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ABSTRACT: The stability of perovskite thin ﬁlms is one of the
most critical challenges for their practical application in photovoltaic devices. The defects of hybrid organic−inorganic perovskites, such as the photogenerated Pb0 and iodine (I0), will cause
lattice distortion and act as recombination centers, which will also
make the photovoltaic behavior worse. Introducing properly
designed additives might minimize this harmful mechanism. The
designed molecule core calix[4]resorcinarene (CRA)−triphenylamine (TPA) that contains hole transport functional groups
(TPA) and electron transport functional groups (triazole) has
been synthesized and employed as an additive in the perovskite,
where it serves as an adjust buﬀer of charge transport. We found
that this novel molecule improves the crystallization of triplecation perovskite ﬁlms. The power conversion eﬃciency of 18.5% of the control device is increased to 20.0% by introducing a proper
amount of CRA−TPA. The defect density of the perovskite layer has been substantially decreased to ≈1/4 with the introduction of
the designed additives, with stability beneﬁting as well.
KEYWORDS: additives, defects, electron exchange, perovskite, solar cells
the occurrence of Eu3+ in crystals still needs further detailed
studies. The europium route is a particularly interesting
example of doping of perovskite, which has been proved
successful to avoid hysteresis as well, commonly attributable to
ionic motion.15,16 Son’s work17 demonstrates that K+ doping
can eliminate hysteresis. Abdi-Jalebi et al.18 found that K+ only
resides in the grain boundaries in a perovskite ﬁlm. This
suggests that K+ and other doping ions which cannot
participate in the lattice will drift out of the perovskite
crystallites.19 Thus, a bigger size molecule, which can
participate in perovskite crystallization or remains in the ﬁlm,
might be the correct choice to achieve a sustained eﬀect on
devices. Furthermore, introducing additives inside the perovskite is one of the most successful strategies to improve PCE
and stability.20−23

1. INTRODUCTION
Perovskite solar cells (PSCs) have shown rapid development in
power conversion eﬃciency (PCE) from 3.8 to 25.5%1−3 in
only 10 years. The stability of perovskite photovoltaics is now
the primary issue that needs to be solved. It is essential to
study in more detail the degradation causes and mechanisms to
achieve the stability goal of PSCs. Perovskite defects and defect
chemistry are the most important factors that inﬂuence the
stability of PSCs. Further, ionic migration, and its relation to
stability and hysteresis, is another compelling topic of
research.4−6 It has been proved that iodide and methylammonium migrate due to the electric ﬁeld in the device during the
operations of the solar cell.7,8 Besides, when devices are under
light illumination, Pb2+ can be reduced to Pb09,10 and the
iodide ions are oxidized to I0,11 forming recombination centers
and causing lattice distortions, which is an intrinsic degradation
mechanism. Even if the devices are well encapsulated, Pb2+ and
I− initiating the decomposition due to their chemical character
cannot be avoided.12 Wang et al.13 provides a way to solve this
problem by exploiting the europium redox chemistry (Eu3+−
Eu2+) to act as the “redox shuttle” that selectively oxidizes Pb0
and reduces I0 defects simultaneously. Bala and Kumar14
suggested that Eu2+ can play the B-site role to replace Pb2+, but
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increased to 75 °C and kept for 4 h before the substrate fetched out.
After this, the substrates were annealed at 180 °C for 1 h and then
treated in UV−ozone for 15 min. Then, the triple-cation perovskite
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 was prepared. At ﬁrst, CsI was
dissolved in DMSO with the concentration of 1.5 M. PbI2 and PbBr2
solutions were prepared independently in DMF/DMSO (4:1), with
the concentration of 1.5 M; MABr and FAI were weighted in two
separate vials, and then the volumes of PbI2 and PbBr2 stock solutions
were calculated, and DMF/DMSO was needed to get the right
stoichiometry and concentration (1.24 M). The stoichiometry is
1:1.09 for MABr/PbBr2 and FAI/PbI2. FAPbI3- and MAPbBr3-based
perovskite solutions were mixed with a volume ratio of 85:15, and CsI
solution was added to the FA0.85MA0.15PbI0.85Br0.15 solution with a
volume ratio of 5:95; this procedure was followed to obtain the triplecation perovskite control precursor. After this, the CRA−TPA
solution was prepared (using the solvent DMF/DMSO = 4:1) with
the concentration of 5 mg/mL, and this solution was added to the
control precursor with the volume ratio of 2% vol (≈0.019 mol ‰),
4% vol (≈0.038 mol ‰), and 8% vol (≈0.075 mol ‰), respectively.
Chlorobenzene was used in this study as the antisolvent. The
perovskite ﬁlms were annealed on a hot plate at the temperature of
100 °C for 40 min. To prepare the HTL, the solution of hole
transport material spiro-OMeTAD was prepared using chlorobenzene
as the solvent with a concentration of 28.4 mM, and also LiTFSI
(lithium bis(triﬂuoromethanesulfonyl)imide) and FK209 Co(III)TFSI (tris(2-(1H-pyrazol-1-yl)-4-tertbutylpyridine)cobalt(III) tri[bis(triﬂuoromethane)sulfonimide]) were prepared using acetonitrile as
the solvent with the concentration of 0.2 and 1.8 M, respectively. A
volume of 1 mL of spiro-OMeTAD solution needs the additives
LiTFSI, FK209, and tBP (4-tert-butylpyridine) of 8.8, 14.5, and 14.4
mL, respectively. Then, the spiro-OMeTAD solution with the dopant
was deposited to form the HTL using spin-coating at a speed of 1800
rpm for 30 s. Devices like this should be transferred into a dry air box
for 24 h, and Au is deposited at 80 nm after this to ﬁnish the
fabrication of the devices.
2.2. Characterizations. The devices were measured using a
Wavelabs Sinus-70 LED class AAA solar simulator to conﬁrm the J−V
curve. The incident photon-to-current eﬃciency spectra (IPCE) were
recorded with an Oriel Instruments QEPVSI-b system integrated with
a Newport 300 W xenon arc lamp, controlled by TracQ-Basic
software. XPS measurements were recorded by a Kratos AXIS
Untraded ultrahigh vacuum surface analysis system, and the binding
energy of C 1s (285.00 eV) was used as the reference. The absorbance
of the perovskite ﬁlms was measured with a UV−vis spectrophotometer (PerkinElmer Lambda 750). Scanning electron microscopy
(SEM) images were collected through a ﬁeld emission scanning
electron microscope (Quanta 200 FEG, FEI Co.). The X-ray
diﬀraction (XRD) patterns of the perovskite ﬁlms were measured
by a PANalytical 80 equipment (Empyrean, Cu Kα radiation). The
two-dimensional grazing incidence XRD (2D GIXRD) patterns were
measured by exposing the samples to a MarCCD located at a distance
of approximately 223 mm above the samples and a grazing incidence
angle of 0.2° for 20 s. The steady-state photoluminescence (PL)
spectra were acquired using HORIBA Jobin-Yvon LabRAM HR800
under a 480 nm excitation wavelength. Fourier transform infrared
(FTIR) spectra were obtained on a BRUCK Tensor II FTIR
spectrometer in the range of 4000−500 cm−1 using the attenuated
total reﬂection technique. The RS characteristics of unsealed organic−
inorganic hybrid perovskite resistive random-access memory devices
were measured by an Agilent B1500A semiconductor analyzer with a
temperature controller in an ambient environment with a relative
humidity of 50− 60% at room temperature (23−28 °C).

Diﬀerent doping agents have diﬀerent functional mechanisms.24,25 Typically, Lewis acid−base chemistry is exploited to
resolve the issue of the defects caused by undercoordinated
sites. Fullerene (C60) has been proved to be a useful additive
and has a signiﬁcant contribution to enhancing the eﬃciency of
PSCs.11 The derivatives of C60 (PCBM, ICBA, etc.) have been
proved by Shao et al. as highly eﬀective passivation molecules
for improving device performance by mitigating both shallow
and deep traps.26 The chemical interaction of PCBM with
perovskite materials was ﬁrst reported by Xu et al.27 Abate et
al. have also demonstrated that the halogen bond (−C−I···X)
produced by iodopentaﬂuorobenzene can enhance the charge
transfer at the perovskite/HTM interface by lowering the
possibility of charge trapping at electron-rich surface defects.28
Furthermore, Zuo et al. demonstrated a polymer functionalized
with pyridine as an additive to passivate defects in MAPbI3based PSCs.29
As is known, the unstable current density is the leading
cause of the concentration imbalance between electrons and
holes.30 Especially, in actual work, the instability of the current
density due to the change in light intensity31 becomes a
practical problem. Further, the excess electrons or holes that
cannot be transmitted immediately is the main factor leading
to the instability of the perovskite intrinsic ions. Therefore, the
use of charge transport buﬀers to reduce the reaction time of
current density changes becomes a searchable method for
protecting the intrinsic ions of perovskite and improving device
stability. Because of its electron-donating and electronwithdrawing ability, making Lewis acid−base as the buﬀer is
the right choice. However, we need electron donors and
electron acceptors to be present in one compound
simultaneously to cope with excess electrons and holes.
Therefore, a bipolar-transporting star-shaped organic molecule
named core calix[4]resorcinarene (CRA)−triphenylamine
(TPA) has been designed based on our previous work (see
the Supporting Information for details on the synthesis).32,33
Such organic molecules can contain both electron donors and
electron acceptors, which can be a good adjust buﬀer for
charge transport. The space charge-limited-current (SCLC)
measurement shows that the value of the defect density has
been decreased to ≈1/4 after doping CRA−TPA in the
perovskite ﬁlm.
Furthermore, we fabricated a champion cell with a PCE
value of 20% with the addition of the dopant CRA−TPA,
which is signiﬁcantly higher than the champion control cell,
having the PCE value of 18.5%. Also, the champion cell with
the dopant reached a high open-circuit voltage (Voc) of 1181
mV.

2. EXPERIMENTAL SECTION
2.1. Fabrication of PSCs. Except for the synthesized chemicals,
all of the others used in this study were ordered from Sigma-Aldrich
and used directly. A device structure, FTO (ﬂuorine-doped tin
oxide)/SnOx (tin oxide)/triple-cation perovskite/spiro-OMeTAD/Au
(gold), was used to fabricate solar cells. The order of the substrate
FTO washing is deionized water (with and then without detergent),
followed acetone and isopropanol use ultrasonic. Before the
deposition of the electron transport layer, the substrate should be
treated by UV−ozone for 15 min; then, chemical bath deposition
(CBD) was used to deposit the SnOx layer. For the CBD precursor, to
every 80 mL of deionized water, 0.02 g tin chloride dihydrate (SnCl2·
2H2O), 50 μL of hydrochloride acid (HCl, aq 37%), 0.05 g urea, and
1 μL mercaptoacetic acid were dissolved. Then, the prepared FTO
was dipped into the precursor and the solution temperature was

3. RESULTS AND DISCUSSION
CRA−TPA contains electron donor and acceptor functional
groups that can act as the Lewis acid−base. Thanks to the
excellent hole mobility and energetic electron-donating
ability,34 TPA has broadly been employed as the backbone
of most of the hole transport materials (e.g., PTAA). On the
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Figure 1. (a) Formula of molecular CRA−TPA; (b) XRD pattern of doping diﬀerent ratio volume CRA−TPA solution; top-view SEM images of 3CAT perovskite ﬁlms fabricated with (c) no additive and (d) CRA−TPA additive in the precursor solution.

and the PbI2 peaks are signiﬁcantly reduced in intensity, which
implies a superior phase purity for the modiﬁed ﬁlm.
Moreover, the absorption spectra in Figure S2 are observed
to be red-shifted by ∼10 nm from 0 to 4%, which suggests a
slightly decreased band gap as the concentration of the dopant
increased. However, when the concentration increased to 8%,
the band gap of the ﬁlm expands.
To conﬁrm that the CRA−TPA additive in the perovskite
has helped the perovskite to form a black phase in the ﬁlm, we
observed the ﬁlms by 2D GIXRD analysis (Figure 2a,b).
Normally, the orientation of diﬀraction crystallites is presented
by the shape and intensity distribution of diﬀraction peaks in
the reciprocal (qxy−qz) space. For example, uniform intensity
loops formed because of no preferred crystallographic
orientation. Intensity spots or arc diﬀraction patterns suggest
the preferred out-of-plane orientation but isotropic in-plane
ﬁlms,38 as we see the shape (001) in Figure 2a,b. The 2D
GIXRD data (Figure 2a,b) show the homogeneous [PbX6]−
sublattices and the photoinactive hexagonal δ-phase of FAPbI3
in the ﬁlm. When the ﬁlm contains CRA−TPA, the
photoinactive hexagonal δ-phase of FAPbI3 disappears and
the intensity of (001) is decreased, conﬁrming that the CRA−
TPA interaction with [PbX6]− promotes the formation of the
perovskite black phase. Furthermore, the diﬀraction peaks of
both ﬁlms look almost identically sharp, which implies the
highly crystallized interior with a relatively pure phase. The
intensity of diﬀraction peaks except for the δ-phase of FAPbI3
and (001) does not change between the two diﬀerent ﬁlms,
which suggests that the dopant has no inﬂuence on the crystal
except for being good for the formation of the perovskite black
phase.

other hand, the triazole functional group acts as an electron
acceptor and electron transport group in photoelectron
devices. It is commonly employed in organic light-emitting
diodes.35 We combined the two functional groups by
synthesizing a molecule based on CRA and also containing
the functional groups TPA and triazole. The structural formula
of the CRA−TPA molecule is shown in Figure 1a. We
evaluated the eﬀect of introducing the CRA−TPA additive in
the perovskite precursor on the crystallinity and morphology of
the perovskite ﬁlm. We used the triple-cation perovskite (3CAT) (Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3) as the perovskite control precursor to fabricate ﬁlms.36 Within the 2−8%
volume ratio (≈0.019−0.075 mol‰) of the CRA−TPA
solution in the perovskite precursor solution, highly uniform
perovskite ﬁlms with full coverage of the substrate are
obtained.
In the range between 4 and 8% in volume ratio, the addition
of CRA−TPA leads to a smoother perovskite surface, as the
top-view SEM images show (see the comparison in Figure
1c,d). The higher contact angle for the CRA−TPA-modiﬁed
perovskite suggests a more diﬃcult water inﬁltration, probably
attributable to the smoother surface (Figure S1). The XRD
investigation also highlights the eﬀect of the CRA−TPA
additive on the perovskite ﬁlm formation. In Figure 1b, we
show that the intensity of the perovskite peak at ∼14.4° is
signiﬁcantly higher for the CRA−TPA-containing ﬁlm. The
small side peaks at 11.6 and 12.7° correspond to the δ-phase of
FAPbI3 and PbI2. Typical observations of the mixed perovskite
composition indicate that the FA perovskite is not completely
converted into the photoactive black phase.37 Notably, upon
the addition of small amounts of CRA−TPA, the yellow phase
10634

https://dx.doi.org/10.1021/acsaem.0c01683
ACS Appl. Energy Mater. 2020, 3, 10632−10641

ACS Applied Energy Materials

www.acsaem.org

Article

Figure 2. 2D GIXRD data of (a) control perovskite ﬁlm and (b) CRA−TPA-doped perovskite ﬁlm; (c) FTIR spectra of control and modiﬁed
perovskite ﬁlm with CRA−TPA; (d) Normalized UV−vis curve of CRA−TPA doping in diﬀerent concentrations; XPS spectra of the comparison
of (e) survey, (f) Pb and N between the control ﬁlm and CRA−TPA-doped perovskite ﬁlm; electronic migration route, (g) degradation of intrinsic
ions in the perovskite and (h) inﬂuence of electron transport by the functional group in CRA−TPA.
10635
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Figure 3. (a) SCLC measurement to quantify the defect density in the control ﬁlm and (b) CRA−TPA-doped perovskite ﬁlm; (c) PL spectrum of
the control ﬁlm and CRA−TPA-doped perovskite ﬁlm; (d) TRPL spectrum of the control and modiﬁed ﬁlm measured by the structure of FTO/
SnO2/perovskite.

these two elements in diﬀerent perovskite ﬁlms because of the
same [PbX6]− octahedron. The normalized UV−vis curve
(Figure 2d) suggests the coordination bonds between CPA−
TPA and [PbX6]− whose peak at around 500 nm43,44 has
changed with the increase of the concentration of the dopant.
When the volume percentages are 0, 2, and 4%, the absorbance
peaks are at 480, 500, and 522 nm, which show a red shift.
However, when the volume percent increased to 8%, the
absorbance peak is back to 497 nm, which shows a blue shift.
The number of coordination bonds decreased at ﬁrst and then
increased.43 The above data suggest that the dopant will not
change the structure of the perovskite, but too much dopant
may be harmful for the crystal formation of the ﬁlm.
Because of the low redox potential, I− is easily oxidized to
form I0; the trace amount of I0 is reported to correlate to the
formation of trap states, which deteriorate the device
performance.45 Further, Pb0 also appears in the perovskite
ﬁlm, when exposed to light, as a primary deep defect state
(Figure 2g).46,47 The redox chemistry of ions in the perovskite
is very harmful not only to the performance of devices but also
to the long-term stability.48 Researchers have tried many
strategies to eliminate either Pb0 or I0 defects by optimizing
ﬁlm processing40 and additive engineering.49−51 Most of the
additives are useful agents for one kind of defects (e.g., either
positively or negatively charged) or hardly form strong bonds
to the perovskite crystal, which render them unstable in
perovskite ﬁlms also due to their drift. However, the long-term
stability of PSCs needs a persistent solution for the
simultaneous elimination of both Pb0 and I0 defects. CRA−
TPA is diﬀerent from other additives as new bonds are formed

FTIR characterizations were performed to have further
insights into the interaction between CRA−TPA and the
perovskite through the analysis of vibrational modes. Moving
from the investigation from Tobias Glaser et al.,39 the peak
around 2156 cm−1 is attributable to the CH3−NH3+ rocking
mode, and its intensity is decreased (transmittance decreased;
see Figure 2c highlighted by a red rectangle) when the
perovskite ﬁlm has been modiﬁed, which means the CRA−
TPA molecule might aﬀect the ionic motion (such us
methylammonium vibrations) by interacting with the perovskite, especially the inﬂuence on the orientation of [PbI6]−
sublattice, then aﬀects MA+indirectly. Furthermore, peaks in
the range of 2700−3900 cm−1 of CRA−TPA have disappeared
in the ﬁlm with the dopant, which also suggests that bonds
exist between the perovskite and CRA−TPA. In the lowfrequency zone (the “ﬁngerprint zone”), the peak strength C−
X (X = Br, I) (aromatic hydrocarbon) at around 760 and 903
cm−1 is decreased (see Figure 2c, highlighted by a red circle),
which suggests that the π-bond from CRA−TPA inﬂuences X,
and it is similar to the C−X bond, and σC−H is attributable to
the molecular vibration of CRA−TPA.
High-resolution XPS was performed to analyze the chemical
state of the elements in both the control ﬁlm and the CRA−
TPA-doped perovskite ﬁlm. The spectra of C, N, Pb, and I are
shown in Figure 2e,f, where the positions of all the presented
peaks are calibrated using adventitious C 1s (284.8 eV). The
position of XPS peaks is similar to that in the literature for C
1s, N 1s, Pb 3d, and I 3d.40−42 Notably, the peaks of Pb and I
are approximately located at the same positions for both types
of perovskites, implying a similar chemical environment of
10636
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Figure 4. Cross-sectional SEM image of (a) control solar cell and (b) CRA−TPA-doped device; (c) J−V curves of the champion cell of control
device and modiﬁed device; (d) box chart of the PCE trend without and with diﬀerent contents of dopant (solid line: reverse scan; short dot line:
forward scan); (e) IPCE, (f) maximum power point tracking (MPPT), (g) J−V curves of the dark current of the champion control device and
CRA−TPA-doped device; (h) box chart of hysteresis changes of diﬀerent dopant concentrations.

π-electron to form a coordinating bond.52 The additive
engineering strategy employs CRA−TPA that may introduce
the nucleation site during the crystallization of the perovskite,
which makes the perovskite crystal wrap CRA−TPA and
introduce bridges between crystals but does not change the
basic crystal phase composition. Because of the functional
group in CRA−TPA, we believe CRA−TPA can serve as an

between CRA−TPA and the perovskite crystal. According to
the resonating valence bond theory, a ligand that provides a
lone pair of electrons forms a coordinating bond with a metal
cation. Oxygen in the chain and the functional group triazole
could provide the coordinating bond between the [PbI6]−
sublattice and the CRA−TPA molecule. Furthermore, the
functional group with no lone pair in the ligand can share the
10637

https://dx.doi.org/10.1021/acsaem.0c01683
ACS Appl. Energy Mater. 2020, 3, 10632−10641

ACS Applied Energy Materials

www.acsaem.org

adjusting buﬀer for charge transport, and an charge transport
balance can be formed in the perovskite ﬁlm; the electron
donor and acceptor can play an important role during the
exchange of electrons, as shown in Figure 2h.
To quantify the defect density, we performed a SCLC
measurement (Figure 3a,b). Thus, capacitor-like devices with
the sandwich structure of indium/perovskite/gold (Au) have
been fabricated. The defect density is calculated according to
the equation
Ndefects = 2εε0VTFL /eL2
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Table 1. Comparison of Champion Device Performance
Parameters for CRA−TPA-Doped and Control-Based
Perovskite Solar Cellsa
perovskite (scan direction)
perovskite:CRA-TPA
(reverse)
perovskite:CRA-TPA
(forward)
control (reverse)
control (forward)

(1)

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

PCE
(%)

22.1

1181

77

20.0

22.1

1163

72

18.6

21.6
21.6

1122
1096

77
71

18.5
16.8

a
Voc, open-circuit voltage; Jsc, short-circuit current density; FF, ﬁll
factor; PCE, power conversion eﬃciency.

where ε and ε0 are the dielectric constants of the triple-cation
perovskite and the vacuum permittivity, respectively; L is the
thickness of the obtained perovskite ﬁlm; and e is the
elementary charge.13 We estimated the defect density Ndefects
to be 4.20 × 1015 for the CRA−TPA samples and 1.43 × 1016
cm−3 for the control device. The defect density has been
substantially decreased to ≈1/4 upon the addition of CRA−
TPA in the precursor, which ﬁts with the TRPL results shown
in Figure 3d. The signiﬁcant reduction of intrinsic defect
density in the perovskite ﬁlm is expected to endow carriers
with suﬃciently longer diﬀusion lengths, beneﬁcial for charge
transport. Interestingly, in Figure 3c, the intensity of steadystate PL (ss-PL) is higher for the control ﬁlm. Given the higher
defectivity of the control ﬁlm, this fact might be tentatively
attributed to a more eﬃcient charge transfer to SnO2 when
introducing the CRA−TPA molecule. Another possibility is
that the CRA−TPA molecule, being able to exchange both
electrons and holes with the perovskite due to its molecular
structure, impacts the PL intensity at the steady state.
PSCs with an active area of 0.144 cm2 were fabricated to
investigate the eﬀect of CRA−TPA on device performances
and to check if the beneﬁcial eﬀects highlighted in the previous
paragraphs might transfer to the devices. The perovskite layer
was deposited on a FTO/glass substrate that is predeposited
with a compact tin oxide (SnOx) layer as the electron transport
layer by the CBD method, which is then doped by spiroOMeTAD with Li-TFSI, tBP (4-tert-butylpyridine), and
FK209 as the HTL. Finally, the back electrode of Au was
thermally evaporated onto the HTL. The cross-sectional SEM
image shows the thickness of the perovskite layer in both the
control device (Figure 4a) and the modiﬁed device (Figure
4b), which is of around 560 nm. The photovoltaic performance
was evaluated by measuring the photocurrent density versus
voltage (J−V) curves and IPCE.
The J−V performance was measured under simulated AM
1.5 sunlight conditions using both forward (from short-circuit
to open-circuit) and reversed (the opposite sweep) voltage
scanning directions. When employing the optimal concentration of CRA−TPA of 4% in volume, a very high PCE of
20.0% was obtained with good reproducibility. The J−V results
of the best-performing cells of the devices doped with CRA−
TPA are shown in Figure 4c, and detailed data are shown in
Table 1. The main eﬀect of the CRA−TPA addition is the
increase of Voc, which is in agreement with the reduced
defectivity of the perovskite layer.
Figure 4e shows the IPCE over the spectral range from 300
to 850 nm, with a maximum value of up to 91%. Integration of
the IPCE spectrum over the solar emission yields AM 1.5
photocurrent of 21.6 mA cm−2 for the modiﬁed device and
20.8 mA cm−2 for the control device, which is in close
agreement with the measured Jsc values. To gain further
understanding of the suppressed recombination on the device

performance, the dark J−V curves of the two kinds of PSCs
have been measured, as shown in Figure 4g. By ﬁtting the
equivalent circuit of Shockley diode in a single-junction
device,53 the spectrum shows J0 values of 4.14 × 10−5 and 7.50
× 10−6 A cm−2 for the control device and modiﬁed device,
respectively. The lower leakage density (J0) of the modiﬁed
device points to a better diode quality. The statistical analysis
reported in Figure 4d shows an increasing trend in PV
performances as the content of CRA−TPA increases from
0(control) to 4%. However, when the volume percent
increases to 8%, the eﬃciency and reproducibility are
worsened. The box charts of Voc and Jsc in Figure S6 show
the same trend as that for PCE, which conﬁrms that the
optimized concentration of CRA−TPA doping should be at
around 4%. The hysteresis is very low for all the
concentrations, but in this case, the minimum is attained at
the volume percent of 4% of CRA−TPA (Figure 4h). This
shows that when we employ CRA−TPA as the electronic
buﬀer, it does not change the hysteresis of devices signiﬁcantly.
However, it enhanced the transportability of charges, which is
also the reason why Jsc and Voc are increased when we use
CRA−TPA as the dopant (Figure 4c). The MPPT of 180 s
which is measured in air as the measurement condition of J−V
curves conﬁrms that CRA−TPA improves the performances of
the devices (Figure 4f). The stability as well as beneﬁts from
the introduction of CRA−TPA is shown in Figure S5a. In fact,
we stored the samples in a dry air box and measured the PCE
every 5 days for 960 h, and the modiﬁed devices show a
smaller loss than control devices. For thermal stability and
moisture stability, both kinds of devices were stored in the dark
at 60 °C and humidity of 55 ± 5%, respectively. As shown in
Figure S5b,c, the control PSC showed a faster degradation.
Therefore, PSCs containing the dopant of CRA−TPA can be
more stable for a long time, likely attributable to the
persistence of the CRA−TPA doping.

4. CONCLUSIONS AND OUTLOOK
The organic molecular CRA−TPA was introduced into the
triple-cation perovskite precursor solution, and the perovskite
ﬁlm quality is enhanced, signiﬁcantly reducing the defect
density. CRA−TPA can participate in the crystallization of the
triple-cation perovskite. Moreover, the functional hole transport group and electron group can interact with the ionic
defects of the perovskite. The defect density (Ndefects) in the
perovskite ﬁlm doped by CRA−TPA reached 4.20 × 1015
cm−3, compared with the control perovskite ﬁlm (Ndefects =
1.43 × 1016 cm−3), which shows a reduction by a factor of ≈1/
4. Finally, PSCs were fabricated, and the champion cell
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achieved a PCE of 20.0%, which is higher than the PCE of the
champion cell in control devices of 18.5%.
However, the absolute charge transport ability of charge
transport between diﬀerent hole transport and electron
transport functional groups should be diﬀerent. Based on
this, as a good adjust buﬀer for charge transport, diﬀerent
organic molecules combined with diﬀerent functional groups
that serve as dopants for eliminating the hysteresis of PSCs will
be discussed.
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