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ABSTRACT

Perovskite-based photoactive devices, such as solar cells,
include an insulating tunneling layer inserted between the
perovskite photoactive material and the electron collection
layer to reduce charge recombination and concomitantly
provide water resistant properties to the device.
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INSULATING TUNNELING CONTACT FOR
EFFICIENT AND STABLE PEROVSKITE
SOLAR CELLS

CROSS REFERENCES

[0001] The present Application for Patent claims priority
to International Patent Application No. PCT/US2017/
022473 by Huang et al., entitled “Insulating Tunneling
Contact for Efficient and Stable Perovskite Solar Cells,”
filed Mar. 15, 2017; and to U.S. Provisional Patent Appli-
cation No. 62/308,750 by Huang et al., entitled “Insulating
Tunneling Contact for Efficient and Stable Perovskite Solar
Cells,” filed Mar. 15, 2016; each of which is incorporated
herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with Government support
under Grant Numbers DMR1505535 and DMR1420645
awarded by the National Science Foundation,
DE-EE0006709 awarded by the Department of Energy, and
N00014-15-1-2713 awarded by the Office of Naval
Research. The Government has certain rights in this inven-
tion.

BACKGROUND

[0003] The present disclosure generally relates to photo-
responsive materials and photoelectronic devices including
such photoresponsive materials, and more specifically to
photoactive devices and materials including an insulating
material between a photoactive perovskite material and an
electrode layer.

[0004] Organolead trihalide perovskite (OTP) materials
have drawn tremendous attention recently because of its
great promise to fabricate next generation of low-cost and
highly efficient solar cells. The power conversion efficiency
(PCE) of perovskite solar cells has increased dramatically in
the last few years, which has been ascribed to the excellent
optoelectronic properties and unique defects physics that
originates the low carrier recombination in perovskite poly-
crystalline thin films. Charge recombination in the grain
interior can be negligible due to the absence of deep traps in
OTP grains which also enables a carrier diffusion length
significantly longer than the optical attenuation length in
their single crystals. Even in polycrystalline perovskite thin
films, the carrier diffusion lengths can still be much longer
than the light penetration length, due to the enlarging grains
and improving crystallinity of the perovskite films with
recent rapid improvement in material morphology control.
The enlargement of grains also significantly reduces carrier
recombination at perovskite grain boundaries (GBs), which
is facilitated by the advance of passivation techniques to
further reduce recombination at GBs and the film surface.
Now that the photo-generated carriers can flow through
perovskite films with negligible charge recombination, mini-
mizing the charge recombination at the contacts becomes
increasingly important to achieve highly efficient perovskite
solar cells.

SUMMARY

[0005] The present disclosure provides perovskite-based
photoactive devices, such as solar cells, including an insu-

Mar. 28, 2019

lating tunneling layer inserted between the perovskite and
the electron collection layer to reduce charge recombination.
Many insulating polymers, including commercial plastic
foam which is broadly used for packaging, can form a
tunneling contact at the cathode side. The tunneling contact
allows the transport of electrons from perovskite to cathode,
while blocking holes from entering into the perovskite layer.
Devices with these insulating materials exhibited an
increased PCE of up to 20.3% under one sun illumination.
This simple non-lattice-matching structure also advanta-
geously enables the capping of the perovskite film by a
hydrophobic insulating layer, which dramatically enhances
resistance of perovskite devices to water-caused damage
without further encapsulation.

[0006] According to an embodiment, a photoactive device
is provided that typically includes a first electrode layer, a
second electrode layer, a perovskite material disposed
between the first electrode layer and the second electrode
layer, and an insulating layer disposed between the first
electrode layer and the perovskite material. In certain
aspects, the first electrode layer is a cathode layer or an
anode layer. In certain aspects, the first electrode layer
comprises a conductive material layer disposed on a carrier
transport layer, wherein the carrier transport layer is dis-
posed between the conductive material layer and the per-
ovskite material. In certain aspects, the insulating layer
comprises an insulating dielectric material. In certain
aspects, the insulating dielectric material comprises an insu-
lating polymer material. In certain aspects, the insulating
polymer material includes at least one polymer selected
from the group consisting of polystyrene (PS), fluoro silane,
polyvinylidenefluoride-trifluoroethylene (PVDF:TrFE),
polymethyl methacrylate (PMMA), poly(dimethylsiloxane)
(PDMS), polycarbonate (PC), polyvinylpyrrolidone (PVP),
poly(vinyl alcohol) (PVA), poly(ethylene terepthalate)
(PET), polyvinyl chloride (PVC), polypropylene (PP), and
polytetrafluoroethylene (PTFE). In certain aspects, the insu-
lating polymer material includes an amphiphilic polymer
selected from the group consisting of Tween 20, Tween 40,
Tween 60, Tween 80, D-a-Tocopherol polyethylene glycol
1000 succinate, PEG-PLA diblock copolymer, PEG-PLGA
diblock copolymer, PEG-PCL diblock copolymer, PEG-PE
diblock copolymer, PEG-PS diblock copolymer, PS-PAA
amphiphilic diblock copolymer, and Triton™ X-114, where
PEG is Poly(ethylene glycol), PLA is polylactide, PLGA is
poly(L-lactide-co-glycolide), PCL is poly(e-caprolactone),
PE is Polyethylene, PS is Poly(styrene), and PAA is poly
(acrylic acid).

[0007] In certain aspects, the photoactive device further
includes a second insulating polymer material disposed
between the second electrode layer and the perovskite
material.

[0008] In certain aspects, the first electrode layer com-
prises a first conductive material layer disposed on a first
carrier transport layer, wherein the first carrier transport
layer is disposed between the first conductive material layer
and the perovskite material, and wherein the second elec-
trode layer comprises a second conductive material layer
disposed on a second carrier transport layer, wherein the
second carrier transport layer is disposed between the sec-
ond conductive material layer and the perovskite material. In
certain aspects, each carrier transport layer has a band gap
of'less than or equal to about 5.0 eV. In certain aspects, each
carrier transport layer comprises at least one material
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selected from the group consisting of BCP, a fullerene, and
a fullerene-derivative. In certain aspects, the fullerene
includes one of C60, C70, C71, C76, C78, C80, C82, C84,
and C92, and wherein C70 and C84 derivatives include
PC70BM, IC70BA, and PC84BM.

[0009] In certain aspects, each carrier transport layer com-
prises at least one C60 derivative wherein the at least one
C60 derivative is selected from the group consisting of
C60PCBM, bis-adduct C60PCBM, tris-adduct C60PCBM,
tetra-adduct C60PCBM, penta-adduct C60PCBM, hexa-ad-
duct C60PCBM, C60ThCBM, bis-adduct C60ThCBM, tris-
adduct C60ThCBM, tetra-adduct C60ThCBM, penta-adduct
C60ThCBM, hexa-adduct C60ThCBM, C60 mono-indene
adduct, C60 bis-indene adduct, C60 tris-indene adduct, C60
tetra-indene adduct, C60 penta-indene adduct, C60 hexa-
indene adduct, C60 mono-quinodimethane adduct, C60 bis-
quinodimethane adduct, C60 tris-quinodimethane adduct,
C60 tetra-quinodimethane adduct, C60 penta-quinodimeth-
ane adduct, C60 hexa-quinodimethane adduct, C60 mono-
(dimethyl acetylenedicarboxylate) adduct, C60 bis-(dim-
ethyl acetylenedicarboxylate) adduct, C60 tris-(dimethyl
acetylenedicarboxylate) adduct, C60 tetra-(dimethyl acety-
lenedicarboxylate) adduct, C60 penta-(dimethyl acety-
lenedicarboxylate) adduct, C60 hexa-(dimethyl acetylenedi-
carboxylate) adduct.

[0010] In certain aspects, the perovskite material includes
a perovskite having the formula ABX; or A,BX,,, wherein A
is methylammonium (CH;NH,+), Cs+ or formamidinium
(H,NCHNH,+), B is a metal cation, and X is a halide anion,
thiocyanate (SCN—) or mixture thereof. In certain aspects,
the metal cation B is Pb?*, Sn?*, Cu®*, or Bi** and the halide
anion X includes one of I—, Cl—, Br— or a mixture thereof.
In certain aspects, the perovskite material includes a single
crystal perovskite. In certain aspects, the perovskite material
includes a thin film perovskite material. In certain aspects,
the perovskite material layer has a band gap of less than or
equal to about 3.0 eV.

[0011] In certain aspects, the insulating material is hydro-
phobic. In certain aspects, the insulating material has a
thickness of between about 0.0001 nm and about 100 nm. In
certain aspects, the first electrode layer and the second
electrode layer each comprise a conductive transparent or
semi-transparent material selected from the group consisting
of metal films, conductive polymers, carbon nanotubes,
graphene, organic or inorganic transparent conducting films
(TCFs), and transparent conducting oxides (TCOs).

[0012] According to an embodiment, a photoactive device
is provided that typically includes a first electrode layer, a
second electrode layer, a perovskite material disposed
between the first electrode layer and the second electrode
layer, and a cross-linked fullerene layer disposed between
the first electrode layer and the perovskite material. In
certain aspects, the cross-linked fullerene layer includes a
fullerene crosslinked with a silane. In certain aspects, the
fullerene comprises C60-SAM and the silane comprises a
structure having a formula: F,C—(CF,),—(CH,),—Si(X)
,(Y);_,, wherein:mis Oto 16,nis 1 to 16, zis 1, 2, or 3, each
X is independently selected from the group consisting of
chloride, alkoxy, aryloxy, aralkoxy, hydroxyl, and halo, and
each Y is independently selected from the group consisting
of' H, alkyl, aryl, and aralkyl. In certain aspects, the fullerene
layer is doped by an I-containing species. In certain aspects,
wherein the I-containing species includes CH;NH,]I.
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[0013] Reference to the remaining portions of the speci-
fication, including the drawings and claims, will realize
other features and advantages of the present invention.
Further features and advantages of the present invention, as
well as the structure and operation of various embodiments
of the present invention, are described in detail below with
respect to the accompanying drawings. In the drawings, like
reference numbers indicate identical or functionally similar
elements.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0014] The detailed description is described with refer-
ence to the accompanying figures. The use of the same
reference numbers in different instances in the description
and the figures may indicate similar or identical items.
[0015] FIGS. 1A-1F shows different device structures
showing relative position of insulating layer, perovskite
material(s) and electrodes according to various embodi-
ments.

[0016] FIG. 2 shows current density-voltage (J-V) curves
of the perovskite devices without insulating polymer, and
with polystyrene or PVDF:TrFE as the insulating polymer
layers, according to various embodiments.

[0017] FIGS. 3A-3B illustrates device structure and
mechanism of suppressing photo-generated carrier recom-
bination by tunneling contact, according to an embodiment:
FIG. 3A shows a device structure of a perovskite solar cell
and the energy diagram that illustrates the principle of
suppressing surface charge recombination by the insulating
layer; FIG. 3B shows a transmission electron microscopy
cross-section image of a 19.6% efficiency device revealing
the presence of 1-2 nm PS layer between perovskite and
electron transport layer. The scale bar is 5 nm. The PS layer
was made from commercial PS plastic foam, the picture of
which was also shown on the right.

[0018] FIGS. 4A-4D shows performance of devices with
different tunneling contacts: FIG. 4A shows current density-
voltage (J-V) characteristics of the devices with different
insulating tunneling contacts—the control device has 20 nm
PCBM to replace the insulating layer; FIG. 4B shows J-V of
the devices with PS layers of different thicknesses—the
voltage scanning direction in the J-V measurement was from
negative bias to positive bias; FIG. 4C shows EQE of one of
the most efficient devices with a PS tunneling layer and EQE
of the control device with a PCBM contact layer; and FIG.
4D shows steady-state measurement of I and PCE for the
best device with a PS tunneling layer.

[0019] FIG. 5 shows a schematic diagram showing the
cross-link process of fluoro-silane layer on the perovskite
film.

[0020] FIGS. 6A-6G illustrate water-resistant perovskite
devices according to embodiments: c-AFM measurement of
the local dark-current of the samples with the structures of
ITO/PTAA:F4-TCNQ/Perovskite—FIG. 6A; ITO/PTAA:
F4-TCNQ/Perovskite/PS—FIG. 6B; c-AFM measurement
of the local photocurrent of samples with the structure of
ITO/PTAA:F4-TCNQ/Perovskite/C,,—FIG. 6C and ITO/
PTAA:F4-TCNQ/Perovskite/PS/C,,—FIG. 6D. Note that
the photocurrent in FIG. 6C and FIG. 6D has a minus value
because circuit connection followed that of the J-V curve
measurement in FIGS. 2A and 2B; Current-voltage (I-V)
characteristics of an electron-only device is shown in FIG.
6F and of a hole-only device is shown in FIG. 6F; the insets
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of FIG. 6E and FIG. 6F show the structures of electron-only
and hole-only devices, respectively. FIG. 6G shows carrier
recombination lifetime of perovskite devices with or without
PS tunneling layer measured by TPV.

[0021] FIG. 7 shows molecular structures of useful insu-
lating materials according to various embodiments.

[0022] FIG. 8A-8D shows statistics of V., J;., FF and
PCE distribution for perovskite devices with PCBM (50
samples) and tunneling contact (50 samples) according to
various embodiments.

[0023] FIG. 9 shows current density-voltage characteris-
tics of a high performance perovskite device with PS tun-
neling contact measured with different voltage scanning
directions according to various embodiments.

[0024] FIG. 10 shows a mechanism of an amphiphilic
polymer self-assembling on the perovskite surface and
exposing the hydrophobic tail or terminal end.

[0025] FIG. 11 shows performance of devices with Tween
20 functionalization including current density-voltage (J-V)
characteristics of the devices with Tween (Tw) layers of
different thicknesses.

[0026] FIGS. 12A-12D shows performance of devices
with L-a-Phosphatidylcholine (ILP) modification: FIG. 12A
shows current density-voltage (J-V) characteristics of the
devices with L-a-Phosphatidylcholine (LLP) modification
(the control device has 20 nm PCBM to replace the L-a-
Phosphatidylcholine (LP) modification layer); FIG. 12B
shows J-V of the devices with L-a-Phosphatidylcholine
(LP) modification with different scanning direction (the
voltage scanning direction in the J-V measurement was from
negative bias to positive bias); FIG. 12C shows EQE of one
of the more efficient devices with L-a-Phosphatidylcholine
(LP) modification; and FIG. 12D shows photocurrent output
of devices with L-a-Phosphatidylcholine (LP) modification.
[0027] FIG. 13A shows the contact angle of water on the
Tween 20 modified perovskite film surface, and FIG. 13B
shows a picture of the perovskite device with PCBM coating
(left) and Tween 20 surface modification (right), where the
picture was taken after dipping the device in water for 2 min.
[0028] FIG. 14 shows an embodiment of a device structure
of a perovskite planar heterojunction photoactive device and
a schematic illustration of C60-SAM crosslinked with
silane-coupling agent. ET: electron transfer.

[0029] FIG. 15A shows FTIR spectra of the fullerene films
before and after crosslinking by the silane-coupling agent;
FIG. 15B shows the contact angles of water on pristine
fullerene/perovskite film, and FIG. 15C shows the contact
angles of water on crosslinked fullerene/perovskite film.
[0030] FIG. 16A shows J-V curves of perovskite solar
cells based on different fullerene ETLs; FIG. 16B shows a
comparison of the I-V characteristics of non-crosslinked,
crosslinked, and crosslinked and doped fullerene films
deposited on normal glass substrates obtained by four-probe
conductivity measurement; FIG. 16C shows statistics of the
FF distribution for devices with non-doped crosslinked
fullerene (35 samples) and doped crosslinked fullerene (40
samples); FIG. 16D shows J-V curves with different scan-
ning directions; FIG. 16E shows EQE (the integrated current
density is 22.21 mA cm™2); and FIG. 16F shows steady-state
photocurrent output at the maximum power point (0.93 V) of
the perovskite device with crosslinked and doped fullerene
ETL.

[0031] FIGS. 17A-17B illustrates typical impedance spec-
tra of perovskite devices with (a) doped CL fullerene and (b)

Mar. 28, 2019

non-CL fullerene; insets of FIGS. 17A and 17B: the equiva-
lent circuits for impedance spectroscopy fitting. FIG. 17C
shows recombination lifetime of different recombination
processes extracted from the impedance spectroscopy mod-
eling.

[0032] FIGS. 18A-18D shows stability of the perovskite
devices with crosslinked fullerene (red) and conventional
PCBM (black) ETLs in an ambient environment without
encapsulation as a function of storage time. FIG. 18A shows
normalized PCE; FIG. 18B shows normalized V ,_; F1IG. 18C
shows normalized J__; and FIG. 18D shows normalized FF.
[0033] FIG. 19 shows a cross-section SEM image of a
typical perovskite device with crosslinked fullerene ETL.
[0034] FIGS. 20A-20B shows SEM images of fullerene
films without (FIG. 20A) and with (FIG. 20B) silane cross-
linking.

[0035] FIG. 21A shows J-V curves of perovskite solar
cells based on crosslinked fullerene with different amounts
of MAI dopant; FIG. 21B shows I-V characteristics of
crosslinked fullerene films with different doping levels
deposited on normal glass substrates obtained by four-probe
conductivity measurement.

[0036] FIG. 22A-22B shows J-V curves of the devices
based on conventional PCBM (FIG. 22A) and crosslinked
C60-SAM (FIG. 22B) ETLs before and after dipping into
water.

[0037] FIGS. 23A-23B shows J-V curves of perovskite
device fabricated with PCBM (FIG. 23A) and crosslinked
and doped fullerene (FIG. 23B) stored in ambient air for
various numbers of days.

DETAILED DESCRIPTION

[0038] The present disclosure provides perovskite-based
photoactive devices, such as solar cells, including an insu-
lating tunneling layer inserted between the perovskite and
the electron collection layer to reduce charge recombination
and concomitantly provide water resistant properties.

[0039] Certain embodiments of the present disclosure pro-
vide perovskite optoelectronic devices comprising (i) a
perovskite layer; (i) a layer of insulating dielectric material
(s) in contact with the perovskite layer; and (iii) electrodes
including anode and cathode on either side of the perovskite
layer. The perovskite layer, which has a band gap of less than
or equal to 3.0 eV, can be an elemental perovskite semicon-
ductor or a perovskite compound. The insulating dielectric
material(s) refer to one or more materials with electronic
conductivity of less than or equal to about 107> S/m. The
insulating dielectric materials can be deposited to form a
non-continuous or a continuous layer on a surface of the
perovskite (example device structure shown in FIGS. 1A,
1B, 1D, 1E), or on more than one surface of the perovskite
(example device structure shown in FIGS. 1C, 1F). For
devices with insulating materials on a single surface of the
perovskite, the insulating material can be deposited on the
top surface of the perovskite (e.g., FIG. 1A and FIG. 1D), or
on the bottom surface of the perovskite (e.g., FIG. 1B and
FIG. 1E). The anode and cathode can comprise materials
with conductivity higher than or equal to about 1000 S/m.
Examples include metals or semiconductors or conductive
polymers. In certain embodiments, each electrode also com-
prises a carrier transporting material layer including one or
more carrier transporting materials. The carrier transporting
layers comprise material(s), e.g., semiconductors, with a
band gap of less than or equal to about 5.0 eV. Either anode
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or cathode can be deposited on a substrate, serving as a
foundation upon which other materials can be deposited.
FIGS. 1A, 1B and 1C show the structures of devices with a
cathode on a substrate. FIGS. 1D, 1E and 1F show the
structures of devices with an anode on the substrate.

[0040] Useful anode materials include any transparent or
semi-transparent conductive or semi-conductive material,
such as metals or metal films, conductive polymers, carbon
nanotubes, graphene, organic or inorganic transparent con-
ducting films (TCFs), transparent conducting oxides
(TCOs), etc. Specific examples of anode materials include
gold (Au), silver (Ag), titanium (T1), indium tin oxide (ITO),
copper (Cu), carbon nanotubes, graphene, aluminum (Al),
chromium (Cr), lead (Pb), platinum (Pt), and PEDOT:PSS.
The dimensions of an anode layer may be varied depending
on the material used. For example, the anode may have a
thickness of between about 10 nm and about 100 nm or 100
nm or greater (e.g., less than about 200 nm, or less than
about 1000 nm), depending on the properties of the materials
used, such as the transparency and the conductivity. Known
deposition or thermal evaporation techniques may be used to
form the anode layer. Useful cathode materials include the
same materials as may be used for the anode, although the
cathode need not be transparent. Specific examples of cath-
ode materials include gallium (Ga), gold (Au), silver (Ag),
tin titanium (T1), indium tin oxide (ITO), indium (In), copper
(Cu), carbon nanotubes, graphene, aluminum (Al), chro-
mium (Cr), lead (Pb), platinum (Pt), and PEDOT:PSS. The
dimensions of the cathode layer may be varied depending on
the material used. For example, the cathode may have a
thickness of between about 10 nm and about 100 nm or 100
nm or greater (e.g., less than about 200 nm, or less than
about 1000 nm, or less than about 1 um, or less than about
1 mm, or less than about 1 cm), depending on the conduc-
tivity of the materials used. Known deposition or thermal
evaporation techniques may be used to form the cathode
layer. A substrate, upon which an anode layer or a cathode
layer may be formed, may be used to provide structural
stability and may include glass, polymer, semiconductor
materials, etc.

[0041] The function of the insulating dielectric layer(s)
includes, but is not limited to, passivating surface traps,
reducing minority carrier recombination, suppressing per-
ovskite decomposition caused by, e.g., thermal annealing or
moisture damage. The insulating dielectric layer(s) could
significantly increase optoelectronic device short circuit
current (JSC) to ~23 mA/cm? and fill factor (FF) to ~80%,
leading to a high power conversion efficiency (PCE) of
19%-20% under 1 sun illumination. Meanwhile, due to the
protection of the insulating layer(s), the perovskite surface
decomposition caused by thermal annealing could be sup-
pressed. And the devices advantageously exhibit an excel-
lent resistance to moisture damage which is the primary
reason for perovskite solar cell degradation. Typical insu-
lating dielectric materials include, but are not limited to,
dielectric oxides such as Al,Ox, insulating polymers such as
polystyrene (PS), polyvinylidenefluoridetrifluoroethylene
(PVDF-TrFE), polymethyl methacrylate (PMMA), poly(di-
methylsiloxane) (PDMS), polycarbonate (PC), polyvi-
nylpyrrolidone (PVP), poly(vinyl alcohol) (PVA), poly(eth-
ylene terephthalate) (PET), polyvinyl chloride (PVC),
polypropylene (PP), polytetrafluoroethylene (PTFE), or a
combination thereof. In certain embodiments, the insulating
polymer material includes an amphiphilic polymer material.
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Examples of useful amphiphilic materials include Tween 20,
Tween 40, Tween 60, Tween 80, D-a-Tocopherol polyeth-
ylene glycol 1000 succinate, PEG-PLA diblock copolymer,
PEG-PLGA diblock copolymer, PEG-PCL diblock copoly-
mer, PEG-PE diblock copolymer, PEG-PS diblock copoly-
mer, PS-PAA amphiphilic diblock copolymer, and Triton™
X-114, where PEG is Poly(ethylene glycol), PLA is poly-
lactide, PLGA is poly(L-lactide-co-glycolide), PCL is poly
(e-caprolactone), PE is Polyethylene, PS is Poly(styrene),
and PAA is poly(acrylic acid), and combinations thereof

[0042] It has been demonstrated as will be discussed
below that inserting a polymer insulation layer at the cath-
ode side of the perovskite solar cell devices effectively
increases the efficiency of the perovskite solar cells. As one
example, a perovskite solar cell with polymer insulating
layer may have a structure of ITO/PTAA/CH;NH,Pbl;
perovskite/polymer insulator/C60/2,9-dimethyl-4,7-diphe-
nyl-1,10-phenanthroline (BCP)/Al. The thickness of the cell
could be from about 0.0001 nm to about 100 nm, and it may
be continuous or noncontinous. For the solution process
methods, the insulating polymer may be dissolved in non-
polar solvent such as toluene, dimethylbenzene, chloroform,
tetrahydrofuran, chlorobenzene or dichlorobenzene or a
combination thereof, and the concentration can be from
about 0.0001 mg/ml to about 100 mg/ml.

[0043] FIG. 2 compares the photocurrents of perovskite
devices with and without an insulating polymer layer. Here,
two kinds of insulating polymers, polystyrene and PVDF:
TrFE, were used, both of which significantly improved
device performance, especially short circuit current. The
perovskite device without polymer exhibited a JSC of 20.8
mA/cm?, FF of 76.2%, open circuit voltage (VOC) of 1.06V,
and PCE of 16.8%. On the contrary, the polystyrene insu-
lating layers significantly increased the device performance,
with a JSC of 22.7 mA/cm?, FF of 79.0%, open circuit
voltage (VOC) of 1.06V, and PCE of 19.0%. Another
insulating polymer, PVDF-TrFE, was also demonstrated to
be effective in increasing the device performance. It should
be noted that the two polymers used here have obvious
difference in molecular structure, indicating that many poly-
mer materials with different molecular structures can be
used as the insulating layer to increase the performance of
perovskite solar cells.

[0044] The tunneling junctions applied in silicon solar
cells, which resulted in efficient silicon solar panels, are
comprised of an insulating oxide or a thin-layer of amor-
phous silicon (HIT structure) inserted between the intrinsic
silicon and the heavily-doped silicon layer or indium-tin-
oxide (ITO) layer. The tunneling junctions have been shown
to suppress the charge recombination at contacts by passi-
vation to increase efficiency. The oxide or amorphous silicon
layers are generally deposited by relatively high temperature
vacuum process, which is however not compatible for
perovskite solar cells. Encouragingly, it has been found that
the low temperature solution-coated polymeric insulating
layers can serve the same function, which makes the process
low-cost and simple to be applied. FIG. 1A shows structures
of'exemplary devices where the tunneling junction is located
at the cathode side. An insulating polymer is inserted
between the perovskite and the electron collecting fullerene
(e.g., Co) layer, and the corresponding energy diagram is
also shown to illustrate the principle of suppressing surface
charge recombination by the insulating layer. The thin
insulating layer allows the transport of photo-generated
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electrons in perovskite to fullerene layer by tunneling,
because the conduction band minimal (CBM) of perovskite
falls in the conduction band range of the fullerene (e.g., Cy).
The insulating layer also blocks the photo-generated holes
back into the perovskite layer because of the large energy
barrier and the absence of electronic state with the same
energy in Cg, to tunnel into. Therefore, the insulating tun-
neling layer causes a spatial separation of the photo-gener-
ated electrons and holes, which reduces their recombination
at the contact of the perovskite and electron transport layers.

[0045] The perovskite films may be made by an interdif-
fusion method, e.g., as described in U.S. patent application
Ser. No. 14/576,878, filed Dec. 19, 2014, which is incorpo-
rated by reference herein. Poly(triaryl amine) (PTAA) is
useful as the hole transporting layer because of the much
larger perovskite grain size formed on the non-wetting
surface of PTAA. The PTAA film was doped by 1.0 wt %
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ) to increase its conductivity, which was found impor-
tant in increasing perovskite device fill factor. Three insu-
lating polymers, polystyrene (PS), Teflon, and
polyvinylidene-trifluoroethylene copolymer (PVDF-TrFE),
were randomly chosen for use as the tunneling materials.
The molecular structures are shown in FIG. 7. The details of
device fabrication can be found in the experimental section.
The insulating polymers spun on the perovskite films could
form a conformal tunneling layer, as verified by the high
resolution transmission electron microscopy (TEM) cross-
section image of the devices. As shown in FIG. 3B, the spun
PS layer with a thickness of 1-2 nm conformably covers the
perovskite layer.

[0046] FIG. 4A shows the photocurrent curves of per-
ovskite devices with different insulating polymers inserted
and that of the control device with 20 nm [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) to replace the insulating
polymer layer. The control device has a short circuit current
density (J.) of 21.1 mA/cm?, an open circuit voltage (V )
of 1.07 V, a fill factor (FF) of 74.9%, and a PCE of 16.9%,
which represent a typical performance of PCBM passivated
perovskite devices. In striking contrast, the devices with
polymer tunneling contacts exhibited an increased J. and
FF. The devices with PS, PVDF-TrFE and Teflon tunneling
layer showed higher I of 22.9 mA/cm?; 22.9 mA/cm? and
22.8 mA/cm?, respectively. Meanwhile, the FFs for devices
with inserted PS, PVDF-TrFE and Teflon tunneling contacts
were also increased to 79.6%, 77.6% and 75.6%, respec-
tively. It should be noted that the V. of the perovskite
devices with tunneling contacts fabricated from different
batches slightly varied between 1.05 V to 1.11 V. Statistic
V o distributions of 50 samples in FIG. 8A shows that the
devices with tunneling contacts have a higher average V -
of 1.07 V, compared with 1.05 V of the control devices. The
statistics of J., FF, and PCE distribution in FIGS. 8B, 8C
and 8D, respectively, demonstrates the reliability and the
repeatability of the performance enhancement by the tun-
neling contacts. The universal performance enhancement by
different insulating polymers shows, or at least implies, that
it is not related to the chemistry at the interface. It is
interesting to note that the PS plastic foam, which is broadly
used for packaging, worked as well. A picture of the PS
plastic foam used is shown in FIG. 3B. The perovskite
device with PS from dissolved foam as the tunneling layer
exhibited a I of 22.9 mA/em?®, a V- of 1.07 V, a FF of
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80.3% and a PCE of 19.6%. The device performance is
slightly higher than those devices with the other three
polymers with higher purity.

[0047] Because the tunneling probability strongly depends
on tunneling-layer thickness, the thickness of the tunneling
layer should significantly influence the electron extraction
efficiency and thus device efficiency. FIG. 4B shows the
photocurrent curves of perovskite devices with PS layers of
different thicknesses which were tuned by varying the
concentration of PS solution in the spin-coating process. As
shown in FIG. 4B, for a PS solution with a concentration of
0.02%, the device showed a I, of 20.8 mA/cm?, a V. of
105V, a FF of 75.1% and a PCE of 16.4%, which is
comparable to that of the PCBM-passivated devices. This
can be explained by the fact that the PS layer formed from
the solution with a low PS concentration is barely continu-
ous, and thus the device resembles the control device
without a PS layer. When the PS concentration was
increased to 0.1%, 0.5% and 1.0%, the photocurrents were
significantly increased to 22.0 mA/cm?, 22.8 mA/cm® and
22.9 mA/cm?, respectively. Excellent devices were made by
1.0% PS solution, exhibiting a V- of 1.10 V, a J;~ of 22.9
mA/cm®, a FF of 80.6% and a PCE of 20.3% from the
photocurrent scanning. For these devices, the PS layer
thickness was estimated to be 1-2 nm from the high reso-
Iution TEM shown in FIG. 6B. Further increasing the PS
layer thickness severely reduced the Jo., V., and FF to
20.0 mA/cm?®, 1.03 V and 49.0%, respectively, because the
increased tunneling layer thickness reduced the electron
tunneling rate. FIGS. 4C-4D show the external quantum
efficiency (EQE) spectrum, steady photocurrent and PCE
measured at the maximum power output point (0.94 V) of
one very efficient device. The calculated J¢. from EQE is
22.0 mA/cm®. The steady photocurrent, stabilized PCE
measured at the maximum power point agrees well with that
measured from J-V scanning, excluding the existence of
photocurrent hysteresis in the devices and confirming the
accuracy of the device efficiency characterization. The
absence of photocurrent hysteresis of these devices is also
confirmed by changing the photocurrent scanning directions
(see, e.g., FIG. 9). It has recently been demonstrated that ion
migration at grain boundaries plays a dominant role in
causing the photocurrent hysteresis. (See, e.g., Yu, H. et al.
The Role of Chlorine in the Formation Process of
“CH3NH3PbI3-xCIx” Perovskite. Adv. Func. Mater. 24,
7102-7108 (2014)). Any material which can block the ion
migration channel at grain boundaries is expected to elimi-
nate the photocurrent hysteresis.

[0048] The insulating polymer advantageously serves or
functions as a water-resistant layer that protects the per-
ovskite film from water damage. According to one embodi-
ment, a hydrophobic insulating fluoro-silane, Trichloro(3,3,
3-trifluoropropyl)silane, is used as a tunneling layer to make
water-resistant devices. The fluoro groups make the material
extremely hydrophobic. In addition, it has been reported that
fluoro-silane undergoes a cross-linking process with the aid
of tiny amount of moisture. FIG. 5 illustrates the cross-
linking process of this material. When fluoro-silane is depos-
ited on top of the perovskite films, tiny amount of H,O that
exists in the perovskite films trigger the hydroxylation of
silanes to form silanols. Then the silanols will automatically
undergo a cross-linking process by forming Si—O—Si
(siloxane) bonds, which makes this insulating layer robust to
protect the underneath perovskite films from water. The
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devices with the fluoro-silane layer also showed a good
efficiency of 18.9% (FIG. 4A), which is comparable to the
performance of devices with other types of tunneling con-
tacts. Encouragingly, the hydrophobic polymer protected
devices showed much better resistance to water damage. The
perovskite device with fluoro-silane layer without further
encapsulation exhibited negligible color change after it was
soaked in water for 1-3 minutes, while the control device
with 20 nm PCBM changed to yellow color after it was
immersed in water for less than 5 seconds. The operation of
the un-encapsulated device in water was also demonstrated
and showed a V- of 1.09 V which is slightly higher than
that of the device measured under one sun condition (FIG.
4A). The slight variation in V. might be caused by the
optical effect of the water or glass beaker which slightly
change the light illumination intensity to increase device
Voc-

[0049] The performance enhancement in the devices is
primarily ascribed to the function of the tunneling layer in
extracting electrons and blocking holes. To demonstrate that,
conductive atomic force microscopy (c-AFM) measurement
was conducted to characterize the local dark- and photo-
current of perovskite samples with or without a PS tunneling
layer at nanoscopic level. The samples for dark-current
measurements have the structure of ITO/PTAA: F4-TCNQ/
Perovskite/with or without PS. Since both PTAA and the
Pt-coated AFM conductive tip have a high work function as
well, the measured current is essentially a hole current. As
shown in FIGS. 6A-6B, the local dark current reduced after
coating the PS layer, proving the function of PS in blocking
holes. The uniform reduction of hole current across the
whole mapping area indicates a conformal coating of PS on
the perovskite film. The samples for photocurrent measure-
ment had the structure of ITO/PTAA:F4-TCNQ/perovskite/
with or without PS/C,. In the measurement, the c-AFM tips
contacted Cg, surface to map the photocurrent of samples
illuminated by a white light source with an intensity of 20
mW/cm?. Since there is an electron-accepting layer, elec-
trons can be collected by Cg, and conduct to the tip. FIG.
6C-6D show the photocurrent mapping results of the per-
ovskite samples without or with the PS tunneling layer,
respectively. The samples without a PS tunneling layer
showed a photocurrent ranging from O pA to 0.8 pA with a
very good reproducibility. After inserting a PS contact, the
local photocurrent through most grains increased to >4 pA,
directly proving the function of a PS tunneling layer in
enhancing the photocurrent output. The function of the
tunneling layer is also confirmed at a macroscopic level
using the single-carrier devices with or without a PS tun-
neling layer. The electron-only devices have the structure of
ITO/Cg4y/Perovskite/with or without PS/C,,/Al, and the
hole-only devices have the structure of ITO/with or without
PS/Perovskite/Au, which are shown in the insets of FIG.
6E-6F. The electron currents of the devices with or without
a PS tunneling layer are almost comparable in the whole bias
range, indicating the PS layer doesn’t impede the electron
transport. The hole-only device with a PS layer, however,
has much smaller current than the device without PS layer,
proving the function of blocking holes by the tunneling
layer.

[0050] The tunneling layer spatially separates photo-gen-
erated electrons and holes at the perovskite/polymer inter-
face by transporting electrons and blocking holes, which
advantageously leads to the reduction of the carrier surface
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recombination. For verification, the carrier recombination
lifetimes of devices with or without a PS contact were
compared by transient photovoltage spectroscopy (TPV). As
shown in the FIG. 4G, carrier recombination lifetime is
longer in the device with a PS tunneling contact, compared
with the control device (PCBM passivated) for the entire
light intensity range. The carrier lifetime of the control
device under one sun illumination is 0.5 ps which corre-
sponds to the typical TPV lifetime of the PCBM passivated
devices. The device with PS contact has a much longer
carrier lifetime of 1.6 us under one sun illumination, dem-
onstrating the suppressed carrier recombination in devices
with the tunneling contacts. The increased carrier lifetime
extends the carrier diffusion length to increase device Jg~
and FF. Meanwhile, the suppressed carrier recombination is
also beneficial to the increase of V. as observed in the
devices with tunneling contacts.

[0051] Inserting a tunneling layer between the perovskite
and the electron transport layer significantly increases
device performance by suppressing carrier recombination at
the cathode contact. The tunneling layer can also serve as an
encapsulation layer to prevent perovskite film from damage
caused by water or moisture. This paradigm is simple
because it doesn’t need lattice matching between the buffer
layer and perovskite. The low temperature solution process
makes it compatible with many types of perovskite materi-
als, and may be applied for anode contact as well. The
freedom to choose any insulating layer for contact advan-
tageously enables more device designs and manufacturing.

Device Fabrication Example

[0052] Methods of cleaning ITO glass, methylammonium
iodide (MAI) synthesis, and preparing PTAA: F4-TCNQ
solution are known. A spin coating process was conducted in
a glovebox with oxygen level lower than 100 particle per
million (PPM). The PTAA was doped by 1 wt % F4-TCNQ.
The spun PTAA: F4-TCNQ films were thermally annealed
at 100° C. for 20 min. The perovskite films were made by an
interdiffusion method, where lead iodide (Pbl,) and meth-
ylammonium iodide (MAI) solutions were sequentially spun
onto the substrates, followed by a thermal annealing driven
diffusion process. The interdiffusion method referred to is
described in U.S. patent application Ser. No. 14/576,878,
filed Dec. 19, 2014, which is incorporated by reference
herein. The concentration of Pbl, and MAI was 650 mg/ml
and 65 mg/ml, respectively. The spun films were annealed at
100° C. for 70 min on hotplate under the cover of a glass
petri dish. 10 pLL-30 ul. DMF solvent was added at the edge
of the petri dish during annealing process. After annealing,
insulating materials were deposited on the perovskite by
different methods. PS or the PS plastic foam were dissolved
in dichlorobenzene (DCB) with concentrations from 0.02%
(0.2 mg/mL) to 2.0% (20 mg/mL.) and spin coated on top of
perovskite at a speed of 6000 RPM. The films were annealed
at 100° C. for 70 min; PVDF-TrFE was added into DCB:
tetrahydrofuran (THF) mixture solvent (volume ratio from
10:1 to 5:1) and the solution was stirred and heated at 100°
C. overnight. Then the saturated solution was filtered to
remove the undissolved PVDF-TrFE. The saturated solution
was spin coated on top of perovskite films at 6000 RPM and
annealed at 100° C. for 70 min; Teflon was thermally
evaporated with a deposition rate of 0.1 A/s. Teflon thick-
ness for the best devices was 2-5 nm. Fluoro silanes was
purchased from Sigma Aldrich and spun coated on per-
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ovskite films with spin speed of 6000 RPM. For control
device fabrication, PCBM was dissolved in DCB with a
concentration of 2.0%. The solution was spin coated on
perovskite films with a spin speed of 6000 RMP. Then the
films were annealed at 100° C. for 70 min. After the
deposition of insulating or PCBM layers, 20 nm thickness of
Cqo was thermally evaporated with a deposition rate of 0.5
A/s. The devices were finished by the evaporation of 7 nm
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and
100 nm aluminum electrode. The devices area was defined
as the overlap of ITO and Al electrode. Slight variation of
the device area was observed in devices from different
batches. Optical microscopy was used to measure the active
area accurately. Typical dimension of the device area was
2.0 mmx5.0 mm.

Photocurrent-Voltage Curve and EQE Measurements

[0053] The photocurrent-voltage curves of the devices
were measured in the glovebox with oxygen level below 100
PPM. AM 1.5 G irradiation (100 mW cm™>) with a xenon-
lamp-based solar simulator (Oriel 67005, 150 W Solar
Simulator) was used as the illumination source. A Schott
visible-color glass-filtered (KGS5 color-filtered) Si diode
(Hamamatsu S1133) was used to calibrate the light intensity
before photocurrent measurement. Keithley 2400 Source-
Meter was used for recording the -V measurement. Unless
stated otherwise, the scanning direction for I-V measure-
ment was from negative bias to positive bias. The voltage
scanning rate was 0.1 V s™'. The steady-state J . was
measured by recording device photo current under 0.94 V
bias. Then steady-state PCE was obtained by multiplying the
measured current with 0.94 V bias voltage. The EQE mea-
surement was conducted in air without device encapsulation.

TPV Measurement

[0054] TPV measurement has been a well-established
method to measure the device carrier recombination life-
time. In the measurement, the devices were stimulated by
laser pulses (337 nm) to generate a small transient photo-
voltaic signal. A large resistance of 1 M Ohm was connected
in serial with the devices so that the photo generated carriers
could be effectively blocked to recombine in the devices.
The transient voltage signal was recorded by a 1 GHz
Agilent digital oscilloscope. The charge carrier recombina-
tion lifetime was derived by fitting voltage signal decay with
a single exponential decay function. A Schott visible-color
glass-filtered (KGS5 color-filtered) Si diode (Hamamatsu
S1133) was used to calibrate the light intensity.

c-AFM and TEM Measurements

[0055] The c-AFM studies were carried using a commer-
cial AFM system (MFP-3D, Asylum Research, USA)
equipped with conductive probes (PPP-EFM, Nanosensors).
The photocurrent mapping was measured under O V bias and
the dark current mapping was measured with a bias of 0.5 V.
High resolution TEM analyses were carried out on a FEI
OSIRIS microscope. The cross-sectional samples were pre-
pared by using focused-ion-beam equipment (FEI Helios
660).

Water Stability Analysis

[0056] The water stability test was performed in air under
room temperature. Purified water was used to prevent cur-
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rent leakage. The sample without further encapsulation was
immersed in water and the photovoltaic output was recorded
by a multimeter.

Amphiphilic Materials

[0057] In one embodiment, amphiphilic polymer material
is applied directly on the formed perovskite layer to enhance
its water resistance and thus device stability. In addition,
amphiphilic polymer materials also hold great promise for
surface modification, trap passivation, uniform film process-
ing, and suppressing charge recombination in the perovskite
devices such as solar cells, and consequently improve their
efficiency and stability.

[0058] The hydrophilic terminal of the amphiphilic poly-
mer with on-demand functional groups (such as —OH and
—NH?*) can firmly bind to the perovskite surface through
hydrogen-bonding, and the hydrophobic tails on the top side
of the films protect the perovskite layer by preventing water
penetration. Moreover, even if a small amount of water
molecules penetrate the hydrophobic barrier, the hydrophilic
side of the amphiphilic polymer will temporarily hold the
water in this layer, working as water reservoir, to stop its
further penetration to the perovskite layer.

[0059] According to certain embodiments, the amphiphi-
lic polymers have a formula R—X, where the R— group
functions as the hydrophobic tail (examples include —(CH,)
nCH,;, —(CH,)nNH,, and —(CH,)nCF;), and the X—
group is the hydrophilic head or terminal end. Amphiphilic
polymers or block copolymers in which the hydrophilic
terminal contains the functional groups (such as —OH,
—NH?) that have strong interaction with the perovskite can
be used for perovskite surface functionalization. For
example, due to the strong hydrogen-bonding interactions of
the iodide from the perovskite with the hydroxyl (—OH)
and the ammonium (—NH>*) groups from the hydrophilic
terminal of the amphiphilic polymer, the amphiphilic poly-
mers strongly bind to the perovskite surface and the hydro-
phobic terminals face outside of the films to produce a
hydrophobic coating which can further prevent the moisture
penetrating into the perovskite film, as shown in FIG. 10.
The following amphiphilic polymers may have the water
resistant capability because of the above mechanism: Tween
20; Tween 40; Tween 60; Tween 80; D-a-Tocopherol poly-
ethylene glycol 1000 succinate; PEG-PLA diblock copoly-
mer; PEG-PLGA diblock copolymer; PEG-PCL diblock
copolymer; PEG-PE diblock copolymer; PEG-PS diblock
copolymer; PS-PAA amphiphilic diblock copolymer; Tri-
ton™  X-114. Where PEG=Poly(ethylene glycol);
PLA=polylactide; PLGA=poly(L-lactide-co-glycolide);
PCL=poly(e-caprolactone); PE=Polyethylene; PS=Poly(sty-
rene); PAA=poly(acrylic acid).

Example

[0060] Method: MAPDI; films were fabricated by a ther-
mal annealing-induced interdiffusion method. The hole
transport layer (HTL) material was spin coated at the speed
014,000 r.p.m and then annealed at 100° C. for 10 min. Pbl,
beads (99.999% trace metals basis) were purchased from
Sigma-Aldrich. After dissolved in N,N-Dimethylformamide
(DMF) at temperature of 100° C., around 50 pul of hot Pbl,
precursor solution was quickly dropped onto the substrate
and spin coated at the speed of 6,000 r.p.m. The as-
fabricated Pbl, films were dried and annealed at 90° C. for
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10 min. To fabricate MAPbI, film, 630 mg ml~" Pbl, DMF
precursor solutions were used with 63 mg ml~! methylam-
monium iodide (MAI) 2-propanol precursor solution. The
amphiphilic polymer solution was coated onto the per-
ovskite substrate by spin coating at 6,000 r.p.m. for 35 s for
the solution with different amphiphilic polymer concentra-
tion. The devices were finished by thermally evaporating
C60 (20 nm), BCP (8 nm) and copper (80 nm) in sequential
order.

Results

[0061] As shown in FIG. 11, the device with 0.1% Tween
20 polymer spin-coating has a short circuit current density
(Jg¢) of 23.53 mA/em?, an open circuit voltage (V) of
0.99 V, a fill factor (FF) of 78%, and a PCE of 18.17%. FIG.
12A shows the photocurrent curves of perovskite devices
with amphiphilic polymer L-c-Phosphatidylcholine (LP)
functionalization and that of the control device with 20 nm
[6,6]-phenyl-C70-butyric acid methyl ester (PCBM) to
replace the insulating polymer layer. The control device has
a short circuit current density (Jg.) of 17.91 mA/cm?, an
open circuit voltage (V) of 1.05 V, a fill factor (FF) of
72%, and a PCE of 13.5%, which represent a typical
performance of PCBM passivated perovskite devices. In
contrast, the devices with L-a-Phosphatidylcholine (LP)
modification exhibited an increased Jg-, Vo, and FF. The
devices with 5% L-a-Phosphatidylcholine (LP) modifica-
tion showed higher J;- 0of 22.64 mA/cm2, VOC of 1.09 eV,
a fill factor (FF) of 79.4%, and a PCE of 19.58%. Negligible
photocurrent hysteresis was observed by changing the scan-
ning directions, as shown in FIG. 12B. The absence of
obvious photocurrent hysteresis is commonly observed in
the devices because the charge traps at the film surface and
grain boundaries are well passivated by L-a-Phosphatidyl-
choline (LP) layer. The calculated JSC from EQE in FIG.
12C reached 22.64 mA cm™2, which is in good agreement
with measured photocurrent. The device with L.-a-Phospha-
tidylcholine (LP) modification showed a steady power out-
put of 21.63 mA cm~2 measured at 0.89 V during 100 s
illumination (FIG. 12D). The quick turning on the photo-
current confirms the absence of large density charge traps.
The performance of the device with L-a-Phosphatidylcho-
line (LP) modification is well agreed with the phenomenon
of the passivation effect in silicon solar cells with the
increased JSC and VOC, which derive from the reduced
charge recombination in the surface and the grain boundar-
ies. These result indicates that the charge recombination can
be efficiently passivated by introduce an amphiphilic poly-
mer layer inter grain boundaries and the film surface.
[0062] After self-assembling on the perovskite surface, the
amphiphilic polymer can serve as a water-resistant layer to
protect the perovskite film from water damage because of
the exposed hydrophobic tail. The measured contact angle
measured here represents the wetting capability of the
different substrate surfaces to water. As expected, a hydro-
phobic surface with a contact angle of 99° was obtained.
Encouragingly, the amphiphilic-polymer protected devices
showed much better resistance to water damage. As shown
by the photos in FIG. 13B, the perovskite device with Tween
surface functionalization without further encapsulation
showed no color change after it was soaked in water for 2
minutes, while the control device with 20 nm PCBM
changed to yellow color after it was immersed in water for
less than 5 seconds.
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Cross-Linked and Doped Fullerene Layer

[0063] In certain embodiments, a cross-linked and doped
fullerene material layer is included to enhance the stability
and performance of perovskite photoactive devices. In one
embodiment, cross-linkable molecules, which have hydro-
phobic function groups, are bonded onto fullerene (typically
PCBM ([6,6]-phenyl-C61-butyric acid methyl ester)) mate-
rial to convert the fullerene layer to be water-resistant.
Additionally, methyl ammonia iodide (MAI) may be intro-
duced in the fullerene layer for n-doping via anion-induced
electron transfer (ET), leading to a dramatic increase in
electrical conductivity, e.g., on the order of two orders of
magnitude or greater. With a crosslinked and doped fullerene
electron transport layer (ETL), the perovskite devices
deliver a PCE up to 19.5% with a high fill factor of 80.6%.
More encouragingly, the resulting devices possess good
ambient stability and retain over 87% of their original
efficiency after 30 days exposure to an ambient environment,
well outperforming control devices based on conventional
PCBM, which severely degrade within one week.

[0064] FIG. 14 illustrates a device design according to an
embodiment. As indicated in FIG. 14, a planar p-i-n hetero-
junction perovskite device has a structure of transparent
conductive electrodes (TCE)/hole transport layer (HTL)/
perovskite/electron transport layer (ETL)/Top electrode. The
cross-section SEM (scanning electron microscopy) image of
the device can be found in FIG. 19. The perovskite
(MAPbDIL;) film was prepared by the two-step interdiffusion
method as discussed above, where Pbl, (lead iodide) and
MALI were sequentially spun onto the substrate (e.g., PTAA
substrate), followed by a solvent annealing process. A
smooth and compact perovskite film was obtained with an
average grain size larger than the thickness of the film.
C60-SAM (C60-substituted benzoic acid self-assembled
monolayer) was then spin-coated on top of the perovskite
film and thermally annealed at 100° C. for 60 min. For
crosslinking C60-SAM fullerene, 5-8 uL. of trichloro(3,3,3-
trifluoropropyl)silane was added at the edge of the petri dish
during the thermal annealing process. The silane vapor was
expected to penetrate in and crosslink with the C60-SAM
layer. The crosslinked fullerene layer here acts not only as
the electron transport and passivation layer, but also as a
water-resistant layer to protect the perovskite film from
exposure to moisture. The devices were completed by ther-
mal evaporation of a buffer layer and a top electrode. More
detailed information on film and device fabrication can be
found in the experiment section, below.

[0065] FIG. 14 also illustrates how a crosslinked fullerene
layer forms. Here a modified fullerene, C60-SAM, whose
chemical structure is shown in the FIG. 14, was applied to
form hydrogen bonding with the crosslinking agent.
Trichloro(3,3,3-trifluoropropyl)silane was selected as the
crosslinking agent, which generates three hydroxyl groups
(—OH). The carboxyl group (—COOH) of the C60-SAM
material forms a strong hydrogen bond with one of the
hydroxyl group (—OH) provided by the silane material, and
the silicon-oxygen (Si—O) bonds generated from silane-
coupling reaction crosslinked the C60-SAM and silane
molecules together. In addition, the trifluoromethyl groups
(—CF3) from the silane material make the crosslinked
fullerene layer more hydrophobic, which prevents the mois-
ture and water from penetrating into the perovskite layer.
[0066] FTIR (Fourier transform infrared spectroscopy)
transmission spectra (FIG. 15A) of fullerenes before and
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after silane modification were collected to verify the forma-
tion of crosslinked fullerene. As shown in FIG. 15A, new
bands clearly appeared in the corresponding spectrum after
crosslinking with silane agent. The strong vibration bands at
1262 and 1209 cm™ can be ascribed to the added —CF,
groups to the fullerene layer. As illustrated in FIG. 14, one
free —OH group of silane molecule forms a hydrogen bond
with —COOH group of fullerene and the other two —OH
groups are involved in the silane coupling reaction to form
Si—O—Si bond. Though the hydrogen bonds of Si-OH...—
COOH do not directly correspond to a vibration peak in the
spectrum, they will affect the Si—OH and Si—O—Si vibra-
tion. Previous studies indicate the Si—O—Si vibration
bands at 1185-1035 cm™" and isolated Si—OH groups show
a sharp band at 3690 cm™'. When the silane agent crosslinks
with the fullerene layer via hydrogen bonding, the Si—O—
Si vibration band moves to a lower frequency region of
1126-1002 cm™. In addition, a broad band at lower fre-
quency region of 3400-3200 cm™ shown in FIG. 14 indi-
cates the Si—OH groups are hydrogen bonded. These results
well demonstrate that the fullerene layer was successfully
crosslinked with the silane coupling agent through hydrogen
bonding. SEM was used to examine the surface morphology
of the fullerene film after silane functionalization. As shown
in FIG. 20, some aggregates can be visualized on the pristine
fullerene film without modification, while the silane-cross-
linked fullerene film appear more compact and uniform. The
aggregates found on the fullerene film may be caused by the
intermolecular hydrogen bonding between —COOH groups
during baking. When silane agent was introduced during
thermal annealing, most of the hydrogen bonds are prefer-
ably formed between —OH groups of the silane molecule
and —COOH groups of the fullerene due to the steric effect.
Thus, driven by the silane crosslinking process, it is believed
that the hydrogen bonding (—OH...—COOH) will align the
fullerene molecules in order instead of forming dimers
randomly and extend the intermolecular interaction for
considerable distances, leading to pseudo-polymer type
structures. Thus a more uniform and compact fullerene film
will be produced, which was revealed by the SEM image
(FIG. 20B). In a closely packed fullerene layer, the inter-
molecular interaction among neighboring fullerene mol-
ecules may also be formed through —COOH..—COOH
hydrogen bonding over a longer distance. A contact-angle
test was carried out to further study the water resistance
behavior of the fullerene layers deposited on perovskite
films before and after crosslinking. As shown in FIG. 15B,
the contact angle of the fullerene film without crosslinking
was as low as 46° and the color of the water droplet changed
to yellow after 1-2 s, indicating the quick decomposition of
MAPDI,; to Pbl,. In contrast, the water resistance of the
crosslinked fullerene film with hydrophobic —CF; function
groups was significantly improved, showing a much larger
contact angle of 86° (FIG. 15C) and a delayed film color
change upon contacting water. These results confirmed the
successful functionalization of the fullerene film by the
silane and significantly enhanced water-resistivity.

[0067] Performance of the devices before and after cross-
linking the fullerene layer was characterized. It is noted that
a relatively thick fullerene layer may be needed to enhance
the water resistivity, while the larger thickness and cross-
linking process inevitably increases the device contact resis-
tance at the cathode side. To improve the electron extraction
ability of the crosslinked fullerene ETL, the fullerene is
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doped, e.g., a small amount of MAI is blended in the
fullerene as an n-dopant. Effective n-doping of fullerenes by
alkyl ammonium-based salts (n-dopants) was demonstrated
in previous studies and enhanced conductivity was success-
fully achieved via the electron transfer between the anions of
the n-dopants and fullerenes.

[0068] FIG. 16A shows crosslinking and doping effects of
fullerene layer on the photocurrent density-voltage (J-V)
curves of perovskite solar cells. A typical perovskite device
with pristine C60-SAM fullerene layer had a short-circuit
current density (J4-) of 18.6 mA cm-2, an open-circuit
voltage (Vo) of 0.75 V, and a fill factor (FF) of 43%,
yielding a very low PCE of 6.0% which may be explained
by the bad morphology and low transport property of the
C60-SAM layer. When the C60-SAM layer was crosslinked
with silane coupling agent, the Voc and FF of the device
increased dramatically to 1.05 V and 73.9%, respectively.
The device employing crosslinked fullerene delivered an
efficiency of 17.0%, which is comparable to the devices
made with conventional PCBM. By introducing 10 wt %
MALI into the crosslinked C60-SAM layer, the device
showed a decent FF of 80.3%, resulting in a significantly
enhanced PCE of 19.3%. All the photovoltaic performance
parameters are summarized in Table 1, below.

TABLE 1

Photovoltaic performance of perovskite solar cells employing different
ETLs. R¢ is the device series resistance derived from J-V curves:

Isc Voc FF n R,

S
Sample (mA cm™2) V) (%) (%)  (Qcm?)
Non-CL Fullerene 18.55 0.75 43.0 5.98 8.19
CL Fullerene 21.95 1.05 73.9 17.03 3.72
Doped CL Fullerene 22.70 1.06 80.0 19.25 2.08
[0069] The performance of the perovskite devices based

on crosslinked fullerene with different MAI doping levels
are presented in FIG. 21 and detailed data are summarized
in Table 2:

Doping ratio Jsc Voce FF n

(wt %) (mA cm™) ™ (%) (%)

0 21.95 1.05 73.9 17.03

5 22.46 1.06 78.5 18.69

10 22.7 1.06 80.0 19.25

20 22.10 1.04 78.9 18.13
[0070] The significant enhancement of FF can be

explained by the reduced contact (or series) resistance (R)
by doping the C60-SAM layer. The series resistance of
devices with different ETLs was derived by fitting the slope
of J-V curves. As shown in Table 1, the device R was
reduced from 8.19 Qcm? to 3.72 Qcm? simply by crosslink-
ing the fullerene. R was further reduced to 2.08 Qcm? via
appropriate doping of crosslinked fullerene. To verify the
increased conductivity through crosslinking and doping,
four-probe measurements directly on the fullerene films
were carried out. Detailed methodology of the four-probe
testing can be found in the experimental section. The
obtained current-voltage characteristics were presented in
FIG. 16B and the resistivity variation measured by four-
probe method follows the same trend with that derived from
J-V curves. To understand why the conductivity of fullerene
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layer was increased after crosslinking, we have to look at the
parameters that determine the conductivity. The electrical
conductivity of most solid organic materials was demon-
strated to vary with the activation energy according to

=00 exp(~E,/kT) )

where o is the conductivity, o, is a constant, E, is the
activation energy, k is the Boltzmann constant, and T is the
absolute temperature. The activation energy is the initial
energy that the electric charges need to move inside the
material. The extended intermolecular overlap through
hydrogen bonding in the crosslinked fullerene layer
increased the electron density of the aromatic system of the
fullerene molecules, which produced a substantial decrease
in E,. Therefore, the conductivity of fullerene layer was
significantly enhanced after crosslinking with silane cou-
pling agent through hydrogen bonding. In addition, a more
uniform and compact morphology may also contribute to the
improved conductivity. The further enhanced conductivity
through MAI doping can be explained by the anion-induced
electron transfer between I~ and fullerene. The statistics of
FF distribution shown in FIG. 16C demonstrates the reli-
ability and repeatability of the FF enhancement obtained by
crosslinking and doping effect.

[0071] As shown in FIG. 16D, the optimized device based
on crosslinked and doped fullerene (FIG. 16D) exhibited a
Joo0f 22.62 mA cm™2, a V. of 1.07 V, and a FF of 80.6%,
yielding a PCE of 19.51%. No obvious photocurrent hys-
teresis was observed in the device made with crosslinked
and doped fullerene by changing the sweeping direction
(FIG. 16D), indicating the effectively reduced charge trap
density by fullerene passivation. The integrated J.. from
EQE (external quantum efficiency) spectrum shown in FIG.
16E reached 22.21 mA cm™>, which is in good agreement
with that from J-V measurement. The steady-state photo-
current measured at the maximum power point (0.93 V) is
presented in FIG. 16F, which confirms the device perfor-
mance parameters extracted from the J-V curve and verities
the absence of photocurrent hysteresis in these devices.

[0072] To understand how doped CL fullerene boosts
perovskite photovoltaic device performance, the recombi-
nation dynamics process was examined by impedance spec-
troscopy (IS) measurements, which are widely used in many
photovoltaic systems, such as dye-sensitized solar cells,
organic solar cells and perovskite solar cells. The measured
impedance spectra of devices with non-CL fullerenes and
doped CL fullerenes present different characteristics: as
shown in FIG. 17A, the impedance spectra of devices with
doped CL fullerenes have one semicircle indicating only one
kind of recombination process dominates in these devices.
This could be attributed to the surface trap assistant recom-
bination process as the perovskite thin films have excellent
crystallinity and low density of bulk defects. In sharp
contrast, the impedance spectra of devices with non-CL
fullerene show two semicircles associated with different
time constants (FIG. 17B), indicating two recombination
processes exist in these devices. Besides the surface recom-
bination, the large density of traps in the non-CL fullerene
could be the origin of the additional recombination process.
As a result, an additional resistor-capacitor (RC) circuit was
added into the equivalent circuit (inset of FIG. 17B) to
separate the individual contribution of the two recombina-
tion processes. FIG. 17C shows the recombination lifetime
of different recombination processes extracted from the IS
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modeling. For the devices with non-CL fullerene, the shorter
time constant (rtf) was assigned to the recombination life-
time of the recombination process assisted by the traps in the
non-CL fullerene as it is almost invariant to the applied bias
and mainly determined by the trap density in the non-CL
fullerene. The longer time constant (is) was assigned to the
recombination lifetime of the surface recombination pro-
cess. Apparently, the device with doped CL fullerenes has
much longer recombination lifetime, demonstrating the
effectiveness of this method to enhance the device perfor-
mance.

[0073] The perovskite devices herein are expected be
highly water-resistant due to the crosslinked fullerene
employed. The stability of these devices was tested under
extreme conditions. Water was dropped on top of the devices
and then dried with a N, gun after exposing to water for a
certain time. The device made of conventional PCBM
severely degraded (FIG. 21A) after exposing to water within
5 s. In comparison, the performance of perovskite device
employing crosslinked fullerene shown in FIG. 22B did not
degrade at all after exposing to water for over 1 min, which
confirmed the good water-resistivity of devices based on
crosslinked fullerene. The time for water exposure was
extended up to 4 min and no color change was observed
indicating no decomposition of perovskite to Pbl, occurred.
[0074] Thereafter, the stability of the perovskite devices
was monitored using both conventional PCBM and self-
developed crosslinked and doped fullerene as a function of
storage time. All devices were stored without encapsulation
in an ambient environment. As shown in FIG. 18A, in terms
of the PCE of devices based on the conventional PCBM, the
majority of its initial performance degraded dramatically in
one week. While the perovskite devices employing cross-
linked fullerene demonstrate encouraging stability and
maintained over 87% of the original device performance for
up to 30 days. The degradation of key photovoltaic param-
eters, that is, J;., Vo~ and FF versus storage time, is
summarized in FIGS. 18B-18D. The original J-V curves
showing the degradation can be found in supporting infor-
mation (FIG. 23) for both types of perovskite devices stored
at ambient environment for various numbers of days.

Methods

Film Formation and Device Fabrication.

[0075] Methylammonium iodide (CH,NH,I, MAI) was
synthesized using the interdiffusion method. Poly(bis(4-
phenyl)(2,4,6-trimethylphenyl)amine) (PTAA) film as HTL
was first deposited on cleaned ITO substrates by spin coating
0.25 wt % PTAA solution at 6,000 r.p.m., and the as-
prepared film was thermally annealed at 100° C. for 10 min
[24]. The MAPbDI, films were fabricated by solvent anneal-
ing-induced interdiffusion method. Pbl, (dissolved in N,N-
dimethylformamide (DMF)) was spin-coated on top of
PTAA/ITO substrate at 6000 rpm for 35 s. Then MAI
(dissolved in 2-propanol) was spin-coated on top of the dried
Pbl, layer at room temperature at 6000 rpm for 35 s.
Afterwards the stacked precursor layers were solvent-an-
nealed at 100° C. for 1 h. For the control devices using
conventional phenyl-C61-butyric acid methyl ester (PCBM)
as electron transport layers (ETLs), the PCBM (dissolved in
1,2-Dichlorobenzene (DCB), 2 wt %) was spin-coated on
top of the perovskite layer at 6000 rpm for 35 s and annealed
at 100° C. for 60 min. In order to develop crosslinked
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fullerene as stable and efficient ETLs, C60-substituted ben-
zoic acid self-assembled monolayer (C60-SAM) material
(1-Materials) was selected as the starting material. C60-
SAM (2 wt %) was dissolved in a 1:1 volume ratio of THF
(Tetrahydrofuran):DCB mixture solvent and the solution
was then passed through a 0.2 um PTFE filter. The C60-
SAM solution was spin-coated on top of the perovskite films
at 6000 rpm for 35 s. Subsequently all the films were put on
a hotplate and covered by a glass petri dish. For the devices
with crosslinked fullerene, 5-8 pl of trichloro(3,3,3-trifluo-
ropropyl)silane (Sigma Aldrich) was added at the edge of the
petri dish during the thermal annealing process (100° C. for
60 min). The silane vapor was expected to be able to
penetrate into the C60-SAM layer and crosslink with C60-
SAM. C60 (20 nm) and Bathocuproine (BCP) (8 nm) were
then thermal evaporated as the buffer layers. The devices
were completed by thermal evaporation of Cu (80 nm) as the
top electrode. A small amount (5-20 wt %) of MAI (pre-
dissolved in 2-propanol) was blended in the C60-SAM
solution before spin-coating to dope it.

[0076] Film and Device Characterization.

[0077] The photocurrent (J)-voltage (V) curves of the
devices were measured under AM 1.5 G irradiation (100
mW cm™?) which was produced by an xenon-lamp based
solar simulator (Oriel 67005, 150 W Solar Simulator). The
light intensity was calibrated by a Schott visible-color
glass-filtered (KGS5 color-filtered) Si diode (Hamamatsu
S1133) before photocurrent measurement. Keithley 2400
Source-Meter was used for recording the J-V measurements.
The bias scanning rate was 0.1 V s7*. The steady-state PCE
was measured by recording the photocurrent at a bias
voltage 01 0.93 V. Impedance spectroscopy of the device was
measured by the E4980A Precision LCR Meter from Agilent
with homemade software under 1 sun illumination at room
temperature. The resistivity measurements of C60-SAM
films were performed using a four-point probe setup. Fuller-
ene films before and after crosslinking were scratched off the
substrates for FTIR (Fourier transform infrared spectros-
copy) analysis. The FTIR spectra of fullerene powder were
collected in the transmittance mode on the PerkinElmer IR
spectrometer instrument in the 400-4000 cm™! region. The
SEM images were taken from a Quanta 200 FEG environ-
mental scanning electron microscope.

[0078] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by
reference and were set forth in its entirety herein.

[0079] The use of the terms “a” and “an” and “the” and “at
least one” and similar referents in the context of describing
the disclosed subject matter (especially in the context of the
following claims) are to be construed to cover both the
singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The use of the term “at least
one” followed by a list of one or more items (for example,
“at least one of A and B”) is to be construed to mean one
item selected from the listed items (A or B) or any combi-
nation of two or more of the listed items (A and B), unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
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vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. All methods described herein can be per-
formed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or example language (e.g., “such
as”) provided herein, is intended merely to better illuminate
the disclosed subject matter and does not pose a limitation
on the scope of the invention unless otherwise claimed. No
language in the specification should be construed as indi-
cating any non-claimed element as essential to the practice
of the invention.

[0080] Certain embodiments are described herein. Varia-
tions of those embodiments may become apparent to those
of ordinary skill in the art upon reading the foregoing
description. The inventors expect skilled artisans to employ
such variations as appropriate, and the inventors intend for
the embodiments to be practiced otherwise than as specifi-
cally described herein. Accordingly, this disclosure includes
all modifications and equivalents of the subject matter
recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof is
encompassed by the disclosure unless otherwise indicated
herein or otherwise clearly contradicted by context.

1. A photoactive device, comprising:

a first electrode layer;

a second electrode layer;

a perovskite material disposed between the first electrode

layer and the second electrode layer; and

an insulating layer disposed between the first electrode

layer and the perovskite material.

2. The photoactive device of claim 1, wherein the first
electrode layer is a cathode layer.

3. The photoactive device of claim 2, wherein the cathode
layer comprises a conductive material layer disposed on a
carrier transport layer, wherein the carrier transport layer is
disposed between the conductive material layer and the
perovskite material.

4. The photoactive device of claim 1, wherein the first
electrode layer is an anode layer.

5. The photoactive device of claim 2, wherein the anode
layer comprises a conductive material layer disposed on a
carrier transport layer, wherein the carrier transport layer is
disposed between the conductive material layer and the
perovskite material.

6. The photoactive device of claim 1, wherein the insu-
lating layer comprises an insulating dielectric material.

7. The photoactive device of claim 6, wherein the insu-
lating dielectric material comprises an insulating polymer
material.

8. The photoactive device of claim 7, wherein the insu-
lating polymer material includes at least one polymer
selected from the group consisting of polystyrene (PS),
fluoro  silane, polyvinylidenefluoride-trifluoroethylene
(PVDF:TrFE), polymethyl methacrylate (PMMA), poly(di-
methylsiloxane) (PDMS), polycarbonate (PC), polyvi-
nylpyrrolidone (PVP), poly(vinyl alcohol) (PVA), poly(eth-
ylene terepthalate) (PET), polyvinyl chloride (PVC),
polypropylene (PP), and polytetrafluoroethylene (PTFE).

9. The photoactive device of claim 7, wherein the insu-
lating polymer material includes an amphiphilic polymer
selected from the group consisting of Tween 20, Tween 40,
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Tween 60, Tween 80, D-a-Tocopherol polyethylene glycol
1000 succinate, PEG-PLA diblock copolymer, PEG-PLGA
diblock copolymer, PEG-PCL diblock copolymer, PEG-PE
diblock copolymer, PEG-PS diblock copolymer, PS-PAA
amphiphilic diblock copolymer, and Triton™ X-114, where
PEG is Poly(ethylene glycol), PLA is polylactide, PLGA is
poly(L-lactide-co-glycolide), PCL is poly(e-caprolactone),
PE is Polyethylene, PS is Poly(styrene), and PAA is poly
(acrylic acid).

10. The photoactive device of claim 1, further including
a second insulating polymer material disposed between the
second electrode layer and the perovskite material.

11. The photoactive device of claim 10, wherein the first
electrode layer comprises a first conductive material layer
disposed on a first carrier transport layer, wherein the first
carrier transport layer is disposed between the first conduc-
tive material layer and the perovskite material, and wherein
the second electrode layer comprises a second conductive
material layer disposed on a second carrier transport layer,
wherein the second carrier transport layer is disposed
between the second conductive material layer and the per-
ovskite material.

12. The photoactive device of claim 11, wherein each
carrier transport layer comprises at least one material
selected from the group consisting of BCP, a fullerene, and
a fullerene-derivative.

13. The photoactive device of claim 12, wherein the
fullerene includes one of Cg, C,q, C,;, Co6, Cog, Cgos Caa,s
Cqga, and Cg,, and wherein C,, and Cg, derivatives include
PC,,BM, IC,,BA, and PC,,BM.

14. The photoactive device of claim 11, wherein each
carrier transport layer comprises at least one C, derivative
wherein the at least one Cho derivative is selected from the
group consisting of C;,PCBM, bis-adduct C;,PCBM, tris-
adduct C,,PCBM, tetra-adduct C,,PCBM, penta-adduct
CsoPCBM, hexa-adduct C,,PCBM, C, ThCBM, bis-adduct
CgoThCBM,  trissadduct  C,,ThCBM,  tetra-adduct
CeoThCBM, penta-adduct C,ThCBM, hexa-adduct
CgoThCBM, C,, mono-indene adduct, Cg, bis-indene
adduct, Cg, tris-indene adduct, C, tetra-indene adduct, Cg,
penta-indene adduct, Cg, hexa-indene adduct, C,, mono-
quinodimethane adduct, Cg4, bis-quinodimethane adduct,
Cqo tris-quinodimethane adduct, Cg, tetra-quinodimethane
adduct, C, penta-quinodimethane adduct, C, hexa-qui-
nodimethane adduct, C,, mono-(dimethyl acetylenedicar-
boxylate) adduct, C, bis-(dimethyl acetylenedicarboxylate)
adduct, Cg, tris-(dimethyl acetylenedicarboxylate) adduct,
Cgo tetra-(dimethyl acetylenedicarboxylate) adduct, Cg,
penta-(dimethyl acetylenedicarboxylate) adduct, C, hexa-
(dimethyl acetylenedicarboxylate) adduct.

15. The photoactive device of claim 1, wherein the
perovskite material includes a perovskite having the formula
ABX; or A,BX,, wherein A is methylammonium
(CH;NH;+), Cs+ or formamidinium (H,NCHNH,+), Bis a
metal cation, and X is a halide anion, thiocyanate (SCN—)
or mixture thereof.
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16. The photoactive device of claim 15, wherein the metal
cation is Pb?*, Sn?*, Cu?*, or Bi** and wherein the halide
anion X comprises one of -, Cl— Br— or a mixture
thereof.

17. The photoactive device of claim 1, wherein the
perovskite material includes a single crystal perovskite.

18. The photoactive device of claim 1, wherein the
insulating material is hydrophobic.

19. The photoactive device of claim 1, wherein the
perovskite material includes a thin film perovskite material.

20. The photoactive device of claim 1, wherein the
insulating material has a thickness of between about 0.0001
nm and about 100 nm.

21. The photoactive device of claim 1, wherein the first
electrode layer and the second electrode layer each comprise
a conductive transparent or semi-transparent material
selected from the group consisting of metal films, conduc-
tive polymers, carbon nanotubes, graphene, organic or inor-
ganic transparent conducting films (TCFs), and transparent
conducting oxides (TCOs).

22. The photoactive device of claim 13, wherein each
carrier transport layer has a band gap of less than or equal
to about 5.0 eV.

23. The photoactive device of claim 1, wherein the
perovskite material layer has a band gap of less than or equal
to about 3.0 eV.

24. A photoactive device, comprising:

a first electrode layer;

a second electrode layer;

a perovskite material disposed between the first electrode

layer and the second electrode layer; and

a cross-linked fullerene layer disposed between the first

electrode layer and the perovskite material.

25. The photoactive device of claim 25, wherein the
cross-linked fullerene layer includes a fullerene crosslinked
with a silane.

26. The photoactive device of claim 25, wherein the
fullerene comprises Cy,-SAM and the silane comprises a
structure having a formula: F,C—(CF,),—(CH,),—Si(X)
,(Y),_, wherein:

m is 0 to 16;

nis 1to 16;

zis 1, 2, or 3;

each X is independently selected from the group consist-

ing of chloride, alkoxy, aryloxy, aralkoxy, hydroxyl,
and halo; and

each Y is independently selected from the group consist-

ing of H, alkyl, aryl, and aralkyl.

27. The photoactive device of claim 24, wherein the
fullerene layer is doped by an I-containing species.

28. The photoactive device of claim 27, wherein the
I-containing species includes CH;NH,]I.

#* #* #* #* #*
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