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Enhanced Device Performance of Perovskite Photovoltaics
by Magnetic Field-Aligned Perovskites-Magnetic

Nanoparticles Composite Thin Film

Wenzhan Xu, Tao Zhu, Yongrui Yang, Luyao Zheng, Lei Liu, and Xiong Gong*

Perovskite photovoltaics have drawn great attention in both academic

and industrial sectors in the past decade. To date, impressive device
performance has been achieved in state-of-the-art device architectures
through morphological manipulation and generic interface engineering.

In this study, enhanced device performance of perovskite photovoltaics by
magpnetic field-aligned CH;NH;Pbl;-mixed Fe;O, magnetic nanoparticles
(CH3NH;Pbl;:Fe;0,) composite thin films is reported. It is found that
magnetic field-aligned CH;NH;Pbl;:Fe;O, composite thin films possess
superior film morphology, boosted and balanced charge carrier mobility, and
suppressed trap density. Moreover, perovskite photovoltaics by magnetic
field-aligned CH;NH;Pbl;:Fe;0, composite thin films exhibit suppressed
charge carrier recombination and shorter charge carrier extraction time. As
a result, perovskite solar cells by magnetic field-aligned CH;NH;Pbl;:Fe;O,
composite thin films exhibit 20.23% power conversion efficiency with
significantly reduced photocurrent hysteresis. Moreover, perovskite
photodetectors by magnetic field-aligned CH3;NH;Pbl;:Fe;0, composite thin
films exhibit a photoresponsivity of 858 mA W', a photodetectivity over 10"
Jones (1 Jones =1 cm Hz'/2 W) and a linear dynamic range over 160 dB at
room temperature. All these device performance parameters are significantly
better than those by pristine CH;NH;Pbl; thin film. Thus, these studies
provide a facile way to boost device performance of perovskite photovoltaics.

the state-of-the-art device architectures
through morphological manipulation and
generic interface engineering."-4 Studies
indicated that the defect-assisted charge
carrier recombination in perovskite photo-
active layer was one of issues needs to be
resolved for further boosting device per-
formance.®1% Utilization of Lewis acid
and/or Lewis base to passivate the sur-
face defect has been attempted to address
above issues, and boosted device perfor-
mance was indeed observed from perov-
skite photovoltaics.*>-%/]

Magnetic nanoparticles (MNPs) and
external magnetic field (EMF) have been
applied for enhancing electrolumines-
cence and photoluminescence efficiencies,
and photocurrent in optoelectronics.[28-33]
It was found that quantum efficien-
cies from polymer light-emitting devices
can be dramatically enhanced as conju-
gated polymers were incorporated with
CoFe MNPs.?l Zhang et al. reported
an enhanced short-circuit current (Jsc)
from organic photovoltaics (OPVs) as

1. Introduction

Hybrid perovskites have recently emerged as promising photo-
voltaic materials for approaching efficient perovskite solar
cells (PSCs)l and ultrasensitive perovskite photodetectors
(PPDs)Bl due to the low exciton binding energy, long charge
carrier diffusion length, and high charge carrier mobility of
perovskite materials, and the possibility of cost-effective high-
throughput manufacturing of perovskite photovoltaics.®1¢
An impressive device performance has been reported from
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conjugated polymers were incorporated
with Fe;O0, MNPs and further proposed
that such enhancement was attributed
to increased population of the triplet excitons induced by the
superparamagnetism of Fe;0, MNPs.3% We observed that over
40% enhanced power conversion efficiencies (PCEs) from OPVs
by EMF-aligned bulk heterojunction (BH]) composite were
mixed with Fe;0, MNPs thin films and found out that such
enhancement was attributed to reduced charge carrier recombi-
nation and charge carrier transport resistance, enhanced charge
carrier mobility, and superior film morphology of BH] compos-
ites thin films.BY Miiller-Buschbaum revealed that enhanced
PCEs from BH] OPVs with the presence of Fe;O, MNPs were
attributed to reduced recombination current by increased
spin—orbit coupling.??) Numerous reports have indicated that
an EMF plays a role in perovskite devices,?*3% but perovskite
photovoltaics by perovskites mixed with MNPs and further
aligned by an EMF was rarely reported.

In this study, we report boosted device performance of
perovskite photovoltaics (PSCs and PPDs) by the EMF-aligned
CH;NH;Pbl;mixed Fe;0, MNPs  (CH;NH;Pbl;:Fe;0,)
composite thin films. We find that the EMF-aligned
CH;NH;PblI;:Fe;0, composite thin films possess superior
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Figure 1. a) The J-V characteristics of PSCs under the reverse scan direction (from positive bias to negative bias), and b) the EQE spectra and the
integrated current densities of PSCs by either pristine CH;NH;Pbl; thin film, or the CH;NH;Pbl;:Fe;O, thin film, or the EMF-aligned CH3NH;Pbl;:Fe;0,4

thin film.

film morphology, boosted charge carrier mobility, and sup-
pressed trap density. We also find that perovskite photovol-
taics by the EMF-aligned CH3;NH;PbI;:Fe;0, composite thin
films exhibit suppressed charge carrier recombination and
shorter charge carrier extraction time. As a result, PSCs by the
EMF-aligned CH3NH;PbI3:Fe;0, composite thin films exhibit
20.23% PCEs with significantly reduced photocurrent hyster-
esis. Moreover, at room temperature, PPDs by the EMF-aligned
CH;NH;PbI;:Fe;0, composite thin films exhibit a photore-
sponsivity of 858 mA W, a photodetectivity over 10'* Jones
(1 Jones = 1 cm HzY? W), and a linear dynamic range over
160 dB.

2. Results and Discussions

Figure 1a presents the current density—voltage (J-V) character-
istics of PSCs with a device configuration of ITO/PTAA/perov-
skite/PCsBM/BCP/Al, where ITO is indium tin oxide and acts
as the anode, PTAA is poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] and acts as the hole extraction layer, PCs;BM is phenyl-
C61-butyric acid methyl ester and acts as the electron extraction
layer, perovskite layer is either pristine CH3;NH;Pbl; thin film,
or the CH3NH3PbI3:Fe;0, MNPs thin film (CH3;NH;3Pbl;:Fe;0,
composite thin film), or the EMF-aligned CH;NH;Pbl;:Fe;0,
MNPs thin film (EMF-aligned CH;3;NH;PbI;:Fe;O, composite
thin film), BCP is bathocuproine and is used as the hole
blocking layer, Al is aluminum and acts as the cathode, respec-

Table 1. Device performance parameters of PSCs.

tively. The synthetic procedure of Fe;0, MNPs was reported
in previous publication.’”! The characterization of Fe;0,
MNPs is described in Section S1 in the Supporting Informa-
tion. The fabrication processes of PSCs by the EMF-aligned
CH;3NH;Pbl;:Fe;04 composite thin film are described in the
Experimental Section and Section S2 in the Supporting Infor-
mation. The effects of Fe;O4 MNP sizes, the EMF intensities,
and the concentrations of Fe;O, MNPs on device performance
of PSCs by the EMF-aligned CH;NH;Pbl;:Fe;04 composite thin
films are described in Section S3 in the Supporting Informa-
tion. The device performance parameters of PSCs under white
light illumination with the light intensity of 100 mW cm™ and
under the reverse scan direction at a scan rate of 0.60 V s7! are
summarized in Table 1. The PSCs by pristine CH3;NH;3PbI;
thin film exhibit an open-circuit voltage (Vo) of 1.08 V, a Jsc of
20.61 mA cm™?, a fill factor (FF) of 79.5%, and a corresponding
PCE of 17.69%. These device performance parameters are in
good agreement with those from PSCs with similar device
structures.?¥# The PSCs by the EMF-aligned CH;NH;Pbl;
thin film exhibit a V¢ of 1.08 V, a Js¢ of 20.68 mA cm™2, an FF
of 79.8%, and a corresponding PCE of 17.82%, which is almost
the same as that by pristine CH;NH;PbI; thin film. The PSCs
by the CH3NH;PbI;:Fe;0, composite thin film exhibit a V¢ of
1.08 V, a Jsc of 22.38 mA cm™2, an FF of 80.3%, and a corre-
sponding PCE of 19.41%. Whereas PSCs by the EMF-aligned
CH3;NH;Pbl;:Fe;0, composite thin film exhibit a Vo of 1.08 V,
a Jsc of 23.02 mA cm™?, an FF of 81.4%, and a corresponding
PCE of 20.23%, which is =15% enhancement as compared with

Photoactive layers Voc [V] Jsc [mA cm™? FF [%] PCE?) [%)] PCE®) [%] Rs [Q cm?] Ry [Q cm?]
Pristine CH;NH;Pbly 1.08 20.61 79.5 17.69 17.28 14 898
CH3NH;Pbl;:Fe;04 1.08 22.38 80.3 19.41 19.25 9 1067
EMF-aligned 1.08 23.02 814 20.23 19.96 7 1283

CH;3;NH;Pbl;:Fe;0,

AThe best PCEs; Y The average PCEs from over 50 identical pixels, respectively.
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Scheme 1. The SEM images of a) pristine CH3NH3Pbl; thin film, b) the CH3NH;Pbls:Fe;O, thin film, and c) the EMF-aligned CH3;NH;Pbl3:Fe;O, thin film.

that by pristine CH3;NH;PbI; thin film. It is found that major
boosted device performance parameters are Jsc and FF. Noted
that ten devices, each device has five identical pixels, are fabri-
cated and characterized. The average PCEs observed from 50
identical pixels are summarized in Table 1.

The external quantum efficiency (EQE) spectra of PSCs
are shown in Figure 1b. As compared with PSCs by pris-
tine CH3;NH;PbI; thin film, the EQE spectra of PSCs by the
CH;3NH;Pbl;:Fe;0, composite thin film and PSCs by the EMF-
aligned CH;3;NH;PbI;:Fe;04 composite thin film reveal enhance-
ment in the wavelength (4) ranging from 380 to 780 nm. The
integrated Jsc values from the EQE spectra are 19.95, 21.69, and
22.47 mA cm™2 for PSCs by pristine CH;NH;3Pbls, PSCs by the
CH;NH;Pbl;:Fe;0, composite thin film, and PSCs by the EMF-
aligned CH3NH;PbI3:Fe;0, composite thin film, respectively.
Theses Jsc values are in good agreement with those extracted
from the J-V characteristics (Figure 1a).

To understand underlying physics of enhanced Jsc from
PSCs by the CH3;NH;Pbl;:Fe;0, composite thin film and PSCs
by the EMF-aligned CH3;NH;3PblI;:Fe;O, composite thin film,
the absorption spectra of different perovskite thin films are first
conducted (Section S4, Supporting Information). Negligible
change observed from the absorption spectra indicates that nei-
ther Fe;0, MNPs nor further an EMF alignment has effects on
the absorption profiles of CH3;NH;PbI; thin films.

Scheme 1 displays scanning electron microscope
(SEM) images of pristine CH;NH;PbI; thin film, the
CH;NH;Pbl;:Fe;0, composite thin film, and the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film. Pristine CH;NH;PbI;
thin film exhibits large pinholes and voids. The crystal domains
of CH;3NH;PDbI; thin film are prone to be aggregated, ren-
dering a rough surface morphology. Such rough surface could
act as the leakage current pathways, resulting in low photo-
current.’® %! The CH;NH;PbI;:Fe;0, composite thin film
exhibits uniform crystal domains with less uncovered areas.
Moreover, the EMF-aligned CH;NH;3PbI;:Fe;O, composite thin
film possesses dramatically reduced uncovered areas than that
of the CH3NH;PbI;:Fe;0, composite thin film. Both pinhole
size and pinhole proportion in perovskite thin films are further
analyzed statistically based on the SEM images (Section S5,
Supporting Information). Pristine CH;NH;Pbl; thin film
possesses large numbers of large-size pinholes, whereas, the
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CH;NH;Pbl;:Fe;0, composite thin film has decreased num-
bers of large-size pinholes and reduced overall pinhole area.
Moreover, the EMF-aligned CH3NH;PblI;:Fe;0, composite thin
film exhibits limited small-size pinholes with 98% surface cov-
erage. The pinholes and surface defects in perovskite thin films
could induce severe charge carrier recombination, resulting in
decreased Js¢c and FF.I Superior film morphology observed
from both the CH;NH;Pbl;:Fe;0, composite thin film and the
EMF-aligned CH3NH;PbI;:Fe;0, composite thin film indicates
that PSCs by either the CH3;NH;PbI3:Fe;04 composite thin film
or the EMF-aligned CH3;NH;PbI;:Fe;0, composite thin film
exhibit enhanced Jsc and FF, thus high PCEs.>

The grazing-incidence wide-angle X-ray scattering
(GIWAXS) study is carried out to get insight into film mor-
phology and the crystallographic orientations of perovskite thin
films. Figure 2a—d shows the 2D GIWAXS patterns of pristine
CH;3NH;PbI; thin film, the EMF-aligned CH;3;NH;PbI; thin
film, the CH3NH;3PbI;:Fe;O0, composite thin film, and the EMF-
aligned CH;NH;Pbl;:Fe;0, composite thin film. It is found
that both pristine CH3;NH;PbI; thin film and the EMF-aligned
CH;3NH;Pbl; thin film possess nearly the same GIWAXS
patterns. Strong scattering rings, corresponding to the poly-
crystalline structures, are presented in CH3;NH;PbI; and the
EMF-aligned CH;NH;PDbI; thin films. These results indicate
that the EMF alignment has no effect on the crystallinity of
CH;NH;Pbl; thin film. Whereas, the emerged rings due to the
existence of Fe;O4 MNPs and highly oriented crystal domains
from CH;3;NH;PbI; thin film are observed along the in-plane
direction (Figure 2c) from the CH;NH;PbI;:Fe;0, composite
thin film and the EMF-aligned CH;3;NH3Pbl;:Fe;O, composite
thin film, indicating that a highly aligned perovskite crystal pat-
tern is formed in the CH3;NH;3PbI;:Fe;O, composite thin film
and the EMF-aligned CH3NH3PbI3:Fe;0, composite thin film.
Remarkably, even much stronger oriented perovskite crystal
domains along the in-plane direction (Figure 2d) are observed
from the EMF-aligned CH;NH;PbI;:Fe;0, composite thin
film, which reveals that more oriented and less amorphous
perovskite crystal structure are formed in the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film. All these results dem-
onstrate that Fe;O0, MNPs with an EMF alignment could facili-
tate the perovskite crystallization process, resulting in highly
ordered perovskite crystal structure. As a result, PSCs by the
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Figure 2. The 2D GIWAXS patterns of a) pristine CH3;NH3Pbl; thin film, b) the EMF-aligned CH3NH;Pbl; thin film, c) the CH3NH;Pbl3:Fe;0, thin film,
and d) the EMF-aligned CH3NH;Pbl3:Fe;O, thin film, e) the azimuthal integral of 2D GIWAXS pattern of pristine CH;NH;Pbl; thin film, the EMF-aligned
CH3NH;Pblj; thin film, the CH3NH;3Pbls:Fe;0, thin film, and the EMF-aligned CH3NH3Pbls:Fe;0, thin film.

CH;3NH;PbI3:Fe;0, composite thin film exhibit increased Jgc
and enlarged FF, consequently enhanced PCE, and PSCs by the
EMF-aligned CH;NH;PbI;:Fe;0, composite thin film exhibit
even more increased Jsc and enlarged FF, consequently dra-
matically enhanced PCEs.

Figure 2e presents the azimuthal integral of 2D GIWAXS
patterns of pristine CH;NH;Pbl; thin film, the EMF-aligned
CH;NH;PDbI; thin film, the CH3;NH;Pbls:Fe;0, composite
thin film, and the EMF-aligned CH;NH;PbI;:Fe;O, com-
posite thin film. Three major peaks, corresponding to the
(110), (220), and (310) lattice planes, are observed from all
these four different CH3;NH;PbI; thin films, which indicate
that CH3;NH;3Pbl; thin films possess the tetragonal crystal
structure.P>2 But the intensities of above three lattice plans
for the EMF-aligned CH3;NH;PbI;:Fe;0, composite thin film
are slightly higher than those for pristine CH3;NH;PbI; thin
film, which implies that the EMF-aligned CH3;NH;3PbI;:Fe;O,
composite thin film possesses more slightly better crystal-
linity than those of pristine CH;NH;PbI; thin film. Moreover,
a new peak located at g = 0.75 A~!, corresponding to the exist-
ence of Fe;04 MNPs, is observed from the CH3;NH;PbI;:Fe;0,
composite thin film and the EMF-aligned CH3;NH;PbI;:Fe;0,
composite thin film, indicating that Fe;0, MNPs are physically
mixed within CH3;NH;PbI; thin film. In addition, two new
peaks located at g = 0.9 and 1.9 A~ corresponding to the (100)
plane and the (111) plane, respectively, are observed from the
CH;NH;Pbl;:Fe;0, composite thin film and the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film. These results indicate
that the CH3;NH;PbI;:Fe;0,4 thin film and the EMF-aligned
CH;3NH;PbI;:Fe;04 composite thin film possess both the
tetragonal crystal structure and the cubic crystal structure.*!
In addition, it is found that with an EMF alignment, the inten-
sities of the (100) and (111) planes are enhanced, implies that
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the cubic crystal structure is more ordered in the EMF-aligned
CH;3;NH;PbI;:Fe;0, composite thin films. It was reported that
perovskite with the cubic crystal structure possesses enhanced
electrical conductivity compared to that with the tetragonal
crystal structure,™ which would result in enhanced ¢ and
enlarged FF. As a result, enhanced PCE is observed from
PSCs by the CH3NH;PbI3:Fe;0, composite thin film and sig-
nificantly enhanced PCE is observed from PSCs by the EMF-
aligned CH3;NH;PbI3:Fe;04 composite thin film.

The charge carrier transport properties in CH3;NH;PbI; thin
films are evaluated by charge carrier trap density and charge
carrier mobility based on the trap-filling limited (TFL) and the
space-charge limited current (SCLC) methods, respectively,
according to the Mott-Gurney law.’>>4 The hole-only device
with a structure of ITO/PTAA/perovskite/MoO;/Ag and the
electron-only device with a structure of ITO/Al/perovskite/Al,
where MoO3 is molybdenum trioxide and used as the electron
blocking layer, and Ag is sliver and used as the electrode, respec-
tively, are fabricated and characterized. As presented in Section
S6 in the Supporting Information, an Ohmic contact regime is
depicted by the linear dark current densities versus the applied
voltage (Jg—V) characteristics under low external voltage (where
Ja is the current density measured in dark); with dramatically
increased current injection at middle applied voltage, a TFL
regime is formed.**>! In TFL region, all the traps being filled
up; followed with the TFL regime is the trap-free SCLC regime,
which is also called Child’s regime. In the TFL regime, the
charge carrier density of perovskite thin films can be estimated

by n, =% 56571 where n, is the trap density, € (32) is rela-

tive dielectric constant of perovskite,l! g, is the vacuum permit-

tivity, e is the elementary charge, L is the thickness of perovskite
film, and Vyg; is the onset voltage of the TFL, respectively. The

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

hole and electron trap densities are calculated and summa-
rized in Section S6 in the Supporting Information. The hole
trap density of the EMF-aligned CH;NH;Pbl;:Fe;0, com-
posite thin film is 8.2 x 10" ¢cm™3, which is nearly four times
smaller than that (3.1 x 10'® cm™) for the CH;NH;Pbl;:Fe;0,
composite thin film and is approximatively ten times smaller
than that (75 x 10 cm™) of pristine CH;NH;3PbI; thin film.
The latter one is in good agreement with reported value.®
The electron trap densities of 2.4 x 10, 1.1 x 10%, and
3.3 x 10® cm™ are calculated for pristine CH;NH;PbI; thin
film, the CH3NH;PbI;:Fe;0, composite thin film, and the EMF-
aligned CH3NH;PbI;:Fe;04 composite thin film, respectively.
The decreased trap densities for both the CH;NH;PbI3:Fe;0,
composite thin film and the EMF-aligned CH3;NH;PbI;:Fe;0,
composite thin film indicate high quality of thin films and supe-
rior film morphology, which are favorable for charge carrier to
be transported, resulting in suppressed charge carrier recombi-
nation. Thus, enlarged FF and Jsc are observed from PSCs by
either the CH3;NH;PbI3:Fe;0, composite thin film or the EMF-
aligned CH3NH;PbI;:Fe;0, composite thin film.

9eeslVy [59]

s’
where ]y is the dark current density and Vj, is the built-in poten-
tial. The charge carrier mobilities are summarized in Section S6
in the Supporting Information. The hole mobility for pristine
CH;NH;Pbl, thin film is 1.4 x 102 cm? V™! s71, which is con-
sistent with the reported value.®”] The hole mobilities for the
CH;3NH;Pbl;:Fe;0, composite thin film and the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film are 3.6 x 10 and
1.34 x 1072 cm? V! 57, respectively. The hole mobility for the
EMF-aligned CH3;NH;PbI;:Fe;0, composite thin film is approx-
imatively four times larger than that for the CH;NH3Pbl;:Fe;0,
composite thin film, and approximatively one order magnitude
larger than that for pristine CH;NH;Pbl; thin film. The electron
mobilities of 8.5 x 1073, 1.87 x 1072, and 3.30 x 1072 cm? V! 57!
are for pristine CH3;NH;PbI; thin film, the CH3;NH;PbI;:Fe;0,
composite thin film, and the EMF-aligned CH;NH;3Pbl;:Fe;0,
composite thin film, respectively. The electron mobility for the
EMF-aligned CH3NH;Pbl;:Fe;0, composite thin film is approx-
imatively two times larger than that for the CH;NH;PbI;:Fe;0,
composite thin film, and approximatively four times larger than
that for pristine CH3NH;PbI; thin film. It is clear that both
hole and electron mobilities of CH3;NH;PbI; are simultane-
ously enhanced and balanced by Fe;04 MNPs and further by an
EMF alignment. Thus, as expected, enhanced Jsc and enlarged
FF, consequently boosted PCEs are observed from PSCs by the
CH;NH;Pbl;:Fe;0, composite thin film and PSCs by the EMF-
aligned CH3;NH;PbI3:Fe;04 composite thin film.

Figure 3a presents the time-resolved photoluminescence
(TRPL) spectra of different CH3;NH;3PbI; thin films. The life-
times (t) of charge carrier transporting for pristine CH;NH;Pbl,
thin film, the CH3NH;PbI;:Fe;0, composite thin film, and the
EMF-aligned CH3;NH;PbI5:Fe;04 composite thin film are esti-
mated to be =94, =118, and =158 ns, respectively. According to
the equation of Ly = (kTut/e)"/? (where Ly is the charge carrier
diffusion length, k is the Boltzmann constant, T is the abso-
lute temperature, p is the carrier mobility of thin film, and e
is the elementary charge, respectively),l®”l the Ly, for the EMF-
aligned CH;3;NH;Pbl;:Fe;0, composite thin film is the largest

The charge carrier mobility () is estimated by J, =

Adv. Funct. Mater. 2020, 2002808

2002808 (5 of 11)

among these three ones due to higher charge carrier mobility
and longer lifetime of charge carrier transporting. The long
charge carrier diffusion length would ensure charge carriers
to be efficiently transported from CH3;NH;PbI; thin film to the
electrodes, resulting in high Js¢ for PSCs.°l Thus, PSCs by the
EMF-aligned CH;NH;Pbl;:Fe;04 composite thin film exhibit
enhanced Js¢, thus boosted PCE.

The impedance spectroscopy (IS) is further carried out to
investigate the internal series resistances (Rg) of PSCs, which
is enabled to monitor the detailed electrical properties of the
interfaces that cannot be determined by direct current meas-
urements. The IS is conducted in dark and under an applied
voltage close to Vo of PSCs. The Rg consists of the sheet resist-
ance (Rgpeer) of the electrodes, and the charge-transfer resistance
(Rcr) at the interfaces between the electrode and the charge car-
rier extraction layers, as well as the interface between the charge
carrier extraction layer and perovskite layer.'=¢4 In this study,
all PSCs have the same device structure; the only difference is
in perovskite layer. Thus, the equivalent electric circuit (also
called RC circuit model) shown in the inset of Figure 3b can be
used to describe PSCs.[®l The Nyquist plots of PSCs measured
in dark and under an applied voltage close to V¢ of PSCs are
displayed in Figure 3b. The semicircle confirms the accuracy of
the RC circuit model and further indicates that each layer is rel-
atively homogenous along with the transport pathways without
discernible multiple interfacial boundaries.®” Thus, the Rcr
values of PSCs by pristine CH3;NH;PbI; thin film, PSCs by the
CH;NH;Pbl;:Fe;0, composite thin film, and PSCs by the EMF-
aligned CH3NH;PbI3:Fe;0, composite thin film are =933, =748,
and =560 Q, respectively. The smaller Rcr observed from PSCs
by the EMF-aligned CH3;NH;PblI;:Fe;0, composite thin film is
originated from superior film morphology and smother surface
of CH3NH;PbI; thin film induced by Fe;0, MNPs and further
aligned by an EMF. These results indicate that PSCs by the
EMF-aligned CH;NH;PbI5:Fe;0,4 composite thin film exhibit
high Jsc FF, and thus high PCE.

Figure 3c,d displays the steady-state light intensity-
dependent Vo and Jsc of PSCs. The relations between Vp¢
and the light intensity is depicted as V¢ o Sln(I), where S
is the slope and I is the light intensity.°¢%] The S values
of PSCs by pristine CH3;NH;PDbI; thin film, PSCs by the
CH;NH;Pbl;:Fe;0, composite thin film, and PSCs by the EMF-
aligned CH;NH;3Pbl;:Fe;O, composite thin film are 0.032,
0.030, and 0.027, respectively. The latter one is very close to
S =kT/q = 0.026 (where k is the Boltzmann’s constant, T is
the temperature, and g is the elementary charge at room tem-
perature), which is an indication that the geminate recombina-
tion is significantly suppressed in PSCs by the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film. In Figure 3d, a near-
linear dependence of Jsc with the light intensity for PSCs by
the EMF-aligned CH3NH;PbI;:Fe;0, composite thin film is
observed, with a coefficient of o = 0.98 corresponding to the
power law of Jsc o< I%[%7lin contrast, both two other PSCs show
a slightly nonlinear characteristics of Jsc versus I with the
coefficient of o = 0.94 and « = 0.92, respectively. Different o
values indicate that nongeminate recombination processes are
different in these three PSCs. A nearly linear dependence of
Jsc with the light intensity implies that nongeminate recom-
bination process is suppressed.””] Therefore, PSCs by the
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Figure 3. a) The TRPL spectra of PSCs, b) the Nyquist plots of PSCs measured in dark and under an applied voltage close to the open-circuit voltage
of PSCs, and the light intensity dependent of c) the steady-state open circuit voltage (the dotted lines represent fits to the expression Vo = Sln(1/1p)),
and d) the steady-state short-circuit current (the dotted lines represent fits to the expression Jsc o< I%) of PSCs, where PSCs are fabricated by either
pristine CH3NH3Pbl; thin film, or the CH3NH;3Pbl3:Fe;O, thin film, or the EMF-aligned CH3NH;Pbl3:Fe;0, thin film.

EMF-aligned CH;NH;Pbl;:Fe;0, composite thin film exhibit
enlarged Jsc and FF, and thus high PCE.

The transient photocurrent (TPC) measurement, a time-
resolved technique, is performed to evaluate charge carrier col-
lection efficiency in PSCs.3%#686 [t is found that significantly
increased photocurrent densities are observed from PSCs
by the EMF-aligned CH;NH;PbI;:Fe;O4 composite thin film
(Section S7, Supporting Information). Such boosted photocurrent
densities are ascribed to the suppressed charge carrier recombi-
nation. Figure 4a presents the normalized TPC curves of PSCs
under an applied bias of —2 V. Under such high bias voltage,
all charge carriers are swept out prior recombination. Charge
carrier transit time is estimated by extrapolating the linear
region to zero photocurrent.®! It is found that the charge car-
rier extraction times from PSCs by pristine CH3;NH;PbI; thin
film, PSCs by the CH;NH;Pbl;:Fe;0, composite thin film,
and PSCs by the EMF-aligned CH3;NH;Pbl;:Fe;O, composite
thin film are =164, =128, and =116 ns, respectively. The shorter
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charge carrier extraction time indicates that efficient charge car-
rier extraction process takes place in PSCs. Thus, PSCs by the
EMF-aligned CH;NH;PbI;:Fe;0, composite thin film exhibit
enhanced Jsc. Moreover, by the integration of the TPC densi-
ties over the transient times, the extracted charge carrier densi-
ties of PSCs versus the transient times are estimated and the
results are shown in Figure 4b. It is found that the extracted
charge carrier densities observed from PSCs by the EMF-aligned
CH;3;NH;Pbl3:Fe;0, composite thin film is higher than that by
the CH;3;NH;PbI;:Fe;O, composite thin film, the latter one is
higher than that by pristine CH;NH;3PDbIj; thin film. As compared
with the extracted charge carrier densities from PSCs by pristine
CH;3NH;Pbl; thin film, =15% increased total extracted charge
carrier densities were observed from PSCs by the EMF-aligned
CH;3NH;PbI5:Fe;0, composite thin film. Such observation is
consistent with the results from the steady-state device efficiency,
the J-V characteristics (Figure 1). Thus, PSCs by the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film exhibit boosted PCE.
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Figure 4. a) The normalized TPC curves and b) the integrated charge densities of PSCs by either pristine CH3NH3Pbl; thin film, or the CH;NH;Pbl;:Fe;O,4

thin film, or the EMF-aligned CH3NH;Pbl;:Fe;O, thin film.

The effect of different scan rates on PCEs of PSCs is shown
in Figure 5a. It is found that PCEs of all PSCs increase and
then decrease along with the increased scan rates. This obser-
vation is in good agreement with other reports,”%’! indicating
that PSCs possess the photocurrent hysteresis behaviors. The
photocurrent hysteresis behaviors are further investigated
through the J-V characteristics of PSCs measured under dif-
ferent scan directions at a scan rate of 0.60 V s and the
results are shown in Figure 5b—d. The photocurrent hysteresis
is quantitatively described by the hysteresis index (HI), which
PCEE\;EE;ZSEE%WM 72 where PCE,eyerse and
PCEfywara are PCE of PSCs measured under the reserve and
the forward directions. The HI values of 0.062, 0.031, and 0.018
are observed for PSCs by pristine CH3NH;PbI; thin film,
PSCs by the CH3;NH;PbIs:Fe;O4 composite thin film, and
PSCs by the EMF-aligned CH3;NH;PbI;:Fe;0, composite thin
film, respectively. It is obvious that PSCs by the EMF-aligned
CH;NH;Pbl;:Fe;0, composite thin film exhibit the smallest
HI value. Such suppressed photocurrent hysteresis is prob-
ably ascribed to reduced trap states and tuned crystal structure,
superior film morphology of the CH;NH;Pbl;:Fe;0, composite
thin film induced by Fe;0, MNPs and an EMF alignment.[?8-3]

The PPDs with the same device structure as that for
PSCs is also investigated. Figure 6a presents the J-V char-
acteristics of PPDs measured both in dark and under the
monochromatic light at the wavelength of 500 nm with the
light intensity of 0.28 mW cm™ at room temperature. The
device performance parameters are summarized in Table 2.
It is found that the photocurrent densities (J,;) of PPDs by
the EMF-aligned CH;3;NH;PbI;:Fe;O, composite thin film
in the reverse bias region are higher than those by the
CH;NH;Pbl;:Fe;04 composite thin film. The latter are higher
than those by pristine CH3;NH;PbI; thin film. For example,
Jon of 406 x 107, 1.09 x 107, and 2.40 x 10* mA cm™? are
observed from PPDs by pristine CH3;NH;PbI; thin film,

is defined as HI=
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PPDs by the CH3;NH;PbI;:Fe;O0, composite thin film, and
PPDs by the EMF-aligned CH;NH;PbI;:Fe;O, composite
thin film, respectively. Such boosted J,, values are origi-
nated from enhanced charge transport properties of the
EMF-aligned CH;NH;PblI;:Fe;O, composite thin film and
the CH3;NH;PbI;:Fe;0, composite thin film. Moreover, J4
observed from PPDs by the EMF-aligned CH3;NH;PblI;:Fe;0,
composite thin film in the reverse bias region are lower than
those by the CH3;NH;PbI;:Fe;04 composite thin film. The
latter are lower than those by pristine CH3;NH;PbI; thin
film. For example, under a bias of — 0.5V, J4 of 6.09 x 107,
471 x 107, and 3.84 X 10 mA cm™2 are observed from
PPDs by pristine CH;NH;PbI; thin film, PPDs by the
CH;3;NH;PbI;:Fe;0, composite thin film, and PPDs by the
EMF-aligned CH;NH;Pbl3:Fe;0, composite thin film, respec-
tively. Such high J,, and low J4 observed from PPDs by the
EMF-aligned CH3;NH;PblI;:Fe;0, composite thin film indicate
that PPDs by the EMF-aligned CH3;NH;PbI;:Fe;O, composite
thin film possess high photosensitivity./?!

The photoresponsivity (R) and projected photodetectivity
(D*) are employed to evacuate the device performance of PDs.
R is defined as: R:L]Lh and D*

light

(where Ljgy, is the light intensity and q is the absolute value
of electron charge).”?! At A = 500 nm and under an external
bias at —0.5 V, the R and D* are summarized in Table 2. The
R is increased up to 858 mA W for PPDs by the EMF-aligned
CH;3;NH;Pbl;:Fe;0, composite thin film from 389 for PPDs by
the CH;NH;Pbl;:Fe;0, composite thin film, and 145 mA W
for PPDs by pristine CH3NH;PbI; thin film. The D* is boosted
to 2.4 x 10" Jones (1 Jones = 1 cm HzY? W) for PPDs by the
EMF-aligned CH;3;NH;Pbl;:Fe;0, composite thin film from
9.79 x 102 PPDs by the CH;NH;PbI;:Fe;0, composite thin
film and 3.16 x 10" Jones for PPDs by pristine CH;NH;PbI;
thin film. Both enhanced R and D* are a consequence of both
improved Jp;, and reduced 4.

is described as: Di‘-:ﬁ
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Table 2. Device performance parameters of PPDs.

Photoactive layers Jon® [A cm™] J&? [Acm™ RIAWT D* [Jones]
Pristine CH3NH;Pbl; 4.06 X107 6.09 X 10~° 0.145 3.22x 10"
CH;NH;Pbl;:Fe;0, 1.09 x 107 4.71x107° 0.389 9.79 x 102
EMF-aligned CH3NH;Pbl;:Fe;O, 2.40 x 107 3.84x107° 0.858 2.40 x 10"

?)Jon is measured at A of 500 nm with the light intensity of 0.28 mW cm™ and under a bias of — 0.5 V; J is measured in dark and under a bias of 0.5 V.

A linear dynamic range (LDR) or photosensitivity linearity
(typically quoted in dB), one typical figure-of-merit that used to
evaluate PDs performance, is also investigated. LDR is given
by LDR=20log(J;/Ja).”* where T, is the photocurrent meas-
ured at the light intensity of 1 mW cm™. The photocurrent
density versus the incident light intensity of PPDs by the EMF-
aligned CH3;NH;PbI3:Fe;0, composite thin film is presented in
Figure 6b. At room temperature, an LDR of =162 dB is observed.
Such high LDR is higher than that of Si PDs (120 dB) and is
significantly higher than that of InGaAs PDs (66 dB) as well.”*l

3. Conclusions

In this study, we reported enhanced device performance of
perovskite photovoltaics by the EMF-aligned CH3NH;3Pbl;:Fe;0,
MNPs composite thin films. It was found that the EMF-aligned
CH;NH;PbI;3:Fe;0, composite thin films possess superior film
morphology, boosted charge carrier mobility, and suppressed
trap density. Moreover, perovskite photovoltaics by the EME-
aligned CH;3;NH;3Pbl;:Fe;0, composite thin film exhibited
suppressed charge carrier recombination and shorter charge
carrier extraction time. As a result, PSCs by the EMF-aligned
CH;NH;PbI;:Fe;0, composite thin film exhibited 20.23% effi-
ciency, which was =15% enhancement as compared with that
by pristine CH3NH;PbI; thin film. Moreover, PSCs by the EME-
aligned CH;NH;Pbl;:Fe;04 composite thin film exhibited signif-
icantly reduced photocurrent hysteresis. In addition, PPDs by the
EMF-aligned CH;3;NH;Pbl;:Fe;0, composite thin film exhibited
a photoresponsivity of 858 mA W, a photodetectivity over 10'3
Jones, and linear dynamic range over 160 dB at room tempera-
ture. All these results demonstrated that we developed a facile
way to boost device performance of perovskite photovoltaics.

4. Experimental Section

Materials: Lead iodide (Pbl,, 99.9985% metals basis) was purchased
from Alfa Aesar. Phenyl-C61-butyric acid methyl ester (PCgBM)
(99.5%) was purchased from Solenne BV. Fe(acac); (99%) was
purchased from Acros. Triethylene glycol (TREG), poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA), bathocuproine (BCP), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), toluene (anhydrous,
99.8%), ethanol (anhydrous, > 99.5%), and chlorobenzene (anhydrous,
99.8%) were purchased from Sigma-Aldrich. All materials were used
as received without further purification. Methylammonium iodide
(MAI, CH3NH;l) was synthesized by hydroiodic acid and methylamine
in laboratory.1673%-41

Preparation of Perovskite Precursor Solutions: Pbl, was dissolved
into DMF with a concentration of 400 mg mL™". Fe;O, was dispersed
in ethanol with 1T mg mL™. MAI without or with different volume ratio
of Fe;O4-ethanol (the volume ratio of ethanol-Fe;O, to ethanol were
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3%, 6%, 9%, 12%, and 15%) was dissolved in ethanol with 35 mg mL™.
Then, these precursor solutions were magnetically stirred at 75 °C
overnight yielding to clear solutions.

Thin Film Characterizations: The TRPL spectra were obtained with a
532 nm pulsed laser as excitation source at a frequency of 9.743 MHz.
The top view SEM images were obtained by using a field emission
scanning electron microscope (JEOL-7401). UV-vis absorption spectra of
different films were measured using the HP 8453 spectrophotometer. The
GIWAXS investigation was performed on the dedicated high-resolution
GIWAXS beamline (Sector 8-ID-E) in the Advanced Photon Source (APS)
Argonne National Laboratory. The thickness of thin films was measured
by Dektak 150 surface profilometer with the scan rate of 0.06 mm s™.

Photovoltaic Devices Fabrication: After precleaned ITO substrates were
treated with UV ozone for 40 min under an ambient atmosphere, then
transferred into glovebox with nitrogen atmosphere, =10 nm PTAA was
spin coated on the top of ITO substrates with a spin speed of 6000 rpm
for 40 s from PTAA toluene solution (2 mg mL™), followed with thermal
annealing at 100 °C for 10 min. The perovskite active layer was prepared
by a two-step method.[>6343¢l First, Pbl, layer was spin-casted on the
top of preheated (80 °C) PTAA/ITO substrates from the warm (80 °C)
Pbl, solution at a spin speed of 6000 rpm for 20 s with an acceleration
time of 2 s. Then the substrates were heated on the hotplate at 80 °C for
10 min and cooled down to room temperature. The MAI (or MAl:xFe;O,)
layer was then spin-coated on the top of Pbl, layers from the MAI (or
MAI:xFe;O,) precursor solution at a spin speed of 6000 rpm for 35 s with
an acceleration time of 5 s, followed with a thermal annealing at 100 °C
for 2 h. After perovskite thin film was cooled down to room temperature
naturally, an =60 nm PCgBM was spin-coated on the top of perovskite
layer at a spin speed of 1500 rpm for 30 s with an acceleration time of 2 s
from the PC¢BM chlorobenzene solution (20 mg mL™). Afterward, an
=8 nm BCP thin layer was spin-coated on the top of PC¢;B6M with a spin
speed of 4000 rpm for 30 s from 0.5 mg mL™" ethanol solution. Lastly,
an =100 nm thick Al (aluminum) was thermally deposited through a
shadow mask in the vacuum with the press of 2 x 10 mbar. The device
area was measured to be 0.045 cm?.

Photovoltaic Devices Characterizations: The current density-voltage
(J-V) characteristics were obtained by using a Keithley model 2400 source
measure unit. A Newport Air Mass 1.5 Global (AM1.5G) full-spectrum
solar simulator was applied as the light source. The light intensity was
100 mW cm2, which was calibrated by utilizing a monosilicon detector
(with a KG-5 visible color filter) of National Renewable Energy Laboratory
to reduce the spectral mismatch. The EQE spectra of the PSCs were
measured through the EQE measurement setup (DSR100UV-B) in use
at ESTI for cells and mini-modules. A 300 W steady-state xenon lamp
provided the source light. The impedance spectra (IS) of solar cells were
obtained using an HP 4194A impedance/gain-phase analyzer in dark,
with an oscillating voltage of 10 mV from 5 to 10° Hz. Solar cells were
held at the voltage closing to the corresponding Voc, while the IS was
carried out. The TPC measurements were conducted on home-made
setup reported in previous reports.B3%-41

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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