for example a C; 5o alkyl ammonium cation, a C; ¢ alkyl ammonium
cation, a C, ¢ alkyl ammonium cation, a Cy_s alkyl ammonium cation, a C; 4 alkyl ammonium
cation, a C; 5 alkyl ammonium cation, a C;, alkyl ammonium cation, and/or a C,; alkyl
ammonium cation. Further examples of organic A-cations 110 include methylammonium
(CH;NH;"), ethylammonium (CH;CH,NH;"), propylammonium (CH;CH,CH,NH;"),
butylammonium (CH;CH,CH,CH,NH;"), formamidinium (FA) (CH(NH,),)", and/or any
other suitable nitrogen-containing organic compound. Thus, an A-cation 110 may include an

alkylamine, an organic component with one or more amine groups.

Examples of metal B-cations 120 include, for example, lead, tin, germanium, and or
any other 2+ valence state metal that can charge-balance the perovskite 100. Examples for
the anion 130 include halogens and pseudo-halogens. Halogens are fluorine, chlorine,
bromine, iodine and/or astatine. Examples of pseudo-halogens include SCN, SeCN, PCO,
OCl, OBr, and/or OI. In some cases, a perovskite 100 may include more than one anion 130,
for example pairs of halogens; chlorine and iodine, bromine and iodine, and/or any other
suitable pairing of halogens. In other cases, the perovskite 100 may include two or more

halogens of fluorine, chlorine, bromine, iodine, and/or astatine.

Thus, the A-cation 110, the B-cation 120, and the anion 130 (X) may be selected
within the general formula of ABXj5 to produce a wide variety of perovskites 100, including,
for example, methylammonium lead triiodide (CH3;NH;Pbl; also referred to herein as
MAPDI;), and mixed halide perovskites such as MAPbI;_.Cl, and MAPbI;_,Br,. Thus, a
perovskite 100 may have more than one halogen element, where the various halogen
elements are present in none-integer quantities; e.g. X is not equal to 1, 2, or 3. In addition,

perovskite halides, like other organic-inorganic perovskites, can form three-dimensional (3-
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D), two-dimensional (2-D), one-dimensional (1-D) or zero-dimensional (0-D) networks,

possessing the same unit structure.

As stated above, the A-cation 110 may include an organic constituent in combination
with a nitrogen constituent. In some cases, the organic constituent may be an alkyl group
such as straight—chain and/or branched saturated hydrocarbon group having from 1 to 20
carbon atoms. In some embodiments, an alkyl group may have from 1 to 6 carbon atoms.
Examples of alkyl groups include methyl (C,), ethyl (C;), n—propyl (Cs), isopropyl (Cs), n—
butyl (Cy4), tert-butyl (C4), sec—butyl (C4), iso-butyl (C4), n—pentyl (Cs), 3—pentanyl (Cs),
amyl (Cs), neopentyl (Cs), 3—methyl-2-butanyl (Cs), tertiary amyl (Cs), and n-hexyl (Cg).
Additional examples of alkyl groups include n-heptyl (C5), n—octyl (Cs) and the like.

Figure 2 illustrates an example of a device 200 (e.g. a PSC) that includes a perovskite
layer 220 positioned between a hole-transport layer (HTL) 210 and an electron-transport
layer (ETL) 230. The device 200 also includes a first charge collecting layer 240 and a
second charge collecting layer 250. The perovskite layer 220 may include any perovskite
100 material described above and illustrated in Figure 1. In some embodiments of the present
disclosure, the perovskite layer 220 may perform as an “active layer” that absorbs light
resulting in the photovoltaic effect (e.g. the generation of a voltage/current). For example,
the perovskite layer 220 may include at least one of MAPbI;, MAPbBr;, MAPbLCI;,
MAPbI;Cl,, MAPbI; Br,, MA,,FA,Pbl; Br,, MA,,Cs,Pbl; Br,, FA,,Cs,Pbl; Br, FA,.
yMA,Cs,Pbl; (Br,, where x is between zero and 3.0, y is between zero and 1.0, and z is
between zero and 1.0 inclusively. In some examples, the lead in a perovskite may be
replaced partially or completely by Sn and/or Ge. In some embodiments of the present
disclosure, the perovskite layer may include at least one of FA, (Cs.Pbl;, where x is between
zero and 1.0 inclusively. In some embodiments of the present disclosure, a perovskite layer

may have a thickness between 10 nm and 100 um, or between 50 nm and 10 pm.

As used herein, a HTL and a hole-transport material preferentially transport charges
that are holes versus charges that are electrons. Conversely, an ELT and an electron-transport
material preferentially transport charges that are electrons versus charges that are holes.
Referring again to Figure 2, the HTL 210 may include at least one of 2,2°,7,7 -tetrakis(N,N-
di-p-methoxyphenylamine)-9,9°-spirobifluorene (spiro-OMeTAD), a derivative of spiro-
OMeTAD, poly(triarylamine), poly(3-hexylthiophene), and/or N,N’-bis(3-methylphenyl)-
N.N’-diphenylbenzidine. Examples of derivatives of spiro-OMeTAD include
N2,N2,N2° N2’ N7 N7 N7’ N7 -octakis(4-methoxyphenyl)-9,9’-spirobi| fluorene]-2,2",7,7°-
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tetraamine (abbreviated as pp-spiro-OMeTAD), N2,N2° N7, N7’ -tetrakis(3-methoxyphenyl)-
N2,N2’,N7,N7’-tetrakis(4-methoxyphenyl)-9,9’-spirobi[ fluorene]-2,2°,7,7  -tetraamine

(abbreviated as pm-spiro-OMeTAD), and/or N2 N2’ N7 N7 -tetrakis(2-methoxyphenyl)-
N2,N2’,N7,N7’-tetrakis(4-methoxyphenyl)-9,9’-spirobi[ fluorene]-2,2°,7,7  -tetraamine

(abbreviated as po-spiro-OMeTAD). In some embodiments of the present disclosure, a HTL
210 may have a thickness between 50 nm and 500nm. Methods described herein lead to
devices (e.g. PSCs) with improved properties and characteristics, including hole-transport
layers having improved conductivities and light absorbance characteristics. In addition, these
methods result in photovoltaic devices having other improved performance characteristics,
including increased power conversion efficiencies, improved open circuit voltages, improved

fill factors, improved stabilized power outputs, and reduced hysteresis.

In some embodiments of the present disclosure, an electron-transport layer (ETL) 230
may include TiO,, SnO,, ZnO, BaSnOs;, [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)
and/or buckminsterfullerene (C60). A thickness of an ETL may be between 50 nm and 500
nm. The first charge collecting layer 240 may be constructed of fluorine-doped tin oxide,
indium tin oxide, indium zinc oxide, and/or Cd,SnQ4. The second charge collecting layer
250 may be constructed of at least one of silver, gold, copper, and/or aluminum. The typical
thickness of a charge collecting layer ranges from 20 nm to several micrometers. It should be
noted that the relative position of the first charge collecting layer 240 and the second charge
collecting layer 250 may be switched, depending on the method of constructing the final

device 200 and/or the specific final application.

Figure 3 illustrates a method 300 for producing HTLs, according to some
embodiments of the present disclosure. In the example shown, the method 300 begins with
the mixing 310 of a hole-transport material 312 (e.g. at least one of the materials listed above
for a HTL) and at least one of an acid 314 and a dopant 316, where the mixing 310 results in
the formation of a solution 318. In some embodiments of the present disclosure, the hole-
transport material 312 may include spiro-OMeTAD. Examples of an acid 314 that may be
used in some embodiments of the present disclosure include at least one of an organic acid
and/or an inorganic acid. Examples of organic acids include acetic acid, citric acid, formic
acid, lactic acid, oxalic acid, a sulfonic acid, a phosphonic acid, and/or a carboxylic acid. A
sulfonic acid is benzenesulfonic acid. A phosphonic acid is phenylphosphonic acid.
Examples of inorganic acids include HCI, HBr, HI, HNO;, H;PO,, H;POs, H,SO,, and/or

H,Se0,. The acid 314 may be provided during the mixing 310 to produce a concentration of

10
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the acid 314 relative to the hole-transport material 312 between 1 mol% and 75 mol%. In
some embodiments of the present disclosure, the acid 314 may be provided to the mixing 310

in a neat form (e.g. pure) and/or diluted in a solvent (e.g. water).

Referring again to Figure 3, the mixing 310 may include a dopant 316 with examples
of a dopant 316 including at least one of an alkaline salt, a Co(Ill) salt, 2,3,5,6-tetrafluoro-
7.7.,8,8-tetracyanoquinodimethane, SnCly, Ag- bis(trifluoromethanesulfonyl)imide (Ag-
TFSI), N-butyl-N'-(4-pyridylheptyl)imidazolium bis(trifluoromethane)sulfonimide (BuPyIm-
TFSI), and/or N(PhBr);SbCls. Examples of an alkaline salt include at least one of Li-TFSI,
Na-TFSI, K-TFSI, LiSOsF, NaSOsF, KSOsF, LiSbFs, NaSbFs, KSbFs, LiPFs, NaPFg, and/or
KPFs. Examples of a Co(Ill) salt include at least one tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(IIT) tri[bis(trifluoromethane)sulfonimide] (FK209), tris(2-(1H-pyrazol-
1-yDpyridine)cobalt(IIT)  tri[bis(trifluoromethane)sulfonamide (FK102), bis(2,6-di(1H-
pyrazol-1-yl)pyridine)cobalt(IIl)  tri[bis(trifluoromethane)sulfonimide] (FK269), and/or
tris(2-(1H-pyrazol-1-yl)pyrimidine)cobalt(IIT) tri[bis(trifluoromethane)sulfonimide] (MY11).
The solvent 317 may include at least one of a polar solvent and/or a non-polar solvent.
Examples of polar solvents include methanol, ethanol, butanol, propanol, and/or acetonitrile.
Examples of non-polar solvents include toluene, dimethyl-benzene, chlorobenzene, di-

chlorobenzene, hexane, tetrachloromethane, and/or dichloromethane.

In some embodiments of the present disclosure, the mixing 310 may be performed at
a temperature between 0°C and 100°C, or between 20°C and 30°C. The mixing 310 may
occur by simple diffusion of the constituent components contained in the solution 318 and/or
the mixing 310 may be accelerated using mechanical mixing, for example an agitator. Thus,
in some embodiments of the present disclosure, the mixing 310 may be achieved in a stirred-
tank reactor and/or using a static mixer. The mixing 310, during which the constituent
components are added together, may be performed over any suitable amount of time and may
be for a period between 1 minute and 100 hours, or between 5 minutes and 5 hours. For
example, the constituent components included in the mixing 310, the hole-transport material
312, the acid 314, the dopant 316, and/or the solvent 317 may all be added together at
essentially the same time (e.g. to a stirred-tank reactor and/or co-fed through a static mixer).
In some embodiments of the present disclosure, the mixing 312 (the combining of the
constituent components) may be performed over a period of time. For example, the mixing
300 may be performed in a series of sequential, intermediate steps that includes a first

mixing, over a first period of time, of the hole-transport material 312 with a solvent 317,
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followed by a second mixing of the acid 314 and/or the dopant 316 to the solution 318,
completed over a second period of time. In other examples, the mixing 310 may proceed
with incremental additions of one or more of the constituent components to the solution 318,
such that the target concentrations of one or more of the constituent components are not
achieved immediately, but attained gradually and incrementally over a period of time. In
addition, at any point during the mixing and/or once the desired amounts of each constituent
component has been achieved, the mixing 312 may be maintained for an intermediate and/or
additional period of time. Intermediate and/or additional periods of time may be between 1

minute and 100 hours, or between 5 minutes and 5 hours.

Referring again to Figure 3, after the mixing 310 the method 300 may continue with
the separating 320 of undissolved solids contained in the solution 318 to form a solid 322 and
a liquid 324. The separating 320 may be achieved using any suitable unit operation including
filtration, centrifugation, and/or electrostatic separation techniques. In some embodiments of
the present disclosure, the separating 320 may remove a solid 322 that is up to 5 wt% relative
to the liquid 324. However, it should be understood that the amount of solid 322 removed
from the solution 318 will depend on the solubilities of the various constituent components in
the solution 318. In some embodiments of the present disclosure, the separating 320 may be
accomplished using a filtration system having a filter membrane with a pore size less than or
equal to 1.0 micron, or less than or equal to 0.2 microns. In some embodiments of the present
disclosure, the separating 320 may be accomplished by centrifuging the solution 318 at up to
1000 rpm for up to 1 hour. The separating 320 may be performed at the temperature that the
mixing 300 was performed at, or at lower temperatures; e.g. between 0°C and 100°C, or
between 20°C and 30°C. In some embodiments of the present disclosure, the method 300
may not involve the separating 320, for example, when solids are not present at a sufficient

concentration to warrant the separating 320.

After the separating 320, the method 300 may continue with the applying 330 of the
liquid 324 to a surface of a perovskite layer of an intermediate device 332 (e.g. a device
having a perovskite layer positioned on an ETL) resulting in the formation of a device having
a liquid layer 334 on the surface. The applying 330 of the liquid 324 may be achieved by any
suitable solution processing method, with examples including spin-coating, dip-coating,
curtain-coating, blade coating, slot-die coating, screen printing, inkjet printing, and/or spray
coating. The applying 330 may be achieved at any suitable temperature; e.g. between 0°C
and 100°C, or between 20°C and 30°C.
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After the applying 330, the device having a liquid layer 334 may be treated by
removing 340 at least a portion of the liquid layer to produce volatiles 344 and a device
having a solid HTL 350 on the surface of the perovskite. Thus, the removing 340 may
include heating the device having the liquid layer 334 and/or by exposing the device 334 to a
flow of gas capable of sweeping away the portion of the liquid layer and/or absorbing the
portion of the liquid layer. The removing 340 essentially facilitates the evaporation of at least
a portion of the liquid contained in the liquid layer on the perovskite surface; e.g. removes
solvent (e.g. water, a polar solvent, and/or a non-polar solvent) from the liquid layer to form
the solid HTL layer. In some embodiments of the present disclosure, the removing 340 may
be performed by heating the device having the liquid layer 334 to a temperature between
40°C and 250°C, or between 40°C and 100°C.

In some embodiments of the present disclosure, the applying 330 and the removing
340 may be repeated a number of times to increase the thickness of the HTL positioned on
the perovskite layer. For example, the applying 330 and the removing 340 may be repeated
between 1 and 20 times, or between 1 and 5 times, resulting in a device having a HTL with a

thickness between 10 nm and 1000 nm, or between 50 nm and 500 nm.

Referring again to Figure 3, in some embodiments of the present disclosure, the
method 300 may include forming (not shown) at least one of an ETL 230 through techniques
including spray-pyrolysis, atomic-layer-deposition, electro-deposition, sputtering, anodic-
oxidation, spin-coating, and/or screen-printing. The perovskite layer 220 may be formed
through techniques including at least one of spin-coating, blade-coating, spray-coating, slot-
die coating, ink-jet printing, screen-printing, close-spaced sublimation, sequential-deposition,
and/or thermal-evaporation, prior to the applying 320 of the solution onto a surface of the
perovskite layer. Other methods may include the forming (not shown) of a first charge
collecting layer 240, followed by the forming (not shown) of an ETL layer 230 on the first
charge collecting layer 240. As will be demonstrated below, the addition of an acid to a HTL
and/or a hole-transport material may promote the oxidation of the HTL and/or hole-transport
material. This oxidation may occur during any of the steps illustrated in Figure 3 and
described above; e.g. during at least one of the mixing 310, the separating 320, the applying
330, and/or during the removing 340. In some embodiments of the present disclosure,
oxidation of the HTL and/or hole-transport material begins during the mixing 310 and

continues during the removing 340.

As described above, the present disclosure relates to the use of acids (e.g. H;PO,)
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with or without at least one dopant to improve, among other things, the conductivity of HTLs
(e.g. spiro-OMeTAD). For example, the use of acids in combination with Li-TFSI and/or
Co(IlI) salts as dopants, are shown herein to improve the performance characteristics of
HTLs in PSCs (e.g. perovskite-containing devices). The addition of an acid to a hole-
transport material (e.g. spiro-OMeTAD) is shown herein to improve the overall PSC
performance, primarily through increased open-circuit voltage (Voc) and fill factor (FF). The
performance enhancement was demonstrated for a wide range of acids with different pX, and
counter-ion identity. UV-Vis and conductivity measurements show that acids, in the presence
of an alkaline salt, can catalyze the oxidation of a hole-transport material, for example spiro-
OMeTAD. 'H NMR and ultraviolet photoelectron spectroscopy (UPS) results show
hydrogen bonding interactions between acids and spiro-OMeTAD as a potential cause for the
enhanced conductivities. In addition, device hysteresis is significantly suppressed in PSCs
having hole-transport layers treated with an acid and/or containing an acid. Thus, in some
embodiments of the present disclosure, acidic additives are proposed as a strategy for
enhancing the conductivity of hole-transport layers (e.g. spiro-OMeTAD) for developing
high-efficiency, low-hysteresis TiO,-containing planar PSCs.

In some embodiments of the present disclosure, moderate acids may present
advantages over stronger acids (e.g. H-TFSI (pKa = -11.9)), as stronger acids may present
considerable difficulties in handling and in large scale applications. A variety of moderate
acids as additives have been tested, specifically in spiro-OMeTAD HTL formulations,
resulting in improved efficiencies of the final PSCs, as well as reduced hysteresis. This effect
is shown to be compatible with various doping strategies. Thus, this works shows that the
use of acids as additives provide useful methods for enhancing the conductivity of HTLs,

especially in PSCs.

The effects of adding an acid to a hole-transport material are evident by comparing
the photocurrent density—voltage (J-V) characteristics for PSCs with acid (dashed line) and
without acid (solid line) in a spiro-OMeTAD HTL formulation (see Figure 4). Two types of
PSCs were fabricated with the same procedures except for the addition of an acid to the spiro-
OMeTAD material/formulation/layer. The standard (reference) device used an HTL recipe
where spiro-OMeTAD was doped with Li-TFSI and tert-butylpyridine (tBP). Phosphoric
acid (H;PO,4) was added to the spiro-OMeTAD solution of the acid-containing device, with
the same amount of tBP and Li-TFSI in its recipe as in the reference device. The PSC that

included the HTL with acid outperformed the reference device without the acid, as
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demonstrated by an increase in power conversion efficiency (PCE) from 15.9% to 17.8%.
This performance improvement is partly due to increased open-circuit voltage (Voc) and fill-
factor (FF). Figure 5 illustrates the dark current-voltage (J-V) curves of the two PSCs tested;
e.g. with acid (dashed line) and without acid (solid line) in the HTL. The addition of acid to
the hole-transport material resulted in a decrease in the series resistance (Rg) from 7.45 Q-cm’
for the reference device to 3.17 Q-cm” for the acid-containing device. This improvement was
determined to be applicable to a wide range of acids (e.g., HCl, HBr, HI, HNO3;, H;PO,,
H;POs, H,SO,4, H2SeQ,, acetic acid, citric acid, formic acid, lactic acid and oxalic acid,

sulfonic acids, phorsphonic acids, and/or carboxylic acids).

The decreased R observed in PSCs using acid-containing HTLs implies an increase
in the HTL conductivity. This is verified by direct measurements of the conductivities of
spiro-OMeTAD layers constructed using different combination of dopants/additives as shown
in Figure 6 (filled bars — with H;PO4; empty — without H;PO,). The use of phosphoric acid
(H5PO4) as an additive increased the conductivity for each of the three types of dopants
evaluated in this test: (1) an alkaline salt, for example at least one of Li-TFSI, Na-TFSI, K-
TFSI, LiSO;F, NaSOsF, KSOsF, LiSbF¢, NaSbFs, KSbF, LiPFs, NaPFg, and/or KPFs and so
on; (2) a Co(Il) salt, for example at least one of FK209, FK102, FK269, MY11 and so on;
and (3) any other suitable oxidant dopants, for example at least one of F,TCNQ, SnCl,, Ag-
TFSI, BuPyIm-TFSI, N(PhBr);SbCls and so on. In particular, the conductivity of acid-
containing Li-TFSI doped HTLs increased from 83.7 puS/cm to 150.9 uS/cm. This is

consistent with the lower R based on the analysis from the J-V curves.

Figure 7 examines the effects of time (e.g. aging) by tracking the conductivity of
HTLs as a function of time while in an air environment (squares/dashed-line — H;POy;
squares/solid line — Li-TFSI; triangles/dashed line — Li-TFSI + H;PO,4). Although the
addition of H;PO, clearly enhanced the conductivity of a spiro-OMeTAD-containing HTL,
the acid alone did not appear to be sufficient to improve the conductivity of spiro-OMeTAD.
Instead, the spiro-OMeTAD HTL treated with only H;PO, exhibited a low conductivity that
was similar to pristine spiro-OMeTAD and the low conductivity did not change over time
with exposure to air. These results also illustrate that Na-TFSI alone appeared to be
insufficient at improving the conductivity of spiro-OMeTAD, whereas the addition of H;PO4
in conjunction with Na-TFSI to spiro-OMeTAD, resulted in an increased conductivity in the

hole-transport material (see Figure 6).

These results suggest that acid, in the presence of an alkaline salt, may catalyze the
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oxidation of spiro-OMeTAD. Thus, without wishing to be bound by theory, it is theorized
that the use of an acid may promote the reaction between an alkali salt and a superoxide
radical (generated by oxidation of spiro-OMeTAD by ambient oxygen), which may then shift
the reaction’s equilibrium to the oxidation of spiro-OMeTAD. This hypothesis would
explain the slow oxidation process observed in PSCs using spiro-OMeTAD doped with Li-
TFSI, which normally exhibit poor initial PCE performance and typically require days of
aging in air to reach maximum performance. Thus, the aging time necessary to reach a
maximum HTL conductivity in some hole-transport materials may be greatly shortened by
using devices having HTLs that utilize acid-containing hole-transport materials, e.g. spiro-

OMeTAD.

Figure 9 shows the J-V curves of PSCs fabricated with spiro-OMeTAD-containing
HTLs utilizing different additives (short-dashes - pure H;PO4, long-dashes - Li-TFSI, and
solid line - mixture of Li-TFSI and H;PO,). Efficiencies were measured immediately after
device fabrication. The device fabricated using an HTL containing only H;PO, showed a
resistor-like response with essentially no photovoltaic performance (Voc < 50 mV), which is
consistent with the observation that acid alone appears to be insufficient to increase the
performance of a spiro-OMeTAD HTL. The conductivity of spiro-OMeTAD doped with Li-
TFSI required days of aging to reach optimal conductivity. Given the short time period
exposed to air, the Li-TFSI doped spiro-OMeTAD was still highly resistive, which is
evidenced by the S shape of J-V curves at high bias voltage near Voc. On the other hand,
adding H;PO, in combination with the Li-TFSI appears to have accelerated the oxidation of
the spiro-OMeTAD HTL and the device already showed a good performance as evidenced by

the better Voc and FF on the same day of the device fabrication.

The apparent catalyzing effect of the acid on the oxidation of the HTL, e.g. spiro-
OMEeTAD, is also evident in the UV-Vis spectra of spiro-OMeTAD layers (see Figure §). In
general, the oxidation of spiro-OMeTAD introduced a broad absorption peak around 500 nm
(arising from the SOMO—LUMO transition of the radical cation), which was distinct from
the 395 nm peak of the pristine spiro-OMeTAD. It can be seen that the spiro-OMeTAD
treated with the mixture of Li-TFSI and H;PO, showed higher absorption around 500 nm
than that treated with only Li-TFSI after the same aging period of 14 days, which is evidence
of more oxidation occurring in the acid-containing HTL. (Legend for Figure 8: Li-TFSI:
dashed line — as deposited; solid line — 14 days; LI-TFSI + H;PO4: solid line with diamonds

— as deposited; solid line with squares — 14 days.)
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In contrast to Li-TFSI, the trivalent cobalt salt FK209 (see Figure 10), directly and
rapidly oxidized spiro-OMeTAD. Therefore, spiro-OMeTAD doped with FK209 showed
relatively high conductivity without the need for aging the HTL in air. Nevertheless, Figure
6 shows that adding H;PO, still improved the conductivity of the FK209-doped spiro-
OMeTAD. These results suggest that acid plays a role that is more than simply facilitating
oxidation and doping of spiro-OMeTAD.

To further understand the role of acid on the conductivity and oxidization of hole-
transport materials (e.g. spiro-OMeTAD), UV-Vis absorption and 'H NMR measurements of
spiro-OMeTAD-containing solutions and/or layers were performed. The UV-vis spectra of
oxidized spiro-OMeTAD solutions showed a doublet of peaks around 500 nm
(SOMO—LUMO transition), and a large broad absorbance in the red/near-IR (polaron
absorbance). Addition of an acid to spiro-OMeTAD-containing solution resulted in a nearly
identical spectral signature to the oxidized samples, only much weaker, as seen by the spectra
in Figure 11 (dashed line — Co(III) doped; solid line — with acid). Higher acid concentrations
in the samples (either by vacuum drying or by casting into layers) resulted in a color change
to a deep-red that can be associated with oxidized spiro-OMeTAD. However, dissolution of
these samples reversed the color changes and provided unchanged solution-phase spectra (see
Figures 12 and 13; solid line — fresh; dashed line — layer; dash-dotted line - redissolved). The
color change was reversible and could be removed by neutralization of the solution using a
base (see Figure 14). This is quite different from the relatively stable color of the oxidized
spiro-OMeTAD, and implies that there is another interaction between acid and spiro-

OMeTAD in addition to the acid-assisted oxidation process.

'H NMR analysis of acid-containing samples helps elucidate the nature of acid
additives and their interaction with a hole-transport material, e.g. spiro-OMeTAD. In
general, and without wishing to be bound by theory, oxidation may introduce a radical cation
and cause rapid relaxation of the coupled protons, leading to a decrease in signal intensity of
the associated protons. Association of spiro-OMeTAD with an acidic proton can be observed
via the shifting of the affected protons. Using 4-(trifluoromethyl)styryl)phosphonic acid
(CF5PA), which is a phosphonic acid derivative (see Figure 10) having strong aromatic
proton signals different from spiro-OMeTAD, it was possible to calibrate the proton count
between the acid and spiro-OMeTAD to observe if any radical cations are formed. As shown
in Figure 15, all the spiro-OMeTAD protons could be accounted for, and there was no

decrease in intensity with increasing amount of acid, even up to 400 mol% of CF;PA (full
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spectra illustrated in Figures 16 and 17). Similarly, after calibration of the proton count of
spiro-OMeTAD versus FK209, it was determined that with just 25 mol% of FK209 there was
evidence of oxidation (full spectra illustrated in Figure 18). The arylamine, and fluorene core
peaks around 6.8, 6.7 and 6.2 ppm respectively, showed decreased proton count as well a
small upfield shift. Thus, the lack of these changes in the acid (CF;PA) samples is further
evidence of the lack of oxidation induced by acid alone and is in agreement with the

conductivity and J-V measurements (see Figures 7 and 9).

Furthermore, the "H NMR measurements of spiro-OMeTAD (see Figures 16 and 17)
shows that increasing the amount of acid does not lead to a broadening or shifting of the
spiro-OMeTAD proton signal as one would normally expect for a protonated species, as
protonation will change the chemical environment by withdrawing electron density. This is
not surprising considering that triarylamines, especially trimethoxyphenylamine, are not
readily protonated. However, the aromatic CF;PA protons did show an upfield shift with
decreasing concentration of acid (see Figure 19), indicative of increasing proton dissociation.
This is despite the lack of corresponding shifts in any of the spiro-OMeTAD proton signals
(see Figures 16 and 17). Thus, while the acids were apparently unable to fully protonate the
amine center or interact with it strongly, it is hypothesized that the acidic proton may be
weakly hydrogen-bound to the amine center as shown in Figure 20, and the increased CF;PA
dissociation is evidence of the increase in number of spiro-OMeTAD molecules associated
with the acidic protons. This weak hydrogen bonding may induce partial positive charges in

spiro-OMeTAD, which may be responsible for the increased conductivity.

The effects of various dopant/acid combinations were investigated using
photoelectron spectroscopy to understand their impact on the electronic properties of the
sprio-OMeTAD layers. Referring to Figures 21 through 23, samples measured using UPS
demonstrated a small downshift of the Fermi level (E) but equivalent ionization energy (IE)
from pristine to acid-containing spiro-OMeTAD, which is consistent with what was observed
when pure acid was added to the spiro-OMeTAD solution. In contrast, oxidized spiro-
OMeTAD, when doped with Li-TFSI or Co(IIl) salt, showed a more dramatic down shift of
E; This is consistent with extensive p-doping and can explain the increased conductivity.
However, no obvious change in Ef or IE can be found when comparing the oxidant-only
samples to the samples using both an oxidant and an acid. This result suggests that the acid
was not introducing more charge-carriers when the oxidation of the spiro-OMeTAD reached

a saturation state and the further increase in conductivity is likely due to other effects, such as
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the inductive nature of hydrogen-bonding.

In addition, the effectiveness of adding a variety of moderate-to-strong acids (H;POx,
CF;PA, H;S0,4, AcOH) to spiro-OMeTAD HTL formulations in formamidinium (FA) cesium
lead iodine-based (FAqssCso.15Pbls) PSCs was examined. For the reference (e.g. without
acid) and acid-containing devices, both Li-TFSI and FK209 were used as dopants in the
spiro-OMeTAD HTL formulation. Figure 24 shows a cross-section SEM image of a PSC
with the following structure: glass/FTO/compact (first charge collecting layer 240) TiO,
(ETL 230)/FAg.35Cso.15Pbl; (perovskite layer 220)/spiro-OMeTAD (HTL 210)/Ag (second
charge collecting layer 250). Light J-V curves of solar devices with and without acid
treatment are compared in Figure 25. The detailed photovoltaic (PV) parameters of these J—}

curves are listed in Table 1 below.

Table 1. Photovoltaic performance parameters of PSCs with and without acid-treated HTLs.

Acids Jsc (mA/cm?) Voc (V) FF PCE (%)
w/o acid 21.61 1.02 0.69 15.2
H;PO, 21.88 1.06 0.76 17.6
CF;PA 21.59 1.04 0.78 17.5
H,S0, 21.55 1.06 0.78 17.7
AcOH 22.10 1.08 0.75 17.8

All devices using acid-containing HTLs exhibited improved device performance with
the improvement resulting at least partially from increased Voc and FF. Interestingly, the
improvements were almost identical regardless of the acid used in the HTL formulation. It is
important to highlight that the acidity of these acids covers a wide range with pK, values
between about -3 (H,SO4) and about 4.75 (AcOH), and these acids also have very different
counter-anions (HSO,, H,PO,, CFsPA", AcO). Thus, the general performance
improvements due to acid addition to HTLs appears to be independent of the specific acidity
and type of acids, which strongly suggests that acid treating HTLs using moderate-to-strong
acids may provide a general strategy for improving charge conduction in HTLs and
consequently for enhancing the performance of PSCs using such HTLs. The consistent and

significant improvement of Voc using acid-treated HTLs also suggests that acid treating may
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affect the interface between the HTL and the perovskite layer, helping to reduce the overall

recombination losses.

Figure 26 compares a statistical PCE analysis of devices with histograms of 30 non-
acid-treated PSCs and 50 acid-treated devices (top bar graph — without acid; bottom bar graph
— with acid). PSCs having acid-containing HTLs exhibited an average PCE of 17.1%,
representing an increase of 18% over the 14.5% average PCE of the devices without acid
additives. The PSCs using acid-containing HTLs demonstrated the best PCE of 19.0%, with
a Voc of 1.06 V, aJgc of 22.03 mA/cm?, a FF of 0.82 on the reverse scan, and with the stable
output reaching 18.4%, as shown in Figures 27 and 28. The corresponding incident photon to
current efficiency (IPCE) spectrum and integrated current density of the device are shown in
Figure 29. The IPCE result matches well with the Jg¢ from the J-J measurement and the

results are summarized in Table 2 below.

Table 2: Stable power output of perovskite solar device having an acid-containing HTL.

Jue . Efivienny

LR Foe 33 FE L
{mddenr) or kY. {9}
Raverss 22.83 1.8% 82 ing
Forward X203 1.8 Q.76 15,3

In addition to the improved device efficiency, it was also determined that the use of
acid in an HTL, e.g. spiro-OMeTAD, may significantly reduce the J—J hysteresis in PSCs
utilizing the acid-containing spiro-OMeTAD HTL. A large J-V hysteresis is a common
phenomenon in PSCs when scanning from different directions, especially for devices with
planar structures and using compact TiQO; as electron-transport layer. However, the origins of
hysteresis in PSCs are not well understood. However, one contributing factor to hysteresis
may be inefficient charge extraction from the HTL layer. J-JV hysteresis of PSCs were
evaluated at different scan rates. Figure 30 shows the typical J-} hysteresis of PSCs with
and without an acid-containing HTL, measured with a scan rate of 40 mV/s. Figure 31 shows
the scan-rate dependence of PCEs calculated from the reverse and forward scans as well as
the average of these two. It is clear that the hysteresis was smaller for the PSCs that used
acid-containing spiro-OMeTAD HTLs, for all scan rates. At the smallest scan rate (40
mV/s), the acid resulted in an almost hysteresis-free PSC performance, whereas PSC utilizing

acid-free HTLs exhibited significant hysteresis. Hysteresis was quantified using the
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following equation:

PCEreversed - PCEforward
P CEreverse

Hysteresisfactor =

The hysteresis factor for solar devices using acid-containing HTLs at 40 mV/s is only
0.04, compared to 0.14 for solar devices using HTLs without acid. Although the acid-
containing devices were not strictly hysteresis-free, hysteresis was significantly reduced
compared to the solar devices using acid-free HTLs. Results are summarized in Table 3

below.

Table 3. Hysteresis factors of PSCs with and without using acid additives in spiro-OMeTAD

HTL under different scanning rates.

Scan rate (mV/s) 2000 1000 400 200 100 40
w/o acid 0.22 0.21 0.21 0.19 0.16 0.14
with acid 0.14 0.14 0.13 0.09 0.06 0.04

[0001] Thus, the use of acids in HTL formulations (e.g. spiro-OMeTAD) are shown to have a
positive improvement to the overall performance of PSCs, for example, through increased
Voc and FF. Acid effectively improves the conductivity of spiro-OMeTAD doped by Li-
TFSI and/or Co (III) salts, but acid alone appears to be insufficient to improve spiro-
OMeTAD conductivity for these particular dopants. It is hypothesized that the acid plays two
roles for enhancing the conductivity of spiro-OMeTAD. First, in the presence of an alkali
metal salt, acid catalyzes the oxidation of spiro-OMeTAD, as evinced by the UV-Vis and
conductivity measurements. Second, '"H NMR and UPS show evidence of hydrogen-bonding
interactions between the acid and spiro-OMeTAD, which potentially creates a hydrogen-
bonding network that decreases the columbic trapping and recombination in doped spiro-
OMeTAD by buffering charge-carriers moving through the solid. The use of acid in spiro-
OMeTAD HTLs is shown to increase the PSC performance regardless of the pK,, value (over
a range of -3 to 4.75) or the identity of the acid used. J-JV hysteresis is also significantly
reduced through the use of acid in the HTL formulation. Thus, using acid is promising as a
general approach to enhance the conductivity of spiro-OMeTAD for developing high-
efficiency hysteresis-free TiO, based planar PSCs.
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Experimental:

Spiro-OMeTAD treating. Spiro-OMeTAD (>99%) was purchased from Lumitech
and used without further purification. Spiro-OMeTAD (80 mg) was dissolved in
chlorobenzene (1 mL) containing 4-tert-butylpyridine (tBP) (32 uL). For Li-TFSI or Na-
TFSI doping, 50 mol % of dopant with respect to spiro-OMeTAD was added via a 1.8 M Li-
TFSI or Na-TFSI acetonitrile solution. For cobalt doping, 15 mol % of Co (III) with respect
to spiro-OMeTAD was added. For acid-containing formulations, 10 mol % acid to spiro-
OMeTAD was added (through 200 mM ethanol solution). The spiro-OMeTAD solution was
shaken thoroughly and filtered through 0.2 micron syringe filters before spin coating or other

characterizations.

Solar Device Fabrication. A patterned fluorine-doped tin oxide (FTO) (e.g. current
collecting layer) was deposited with 50 nm compact TiO, layer (ETL) by spray pyrolysis at
450 °C. A FAg3sCsg 15Pbl; perovskite precursor solution was prepared by dissolving 146.2
mg CH;(NH;),I (FAIL Dyesol), 39.0 mg Csl (99.999%, Sigma-Aldrich) and 461.0 mg Pbl,
(99.9985%, Alfa Aesar) in 1 mL of dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF) (v/v = 3/7) mixed solvent. Perovskite layers were deposited in a dry air box using a
three-step spin-coating procedure with the first step of 100 rpm for 3 seconds, second step of
3500 rpm for 10 seconds, and the last step of 5000 rpm for 30 seconds. 1 mL of toluene was
applied on the spinning substrates at 20 seconds of the third step. After spin coating, the
layers and devices were annealed at 170 °C for 20 min. Spiro-OMeTAD (HTL) was spin-
coated on the perovskite layer at 4000 rpm for 35 seconds. Finally, a 150-nm Ag current
collecting layer was deposited by thermal evaporation. A typical solar device had a 350 nm
FAg.35Cs0,15Pbl; perovskite layer positioned between a 50 nm TiO, layer (ETL) and a 200 nm
spiro-OMeTAD HTL.

Solar device Characterization. Solar device performance was measured under a
simulated AM 1.5G illumination (100 mW/cm?, Oriel Sol3A Class AAA Solar Simulator).
The dark and light J-V characteristics were measured using a Keithley 2400 source meter
with voltage step width of 20 mV, scan rate was controlled by changing the delay time
between each step. The continuous current and power output were measured using a
potentiostat (Princeton Applied Research, VersaSTAT MC). Incident photon to current
efficiency (IPCE) spectra of solar devices were measured using a solar device quantum-
efficiency measurement system (QEX10, PV Measurements). Cross section morphology of

the solar device is characterized using a field emission scanning electron microscope (Nova
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630, FEI).

Spiro-OMeTAD Characterizations. Conductivity of spiro-OMeTAD HTLs were
measured using four wire configurations with four parallel Ag electrodes. The spacing
between each current collecting layer was 2 mm. Thickness of the spiro-OMeTAD HTLs
were measured using a profilometer. The typical thickness of a spin coating spiro-OMeTAD
HTL was about 300 nm. UV-Vis spectra of spiro-OMeTAD were measured using a UV/Vis
spectrophotometer (Cary-6000i) in both HTLs and solution forms of the hole-transport
material. For thin layer UV-Vis, spiro-OMeTAD HTLs were spin coated on glass substrates
from chlorobenzene solution. The solid HTLs were kept in a dry air box for oxidation aging.
Solutions were also concentrated by rotary evaporation, then redissolved in THF and re-
measured. Photoemission Spectroscopy measurements were performed on a Kratos NOVA
spectrometer calibrated to the Fermi edge and core level positions of sputter-cleaned metal
(Au, Ag, Cu, Mo) surfaces. Ultraviolet photoemission spectra were acquired from the He 1
(21.22 eV) excitation line at a nominal experimental resolution below 150 meV. X-ray
photoemission spectra were taken using monochromated Al K alpha radiation (1486.7 eV) at
a resolution of 400 meV. The acquired spectra were all referenced to the previously

determined Fermi level of the sputter-cleaned metal calibration samples.

"H NMR, and UV-Vis Spectroscopy. Samples for NMR were prepared by dissolving
spiro-OMeTAD in THF (30 mg in 10 mL or 2.45 mM). CF;PA, pTSA, or FK209 were
dissolved in THF and diluted to the same concentration as the spiro-OMeTAD solution.
Solutions were mixed in ambient environment with 1 mL of spiro-OMeTAD, and 0.25, 0.5,
0.75, 1.0, 2.0, or 4.0 mL of CF;PA, pTSA, or FK209 to achieve 0.25-4 equivalents.
Solutions were then rotovapped down to a solid and redissolved in DMSO-d6 for
measurements. NMR spectra were obtained on a JEOL ECA 500 liquid-state NMR
spectrometer. For solution UV-Vis, samples were prepared using the same method for NMR
samples, but using chlorobenzene as a solvent for spiro-OMeTAD, and acetonitrile for the
CF;PA, pTSA, or FK209. Spectra of layers were taken by dropcasting layers onto
microscope coverslips. Solid samples were prepared by rotary evaporation of the vials,
followed by redissolution in an equal volume of chlorobenzene. Spectra were obtained using

a Beckman-Coulter D600 UV-Vis spectrometer.
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Examples:

Example 1. A device comprising: a first layer comprising a hole-transport material

and an acid, wherein: the first layer has a conductivity between 20 uS/cm and 500 pS/cm.

Example 2. The device of example 1, wherein the first layer absorbs light having a

wavelength between 400 nm and 600 nm.

Example 3. The device of either example 1 or 2, wherein the hole-transport material
comprises at least one of 22’77 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD), a derivative of spiro-OMeTAD, poly(triarylamine),
poly(3-hexylthiophene), or N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine.

Example 4. The device of example 3, wherein the derivative of spiro-OMeTAD
comprises at least one of pp-spiro-OMeTAD, pm-spiro-OMeTAD, or po-spiro-OMeTAD.

Example 5. The device of any one of examples 1-4, wherein the acid comprises at

least one of an organic acid or an inorganic acid.

Example 6. The device of example 5, wherein the organic acid comprises at least one
of acetic acid, citric acid, formic acid, lactic acid, oxalic acid, cinnamic acid, a sulfonic acid,

a phosphonic acid, or a carboxylic acid.

Example 7. The device of example 5, wherein the inorganic acid comprises at least

one OfHCI, HBI‘, HL HNO3, H3PO4, H3PO3, HzSO4, or steO4.

Example 8. The device of any one of examples 1-7, wherein the first layer further
comprises a dopant comprising at least one of an alkaline salt, a Co(Ill) salt, 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane, SnCly, Ag-N-butyl-N'-(4-
pyridylheptyl)imidazolium bis(trifluoromethane)sulfonamide (Ag-TFSI), N-butyl-N'-(4-

pyridylheptyl)imidazolium bis(trifluoromethane)sulfonimide, or N(PhBr);SbCle.

Example 9. The device of any one of examples 1-8, wherein the conductivity is

between 100 uS/cm and 500 puS/cm.

Example 10. The device of example 8, wherein the alkaline salt comprises at least
one of Li-TFSI, Na-TFSI, K-TFSI, LiSOs;F, NaSOs;F, KSOsF, LiSbFs, NaSbFs, KSbFs,
LiPFg, NaPFs, or KPFg.

Example 11. The device of example 8, wherein the Co(Ill) salt comprises at least one

of (tris(2-(1 H-pyrazol-1-y1)-4-tert-butylpyridine)cobalt(III)
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tri[ bis(trifluoromethane)sulfonimide]), (tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(I1T)
tri| bis(trifluoromethane)sulfonimide], (bis(2,6-di(1 H-pyrazol-1-yl)pyridine)cobalt(IIT)
tri[ bis(trifluoromethane)sulfonimide]
|

[
[
i ), or tris(2-(1H-pyrazol-1-yl)pyrimidine)cobalt(IIT)
[

tri| bis(trifluoromethane)sulfonimide].

Example 12. The device of any one of examples 1-11, further comprising: a
perovskite layer; and an electron-transport layer, wherein: the perovskite layer is positioned
between the first layer and the electron-transport layer, and the device has a fill-factor of

greater than 0.70 and a power conversion efficiency of greater than 17%.

Example 13. The device of example 12, wherein the perovskite layer comprises

ABX;, A is a first cation, B is a second cation, and X is an anion.

Example 14. The device of example 13, wherein the first cation comprises an alkyl

ammonium cation or an alkali metal cation.

Example 15. The device of example 14, wherein the alkali metal cation comprises at

least one of cesium or rubidium.

Example 16. The device of either example 14 or 15, wherein the alkyl ammonium
cation comprises at least one of methylammonium, ethylammonium, propylammonium,

butylammonium, or formamidinium (FA).

Example 17. The device of example 13, wherein the second cation comprises a metal

in the 2+ valence state.

Example 18. The device of example 13, wherein second cation comprises at least one

of lead, tin, or germanium.
Example 19. The device of example 13, wherein the anion comprises a halogen.

Example 20. The device of example 12, wherein: the perovskite layer comprises at
least one of CH3NH3PbI3, CH3NH3PbBI'3, CH3NH3PbC13, CH3NH3PbI37xC1x, or
CH;NH;Pbl;_,Br,, and x is between zero and 3.0 inclusively.

Example 21. The device of example 12, wherein: the perovskite layer comprises

FA,.xCs«Pbl;, and x is between zero and 1.0 inclusively.

Example 22. The device of example 21, wherein the perovskite layer comprises
FAg 85Cso.15Pbls.

Example 23. The device of any one of examples 12-22, wherein the electron-
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transport layer comprises at least one TiO,, SnO,, ZnO, BaSQy, [6,6]-phenyl-Cg;-butyric acid

methyl ester, or buckminsterfullerene.

Example 24. The device of any one of examples 12-23, further comprising: a first
charge collecting layer; and a second charge collecting layer, wherein: the first layer is
positioned between the first charge collecting layer and the perovskite layer, and the electron-
transport layer is positioned between the second charge collecting layer and the perovskite

layer.

Example 25. The device of example 24, wherein the first charge collecting layer

comprises at least one of silver, gold, copper, or aluminum.

Example 26. The device of example 24, wherein the second charge collecting layer
comprises at least one of fluorine-doped tin oxide, indium tin oxide, indium zinc oxide, or

CdZSnO4.

Example 27. A method comprising: mixing a hole-transport material, a dopant, an
acid, and a solvent to form a solution; separating the solution into a liquid and a solid;
applying the liquid to a surface of a perovskite layer to form a liquid layer on the surface; and
removing at least a portion of the solvent to transform the liquid layer to a solid layer
comprising the hole-transport material, the dopant, and the acid, wherein: the liquid is
substantially free of the solid, the solid is substantially free of the liquid, and the solid layer
has a conductivity between 100 uS/cm and 500 puS/cm.

Example 28. The method of example 27, wherein the solid layer absorbs light having

a wavelength between 400 nm and 600 nm.

Example 29. The method of either example 27 or 28, wherein the solvent comprises

at least one of a polar solvent or a non-polar solvent.

Example 30. The method of example 29, wherein the polar solvent comprises at least

one of chlorobenzene, acetonitrile, or an alcohol.
Example 31. The method of any one of examples 27-30, wherein the mixing further
comprises 4-tert-butylpyridine (tBP).

Example 32. The method of any one of examples 27-31, wherein the dopant
comprises at least one of an alkaline salt, a Co(Ill) salt, 2.3,5,6-tetrafluoro-7,7,8.8-
tetracyanoquinodimethane, SnCly, Ag-TFSI, N-butyl-N'-(4-pyridylheptyl)imidazolium
bis(trifluoromethane)sulfonimide, or N(PhBr);SbCle.
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Example 33. The method of example 32, wherein the alkaline superacid salt
comprises at least one of Li-TFSI, Na-TFSI, K-TFSI, LiSO;F, NaSOsF, KSO;F, LiSbFg,
NaSng, KSbFG, LIPFG, NaPFG, or KPF6

Example 34. The method of example 32, wherein the Co(III) salt comprises at least
one of tris(2-(1 H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(I1T)
tri| bis(trifluoromethane)sulfonimide], tris(2-(1 H-pyrazol-1-yl)pyridine)cobalt(I1I)
tri| bis(trifluoromethane)sulfonimide, or  (bis(2,6-di(1H-pyrazol-1-yl)pyridine)cobalt(IIl)
tri| bis(trifluoromethane)sulfonimide], or  tris(2-(1H-pyrazol-1-yl)pyrimidine)cobalt(IIT)

[

tri[ bis(trifluoromethane)sulfonimide].

Example 35. The method of any one of examples 27-34, wherein the dopant is
present at a first concentration between 1 mol% and 75 mol% relative to the hole-transport

material.

Example 36. The method of any one of examples 27-35, wherein the acid comprises

at least one of an organic acid or an inorganic acid.

Example 37. The method of example 36, wherein the organic acid comprises at least
one of acetic acid, citric acid, formic acid, lactic acid, oxalic acid, a sulfonic acid, a

phosphonic acid, or a carboxylic acid.

Example 38. The method of example 36, wherein the inorganic acid comprises at

least one of HCI, HBI', HL HNO3, H3PO4, H3PO3, HzSO4, or steO4.

Example 39. The method of any one of examples 27-38, wherein the acid is present
in the solution at a second concentration between 1 mol% and 50 mol% with respect to the

hole-transport material.

Example 40. The method of any one of examples 27-39, wherein the acid has a pka

value between -10 and 5.

Example 41. The method of any one of examples 27-40, wherein the separating is

performed by at least one of filtrating, centrifugation, or electrostatic separation.

Example 42. The method of any one of examples 27-41, wherein the separating is by

filtrating using a filter having an average pore size of less than 1.0 microns.

Example 43. The method of any one of examples 27-42, wherein the applying is
performed using at least one of spin-coating, curtain-coating, dip-coating, blade-coating, slot-

die coating, or spraying.
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Example 44. The method of any one of examples 27-43, wherein the mixing is

performed at a temperature between 15°C and 100°C.

Example 45. The method of any one of examples 27-44, wherein the removing is
performed by at least one of centrifugation, heating the liquid layer, or flowing a gas over the

liquid layer.

Example 46. The method of any one of examples 27-45, wherein the removing

comprises heating the liquid layer to a temperature between 30°C and 100°C.
Example 47. The method of example 45, wherein the gas comprises an inert gas.

Example 48. The method of example 47, wherein the inert gas comprises at least one

of nitrogen or argon.

Example 49. The method of any one of examples 27-48, wherein: the perovskite

layer comprises ABXs, A is a first cation, B is a second cation, and X is an anion.

Example 50. The method of example 49, wherein the first cation comprises an alkyl

ammonium cation or an alkali metal cation.

Example 51. The method of example 50, wherein the alkali metal cation comprises at

least one of cesium or rubidium.

Example 52. The method of example 50, wherein the alkyl ammonium cation
comprises at least one of methylammonium, ethylammonium, propylammonium,

butylammonium, or formamidinium (FA).

Example 53. The method of example 49, wherein the second cation comprises a

metal in the 2+ valence state.

Example 54. The method of example 49, wherein second cation comprises at least

one of lead, tin, or germanium.
Example 55. The method of example 49, wherein the anion comprises a halogen.

Example 56. The method of example 27, wherein: the perovskite layer comprises at
least one of CH3NH3PbI3, CH3NH3PbBI'3, CH3NH3PbC13, CH3NH3PbI37xC1x, or
CH;NH;Pbl;-,Br,, and x is between zero and 3.0 inclusively.

Example 57. The method of example 27, wherein: the perovskite layer comprises at

least one of FA.Cs«Pbls, and x is between zero and 1.0 inclusively.
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Example 58. The method of example 57, wherein the perovskite layer comprises
FA.35Cs0.15PDbIs.

Example 59. A method comprising: mixing a hole-transport material, a dopant, an
acid, and a solvent to form a solution; applying the liquid to a surface of a perovskite layer to
form a liquid layer on the surface; and removing at least a portion of the solvent to transform
the liquid layer to a solid layer comprising the hole-transport material, the dopant, and the

acid, wherein: the solid layer has a conductivity between 100 uS/cm and 500 pS/cm.

The foregoing discussion and examples have been presented for purposes of
illustration and description. The foregoing is not intended to limit the aspects, embodiments,
or configurations to the form or forms disclosed herein. In the foregoing Detailed
Description for example, various features of the aspects, embodiments, or configurations are
grouped together in one or more embodiments, configurations, or aspects for the purpose of
streamlining the disclosure. The features of the aspects, embodiments, or configurations,
may be combined in alternate aspects, embodiments, or configurations other than those
discussed above. This method of disclosure is not to be interpreted as reflecting an intention
that the aspects, embodiments, or configurations require more features than are expressly
recited in each claim. Rather, as the following claims reflect, inventive aspects lie in less
than all features of a single foregoing disclosed embodiment, configuration, or aspect. While
certain aspects of conventional technology have been discussed to facilitate disclosure of
some embodiments of the present invention, the Applicants in no way disclaim these
technical aspects, and it is contemplated that the claimed invention may encompass one or
more of the conventional technical aspects discussed herein. Thus, the following claims are
hereby incorporated into this Detailed Description, with each claim standing on its own as a

separate aspect, embodiment, or configuration.
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CLAIMS

What is claimed i1s:

1. A device comprising;
a first layer comprising a hole-transport material and an acid, wherein:

the first layer has a conductivity between 20 uS/cm and 500 uS/cm.

2. The device of claim 1, wherein the first layer absorbs light having a wavelength

between 400 nm and 600 nm.

3. The device of either claim 1 or 2, wherein the hole-transport material comprises at
least one of 2,2°,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9°-spirobifluorene (spiro-
OMeTAD), a derivative of spiro-OMeTAD, poly(triarylamine), poly(3-hexylthiophene), or
N.N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine.

4. The device of any one of claims 1-3, wherein the acid comprises at least one of an

organic acid or an inorganic acid.

5. The device of any one of claims 1-4, wherein the first layer further comprises a
dopant comprising at least one of an alkaline salt, a Co(I1l) salt, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane, SnCly, Ag-N-butyl-N'-(4-pyridylheptyl)imidazolium
bis(trifluoromethane)sulfonamide, N-butyl-N'-(4-pyridylheptyl)imidazolium
bis(trifluoromethane)sulfonimide, or N(PhBr);SbCls.

6. The device of any one of claims 1-5, wherein the conductivity is between 100 uS/cm

and 500 uS/cm.

7. The device of any one of claims 1-6, further comprising:

a perovskite layer; and

an electron-transport layer, wherein:

the perovskite layer is positioned between the first layer and the electron-transport
layer, and

the device has a fill-factor of greater than 0.70 and a power conversion efficiency of

greater than 17%.

8. The device of claim 7, wherein the perovskite layer comprises ABXj;, A is a first

cation, B is a second cation, and X is an anion.
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9. The device of claim 8, wherein the first cation comprises an alkyl ammonium cation

or an alkali metal cation.

10. The device of claim 9, wherein the alkali metal cation comprises at least one of

cesium or rubidium.

11. The device of claim 9, wherein the alkyl ammonium cation comprises at least one of
methylammonium, ethylammonium, propylammonium, butylammonium, or formamidinium

(FA).

12. The device of claim 8, wherein second cation comprises at least one of lead, tin, or

germanium.
13. The device of claim 8, wherein the anion comprises a halogen.

14. The device of claim 7, wherein:
the perovskite layer comprises FA,.Cs,Pbl;, and

X is between zero and 1.0 inclusively.
15. The device of claim 14, wherein the perovskite layer comprises F A 3sCsg.15Pbls;.

16. A method comprising;

mixing a hole-transport material, a dopant, an acid, and a solvent to form a solution;

separating the solution into a liquid and a solid;

applying the liquid to a surface of a perovskite layer to form a liquid layer on the
surface; and

removing at least a portion of the solvent to transform the liquid layer to a solid layer
comprising the hole-transport material, the dopant, and the acid, wherein:

the liquid is substantially free of the solid,

the solid is substantially free of the liquid, and

the solid layer has a conductivity between 100 pS/cm and 500 uS/cm.

17. The method of claim 16, wherein the separating is performed by at least one of

filtrating, centrifugation, or electrostatic separation.

18. The method of claim 17, wherein the separating is by filtrating using a filter having an

average pore size of less than 1.0 microns.
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19. The method of any one of claims 16-18, wherein the applying is performed using at

least one of spin-coating, curtain-coating, dip-coating, blade-coating, slot-die coating, or

spraying.

20. The method of any one of claims 16-19, wherein the mixing is performed at a

temperature between 15°C and 100°C.

21. The method of any one of claims 16-20, wherein the removing is performed by at

least one of centrifugation, heating the liquid layer, or flowing a gas over the liquid layer.

22. The method of any one of claims 16-21, wherein the removing comprises heating the

liquid layer to a temperature between 30°C and 100°C.
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