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A B S T R A C T   

Defect passivation plays an important role in the performance of perovskite solar cells (PSCs). Here, a narrow 
bandgap conjugated polymer with hole mobility of 3.4 × 10−4 cm2 V−1 s−1 is utilized as a passivation agent in 
the fabrication of air-prepared PSCs. Theoretical calculations complemented by Fourier transform infrared ab-
sorption spectroscopy (FTIR) demonstrate that N, S and O atoms in the polymer can behave as Lewis bases, which 
interact with Pb defects in the MAPbI3 films to passivate grain boundaries (GBs) and interface defects. These 
interactions synergistically promote an enhancement of the crystallinity and smoothness of the films. Solar cells 
fabricated with the polymer passivation layer exhibit average efficiencies of 18.7%–19.6% compared to an 
average of 16.7% for reference devices. Unencapsulated devices retained approximately 80% of their initial 
efficiency following 600 h of exposure in air, compared with ~30% for reference devices. The moisture stability 
of the devices was also dramatically improved owing to the long hydrophobic alkyl chains within the polymer. 
This study demonstrates that narrow bandgap materials with tailored functionality can dramatically improve the 
PCE and stability of PSCs and shed light on the design of the passivants that further improve film quality and 
device performance.   

1. Introduction 

Perovskite solar cells (PSCs) with power conversion efficiencies now 
approaching 25% have attracted significant attention since they enable 
low-temperature fabrication using solution-based processes [1,2], 
excellent optoelectronic properties, and flexibility in device design 
[3–5]. This contrasts with other leading photovoltaic technologies such 
as silicon (Si, avg. PCE ~22.5%), cadmium telluride (CdTe, avg. PCE 
~14.5%), and copper indium gallium selenide (CIGS, avg. PCE ~18.7%) 
[6]. Moreover, PSCs are anticipated to have a shorter energy payback 
time when compared to other photovoltaic technologies [7]. However, 
the poor stability of organic-inorganic halide perovskite materials re-
mains as a major obstacle toward their implementation [8]. With PCEs 
rapidly approaching those of Si and other mainstream technologies, and 
commercialization on the horizon, strategies for improving stability and 
efficiency are urgently needed [7,9]. 

Grain boundaries (GBs) are critical to the performance and stability 
of polycrystalline solar cells [8,10–13]. Structural defects, such as 

dangling bonds and vacancies are formed at GBs and found on the sur-
face of films as a result of preparation via solution-based processes and 
crystallization at low temperatures (<100 ◦C) [10]. Dangling bonds 
provide pathways for ion migration and act as charge trapping centers, 
leading to recombination, hindering charge transport and extraction, 
and decreasing device performance [14]. Perovskite films are highly 
susceptible to attack from moisture within GBs, leading to decomposi-
tion and poor device stability [8,10]. The migration of ions through GBs 
leads to their accumulation near metal electrodes resulting in subse-
quent corrosion [8,13]. In view of the importance and consequences of 
GBs, many efforts have sought to passivate these features or reduce their 
numbers so as to enhance the efficiency and stability of PSCs [15–20]. 

Reports have demonstrated that self-passivation using excess PbI2 
and methylammonium iodide (MAI) can reduce recombination losses at 
GBs [17,18]. However, these self-passivation methods are very sensitive 
to preparation conditions, such as solvent composition and the specific 
process utilized, resulting in difficulties associated with reproducibility 
[11]. Other studies have demonstrated that excess PbI2 is detrimental to 
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the overall device stability [21,22]. Therefore, many other passivation 
agents have been developed to passivate GBs and the surface of perov-
skite films in order to improve performance [23]. Among these, organic 
materials are particularly attractive owing to their rich structural 
modularity, simple and straightforward application methods, and ver-
satile passivation effects [24]. Small organic molecular materials with 
short linear alkaneamine groups can be incorporated into the perovskite 
lattice to enhance device stability [16,25]. Organic Lewis acids and 
bases, such as buckminsterfullerene (C60) [6,6,26]-phenyl-C61-butyric 
acid methyl ester (PCBM) [15], aminovaleric acid (AVA) derivatives 
[27], 2-mercaptopyridine (2-MP) [28], and D-4-tert-butylphenylalanine 
(D4TBP) [11] have efficiently reduced trap states of perovskite films 
giving rise to significant enhancements in performance. Polymeric ma-
terials, such as polyvinyl pyrrolidone (PVP) [29], poly (methyl meth-
acrylate) (PMMA) [30], and polystyrene (PS) [31] can also significantly 
reduce charge recombination losses by passivation. The advantages of 
polymeric materials as passivating agents are numerous. First, 
long-chain polymers can not only serve to passivate GBs, but also to 
improve morphology, crystallinity, or grain sizes of the perovskite films 
[32–35]. Second, hydrophobic segments in the polymers can protect 
perovskite films from degradation by moisture [36,37]. Third, immo-
bilization of long chain polymers in perovskite films stabilizes 
inter-grain cross-linking [10]. Although polymers offer advantageous 
properties, there are few reports related to the use of those with multi-
functional properties such as high charge carrier mobility, hydrophobic 
features, and tailored functionality for specific defect passivation roles, 
which coalesce to improve the performance of perovskite films. 

Here, we demonstrate that a narrow bandgap polymer (poly (4-(5-(4- 
(3,5-bis(dodecyloxy)benzylidene)-4H-cyclopenta [2,1-b:3,4-b]dithio-
phen-2-yl)thiophen-2-yl)-6,7-dioctyl-9-(thiophen-2-yl)- [1,2,5]thiadia-
zolo [3,4-g]quinoxaline) (“IR-P”, Fig. 1a) introduced into PSCs through 

solution-processes can effectively passivate GBs and the surfaces of the 
perovskite films. Salient structural features include a large number of S, 
N, and O atoms, which provides Lewis basic sites beneficial for defect 
passivation in the perovskite films [24]. The long hydrophobic alkyl 
chains present in high density along the polymer backbone are benefi-
cial for improving moisture stability. Moreover, the extended conjuga-
tion in this material promotes a narrow bandgap (Eg ~ 1.1 eV) with an 
absorption maximum (λmax) of 1050 nm. Unlike insulating polymers, 
IR-P has a relatively high hole mobility (μh) of 3.4 × 10−4 cm2 V−1 s−1, 
which synergistically promotes enhanced charge transport and extrac-
tion within the devices. Chen et al. used n-typed conjugated polymer 
poly (bithiophene imide) (PBTI) to passivate the grain boundaries to 
obtained high efficient inverted PSCs [35]. Compared to their work, our 
p-type IR-P has high hole mobility, and thus benefits the hole extraction 
and transport in the GBs. Thus, PBTI is suitable for inverted PSCs while 
IR-P is suitable for planar PSCs. In addition, the fluoresence quench of 
perovskite films is also observed due to charge transfer between 
perovskite films and p-type IR-P. Furthermore, IR-P has high trans-
parency at the visible light, and its introduction will not cause any light 
loss. 

The effects of IR-P on the perovskite film properties and the corre-
sponding device performance were systemically investigated. These 
results show that IR-P can enhance crystallinity and reduce the surface 
roughness of the MAPbI3 films. The polymers are present in the GBs and 
on the surface of the perovskite films, which is beneficial to charge 
transport and extraction as well as trap state passivation. The perfor-
mance and stability of the PSCs are enhanced due to polymer incorpo-
ration. Average PCEs of 18.69% with a champion PCE of 19.56% is 
achieved in IR-P-based PSCs, which represents a statistically significant 
enhancement of 12% when compared to reference devices. Meanwhile, 
devices passivated with IR-P retain about 80% of their initial efficiency 

Fig. 1. (a) The molecular structure of IR-P. (b) Device configuration of PSCs with IR-P. (c)–(e) The FTIR spectra of IR-P, MAPbI3 and MAPbI3:IR-P.  
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after 600 h of exposure in ambient conditions in the absence of any 
encapsulation, compared to ~30% for reference devices. The moisture 
stability of the PSCs is dramatically improved owing to the presence of 
hydrophobic alkyl chains in the polymer. 

2. Experiment 

2.1. Materials 

Lead iodide (PbI2, 99%) was purchased from TCI America. 2,2,7,7- 
tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (spiro- 
OMeTAD, 99%), bis (trifluoromethane) sulfonimide lithium salt (Li- 
TFSI, 99%), 4-tert-butylpyridine (tBP, 96%) and methylammonium 
(MAI, 99.5%) dimethylformamide (DMF, 99.8%, super dry), dimethyl 
sulfoxide (DMSO, 99.8%, anhydrous), and chlorobenzene (CB, 99.8%, 
anhydrous) were purchased from Sigma-Aldrich. IR-P was synthesized 
according to previously reported procedures [38,39]. 

2.2. Device fabrication 

FTO substrates were cleaned sequentially with detergent, acetone, 
deionized water, and ethanol with ultra-sonication for 15 min each, and 
then were dried by hot air and treated by ultraviolet-ozone (UVO) for 15 
min. For preparation of electron transport layers (ETL), the substrates 
were immersed in a TiCl4 solution (0.19 M in deionized water) at 70 ◦C 
for 45 min and then washed with distilled water and ethanol, followed 
by annealing at 200 ◦C for 30 min in air. Then, the perovskite precursor 
(1.08 mmol PbI2:1 mmol MAI in 1 mL DMF:DMSO (9:1 v/v) mixed 
solvent) was spin coated on the TiO2 film at 4000 rpm for 30s. For the 
IR-P modified perovskite films, 0.3 mg ml−1 IR-P in CB as the anti-
solvent was dropped onto substrates during the last 20 s of the spin- 
coating process. The perovskite films without IR-P were also prepared 
with antisolvent process as reference. The films were then heated to 
100 ◦C for 30 min. The spiro-OMeTAD solution was prepared according 
to literature procedures [40] and deposited on the perovskite films. 
Finally, a gold electrode with a thickness about 60 nm was thermally 
evaporated on the top of the spiro-OMeTAD. The active area of the cells 
was 0.10 cm2 as defined by a shadow mask. 

2.3. Characterization 

The micromorphology of films was characterized by atomic force 
microscopy (AFM) (Bruker Dimension Icon Scanning Probe Microscope) 
and scanning electron microscopy (SEM) (FEI, Helios Nanolab 600i, 
USA). The crystallinity of the perovskite films was examined using an X- 
ray diffraction system (XRD) (Rigaku, MiniFlex 600). UV–vis absorption 
spectra were collected using an UV–vis spectrophotometer (Cary 60, 
Agilent, USA). The steady photoluminescence (PL) spectra and time 
resolved PL (TRPL) spectra were obtained with fluorescence spectro-
photometer (FluoroMax, Horiba) with TCSPC accessories under 460 nm 
light excitation. FTIR spectra were recorded using an infrared spec-
trometer (Spectrum Two FT-IR, PerkinElmer, USA). The electrochemical 
workstation (604E, CHI) was employed to measure the electrochemical 
impedance spectroscopy (EIS) of the devices. For EIS measurements, the 
devices impedance spectra were measured by applying 5 mV AC voltage 
whose frequency was swept from 1 Hz to 1 M Hz in the dark. The 
capacitance-voltage (C–V) curves were obtained using an electro-
chemical workstation with a disturbance pulse bias voltage of 50 mV. 
The current-voltage characteristics were measured using a Keithley 
2400 sourcemeter (Keithley Instruments Inc.) under AM 1.5G simulated 
sunlight (100 mW cm−2) (Newport). The light intensity was calibrated 
using a Si solar cell (91150V, Newport). 

3. Results and discussion 

Fig. 1b illustrates the device structure, which has a configuration of 

FTO/TiO2/CH3NH3PbI3:IR-P/Spiro-OMeTAD/Au. The electrostatic po-
tential surface (EPS) of IR-P was calculated using density functional 
theory (DFT) at the B3LYP level of theory to investigate passivation 
effects (Fig. S1). The electrostatic potential distribution of S, O, and N 
atoms shows a low distribution around these heteroatoms, consistent 
with their enhanced electronegativity. The accumulation of electrons 
could act as Lewis base anchors to passivate Pb-based defects in the 
perovskite films [41]. 

FTIR measurments were carried out to study the interactions be-
tween the IR-P and MAPbI3 films with the results shown in Fig. 1 c-e. In 
the fingerprint region of the FTIR spectrum of IR-P, there are three main 
absorption peaks at 722 cm−1, 793 cm−1 and 828 cm−1 (Fig. 1c), which 
can be assigned to –(CH2)n– [42], C–C bonds between rings [43] and 
aromatic CH out-of-plane bends [44], respectively. These three peaks 
also appear in the FTIR spectrum of the perovskite film with IR-P, which 
confirms the successful incorporation of the polymer within the perov-
skite film. The absorption peak of the asymmetric C–O–C stretch is 
located at 1159 cm−1 [45] in IR-P, while this peak shifts to 1168 cm−1 in 
the MAPbI3 film (Fig. 1d). In addition, an additional broad peak at 1840 
cm−1 appears in the MAPbI3:IR-P film (Fig. 1e), which is similar to the 
passivation of PBTI [35]. The vibrational frequency in FTIR is propor-
tional to the square root of the force constant in the harmonic motion of 
a diatomic model [10], the redshift of C–O–C stretch vibration means 
that the bonding of C–O is reduced [10], which may be attributed to the 
interactions between positive charged groups (for example Pb2+) of 
perovskite and negative charged O atoms of IR-P. Furthermore, the FTIR 
peaks at 906 cm−1 (CH3NH3+ rock) [46], 1577 cm−1 (asymmetric NH3+

bend) [47], and 1465 cm−1 (symmetric NH3+ bend) [47] also show 
small blue shift to 904 cm−1, 1576 cm−1 and 1462 cm−1, respectively 
(Fig. 1c and e). The blue shift of the perovskite film peaks and red shift of 
IR-P peaks confirm that there are strong coordination interactions be-
tween the functional groups of IR-P and Pb defects in the perovskite 
films. The FTIR results suggest that IR-P can passivate the defects of the 
GBs and interfaces of MAPbI3 films. 

To investigate the impact of IR-P on the morphology of the perov-
skite films, SEM and AFM measurements were carried out for the 
MAPbI3 films with and without IR-P, as shown in Fig. 2. The reference 
perovskite film without IR-P shows high film coverage and uniform 
morphology with apparent GBs (Fig. 2a) typical of perovskite films 
prepared using the antisolvent method [11,19,48]. Cracks are evident 
throughout the film (Fig. 2a, inset). Interestingly, the perovskite film 
modified with IR-P exhibits a more uniform and compact structure 
compared to the reference film (Fig. 2b). As can be seen from the high 
resolution SEM image of the IR-P modified perovskite film (inset of 
Fig. 2b), no cracks are observed. AFM results also confirm the 
morphology improvement in the IR-P modified films (Fig. 2c–f). The 
root mean square roughness (RMS) of the perovskite films without and 
with IR-P are 19.10 nm–16.10 nm, respectively. In thin-film devices, the 
smoothness of each layer is very important for the interface contact. The 
smooth surface of the perovskite films leads to the reduced interface 
resistance of the perovskite/spiro-OMeTAD and reduced charge 
recombination loss at the interface of perovskite/spiro-OMeTAD. It is 
reported that the smoothness of the perovskite films is very necessary to 
obtain high-quality interfaces and high PCEs [49,50]. Besides, the 
smoother surface is also favorable for enhancing the interfacial contact 
at the ETL/perovskite interface. The high magnification AFM phase 
images of MAPbI3 film and MAPbI3:IR-P are shown in Fig. 2e and f, 
respectively. The high resolution AFM images show detailed informa-
tion in terms of grains and GBs. Fig. 2e shows more granular structures, 
resulting in discontinuous domains within the reference film, which is 
consistent with SEM results. This is likely responsible for the lower 
performance resulting from less electronic coherence and dominant 
charge recombination behavior. Fig. 2f shows fewer outlines of the GBs 
when depositing IR-P on the active film. The IR-P enhances the film 
properties and also displays a more continuous network by coating the 
top surface of the film. Thus, the polymer may deposit at the GBs and 
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upper surface of the films to passivate the active layer defects. In view of 
the low concentration of the IR-P of 0.3 mg ml−1, the polymer has 
negligible impact on the perovskite crystal grain sizes. 

Fig. 3a shows the UV–vis absorption spectra of the MAPbI3 film and 
MAPbI3:IR-P film. The two overlapping absorbance curves indicating 
that the IR-P does not influence or interfere with the absorption prop-
erties of the perovskite film. In addition, the IR-P exhibits a dominant 
infrared absorption peak at ~1000 nm (Fig. S2), which is not shown in 
the MAPbI3:IR-P film (Fig. 3a). This indicates that the final amount of 
IR-P inside perovskite film is too small to impact the absorption prop-
erties of the perovskite film. In order to investigate the effects of IR-P on 
the crystallinity of MAPbI3 films, XRD measurements were performed 
and the results are shown in Fig. 3b. Three XRD peaks at 2θ = 14.10◦, 
28.44◦ and 31.88◦ are observed in the two perovskite films, which 
correspond to (110), (220) and (310) crystal plans of cubic phase 
MAPbI3, respectively. XRD results confirm that the MAPbI3 crystal phase 
is not influenced by the addition of IR-P [51]. The intensities of (110) 
and (220) XRD peaks of the MAPbI3:IR-P film are higher than that of the 
reference MAPbI3 film, indicating that IR-P incorporation improves the 
crystallinity of the perovskite films, consistent with reports of other 
additives used in perovskite films [30,52]. That crystallinity enhance-
ment maybe related with the intermediate adduct forming by the PbI2 
reaction with Lewis acid as previous reported [30]. The improved 
crystallinity is expected to be beneficial to charge transport within the 
films and to the corresponding device performance. In order to inves-
tigate the charge transport behavior between IR-P and MAPbI3, PL and 

TRPL spectra were collected for the reference MAPbI3 film and MAPbI3: 
IR-P film. Fig. 3c shows the PL spectra of MAPbI3 and MAPbI3:IR-P films 
on glass substrates under 460 nm excitation from both sides of the films 
(the glass side and the film side) and the schematic diagram of PL test is 
shown in Fig. S3. A strong PL peak at 765 nm is observed for the MAPbI3 
film as the excitation light is introduced from the film and glass side. It is 
well-established that the penetration depth of light of these wavelengths 
is far less (i.e. on the order of dozens of nm) than the thickness of the 
perovskite film (several hundred nm) [15]. Thus, the PL spectra 
measured from both sides provide film quality information in terms of 
trap states and charge recombination information. The PL intensity of 
the reference MAPbI3 

film measured from the glass side is stronger than that from the film 
side. It is possible that more non-radiative recombination losses are 
caused by surface trap states on the upper surface of the MAPbI3 film 
compared to the bottom surface. This may be related to air introduced 
during the fabrication process. Interestingly, strong PL quenching is 
observed after IR-P incorporation for airside data (MAPb3 from air side 
and MAPbI3:IR-P from air side), indicative of efficient hole transport 
from MAPbI3 to IR-P since IR-P is a p-type material with μh = 3.4 ×
10−4 cm2 V−1 s−1 [38], which is higher than that of spiro-OMeTAD (μh 
= 8.1 × 10−5 cm2 V−1 s−1) [53]. We believe that IR-P may benefit 
charge separation in the films and charge transport around GBs. 
Meanwhile, the PL obtained from the glass side also shows significant 
quenching, indicating that IR-P is present throughout the whole film. 
Therefore, the IR-P incorporation provides an additional hole transport 

Fig. 2. (a) and (b) SEM images of MAPbI3 and MAPbI3:IR-P films, respectively. (c) and (d) AFM topography images of the MAPbI3 film and MAPbI3:IR-P film, 
respectively. (e) and (f) show AFM phase images of the MAPbI3 film and MAPbI3:IR-P film, respectively. The insets in Fig. 2a and b are the corresponding high 
magnification SEM images. 
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Fig. 3. (a) UV–vis absorption spectra and (b) XRD patterns of the MAPbI3 (reference) and MAPbI3:IR-P films. (c) The PL spectra for the films with and without IR-P 
using 460 nm as excitation source form the film side (solid circles) and from the glass side (hollow circles). (d) TRPL spectra of the MAPbI3 and MAPbI3:IR-P films. 

Fig. 4. (a) The PCE values of the PSCs as a function of IR-P concentrations. (b) Typical J-V curves of the device with IR-P 0.3 mg ml−1 and reference cell. (c) 
Stabilized PCE and Jsc of the PSC with IR-P and reference device. (d) PCE statistics of the PSCs with and without IR-P obtained from 30 devices for each experi-
mental condition. 
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channel in PSCs due to its relatively high hole mobility. From Fig. 3d, the 
lifetime of MAPbI3:IR-P is only 15.97 ns, which is much shorter than 
that of MAPbI3 (139.83 ns). Fig. S4 shows the energy-level diagram for 
each component of PSCs. By introduction of this IR-P, there is another 
possible pathway for the hole transport in PSCs as the “②”in Fig. S4. The 
highest occupied molecule orbital (HOMO) energy level of IR-P is −4.8 
eV, and the holes may transport from perovskite (HOMO is −5.4 eV) to 
IR-P then to Spiro-OMeTAD and Au. The PL and TRPL of the films of 
glass/MAPbI3/Spiro-OMeTAD and glass/MAPbI3:IR-P/Spiro-OMeTAD 
are also measured and the results are shown in Fig. S5. The PL intensity 
of glass/MAPbI3/Spiro-OMeTAD is a little high than that of glass/-
MAPbI3:IR-P/Spiro-OMeTAD. The average PL lifetime values of the 
glass/MAPbI3/Spiro-OMeTAD and glass/MAPbI3:IR-P/Spiro-OMeTAD 
are 4.04 ns and 3.10 ns. Thus, Thus, two charge extraction mechanisms 
from perovskite films by IR-P and Spiro-OMeTAD exist in the devices. 

PSCs with the structure of FTO/TiO2/MAPbI3:IR-P/Spiro-OMeTAD/ 
Au were prepared, and the reference devices without IR-P fabricated for 
comparison. IR-P concentration-dependent PCE is shown in Fig. 4a. PCE 
for each concentration is derived from 8 devices prepared using the 
same experimental conditions. The detailed performance parameters of 
the devices are summarized in Table S1. The average PCE values of PSCs 
prepared with IR-P concentrations of 0, 0.1, 0.3, 1, 2 and 4 mg ml−1 are 
17.10%, 18.73%, 18.96%, 18.81%, 17.51%, and 15.88%, respectively, 
yielding an optimal concentration of 0.3 mg ml−1. The average perfor-
mance parameters of the PSCs based on 30 devices prepared under the 
same experimental condition are summarized in Table 1. PSCs without 
IR-P exhibit an average PCE of 16.69%, Jsc of 21.62 mA cm−2, open- 
circuit voltage (Voc) of 1.03 V and fill factor (FF) of 74.68%. PSCs 
with IR-P show an average PCE of 18.69%, which is an enhancement of 
12% when compared to the reference device. The J-V curves, stabilized 
PCE as well as short-circuit current density (Jsc) of the PSC with 0.3 mg 
ml−1 IR-P and reference PSC under AM 1.5G one-sun illumination are 
shown in Fig. 4b and c. The optimal device with IR-P shows a high PCE 
of 19.56% (Fig. 4b). All the photovoltaic parameters including FF, Jsc 
and Voc are improved compared to that of the reference device. Typi-
cally, FF increases from 74.68% to 78.20%, and Voc increases from 1.03 
V to 1.07 V. Jsc increases from 21.62 mA cm−2 to 22.41 mA cm−2. The 
Voc, FF and Jsc enhancement may be attributed to the efficient trap state 
passivation including GBs and interfaces. In addition, the improved 
charge transport and extraction, due to the excellent hole transport 
property of IR-P also contribute to the improved Jsc and FF. Fig. 4d 
shows the PCE statistics of the PSCs with and without IR-P obtained 
from 30 devices for each condition. The PCE distribution range of IR-P 
treated devices is narrower than that of the reference devices, indicating 
that the repeatability of the device fabrication progress has been 
improved. IPCE spectra of the devices with and without IR-P in the 
infrared region are shown in Fig. S6. The minor increase of IPCE in the 
infrared region is attributed to the limited amount of IR-P in the devices. 
In addition, the hysteresis of the PSCs with IR-P also been reduced 
comparing with reference devices. Fig. S7 shows the J-V curves under 
reverse and forward scan directions, and the photovoltaic parameters 
are summarized in Table S2. The reference device shows serious hys-
teresis, and reduced hysteresis is observed by IR-P introduction. 
Although our devices show a hysteresis effect, this does not affect our IR- 
P modification strategy to improve device performance. Therefore, the 
improved device performance may be attributed to improved charge 
transport and extraction and defect passivation at GBs and interfaces by 
IR-P incorporation. 

To further understand the charge extraction and recombination be-
haviors in the devices, electrochemical impedance spectroscopy (EIS) 
was used to investigate the electrical dynamics of the PSCs. Fig. 5a 
shows the Nyquist plots of the PSCs based on reference MAPbI3 and 
MAPbI3:IR-P films, and the equivalent circuit used to fit the curves is 
shown in the inset of Fig. 5a. The low-frequency part is corresponding to 
the recombination resistance (Rrec) and chemical capacitance (CPE1) of 
the devices, while the high-frequency semicircle is associated to the 
contact impedance, R2 and CPE2, between the perovskite and two se-
lective contacts [54]. In Fig. 5a, only one semicircle is observed, and the 
fitting values are listed in Table S3. Usually, the large radius of the 
semicircle indicates a large recombination resistance (Rrec) [55]. As can 
be seen from the fitting values, Rrec of the PSCs with IR-P (4893 Ω) is 
much higher than that of the reference device (1494 Ω). CPE1 value of 
IR-P-based device (1.05 × 10−5 F) at low frequency is smaller than that 
of reference device (7.96 × 10−5 F), which may be related to the 
reduction of ions and electron accumulation at electrode interfaces or 
defect passivation of MAPbI3 films by IR-P introduction [56]. This shows 
that the IR-P incorporation can reduce the defects and recombination 
loss in the device, which is consistent with the enhancement of Voc. The 
R2 values is also decreased from 420 Ω to 384 Ω, which is attributed to 
the improved contact of perovskite/Spiro-OMeTAD by IR-P [40]. In 
addition, C–V data under dark conditions were used to examine the 
semiconductor properties of the PSCs. The C–V curves show typical 
Mott-Schottky contact behavior [57]. The built-in potential (Vbi) values 
obtained from Mott-Schottky curves (Fig. 5b) for the PSCs with IR-P and 
reference cell are 0.90 V and 0.85 V, respectively. The increased Vbi may 
benefit the charge extraction and reduce the charge recombination loss 
in the devices. This result also indicates that the trap sates in the film are 
greatly reduced by IR-P incorporation. 

In order to quantitatively study the passivation effects of IR-P on the 
MAPbI3 films, the trap density of states (tDOS) is calculated according to 
the following equation based on EIS data (Fig. 5a) and the C–V curves 
(Fig. 5b) [26,58]: 

C = −
1

ωZ˝
(1)  

Nt(Eω) = −
Vbi

ωq
dC
dω

ω
KBT

(2)  

Eω = KBT ln(
ω0

ω ) (3)  

where C is capacitance of the device; Z′′ is the imaginary part of the 
impendence; ω is the angular frequency; Nt is the trap density; Vbi is the 
built-in potential; q is the elementary charge; KB is the Boltzmann con-
stant; T is the absolute temperature; ω0 is the attempt-to-escape fre-
quency (≈1011 s−1) [58]; and Eω is the energy demarcation. Fig. 5c 
shows the tDOS of the PSCs with and without IR-P. The tDOS of the 
modified PSC is lower than that of the reference device within the en-
ergy range from 0.32 to 0.52 eV. This result shows that both the shallow 
and deep trap states are passivated by IR-P [26]. Consistent with SEM 
and AFM measurements, IR-P may fill in the GBs and modify perovskite 
interfaces. In addition, IR-P contains many long hydrophobic alkyl 
chains. Thus, IR-P can protect MAPbI3 from degradation by moisture 
due to the hydrophobic properties of the long alkyl chains, an umbrella 
effect [59]. To investigate the impact of IR-P on the stability of the 
devices, PSCs with and without IR-P were exposed to ambient condi-
tions (with approximately 20–40% relative humidity) and the PCE 
tested at different intervals. As shown in Fig. 5d, the average PCE of PSCs 
with IR-P maintain about 80% of their initial value after 600 h of aging, 
while the reference devices maintain about 30%. There is a rapid drop in 
the efficiency during the first 100 h of exposure for the reference de-
vices, which may be related to interface degradation [60], which is 
greatly reduced upon IR-P incorporation. Therefore, both the interface 
stability and film stability are greatly enhanced by IR-P. We use a 

Table 1 
Average photovoltaic parameters of PSCs with and without IR-P. The parame-
ters of the champion devices are shown in brackets.  

Sample Jsc (mA cm−2) Voc (V) FF (%) PCE (%) 

Reference 21.62 (22.48) 1.03 (1.06) 74.68 (78.42) 16.69 (18.64) 
With IR-P 22.41 (22.75) 1.07 (1.08) 78.20 (79.27) 18.69 (19.56)  
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hotplate to generate water vapor in a glove box to achieve a high hu-
midity environment (RH~ 95%). Fig. S8a shows the setup, and the 
humidity is monitored by a hygrometer. The devices are kept in this box, 
and the J-V curves are tested at special intervals. The results are shown 
in Fig. S8b. Both devices show quickly decay under this harsh condition. 
The PCE values of reference devices drop by 84% after 5 h exposure. The 
PCE values of PSCs with IR-P drop by 48%, which shows improved 
moisture stability compared to the reference devices. This improvement 
may be attributed to the hydrophobic properties of IR-P (Fig. S8c). These 
systematic studies demonstrate that IR-P has a significant impact on 
perovskite film properties and the corresponding device performance. 
The functions of this polymer in enhancing the efficiency and stability of 
PSCs can be summarized into four main aspects. (i) IR-P improves the 
morphology of the perovskite film. IR-P introduction reduces cracks and 
surface roughness by distributing in GBs and coating the upper surface 
of the perovskite film. (ii) IR-P has large number of S, N and O atoms, 
which interact with Pb ions and act as Lewis base anchors to passivate 
the positive Pb-based defects in the GB and surface defects of the grains. 
(iii) IR-P can efficiently extract charge from the perovskite grains and 
also provide additional efficient hole transport pathways owing to its 
relativity high hole mobility. (iv) The stability of the PSCs is improved 
by the IR-P due to the hydrophobic properties of the long alkyl chains in 
the IR-P. 

4. Conclusion 

In this work, a polymer (IR-P) is used as an efficient passivation 
agent to enhance the PCE and stability of PSCs. IR-P can be incorporated 
within GBs and on the surface of the films, which leads to effective trap 
passivation and enhances charge transport and extraction in the devices. 
The relatively high hole mobility of the polymer also improves charge 
transport within the devices as evidenced through PL and TRPL mea-
surements. The highest PCE of 19.56% and average PCE of 18.69% are 

achieved for the PSCs with IR-P incorporation, which is an enhancement 
of 12% when compared to reference devices. In addition, the interface 
stability and film stability are greatly enhanced by IR-P introduction due 
to the hydrophobic groups in the polymer. PSCs with IR-P can retain 
about 80% of their initial efficiency after 600 h exposure in air without 
any encapsulation compared to ~30% for the reference devices. 
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Fig. 5. (a) Nyquist plots of PSCs with and without IR-P measured at a bias of 0.9 V. (b) Mott-Schottky curves for the reference and IR-P treated PSC. (c) The tDOS for 
the PSCs with and without IR-P. (d) The stability of the PSCs with and without IR-P. The stability is derived from 6 devices. 
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