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ABSTRACT: There is increasing interest in the application of

fullerene-based carbon materials in perovskite solar cells for increased
efficiency, reduced hysteresis, and improved stability. This Perspective
summarizes the progress in the understanding of the function of
fullerenes in perovskite solar cells in blocking leakage through pin-

holes, passivating the defects at the perovskite film surfaces and grain ‘
boundaries, and modulating the open-circuit voltage of the devices.
We also critically reviewed several open questions on the functions of
fullerenes in perovskite solar cells based mainly on recent progress:
How do fullerenes reduce current hysteresis? What is the function of
double-fullerene layers? Does the doping of the fullerene by
perovskite contribute to eliminating the photocurrent hysteresis at
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room temperature? Why do some perovskite/fullerene solar cells still
have hysteresis at low temperature? Are perovskite solar cells with fullerenes in the intergranular boundaries bulk
heterojunction solar cells? Finally, the impact of the fullerene on perovskite solar cell stability is discussed.

rganic—inorganic halide perovskite materials are
O among the most promising candidates for next-

generation low-cost and highly efficient solar cells
benefiting from their excellent optoelectronic properties
including high absorption coefficient, high carrier mobility,
and long carrier diffusion length.'™® The power conversion
efficiency (PCE) of perovskite solar cells (PSCs) has increased
to over 20% in the past few years with improved perovskite film
quality as well as better charge transport layers.”” "> Carbon
materials have been intensively applied in perovskite solar cells
for multiple purposes. Amorphous carbon was shown by Mei et
al. to work as electrode and encapsulation layer."* Carbon
nanotubes, including single-walled and multiple-walled ones,
were shown to be effective hole transport materials for
perovskites,"> ™' which efficiently extracted holes and formed
long-living charge-separated states with electrons in perov-
skite."’ Graphene, as a typical form of two-dimensional carbon
material, was first shown by Wang et al. to work as an efficient
electron extraction layer for perovskites when mixing with low-
temperature hydrothermal grown TiO, nanoparticles.”’
fiting from its high transparence, high conductivity, and
excellent mechanical flexibility, graphene was successfully
used as transparent electrode in perovskite-based flexible solar
cells, which exhibited superb stability against bending
deformation, maintaining 85% of their initial PCE after 5000
bending cycles.”' Recently, Hadadian et al. also demonstrated
the morphology tuning and interfacial passivation effects of
nitrogen-doped reduced graphene oxide on the perovskite layer
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when blending them together, which resulted in a much
improved open-circuit voltage to 1.15 V.*

Fullerene and its derivatives have been widely used in organic
solar cells as acceptors during the past decades. Fullerenes as
electron acceptors for perovskites were initially demonstrated in
the study of carrier diffusion length in perovskite where a clear
quenching of perovskite photoluminescence by phenyl-C61-
butyric acid methyl ester (PCBM) was observed."” Fullerenes
were first introduced into perovskite solar cells by Jeng et al. to
form fullerene/perovskite planar heterojunction (PHJ) solar
cells with a highest reported efficiency of ~3.9% (Figure 1a),”
and the efficiency was soon increased to 7.4% by Sun et al. in
2014.>* However, the large amount of pin-holes in the
noncontinuous perovskite films fabricated by spin-coating the
directly mixed lead iodide (Pbl,) and methylammonium halide
(MAI) blend precursor solution limited the performance of the
devices. By tuning the precursor ratio of Pbl,/MAI to 0.7—0.8
in a single-step spin-coating deposition of CH;NH;Pbl;
(MAPDL,), we were able to improve the quality of the films,
because the additional MAI can slow the nucleation and growth
of the grains. The efficiency of perovskite/fullerene solar cells
was increased to over 12% with a fill factor exceeding 80%
demonstrated for the first time for perovskite solar cells.”” By
improving the perovskite film coverage with a two-step
interdiffusion method and by increasing the grain sizes with

Received: December 4, 2016
Accepted: March 3, 2017

DOI: 10.1021/acsenergylett.6b00657
ACS Energy Lett. 2017, 2, 782-794

- JAllJdd5ddc


http://pubs.acs.org/journal/aelccp
http://dx.doi.org/10.1021/acsenergylett.6b00657

ACS Energy Letters

(a) PS—

Irradiation  |cH,NH,PbI |

mo

Fas PEDOT:PSS'

L/ 53 | sk
| 5.9

6.2

-7.0

o Planar Heterojunction

~
(¢]
~
o

-2F W/O PCBM B
«‘E‘ -4 —>——<—PCBM 15min TA i
S g —>— —+— PCBM45min TA ]
<
E o q
210} 5]
§ A2F L > )f .
S 14f WM ]
= 14 SR ﬁ,E!
@ -16 p> bl ]
£ £
o -
22 i Pe—— 1 L f
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)
(e)
Grain
Perovskite boundary

PEDOT:PSS
ITO

«—Ti0,/C,-SAM

N
o

Current Density (mA/cm?)

FTO
1.2
Voltage (V)
1E20 T T T T T
(d) W/O PCBM W/O C60 @ No thermal annealing
@ Only C60 @— Thermal annealing 15min
@ Only PCBM @ Thermal annealing 45min
1E19 | 9 4
< 1E18L ]
2
£
S 1E17L 1
»n
o
Q
1E16 | i i E
Band1 | Band 2 Band 3
1E15 ! i N L 1
030 035 040 045 050 0.55
E(a) (eV)
(f)
=]
s Trap state
[72] —
()
o
Ev Ec

Figure 1. (a) Scheme of the energy levels of the planar heterojunction perovskite solar cells. (Reprinted with permission from ref 23.
Copyright 2013 Wiley.) (b) Current—voltage curves of perovskite solar cells with C4-SAM-modified (red) and unmodified TiO, compact
layer (black). (Reprinted from ref 36. Copyright 2014 American Chemical Society.) (c) Photocurrents for devices without a PCBM layer
(orange) and with PCBM layers thermally annealed for 15 min (green) and 45 min (blue). (d) tDOS of perovskite solar cells before and after
fullerene passivation. (e) Schematic of the diffusion of fullerene into the grain boundaries thus passivating the trap states there. (Reprinted
with permission from ref 30. Copyright 2014 Nature Publishing Group.) (f) Schematic of calculated tDOS by DFT in perovskite before
(black) and after (red) PCBM passivation. (Reprinted with permission from ref 31. Copyright 2015 Nature Publishing Group.)

hydrophobic substrate surface and abnormal grain growth
mode, we quickly increased the device efficiency to over
18%.°°7>* We further reduced the energy disorder by solvent
annealing of fullerenes and charge recombination at the
perovskite/fullerene interfaces with tunneling junction, which
further boosted the PCE to over 20% with the photoactive layer
of MAPbI,.">*”

It was soon realized by us that fullerene layers not only
functioned as an electron transport layer (ETL) but also played
an important role in passivating the charge traps at the surfaces
and grain boundaries of perovskite thin films, which
significantly suppressed the notorious current—voltage hyste-
resis and increased the PCE of the perovskite solar cells.”’ We
speculated that fullerene could diffuse along the grain
boundaries to passivate the defects at grain boundaries, while
the difference of the photoluminescence spectra from the
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perovskite bottom surface and fullerene covered top surface
indicates that fullerene could not completely diffuse through
the whole films under the optimized thermal annealing
conditions for most efficient solar cells. To address this issue,
Xu et al.*' and Chiang et al.>” mixed the fullerenes in perovskite
precursors to intentionally drive fullerenes into the grain
boundaries during the perovskite film formation, and very high
fill factor above 80% has been achieved in this kind of
device.”>** In addition, Han and colleagues proposed a graded-
heterojunction structure in which PCBM was incorporated into
the top surface of the perovskite layer with a gradient
distribution.”* While the intercalation of PCBM in perovskite
crystal structure is not possible because of the too large PCBM
molecules, the PCBM molecules most likely stay at the top
surface as well as grain boundaries of perovskite in the top
layer, as proposed in our initial study.30 Nevertheless, the
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Figure 2. (a) Schematic of conductive AFM measurement setup and the corresponding topography AFM image of the perovskite thin film.
(b—d) Local current—voltage hysteresis measured by conductive AFM (b) at grain boundary, (c) in grain interior, and (d) at grain boundary
after coating with PCBM. (Reprinted with permission from ref 41. Copyright 2016 Royal Society of Chemistry.) (e) Photoluminescence
decays of bare perovskite film (black), perovskite film on top of TiO, (red), and perovskite film on top of C4-SAM modified TiO, (blue).
(Reprinted from ref 36. Copyright 2014 American Chemical Society.) (f) Current—voltage curves for a fullerene top cathode MAPbI; solar
cell in a sweep direction from forward to reverse bias (solid line) and reverse to forward bias (dashed line) at temperatures ranging between
77 and 293 K. (Reprinted from ref 46. Copyright 2015 American Chemical Society.)

compact and conformal coating of PCBM with thickness of 50
nm effectively suppressed the dark current, which resulted in a
high PCE > 18% in centimeter-scale perovskite solar cells. In
addition, fullerenes are becoming more popular as an interfacial
modification layer between oxides ETL, including TiO, and
SnO,, and perovskite to promote the electron transfer from
perovskite to TiO, or SnO, as well as to passivate the interfacial
trap states, which generally results in much smaller current—
voltage hysteresis and higher PCE (Figure 1b).>>~*”

Despite the quick progress in the application of fullerenes in
perovskite solar cells during the past few years, there are still
some important open questions regarding the function of
fullerene in perovskite solar cells, such as how exactly fullerenes
reduce the current hysteresis, what is the impact of fullerenes
on the open-circuit voltage (Voc) and device stability of
perovskite solar cells, and whether the perovskite/fullerene
hybrid solar cell is a bulk heterojunction (BHJ) cell. In the
following sections, we comment on these questions based on
our recent progress, aiming to deepen the fundamental
understanding of the actual role(s) played by fullerenes.
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Function of Fullerenes on Current Hysteresis. Current—voltage
hysteresis, i.e., the scan direction-dependent nonoverlapping
current—voltage curves, has been widely observed in non-
optimized perovskite solar cells.”” We reported the first
hysteresis-free perovskite solar cells by using fullerenes as
ETL (Figure 1c).”> The perovskite solar cells with fullerenes
usually exhibited less or no hysteresis in comparison to those
with TiO, as ETL. After a couple of years’ studies worldwide,
the consensus slowly developed that the origins of current
hysteresis are charge traps, ion migration, or interfacial charge
3041 Therefore, the fullerenes have to overcome
all these possible channels that all cause current hysteresis.
First, we proposed for the first time that fullerenes could
effectively passivate the trap states at the surfaces and grain
boundaries of the polycrystalline perovskite layer, which was
confirmed by the direct trap density measurement of the
perovskite film with and without fullerene coating by thermal
admittance spectroscopy (TAS).”’ As shown in Figure 1d, the
total trap density of states (tDOS) at the higher-energy region
(>0.4 eV), which were most likely from the top surface of the
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perovskite layers, were decreased by nearly 2 orders of
magnitude right after the deposition of PCBM/Cy, double-
fullerene layer; the shallower trap states (<0.4 eV) that mainly
originated from grain boundaries could be passivated only by
driving PCBM into the grain boundaries during the thermal
annealing process (Figure le). There has not been much
theoretical study on why fullerenes can passivate the charge
traps on perovskite surface. Sargent and colleagues discovered
the formation of PCBM-halide radical after mixing PCBM and
perovskite precursor solution and revealed based on density
functional theory (DFT) that it is thermodynamically favored
for the bonding of PCBM with Pb—I antisite defect which
suppressed the formation of deep trap states (Figure 1f).”’
More theoretical work is needed to understand the passivation
mechanism, which is, however, limited by the understanding of
surface and grain boundary defects on perovskite films. Second,
fullerene may block the ion migration along the grain
boundaries, the dominating ion migration channel in
polycrystalline perovskite thin films, as confirmed by us with
local current—voltage measurements (Figure 2a)."" As shown in
Figure 2b—d, the current—voltage hysteresis measured by
conductive atomic-force microscopy (AFM) was much more
significant at the grain boundary region in comparison to the
grain interior for the perovskite film without the coating of
PCBM, while the film covered by PCBM layer showed
negligible hysteresis even at the grain boundary. This indicates
that the ion diffusion is suppressed because of the filling of the
relatively open grain boundaries with the nonmobile, big-sized
fullerenes.”’ Third, the charge accumulation issue is negligible
at the perovskite/fullerene interface in comparison to the
TiO,/perovskite interface. This is because the charge-transfer
rate between fullerene and perovskite is much faster than that
between perovskite and TiO,, which is evidenced by the
increased photoluminescence decay rate when the perovskite
and TiO, interface is modified by fullerene (Figure 2e).”>*” We
recently showed the charge extraction in perovskite/fullerene
PH]J solar cells can be shorter than 1 ns,** which again indicates
the negligible charge accumulation at the perovskite/fullerene
interface.

Perovskite solar cells with fullerene
interfacial layers generally have much
less or no current hysteresis in devices
with both planar and mesoporous
heterojunction structures.

It is worth noting that the combination of PCBM and Cg,
double-fullerene layers is found by us to be always necessary to
achieve the highest efficiency, in addition to eliminating the
current hysteresis. The spun fullerenes (either Cg, or other
derivatives) form the conformal covering layer on the
perovskite film surfaces to fill possible pin-holes, while the
thermal evaporated fullerene can further cover the pin-holes in
the first fullerene layer, which effectively eliminates the leakage
current. In addition, PCBM and C4 were shown to have
different but complementary trap passivation capabilities.”
According to the TAS measurement results shown in Figure 1d,
PCBM tends to passivate the trap states in bands 1 and 2, while
Cgo prefers to passivate trap states in bands 1 and 3. The
devices with PCBM/Cg, double-fullerene layer show a trap
passivation effect that is better than that of devices with only
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one type of fullerene layer. The excellent trap passivation effect
of double-fullerene layer was further demonstrated by us with
the elimination of flicker noise in perovskite photodetectors.
Flicker noise can be induced by carrier density fluctuation due
to the trapping and detrapping of charge carriers during their
transportation, and the absence of flicker noise is a strong
indication of low density of deep traps*

The discovery of enhanced conductivity of PCBM by
blending with precursor MAI** raised the question whether it
is the dominating mechanism in eliminating the current
hysteresis by efficiently collecting charge. In fact, the doping
of fullerenes by iodine-containing molecules has been
previously developed for highly conductive fullerene materi-
als.*® Bai et al. actually took advantage of this doping effect to
enhance the conductivity of a low-mobility fullerene derivative
to reduce the contact resistance and enhance the device fill
factors.”* However, its contribution to hysteresis reduction
might not be significant for the following reasons. First, an
increased series resistance in any type of solar cells will change
only the device efficiency but should not cause a hysteresis. It
was confirmed by Bai et al. that the device without a doped
fullerene layer did not show hysteresis either. Second, one
would argue that if the low conductivity of the charge transport
layers is the origin of current hysteresis, it would already be
easily eliminated by using much more conductive metal
electrodes, which is not the case. Third, the doping-induced
conductivity enhancement of fullerenes usually increases carrier
concentration, while the charge extraction relies more on the
mobility of the fullerene layer. Finally, one may also argue the
dynamic doping and dedoping of fullerene induced by ion
diffusion could cause a dynamic variation of the series
resistance in the fullerene layer, which may cause the hysteresis.
A simple calculation of the fullerene conductivity shows that it
will not induce notable resistivity and voltage loss during the
current scanning, once its thickness is small enough (<20 nm).
In addition, removing fullerene should have eliminated this
hysteresis origin, which is however opposite to the experimental
observations. By the same token, the doping of poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS)
by the perovskite should not play a major role in reducing
hysteresis in perovskite solar cells, because hole transport layers
(HTL) with much lower conductivity, such as poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA), will not cause
hysteresis either. As long as the PTAA layer thickness is small
enough, its conductivity does not limit the efficiency of
perovskite solar cells either, even without any doping.

Recently, Durrant and colleagues discovered an interesting
phenomenon that the perovskite solar cells with PCBM as
cathode exhibited apparent hysteresis at low temperature, even
if they were hysteresis-free at room temperature (Figure 2f).*
The ion-migration issue could be ruled out as the origin of the
hysteresis at low temperature, because the ion migration should
be frozen at low temperature. We speculate that one possible
reason to explain this phenomenon is that fullerenes might be
more effective in passivating the deep traps on the perovskite
film surface, whereas the unpassivated shallow traps, which do
not affect the carrier transport at room temperature because of
thermal activation, could behave as “deep traps” at low
temperature. These shallower traps can be still too deep for
the trapped carriers to escape, because the thermal activation
energy, kyT, is much smaller at lower temperature. Therefore,
the consequent slow trapping and detrapping events would
cause the hysteresis. In this context, we can estimate the
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Figure 3. Schematic device structure of the perovskite solar cell devices (a) with and (b) without pin-holes and the corresponding
photocurrent curves with different fullerene layers. (Adapted with permission from ref 25. Copyright 2014 Royal Society of Chemistry.
Reprinted with permission from ref 50. Copyright 2015 Wiley.) (c) Schematic diagram of the perovskite solar cell and Schottky cell connected

in parallel.

“shallower-traps” have an energy depth in the range of tens of
millielectronvolts. In many cases, the measured exciton binding
energies derived from temperature-dependent photolumines-
cence and absorption spectra are in this range,”’~* which
indicates they may have the same origin of energy disorder, and
the excitons are dominantly bound excitons, rather than free
excitons.

Function of Fullerenes in V¢ of Perovskite Solar Cells. A
fullerene-type-dependent Vi, ie., fullerenes with high lowest
unoccupied molecular orbital (LUMO) typically resulted in
higher Vo, was observed in the early studies™* (Figure 3a),
which is difficult to explain using thin-film solar cell theory. In
parallel, studies conclusively show that free carriers, instead of
bound Frenkel excitons, are generated in the hybrid perov-
skites."® This was interpreted by us as a second Schottky
junction formation between fullerene and the hole transport
material PEDOT:PSS in a device with structure of ITO/
PEDOT:PSS/perovskite/fullerene/Al, in addition to the per-
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ovskite/fullerene junction, because the perovskite films still had
many pinholes (Figure 3c). The PEDOT:PSS/fullerene
junction is sensitive to the LUMO of fullerenes, and a lower
Voc from PEDOT:PSS/fullerene junction could drag down the
total device Voc. This interpretation was confirmed once we
were able to form compact, pinhole-free perovskite films with a
two-step solution-processed interdiffusion method where the
double Pbl, and MAI layers were spun from orthogonal
solvents.”® The V. of the perovskite/fullerene solar cells were
independent of fullerene type once fullerenes cannot contact
the HTL directly (Figure 3b).>° It was also confirmed by many
other follow-up studies using very thick PCBM layer’" to
block the leakage pin-holes or using the thermal evaporation
method.” For the mixed perovskite:?PCBM solar cells, the V¢
is usually smaller than that of the fullerene-based PHJ devices
with pinhole-free perovskite film.”»>> This can again be
explained by the formation of a Schottky junction between
PCBM with the HTL. Because PCBM is premixed in the
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precursor, there will be inevitably direct contact between
PCBM and PEDOT:PSS, which has a Schottky junction barrier
height of 0.8 eV.

The open-circuit voltage of perovskite
solar cells with fullerenes is correlated
to the quasi Fermi level of the fullerene
layers, which are determined by the
energy disorder of fullerenes.

After a brief literature survey, it was puzzling for us to find
that fullerene-based planar heterojunction perovskite solar cells
usually exhibited a Vi lower than that of the TiO,-based
mesoporous-structure devices. In order to enhance the device
Voc of perovskite solar cells with fullerene as ETL, we paid
attention to the energy disorder of fullerenes.”” When the
perovskite film was pinhole-free, there would be no Schottky
junction formed between the fullerene and PEDOT:PSS, and
the V¢ should in principle be determined by the quasi Fermi
level splitting in the devices, which was affected by not only the
perovskite layer but also by the charge transport layer. Because
of the high crystallinity of the perovskite materials and many
other reasons, the conduction band and valence band edges are
very sharp. On the other hand, the amorphous fullerene layer is
usually subject to a wide distribution of band tail states
originating from their structural, chemical, and dynamical
disorder. As illustrated in Figure 4a, these tail states in fullerene
layers will reduce the quasi Fermi level splitting. Therefore, the
Voc of perovskite solar cells were essentially determined by the
energy disorder in the fullerene layer, rather than the LUMO of
fullerenes.” It is worth emphasizing that these energy disorder-
induced electronic states are not charge trap states, because the
charge carriers transferred to these states can still be extracted
to the cathode without causing hysteresis. Therefore, the short-
circuit current and fill factor are not affected by energy disorder
of fullerenes. The existence of energy disorder can explain why
the devices with 1',1”,4’,4”-tetrahydro-di[1,4]methano-
naphthaleno[1,2:2/,3',56,60:2",3"](5,6]fullerene Cq, (ICBA)
or indene Cy trisadduct (ICTA) as ETL still show considerable

efficiency, even though the LUMO of ICBA or ICTA is higher
than the conduction band of MAPbI,.** The energy disorder of
amorphous PCBM is contributed by both the static origin of
loose packing and the dynamic origin of vibration inter-
actions.” To suppress the static disorder, we applied a simple
solvent annealing method to enhance the PCBM structural
ordering, and the measured energy disorder parameter o,
which represents the broadening of the density of states,
decreased from 136 to 90 meV (Figure 4b).”” The measured
energy disorder parameter variation was in excellent agreement
with an independent theoretical work by Brédas and co-
workers.”* The Voc was increased by S0 mV on average to 1.13
V for the solvent-annealed devices without sacrificing short-
circuit current or fill factor. The comparable V¢ of the device
with fullerene and TiO, also indicates that the energy disorder
in high-temperature annealed polycrystalline TiO, is also quite
small, which is still a puzzle to us.

To further increase the V¢ of fullerene-based perovskite
solar cells, one possible strategy is to dope the fullerene layer.
The doping itself will hardly reduce the energy disorder of the
fullerene layer, but the increased carrier concentration may fill
the low-energy states and shift the Fermi level of the fullerene
layer upward to align better with the quasi Fermi level of
electrons in the perovskite under illumination. In fact, a similar
strategy was applied on SnO, ETL to enhance V. N-type
doping of the inorganic ETL SnO, by Sb increased the V¢ by
60 mV, which is in agreement with the Fermi level shift of the
SnO, as a result of carrier concentration increase.” However,
the doping concentration should not be too high, otherwise it
would cause additional interfacial recombination between
electrons in PCBM and holes in perovskite, which would
otherwise reduce the quasi Fermi level splitting and
consequently the V.

Is Perovskite:PCBM Blend a Bulk Heterojunction? Very high fill
factors of 80%—82% have been achieved recently in PH]J
perovskite solar cells with fullerene intentionally incorporated
in precursor solution so that fullerenes can be incorporated at
the grain boundaries. One proposed scenario was that the
fullerene intergranular layers act as electron transport channel,
making the perovskite solar cells resemble BH]J-based organic
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Figure 4. (a) Schematic illustration of how energy disorder of the PCBM layer influences the device Vc. (b) Measured DOS of devices with
solvent annealed PCBM (red) and thermal annealed PCBM (blue). (Adapted with permission from ref 29. Copyright 2016 Nature Publishing
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solar cells.””** The BH]J structure is required in efficient organic
solar cells, because the exciton diffusion length in organic
semiconductor materials is much less than the optical
absorption length. Fullerenes are introduced to form BHJ
with other p-type polymers to facilitate exciton separation and
electron transportation.

The mobility of perovskites is several
orders of magnitude larger than that of
fullerenes, making perovskites the pre-
ferred channel for electron extraction.

There is still no direct evidence for the formation of fullerene
percolation network along the grain boundaries, which will
need further study from morphology characterization. On the
other hand, even if the fullerene intergranular layers formed a
percolation network, it is questionable whether electrons will go
through the fullerene intergranular layer in perovskite solar
cells. Perovskite materials have reported hole and electron
mobility in the range of 6—200 cm?/(V's) depending on the
chemical composition and crystallinity, which are remarkably
high for solution-processed semiconductors, while fullerenes
generally have 3—5 orders of magnitude lower mobility [10™*—
1072 cm?/(V's)]. It is difficult for electrons to choose the much
lower mobility channels. Herein, we use a simple design of
light-emitting diode (LED) to demonstrate the much better
charge mobility in perovskite materials and much faster drift of
carrier through the perovskite layer compared to that of organic
charge transport layers. As illustrated in Figure S, we fabricated

LED devices with a structure of ITO/PTAA/MAPbCL Br,_,/
bathophenanthroline (Bphen)/Al. The PTAA layer served as
hole injection layer as well as electron-blocking layer, while the
Bphen layer served as electron injection and hole-blocking
layer. The design was intended to make a perovskite LED by
confining electrons and holes in the perovskite layer for
radiative recombination. However, the device showed sky blue
electroluminescence with a peak at 500 nm, which actually
came from the emission of the PTAA layer. This result can be
explained by the fact that the electron transport time through
the perovskite layer is much shorter than hole transport time
through the PTAA layer. Thus, the electrons go through the
perovskite layer and recombined with the holes within the
PTAA layer. Considering the hole mobility in PTAA measured
by space-charge-limited current method is 107°—107> cm?/
(V's), which is comparable or slightly greater than the electron
mobility in regular fullerene materials, the solution-processed
perovskite thin films should possess an electron mobility much
larger than this value.

Recent ultrafast photodetector study with transient photo-
current (TPC) measurement reveals the very fast electron
extraction in the regular perovskite solar cells. With a regular
solar cell structure of ITO/PTAA/MAPbI,/C,/bathocuproine
(BCP)/Cu (device type I), Shen et al. showed that photo-
generated electrons could be extracted out of the solar cells by
the built-in electric field at short-circuit conditions in the
subnanosecond range after generation (Figure 6 b).*” A time-
resolved photoluminescence system was actually constructed
with the perovskite photodetectors. We also followed the
method reported by Chiang et al. to intentionally incorporate
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Figure 5. (a) Device structure of the perovskite-based LED. (b) Band diagram of the perovskite based LED. (c) Normalized
electroluminescence under a bias of 6 V. (d) Brightness of the device under different bias. Inset is the photo image of the device at 6 V.
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devices.

PCBM into the grain boundaries (device type II, Figure 6a).*>
An electron transit time of 4.9 ns was recorded, which is limited
by the rising time (4 ns) of the pulse laser used here. When we
measured the device type I with this pulse laser, we got a similar
response time of 4 ns. Such fast response speed is barely
possible if electrons go through the fullerene intergranular layer
(Figure 6d). A simple calculation indicates that electron transit

time through PCBM intergranular layer across a thickness of
500 nm is around 360—3600 ns with a mobility of 107>~107>
cm?/(V's). A final question is whether intergranular fullerene
will still accept electrons because it does quench photo-
luminescence of perovskite. We would argue that it is a
competition process for electron extraction through perovskite

and electron transfer to fullerene. The thickness of the
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Publishing Group.)

intergraluar fullerene layer is around 1—3 nm if it is added after
perovskite film formation, which is defined by grain boundary
geometry.”® While photogenerated electron affinity to inter-
granular fullerenes may still transfer to fullerenes, most of the
photogenerated electrons would be quickly collected by the
built-in field through perovskites with grain size much larger
than the electron-transfer distance. In the case in which
fullerenes are randomly distributed in perovskite grain
boundaries without forming percolation path, the fullerene
clusters may still accept some electrons but will act as electron
traps.

We thus conclude that the fullerene layer between grain
boundaries plays a major role in passivating the defects, which

790

reduces the charge recombination at grain boundaries and
increases the fill factor. It is confirmed by our measurement that
the MAPbI;:PCBM mixture device had a trap density that was
slightly lower than that of the PHJ device (Figure 6¢). In this
context, other nonconducting materials can replace fullerenes if
they can also passivate the defects on the surface of perovskite
films and its thickness is small enough so that charge can tunnel
through to the electrode. Nevertheless, another important
function of the fullerene layer is to separate the perovskite from
the electrodes to prevent damage to the perovskite during the
deposition of electrodes. Therefore, completely replacing
fullerene layers by other functional layers needs to consider
all these functions of fullerene layers.

DOI: 10.1021/acsenergylett.6b00657
ACS Energy Lett. 2017, 2, 782—-794


http://dx.doi.org/10.1021/acsenergylett.6b00657

ACS Energy Letters

What Is the Impact of Fullerenes on Device Stability? To date,
there have been barely any stability studies on whether the
fullerene layer would limit the stability of perovskite solar cells.
Here we discuss the possible influence of fullerenes on
perovskite solar cell stability based on the knowledge from
organic solar cell studies, which has already reached good
conclusions. One big issue with the BH]J structure is that the
morphology would change to a thermodynamically more stable
state after aging. Under heat, increased diffusivity of fullerenes
can increase the domain size of fullerenes and make donor
polymers demix from the BH]J, which causes the crystallization
of fullerene domains and consequently the loss of device
efficiency due to reduction of efficiency in charge generation
and extraction. Fortunately, the BHJ structure is not needed in
thin-ilm perovskite solar cells. Thus, the issues with
morphology instability of BHJ are not concerns in perovskite
solar cells anymore.

Regarding photostability, fullerenes have shown to be able to
either stabilize or destabilize the donor polymers from the
photoxidation through possible mechanisms of electron
extraction, singlet oxygen formation, and radicals.”’ It is still
an open question whether the photoinduced polymerization of
fullerenes (or dimerization) would cause harmful effect to the
perovskite solar cells. Though an initial burn-in was actually
observed in the n-i-p structure perovskite solar cells with
fullerene as an ultraviolet (UV) filter (Figure 7a),”® there is no
evidence yet this burn-in was caused by the dimerization of
fullerene under UV light. Nevertheless, in the p-i-n PHJ solar
cells, the perovskite layer works as an optical filter which
absorbs most of the higher-energy photons, which should
dramatically relieve the pressure on the fullerene layer on
photostability. There is increasing interest in applying fullerenes
in n-i-p structure solar cells for enhanced efficiency and reduced
hysteresis by modifying titanium oxides or tin oxide.’****”*" In
this case, the fullerenes will absorb the high-energy photons,
and further study is needed to determine its influence on the
oxidization of perovskite as well as their own dimerization.

The leaving of iodine ions from the perovskite layer into the
fullerene layer will cause the doping of fullerenes. There is
possibility that an enhanced doping of fullerenes may cause the
increased e—h recombination at the interface of fullerene and
perovskite layers; however, its impact on the charge
recombination will depend on the energy structure at the
interface that whether there is band-bending at either side of
the interface to separate electrons and holes. The band-bending
actually occurs in perovskite/single-walled carbon nanotube
(SWCNT) interface at the SWCNT side, which results in a
very long e—h recombination lifetime of hundreds of
microseconds, long enough for the extraction of either type
of charge.l9’6() The recombination lifetime at the perovskite/
PCBM interface was also shown by us to be close to 1 us for
the device even under 1 sun illumination measured with
transient photovoltaic technique,” which is almost 1000 times
longer than the charge transit time across the whole device."”
Therefore, it seems not an issue to dope fullerene materials for
better conductivity.

In terms of moisture stability, the hydrophobic fullerenes
may slow the permeation of moisture into the perovskite layer
in p-i-n structure devices, but its structure may be still too loose
to prevent moisture permeation. To enhance the water
resistance of the fullerene layer, Bai et al. introduced cross-
linkable silane molecules with hydroxyl groups to be bonded
onto carboxyl group (—COOH) of a fullerene derivative, and
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the hydrophobic functional —CF; groups of the bonding
molecules effectively prevent the permeation of water, as
demonstrated by water stability measurements (Figure 7b—
d).* The devices showed a high PCE of 19.5% and maintained
90% of their original PCE after storage in air for 30 days.* One
interesting phenomenon is that the cross-linking of the silane
layer also aligned the fullerene layer, which reduced energy
disorder and retained the large V. The silane layer has to be
thin so that electrons can tunnel through, which somehow
limits the water resistivity of this layer.

Summary and Future Outlook. There has been tremendous
progress in applying fullerene to improve the performance of
perovskite solar cells. In comparison to the commonly used
inorganic ETL, TiO,, fullerene can be deposited by a low-
temperature solution method and shows much better perform-
ance in elimination of current hysteresis of perovskite solar
cells. This is largely caused by the trap passivation and ion-
migration blocking functions of fullerene on perovskite surface
and in grain boundaries and fast charge transfer between the
fullerene and perovskite. We also discussed the working
mechanism of perovskite/fullerene blend film-based solar cells
and pointed out that it is unlikely to work as a BHJ solar cell
because of the electron mobility of most perovskites is much
larger than that of fullerenes. In terms of Vo output, we
demonstrated that fullerene-based perovskite solar cells do not
necessarily possess lower V¢ in comparison to that of TiO,-
based solar cells, as long as the energy disorder is mitigated. In
future studies, the conductivity of the fullerene layer needs to
be further increased so that it can be thick enough to
encapsulate the perovskite layer while still maintaining the low
series resistance of the device. Also, it is desirable to find
environmentally benign solvents to replace the toxic chlor-
obenzene or dichlorobenzene for the processing of soluble
fullerenes. Finally, there is still much work remaining to be
done to fully understand whether the intrinsic stability of
fullerene would limit the stability of perovskite solar cells, which
is the key to the practical application of perovskite solar cells.

B METHOD

Fabrication of Perovskite-Based LED. The ITO substrate was
cleaned in Oy plasma, and a thin layer of PTAA (0.2 wt %
dissolved in 1,2-dichlorobenzene) was spin-coated on it at 6000
rpm. The perovskite layer was deposited on PTAA by a two-
step process: PbBr, (S0 mg/mL dissolved in N,N-dimethyl-
formamide, DMF) was spin-coated at 6000 rpm and annealed
on the hot plate at 100 °C for 10 min. Then, MACI (15 mg/
mL dissolved in ethanol) was spin-coated on the PbBr, layer
and annealed on the hot plate at 100 °C for 30 min. The Bphen
layer and Al electrode were thermally evaporated sequentially,
with thicknesses of 30 and 80 nm, respectively.

Fabrication of PHJ—PSC and Mixture-PSC. The PHJ—PSC
device was fabricated following the typical procedure of
interdiffusion method. The PEDOT:PSS layer was spin-coated
on Oj; plasma-treated ITO substrates at 4000 rpm. After being
annealed at 140 °C for 20 min in air, the substrates were
transferred to a N, glovebox where 630 mg/mL Pbl, solution
(DMF as solvent) and 65 mg/mL MAI solution (IPA as
solvent) were spin coated sequentially. Then the substrates
were annealed at 100 °C for 60 min to form uniform perovskite
films. C4y, BCP ,and Cu layers were thermally evaporated onto
perovskite in sequence.
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The fabrication procedure of mixture-PSC device was the
same as that of PHJ—PSCs except 0.1 wt % PCBM was
premixed in the Pbl, solution.

Characterization. The thermal admittance spectroscopy was
performed by an Agilent E4980A Precision LCR meter. The
trap densities in PHJ—PSC and mixture-PSC are derived from
the following equations:

@y
E, = kgT In| —
0]

Y &€ @

N«(E, ) = —
t(E,) qW dw kT

where C is the capacitance, @ the angular frequency, q the
elementary charge, ky Boltzmann’s constant, and T the
temperature. V}; and W are the built-in potential and depletion
width, respectively, and @, is the attempt-to-escape frequency.
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