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Synergistic Cascade Carrier Extraction via Dual Interfacial
Positioning of Ambipolar Black Phosphorene for

High-Efficiency Perovskite Solar Cells

Meng Zhang, Meidan Ye, Wenlong Wang, Chunyuan Ma, Shun Wang, Qiliang Liu,

Tianquan Lian, Jinsong Huang,* and Zhiqun Lin*

2D black phosphorene (BP) carries a stellar set of physical properties such as
conveniently tunable bandgap and extremely high ambipolar carrier mobility
for optoelectronic devices. Herein, the judicious design and positioning

of BP with tailored thickness as dual-functional nanomaterials to concur-
rently enhance carrier extraction at both electron transport layer/perovskite
and perovskite/hole transport layer interfaces for high-efficiency and stable
perovskite solar cells is reported. The synergy of favorable band energy align-
ment and concerted cascade interfacial carrier extraction, rendered by concur-
rent positioning of BP, delivered a progressively enhanced power conversion
efficiency of 19.83% from 16.95% (BP-free). Investigation into interfacial
engineering further reveals enhanced light absorption and reduced trap den-
sity for improved photovoltaic performance with BP incorporation. This work
demonstrates the appealing characteristic of rational implementation of BP
as dual-functional transport material for a diversity of optoelectronic devices,
including photodetectors, sensors, light-emitting diodes, etc.

The past decade has witnessed rapid
advances in perovskite-based materials
and devices, including perovskite solar
cells (PSCs), light-emitting diodes, pho-
todetector, scintillators, etc., due to the
largely unique optical and optoelectronic
properties of perovskite such as high
absorption coefficient, long carrier dif-
fusion length, and low electron-hole
recombination rate constant.l'3] Notably,
the organolead halide PSC has reached a
certified champion power conversion effi-
ciency (PCE) of 25.2%, yet still distances
from the theoretical Schockley—Queisser
limit (=33%).14 In PSCs, the charge trans-
port layer (electron transport layer [ETL]
and hole transport layer [HTL]) are indis-
pensable for vyielding Dbest-performance
devices due to their ability to effectively
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separate the electron-hole pairs. However,

their unparalleled electronic properties to
perovskites greatly hinder the further improvement of cell per-
formance. For example, the most widely used TiO, as an ETL
and spiro-OMeTAD as a HTL possess the electron and hole
mobilities of =1 cm? V™' 7% and =103 cm? V! 571,71 respec-
tively, which are much lower than that of perovskite absorbers
(e.g., 10 cm? V71 s7! for CH;NH;PbI5®)). Clearly, the ability to
enhance the charge transfer properties of ETL and HTL mate-
rials largely represents an important endeavor toward high-effi-
ciency PSCs.

Recently, black phosphorene (BP), a monolayer or several-
layer thick black phosphorus, has emerged as an exciting 2D
nanomaterial for use in electronics and optoelectronics owing
to their outstanding tunable optoelectronic properties and high
carrier mobility.®] In the latter context, BP is an intriguing
ambipolar semiconductor with extremely high electron (i)
and hole (u,) mobilities. Theoretical calculations have pre-
dicted an anisotropic effective y, of BP (i.e., a lateral, in-plane
Ue ; of 1100-1140 cm? V7' s7! and a vertical, out-of-plane g, , of
~80 cm? V7! s71, respectively), and 4, ; and 4, , of BP are
640-700 cm? V! s and 10000-26000 cm? V7! 57!, respec-
tively.®1% Such extraordinary charge carrier mobilities of BP
over conventionally employed TiO, and spiro-OMeTAD are
advantageous for the separation and transport of electrons
and holes for optoelectronic applications. Notably, to capitalize
effectively on BP for photovoltaics, it is of key importance in
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matching its energy level (i.e., favorable energy level alignment)
to that of other constituents in the device. Nonetheless, BP
has a thickness-dependent, tunable direct bandgap (i.e., from
=0.3 eV in bulk to =2.0 eV in monolayer, accompanied by a con-
current splitting of the conduction and valence bands).1%! In
addition, the electronic structure of BP can also be influenced
by strain, the rotation angle between the BP nanosheets, and
external electric field applied,'>!3] thereby providing expanded
opportunity for more precise tuning of its electronic structure.
More importantly, the conduction and valence bands of BP
nanosheets are highly tunable via controlling their thickness,
typically a few layers, thus rendering the capability of energy
level matching with the most commonly used constituents in
various solar cells, including PSCs."] We note that, in sharp
contrast to copious work on conventional HTLs and ETLs for
PSCs, the study on exploiting BP solely at either HTL/perov-
skite*1®] or ETL/perovskite,'®"] interfaces for improving per-
formance of PSCs has been comparatively few and limited in
scope. Surprisingly, the simultaneous implementation of BP
with proper thicknesses at the respective interface in PSCs
noted above may impart synchronic enhancement of charge
transfer and collection at both HTL/perovskite and ETL/perov-
skite interfaces, thus significantly increasing the PCE of the
resulting PSCs. This, however, has yet to be explored.

Herein, we report, for the first time, the rational positioning
of ambipolar BP nanosheets as a dual-functional transport
material to impart rapid and concurrent two interfacial car-
rier extractions in PSCs (i.e., placing =3- to 4-layer-thick BP at
the ETL/perovskite interface for electron transfer and depos-
iting =1-layer-thick BP at the perovskite/HTL interface for hole
transfer). The mixed-cation and mixed-halide perovskite of
Csg.0sMAg 16FA(79Pb(I83B1017)3 is chosen as the light absorber.
The key to favorable carrier extraction lies in the control over
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the BP nanosheet thickness to confer suitable energy bands,
yielding desirable band alignments among the BP, ETL, HTL,
and perovskite absorber at the two interfaces. Interestingly, a
significantly increased PCE of 19.8% for BP dual-incorporated
PSC over either control device (PCE = 16.9%) or device with BP
solely placed at either ETL/perovskite (PCE = 18.2%) or perov-
skite/HTL (PCE = 18.7%) interfaces is achieved as a direct con-
sequence of promoted electron and hole extractions, enhanced
light absorption, and reduced trap density at both ETL/perov-
skite and perovskite/HTL interfaces. Clearly, BP represents an
encouraging candidate for tailoring the ETL and HTL character-
istics for high-performance PSCs.

The wultrathin BP nanosheets were successfully exfoli-
ated by sonicating the bulk black phosphorous crystals dis-
solved in IPA under an ice bath (see Experimental Section in
Supporting Information). Figure 1 shows the morphology
of as-exfoliated BP nanosheets. The FE-SEM image con-
firms that the BP nanosheets, prepared by drop-casting on
a Si substrate, are randomly yet densely packed, and retain a
distinctly layered structure (Figure 1a). They are ultrathin as
revealed by TEM (Figure 1b,c). A lattice fringe of 0.34 nm was
seen (Figure 1c), which can be ascribed to the (021) plane of
orthorhombic phosphorus (ICDD-PDF: No. 76-1963).14181 [t
is important to note that the electron beam could destroy the
crystalline BP nanosheets and convert it into amorphous BP
during imaging.!”) Due to the ultrathin nature of as-prepared
BP nanosheets in our study, it is difficult to obtain high-quality
lattice fringe and selected-area electron diffraction patterns.
Three typical vibrational peaks at 362.1, 436.6, and 464.5 cm™
were observed in Raman spectroscopy measurement on BP,
corresponding to one out-of-plane phonon mode A; and two
in-plane modes B,,, and A} of BP with a few layers thick-
ness, respectively.™1%l BP exhibits a strong absorption in the
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Figure 1. a) Field-emission scanning electron microscopy (FE-SEM) image, b) transmission electron microscopy (TEM) image, c) high-resolution TEM
(HRTEM) image, d) Raman spectrum, e) absorption spectrum (inset shows the Tauc plot of the exfoliated BP nanosheets in IPA solution derived from
the absorption spectrum), and f) photoluminescence spectrum of the as-exfoliated BP nanosheets in IPA.

Adv. Mater. 2020, 2000999

2000999 (2 of 9)

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



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

UV region and a low absorption in the long visible wavelength
region (Figure le), consistent with the reports in literatures.[20l
The bandgap (E,) of the BP nanosheets in IPA is =1.93 eV, cal-
culated from the Tauc plot derived from its absorption spectrum
(inset in Figure le), which correlates well with a monolayer
phosphorene reported in prior works.1%M It is notable that
BP displays a strongly layer-dependent PL. A strong and broad
emission peak at =690 nm corresponds to an optical bandgap
of =1.8 eV (Figure 1f), which is also in accordance with that of a
monolayered BP reported.l”) Taken together, the absorption and
PL spectra suggest that the exfoliated BP nanosheets exist pri-
marily as a monolayer-thick nanosheets in its IPA suspension.

In order to better reveal the electron and hole extraction
ability of BP in PSCs, prior to concurrent positioning at both
interfaces for synergistic carrier extraction and transportation
in PSCs, the BP nanosheets placed at either ETL/perovskite or
perovskite/HTL interface were first investigated separately.

The effect of exfoliated BP on electron extraction was exam-
ined in standard n-i-p PSCs using mesoscopic TiO, as an
ETL (i.e., mesoscopic device). As BP possesses a direct, thick-
dependent bandgap, it is crucial to control the thickness of BP
deposited on the TiO, layer in order to match the energy level of
BP with that of TiO, and perovskite absorber. This was enabled
by spin-coating the BP IPA suspension on the TiO, ETL for dif-
ferent number of times (denoted BP-n, n refers to the number
of spin-coating). With the number of BP coating increased from
1 to 4 (BP-1 to BP-4), the corresponding BP bandgap (deduced
from the UV-vis absorption spectra) decreased from 1.54 to
1.12 eV (Figure S2, Supporting Information), confirming the
inverse correlation bandgap with its thickness.'%!!l The highest
occupied molecular orbital level of the BP film and perovskite
absorber were measured using ultraviolet photoelectron spec-
troscopy (UPS) (Figure 2a,b; Figure S1 and Figure S3b, Sup-
porting Information). As summarized in Table S1, Supporting
Information, BP-1 and BP-2 have a mismatched conduction
band structure with perovskite absorber and TiO,. In contrast,
BP-3 and BP-4 form a cascade conduction band structure with
perovskite absorber, which is favorable for efficient electron
extraction and thus suppresses the back recombination of elec-
trons with holes near the cathode. Accordingly, the average
device efficiency decreased gradually from PCE = 16.2 * 0.33%
to 13.9 £ 0.50% (Figures S4 and S5 and Table S2, Supporting
Information) as BP-n increased from 0 to 2, while the average
PCE increased to 173 * 0.38% and 171 + 0.39% for BP-3 and
BP-4, respectively. The highest photovoltaic parameters were
derived from BP-3 with the champion device exhibiting a Js¢ of
23.23 mA cm™2, a Vg of 1.10 V, and an FF of 70.66%, leading
to the highest PCE of 18.15% (Figure S4b, Supporting Informa-
tion). The efficient electron extraction by BP-3 in planar devices
were also carried out in parallel, details are shown in Figures
S6 and S7 and Table S3, Supporting Information. We note that
all PSCs discussed below are mesoscopic devices.

Despite no obvious difference was found in the cross-sec-
tional SEM images of the BP-incorporated devices (Figure S8,
Supporting Information), the EDS mapping of phosphorus
on BP-n-coated (n = 1-4) mesoporous TiO, film substantiated
the existence of uniformly distributed BP on TiO, (insets in
Figure 2¢, n = 3 and Figure S9, Supporting Information, n =1,
2, 4). A linear relationship between the BP film thickness and
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the number of spin-coating was observed with profilometer
measurement (Figure S10, Supporting Information). The thick-
ness of BP-3 film is =2.3 nm, =3 to 4-layer thick.*"? The inter-
facial incorporation of BP-3 did not affect the structure and
phase composition of as-prepared perovskite films, as evidenced
by powder X-ray diffraction (Figure S11, Supporting Informa-
tion). However, a larger perovskite grain size distribution was
seen for that grown on BP-3-coated mesoporous TiO, layer
(336 £ 125 nm; Figure 2d; Figures S12d and S13, Supporting
Information) compared to that of the pristine mesoscopic coun-
terpart (313 £ 92 nm; Figure S12c, Supporting Information),
signifying reduced grain boundary and thus suppressed charge
recombination for BP-incorporated devices.?)l The improved
perovskite film quality can be ascribed to the BP-assisted perov-
skite growth. BP was believed to function as heterogeneous
nucleation centers during the perovskite crystallization.[#242%]
Thus, the incorporation of BP on the TiO, layer reduced the
nuclei density and led to the formation of larger grain size.

No obvious difference was observed in the optical trans-
mission spectra of TiO, ETL before and after the BP-3 coating
(Figure 2e) due to the thin thickness nature of BP film. How-
ever, a notable absorption enhancement was seen in the entire
visible wavelength range for the BP-3-incorporated perovskite
film (Figure S14b, Supporting Information), which would
in turn contribute to the enhanced Jsc. The improved light
absorption may probably due to the interfacial interaction, that
is, the formation of van der Waals heterostructure between
2D BP nanosheets and perovskite, in which charge redistri-
bution at the interface facilitated electron-hole pair separa-
tions, thus lead to the enhanced optical properties.2-28 The
enhanced photoluminescence (PL) intensity quenching of the
perovskite film upon BP-3 insertion at the TiO, ETL/perovskite
interface indicated a progressively enhanced charge extraction
(Figure S14b, Supporting Information). As BP demonstrates an
extremely high electron mobility of 220 cm? V! s7#2% and up to
1000 cm? V! s7! for thin BP nanosheets (i.e., a few layers),l%
this would facilitate the charge separation and reduce the
charge recombination at the interface. In addition, an improved
conductivity of BP-3-coated TiO, ETL than the pure TiO, ETL,
as observed in the linear sweep voltammetry (LSV) curves
(Figure 2f), suggested a reduced series resistance in the corre-
sponding devices. The charge trap densities n, in the devices
with and without the BP sandwiched at the TiO, ETL/perovskite
interface were measured from the electron-only space-charge-
limited current (SCLC) devices with an architecture of FTO/c-
TiO,/m-TiO,/BP-3/perovskite/PCBM/Ag (Figure 2g). The calcu-
lation of n, from the trap-filled limit voltage Vrg; is detailed in
Supporting Information. Notably, a reduced n, of 1.00 x 10 cm~
for the BP-3-incopreated device was observed, compared to the
control device in the absence of BP-3 introduction (1.13 x 10'® cm™3),
which may be attributed to the reduced grain boundary of
perovskite crystals, as corroborated by SEM and AFM characteri-
zations (Figures S12 and S13, Supporting Information).

Taken together, by positioning BP-3 at the TiO, ETL/perov-
skite interface, the PCE improvement was resulted from the
high carrier mobility of BP and well-aligned conduction band
energy of BP-3 with TiO, ETL and perovskite absorber for
efficient and cascade electron extraction. In addition, the inser-
tion of BP-3 also enhanced light absorption and rendered the
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Figure 2. a) The secondary electron cutoff and near Femi energy region of BP-1. b) The secondary electron cutoff and near Femi energy region of BP-3.
Notably, BP was coated on silica substrate and the measurements were repeated for three times at different positions as indicated by three different
colors. ¢) SEM image of the BP-3-coated mesoporous TiO,, where inset shows the corresponding phosphor (P) element mapping. d) SEM image of
perovskite absorber on the BP-3-coated mesoporous TiO,. €) Transmittance spectra of TiO, ETL with and without the BP-3 coating. f) Linear sweep
voltammetry curves of TiO, ETL films with and without the BP-3 deposition and spiro-OMeTAD HTL with and without the BP-1 deposition. g) The J-V
characteristics of the electron-only space-charge-limited current (SCLC) devices with and without BP-3 positioned at the TiO,/perovskite interface.
h) The J-V characteristics of the hole-only SCLC devices with and without BP-1 positioned at the perovskite/spiro-OMeTAD interface.
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growth of compact perovskite film with reduced grain boundary.
Thus, the charge separation was promoted and charge recom-
bination was suppressed, leading to increased performance of
the corresponding device (PCE = 17.3 £ 0.38%) over the pristine
device (PCE =16.2 + 0.33%) as discussed above.

The exfoliated BP of proper thickness was also found to
enable the efficient hole transport when placing it at the perov-
skite/spiro-OMeTAD HTL interface in PSCs (Table S1, Sup-
porting Information). Based on the UPS results, BP-1 and BP-2
with a cascade energy alignment between perovskite absorber
and spiro-OMeTAD HTL were chosen in the study to ensure
effective hole transfer from perovskite to HTL.

Similar to the use of BP-3 at the ETL/perovskite interface,
the devices with BP-1 and BP-2 sandwiched at the perovskite/
HTL interface outperformed the control devices (Figures S15
and S16 and Table S4, Supporting Information), and the highest
photovoltaic parameters were seen with BP-1. The cham-
pion device with BP-1 insertion exhibited an improved Jsc of
23.38 mA cm™2, a V¢ of 1.11V, and an FF of 72.85%, and thus
a PCE of 18.86%. Figure S16, Supporting Information, sum-
marizes the statistics of photovoltaic parameters extracted from
the J-V curves of 24 independent devices. Compared to the
control device (PCE = 16.17 £ 0.33%), an average of exceeding
PCE of 1799 + 0.35% and 17.32 + 0.33% was observed for the
BP-1 and BP-2-incorporated devices, respectively. The improved
device performance yielded with BP-1 incorporation over BP-2
can be attributed to its better matched band energy with perov-
skite absorber and spiro-OMeTAD, which in turn strengthen
the hole extraction and block the electron transfer at the perov-
skite/HTL interface, resulting in a higher PCE.

Likewise, such improved device performance with BP incor-
poration at the perovskite/HTL interface was derived from
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the cascade valence band energy alignment for enhanced hole
extraction, increased light absorption, and reduced trap states.
Notably, the well-aligned band energy in conjunction with the
extremely high hole mobility of BP significantly facilitated
hole extraction at the interface, as evidenced by the PL spectra
(Figure S17b, Supporting Information). At the same time, the
BP incorporation also improved the conductivity of HTL, as
revealed by the LSV curves of the spiro-OMeTAD film with
and without BP-1 coating (Figure 2f), thereby further reducing
the corresponding series resistance of the devices. Slightly
increased absorbance of the BP-1 incorporated perovskite film,
over the entire visible wavelength range (Figure S17b, Sup-
porting Information) is consistent with the increased photo-
current of the devices. Figure 2h compares the J-V curves
of the hole-only devices (FTO/P3HT/BP-1/perovskite/spiro-
OMeTAD/Ag) with and without BP-1 incorporation at the inter-
face, where the Vygp 0of 0.23 and 0.31 V corresponds to the trap
density n, of 3.25 x 10> and 4.38 x 10" cm™, respectively. This
result signifies that the trap state in the perovskite film was
effectively passivated by BP at the perovskite/spiro-OMeTAD
interface.[¥

As demonstrated above, the exfoliated BP nanosheets could
exert the effective electron and hole extraction separately at
respective interface in PSC. Thus, we set out to scrutinize if
simultaneous introduction of BP at both the ETL/perovskite
and perovskite/HTL interfaces (i.e., dual-positioning of BP)
yields a synergistically enhanced interfacial carrier extraction
for PSC with markedly improved PCE. To this end, the opti-
mized device working conditions for the BP insertion identified
at each individual interface were adopted, that is, depositing
BP-3 at the ETL/perovskite interface and BP-1 at the perovskite/
HTL interface (Figure 3a).
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Figure 3. a) Energy level diagram of each constituent in perovskite solar cell with dual-positioning of BP at both interfaces (i.e., BP-3 at the TiO,
ETL/perovskite interface and BP-1 at the perovskite/spiro-OMeTAD HTL interface). b) J-V curves of champion devices with and without BP dual-
incorporation. c) Photovoltaic performance statistics for the devices with and without BP dual-insertion. d) Stable Jsc and PCE of the devices with and

without BP dual-introduction.
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Figure 3b,c and Figure S18, Supporting Information, sum-
marize the photovoltaic device performance with and without
BP dual-positioned at the both interfaces. The champion device
with dual-positioned BP demonstrated a Js¢ of 23.86 mA cm™,
a Voc of .12V, and an FF of 73.82%, and thus a highest PCE
0f 19.83%. Table S5, Supporting Information, depicts the photo-
voltaic performance statistics extracted from the -V curves
of 24 independent devices, where the average PCE increased
from 16.17 £ 0.33% for the control devices to 19.02 £ 0.38% for
the BP-dual-incorporated devices. Figure 3d shows the stable
output powers of 19.70% and 16.80% with the corresponding
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steady-state current density of 21.18 and 19.75 mA cm™2 for the
champion devices with and without the BP dual-incorporation,
respectively. The highly stable PCE demonstrated the effective-
ness of concurrent interfacial tailoring of carrier extraction
by capitalizing on BP of proper thickness at each interface.
Figure 4a displays the incident photon to current conversion
efficiency (IPCE) of the devices with and without BP dual-incor-
poration. Notably, the BP dual-incorporated device possessed a
larger IPCE over the entire spectrum compared to the control
device, representing a higher integrated Jsc of 22.63 mA cm™
than that of the control device (Js¢ = 20.29 mA cm2), which is
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Figure 4. a) IPCE spectra, b) UV-vis and PL spectra, c) time-resolved PL, d) controlled intensity modulated photocurrent spectroscopy (CIMPS)
where the inset shows the corresponding Bode plot, €) controlled intensity modulated photovoltage spectroscopy (CIMVS) where the inset shows
the corresponding Bode plot, and f) Nyquist plots of electrochemical impedance spectroscopy of perovskite solar cells (PSCs) with and without BP
dual-incorporation at both interfaces (i.e., TiO,/BP-3/perovskite/BP-1/spiro-OMeTAD).
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consistent with the Jsc enhancement seen in the |-V charac-
teristics (Figure 3b). As IPCE = LHE X @y, X 7., where LHE is
the light harvesting efficiency, ¢y,; is the electron-injection effi-
ciency, and 7). is the charge-collection efficiency,?% the better
device performance with BP dual-insertion is owing to the syn-
ergy of intensive light absorption, enhanced charge extraction,
facilitated charge transport, and suppressed carrier recombina-
tion, as discussed below.

The intense light absorption of the perovskite films upon
BP dual-incorporation was confirmed by the UV-vis spectro-
scopy measurements (Figure 4b; i.e., Apps /Perovskite/BP-1 >
APerovskite and Ac-TiOZ/rn-TiOZ/ BP-3/Perovskite/BP-1/Spiro-OMeTAD >
ACTiO, fm-TiO, [Perovskite/Spiro-oMeTaD), Similar to the results shown
in Figures S14b and S17b, Supporting Information. Mean-
while, a notable suppression in the PL intensity was found
for BP dual-sandwiched perovskite film. The large emis-
sion decrease (a 51.50% quenching) signifies the efficient
charger transfer from perovskite to BP, further substanti-
ating the dual charge extraction ability of BP as the electron-
transport and hole-transport material when in contact with
the perovskite absorber. Figure 4c and Figure S19, Supporting
Information, compare the time-resolved photoluminescence
(TRPL) spectra of the perovskite films confined between dif-
ferent functional layers. The TRPL data was fitted using a
bi-exponential decay with a fast decay time 7; and a slow
decay time 7,: A(t) = Ajexp(-t/n) + Asexp(—t/1,), where T
and 7, are attributed to the intrinsic band-to-band recombina-
tion (radiative recombination) and trap-assisted recombina-
tion (non-radiative recombination), respectively.”3%32l The
average PL decay time 7,, can be estimated using the equa-
tion,” 7,.. = (A17? + A 5%) /(AT + A1), where A; and A, are
pre-exponential factors. In agreement with the steady-state PL
discussed above, the charge-carrier lifetime decreased sharply
when functional layers were employed (Table S6, Supporting
Information). The 7, of the pure perovskite film is 348 £ 2 ns,
and sharply decreases to 164 £ 1 ns for the BP-3/perovskite/
BP-1 film. The 7, for the TiO,/perovskite/spiro-OMeTAD is
0.899 £ 0.090 ns, and drops to 0.737 = 0.083 ns when BP was
concurrently incorporated at both interfaces (i.e., TiO,/BP-3/
perovskite/BP-1/spiro-OMeTAD). It is clear that upon the dual-
positioning of BP at both interfaces, the well-aligned band
energy and high charge extraction ability of BP render more effi-
cient carrier transfer from the perovskite layer to the respective
transport layers. The greatly reduced PL decay time is beneficial
for suppressing the charge recombination at the ETL/perovskite
and perovskite/HTL interfaces.13%l Consequently, the Jsc and FF
are significantly enhanced (Figure 3b,c; Figure S18, Supporting
Information), consistent with the J-V and IPCE measurements.

The charge carrier dynamics in the devices with and
without BP dual-incorporation were further elucidated by the
controlled intensity modulated photocurrent/photovoltage
spectroscopy (CIMPS/CIMVS) measurements (Figure 4d.e).
The carrier transition time 7; and carrier lifetime 7, can be cal-
culated based on the following equations: 7, = 1/(2af; ;) and
T, = 1/(27f; min), Where f; i, and f; i, are the characteristic fre-
quencies at the maximum of the CIMPS and CIMVS imaginary
component, respectively.?¥ A smaller 7, of 414 ns and a larger 7,
of 3.43 us for the BP dual-incorporated device than the control
device (7 = 461 ns and 7, = 2.17 us) were found. The shorter 7
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signifies the faster carrier transport. The longer 7, reflects the
suppressed charge recombination, revealing the larger recom-
bination resistance in the devices, which in turn results in the
increased Vo, as evidenced in the J-V characteristics. More-
over, the decreased 7; and increased 7, lead to a higher charge
collection efficiency 7., which can be calculated according to
Nee = 1= (7/7,).5% A higher 7, of 88.10% for the BP dual-incor-
porated device than that of the control device (7., = 78.80%) was
obtained under an illumination of 1000 W m~ (Table S7, Sup-
porting Information). Thus, it is clear that the BP dual-incor-
porated devices possess the greater light absorption, enhanced
carrier extraction, and larger charge collection efficiency,
thereby collectively leading to the higher IPCE (IPCE = LHE X
@inj X 1LY and ultimately PCE.

The improved charge extraction and transport in BP dual-
modified devices suggest a larger recombination resistance,
which was further corroborated by the electrochemical imped-
ance spectroscopy measurements (Figure 4f). In general, the
high-frequency intersection on x-axis is ascribed to the serial
resistance R;. The two semicircles observed at high and low
frequency region are commonly attributed to interfacial charge
transfer resistance R, and inner recombination resistance R
together with the corresponding constant phase element CPE,
respectively (Figure S20, Supporting Information).*® A smaller
Rg of 12.6 Q (inset) for the BP dual-incorporated device than
that of the control device (Rg = 15.4 Q) suggests the improved
conductivity of the BP-incorporated charge transport layers, cor-
relating well with the LSV results discussed above (Figure 2f).
Obviously, R, dominated in both control device and the BP
dual-incorporated device, yet R, was rather small and compa-
rable (inset; Figure 4f). A larger R, of 3.5 kQ for the BP dual-
incorporated device than that of the control device (R = 2.5 kQ)
suggests a lower charge recombination and more efficient
charge dissociation and transport. As a result, the enhanced
charge transfer alleviated the interfacial charge loss, thus
leading to increased Jsc and V¢ and in turn improved PCE.
The promoted charge transfer and suppressed charge recom-
bination further resulted in a limited hysteresis in the BP dual-
incorporated devices (Figure S21, Supporting Information).

The long-term stability is crucial for practical applica-
tions of PSCs as the perovskite is highly prone to degrada-
tion toward humidity, oxygen, water, UV irradiation, etc. due
to its ionic crystal nature.’®¥! In this context, we first evalu-
ated the stability of BP incorporated PSCs (Figure S22, Sup-
porting Information). Substantially unchanged PCE was found
for unencapsulated PSCs in dry air, suggesting the solution-
processed BP nanosheets in PSCs exhibited relatively good
stability. However, the performance of the unencapsulated
devices decreased rapidly upon exposure to humid air at a rela-
tive humidity of =30% (Figure S22a, Supporting Information)
mainly due to the perovskite decomposition. In an attempt to
increase the moisture stability, PSCs were encapsulated with a
hydrophobic 5 pm-thick parylene film via vacuum deposition.
Notably, parylene has a high transmittance in the visible light
region (Figure S23, Supporting Information). Intriguingly, the
PCE of the parylene-protected PSCs retained about 95% of
the initial value after 180 days in air (Figure S22b, Supporting
Information), manifesting the effectiveness of encasing the
PSCs with parylene for prolonged protection from moisture.
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In summary, we demonstrated, for the first time, a simple
yet robust strategy to enable concerted yet enhanced carrier
extraction at both ETL/perovskite and HTL/perovskite inter-
faces for high-efficiency and stable PSCs by capitalizing on
ambipolar BP nanosheets as efficient carrier transport mate-
rial and simultaneously sandwiching them at the two inter-
faces. Appealingly, cascade band energy alignments among
the BP, perovskite absorber, TiO, ETL and spiro-OMeTAD
HTL are concurrently attained by tailoring the BP film thick-
ness at the respective interface (i.e., yielding TiO, ETL/BP-3/
perovskite and perovskite/BP-1/spiro-OMeTAD HTL). As such,
the carrier extraction and transfer at the corresponding inter-
face are greatly enhanced due to the extremely high electron
and hole mobility of BP, thereby imparting the charge separa-
tion and suppressing the charge recombination. The BP-incor-
porated PSCs also display the improved light absorption, due
to the formation of van der Waals heterostructure between BP
nanosheets and perovskite, and reduced trap density. Taken
together, the synergy of enhanced charge extraction, suppressed
carrier recombination, and intense light absorption accounts
for the enhanced photovoltaic performance in the BP dual-
incorporated device (average PCE = 19.02 + 0.38%), manifesting
a 15% PCE improvement over that of control device without
BP (average PCE = 16.17% * 0.33%). The hydrophobic parylene
film encapsulation further increases the device stability against
moisture. Clearly, solution-exfoliated BP may stand out as a
compelling ambiploar carrier transport nanomaterial for ena-
bling great advances in high-performance optoelectronics via
judicious interfacial positioning of BP of tailored thickness.

Supporting Information

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