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A B S T R A C T   

As the performance in terms of efficiency and device stability of perovskite solar cells (PSCs) has made rapid 
progress in a short period of time, the upscaling of PSCs becomes an important issue for massive commercial 
applications, where the cost of device manufacturing is a determining factor for wide spread uses. Device 
fabrication by printing technique is one such low-cost process for large scale preparation. However, one of the 
reasons limiting the progress of a fully printed PSCs is the lack of appropriate hole-transporting materials (HTMs) 
that can be printed. Herein, a new donor–acceptor-donor (D-A-D) type hole-transporting material with 4- 
dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b’]dithiophene (diCN-CPDT) core tethered with two bis(alkoxy) 
diphenylaminocarbazole periphery groups, namely CB, was synthesized and applied as dopant-free HTM in fully 
printed PSCs by thermal-assisted blade-coating (TABC) method. The PSCs fabricated by fully scalable processes 
based on dopant-free CB as HTM exhibited an impressive power conversion efficiency (PCE) up to 21.09%, which 
is higher than that of devices with doped 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene 
(spiro-OMeTAD) (14.28%) under the same fabricating condition. Furthermore, the all TABC process is demon-
strated to produce an area of 10 cm × 10 cm for the devices except for electrode with an average PCE of 19.68%. 
Additionally, the TABC-based dopant-free CB-based PSCs exhibited significantly improved long-term stability, 
retaining more than 94% PCE after 500 h compared to that using doped spiro-OMeTAD under a relative humidity 
of ~50%. This result demonstrated that the newly developed CB is a promising candidate HTM for high- 
performance fully printable PSCs.   

1. Introduction 

Since the first report by Miyasaka and co-workers in 2009 [1], 
organic–inorganic hybrid halide perovskite solar cells (PSCs) have 
attracted widespread attention as a promising next-generation photo-
voltaic technology because they have advantages of low-cost fabrication 
and remarkable power conversion efficiencies (PCEs) [2–4]. The re-
ported PCEs of PSCs have grown rapidly, from the initial 3.8% to a 
certified 25.5% over the last decade, suggesting PSCs to be ideal alter-
native to conventional inorganic photovoltaic devices [5]. In a typical 

PSCs, the hole-transporting material (HTM) is one of the key compo-
nents because it plays a significant role in extracting holes from the 
perovskite layer and transporting them to the electrode for effectively 
reducing the charge recombination processes at the perovskite/HTM 
interfaces, which is essential for achieving high PCEs. It can also serve as 
a barrier to prevent the decomposition of the perovskite due to moisture 
and oxygen penetration. Despite the remarkable PCEs exhibited by PSCs, 
there are several problems that need to be solved. In particular, the 
development of PSCs with long-term stability and industrially compat-
ible deposition techniques for commercial application in the future. So 
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far, 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenyl-amine)9,9′-spirobi-
fluorene (spiro-OMeTAD) is widely used as HTM for high-efficiency 
PSCs [6–7]. However, the synthesis of spiro-OMeTAD requires com-
plex synthetic procedures and tedious purifications, which constitute 
major obstacles for commercialization [8–9]. In addition, spiro- 
OMeTAD in its pristine form suffers from low hole-mobility and con-
ductivity, and therefore chemical dopants and additives such as 4-tert- 
butylpyridine (t-BP), lithium bis(tri-fluoromethanesulfonyl)imide (Li- 
TFSI) or cobalt complexes are required to improve the charge transport 
properties and device performances [10–11]. Unfortunately, lithium 
salts are hygroscopic and sensitive to the moisture, leading to degra-
dation of perovskite layer [12–16]. In addition, t-BP tends to interact 
with PbI2 to form a new complex and therefore accelerates decompo-
sition of perovskite materials, resulting in unstable PSCs [17–20]. 
Therefore, it is urgently necessary to develop dopant-free HTMs for 
PSCs. 

Recently, considerable efforts have been devoted to the design and 
synthesis of new dopant-free alternative HTMs, including small mole-
cules and conjugated polymers, for application in PSCs [21–30]. It is 
well known that small molecules have a number of advantages over their 
polymeric counterparts, including ease of synthesis and purification, 
good batch-to-batch reproducibility, and easy-to-tune HOMO energy 
levels. Although many dopant-free small-molecule-based HTMs have 
been explored based on different central skeletons such as benzodi-
thiophene (BDT), fluorene, ditheno[3,2-b:2′,3′-d]pyrrole, indolo[3,2-b] 
carbazole, tetraphenylethylene (TPE), and fluoranthene, there is no 
clear relationship between the structures of the HTMs and the photo-
voltaic performance of the PSCs [31–36]. There are two common stra-
tegies in developing dopant-free HTMs for PSCs. One is to employ planar 
conjugated core as building block to enhance the hole-carrier mobility. 
The other strategy applied to improve the hole mobility for dopant-free 
HTMs is to incorporate an acceptor moiety into the π-bridges to 
construct a donor–acceptor (D-A) system on the basis of strong dipo-
le–dipole interactions [37]. Although a variety of D-A-structured small 
molecular materials were specially designed and synthesized [37–39], 
to the best of our knowledge, none of these D-A-structured materials 
outperformed the doped spiro-OMeTAD. 

Besides HTM, the fabrication methods of device play a crucial role 
for the successful commercialization of PSCs. However, the devices with 
the promising performances are usually prepared by spin-coating pro-
cess in a glovebox, which may hinder their commercialization due to the 
waste of materials during device fabrication and uneven surface 
coverage upon device up-scaling. Printing technique is the most prom-
ising alternative for replacing the traditional spin-coating technique in 
up-scaling. Currently, different deposition techniques, such as slot die 
[40–42], inkjet printing [43–44], blade-coating [45–50], and roll-to-roll 
printing [51–52], were developed and drew considerable research 
attention. Among these techniques, blade-coating method is a simple, 

low-cost and effective material-usage technique owning to the rheo-
logical properties of the precursor solution. Although the blade-coating 
technique have been employed for fabricating PSCs, the majority of the 
reports mainly focus on hole-conductor-free, carbon-based mesoscopic 
scaffolds or planar p-i-n inverted organic solar cell configuration 
[53–55]. In contrast, there have been few studies with printable n-i-p 
PSCs architectures owning to the lack of suitable HTMs [56]. 

The cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) unit is a thiophene- 
based π-conjugated systems with rigid structure, implying a greater 
planarity and longer π-conjugation of the bridging units which may 
facilitate intermolecular π–π packing interactions and S⋅⋅⋅S interactions 
in the solid state, leading to efficient charge transport [57]. As a result, 
CPDT derivatives have been widely applied in various photovoltaic 
applications, including dye-sensitized solar cells (DSSCs), organic field- 
effect transistors (OFETs), and organic photovoltaics (OPVs) [58–60]. In 
this regard, CPDT-based HTMs could be excellent candidates for PSCs. 
Several CPDT derivatives have been used as HTM to give efficient PSCs. 
For example, Nazeeruddin et al reported in 2016 a molecularly engi-
neered spiro-shaped molecule based on fluorene–dithiophene (FDT) 
core carrying two triphenylamine (TPA) arms via a fluorene bridge as 
the HTM, affording an impressive PCE of 20.2% [61]. Very recently, we 
synthesized various two-dimensional CPDT derivatives and applied 
them as HTM in PSCs fabrication, yielding PCEs of 14.41–18.03% 
[62–65]. Nevertheless, all of these CPDT-based HTMs gave a high per-
formance only in combination with several dopants. 

We previously reported the use of thermal-assisted blade-coating 
(TABC) method to prepare high quality perovskite film together with 
doped spiro-OMeTAD as HTM layer in n-i-p PSCs, a high PCE of 17.55% 
was achieved [66–67]. However, the above doped HTM was fabricated 
via conventional spin-coating process in a glove box, which is adverse to 
fabricate large-area PSCs. Furthermore, the presence of the additives in 
HTM notoriously increases the hydrophilicity and thus decreases the 
stability of the resulted PSCs [12–16]. So far, very few alternative small- 
molecules can replace the benchmark spiro-OMeTAD in a fully printed 
n-i-p PSCs. Qin et al. in 2017 reported a fully printed PSCs fabricated by 
slot-die-coated 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl) amine-9,9′- 
bifluorenylidene (Bifluo-OMeTAD) film as the HTM with a performance 
of 14.75%, which is higher than that of the state-of-the-art spiro-OMe-
TAD reference cell (11.70%) under the similar condition. However, 
Bifluo-OMeTAD requires chemical dopants in order to enhance the hole 
conductivity for the achieved performance [56]. Thus, there is a strong 
need in developing compatible dopant-free HTM for high-efficiency 
printed PSCs. 

In this work, we demonstrate the fabrication of PSCs devices based 
on a donor–acceptor-donor (D-A-D) HTM CB without using dopants. The 
perovskite films were formed by TABC process. The CB is a new class of 
small-molecule-based HTM with the 4-dicyanomethylene-cyclopenta 
[2,1-b:3,4-b’]dithiophene (diCN-CPDT) moiety as the acceptor unit in 

Fig. 1. Chemical structures of CB and spiro-OMeTAD.  
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the central building block with two bis(p-methoxyphenylamino)- 
substituted carbazole as the donor groups, as shown in Fig. 1. The 
cyclopenta[2,1-b;3,4-b’]dithiophene is selected as the central core 
owning to its high co-planarity, which enhances π-π stacking in-
teractions, thereby facilitating charge transport. The devices fabricated 
with TABC process of dopant-free CB for fully printed PSCs except for 
electrodes using a structure of FTO glass/c-TiO2/mp-TiO2/ 
CH3NH3PbI3/CB/Ag exhibited excellent PCE of 21.09%, which is higher 
than doped spiro-OMeTAD-based device (14.28%) under the same 
fabricating condition. This is the highest PCE ever reported for a fully 
printable n-i-p type PSCs with dopant-free HTM. Most importantly, it 
was found the fully printed PSCs based on dopant-free CB HTM 
exhibited better long-term stability than the device based on spiro- 
OMeTAD under ambient conditions with a relative humidity (RH) of 
~50%. In addition, the dopant-free CB-based device can retain 94% of 
its initial PCEs after 500 h of storage. Therefore, CB has a great potential 
to be used as non-doped HTM for high-performance, fully printable PSCs 

with outstanding long-term stability. 

2. Results and discussion 

The synthetic route of CB is illustrated in Scheme 1, and the exper-
imental details are provided in the Supporting Information. The hole- 
transporting material CB was prepared from carbazole-based pina-
colboronates (1) [62] by Pd(0)-mediated Suzuki coupling reaction with 
2-[2,6-Dibromo-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-4-ylidene] 
malononitrile (2) [68]. This compound was purified by column chro-
matography and characterized by 1H/13C NMR spectroscopy and mass 
spectrometry (see the Supporting Information). The thermogravimetric 
analysis (TGA) is shown in Fig. 2a. CB exhibits excellent thermal sta-
bility, with 5% weight-loss temperatures (Td) exceeding 431 ◦C, which 
is higher than that of spiro-OMeTAD (417 ◦C) [69], suggesting good 
thermal stability. However, a glass transition endotherm was not 
detected for CB in the explored temperature range. 

Scheme 1. Synthetic route for CB.  

Fig. 2. (a) TGA curve and (b) Normalized absorption spectra of CB and spiro-OMeTAD in chlorobenzene solution.  

Table 1 
Photophysical and electrochemical data of CB and spiro-OMeTAD.  

HTM λabs
a(nm) (ε × 10-4/M− 1 cm− 1) λf

a (nm) EHOMO
b (eV) E0-0

c (eV) ELUMO
d (eV) Ipe (eV) EHOMO

f (eV) ELUMO
f (eV) 

CB 315 nm (11.1) 462 − 5.30  2.88 − 2.42 − 5.11 − 4.33 − 1.77 
spiro-OMeTAD 389 nm (18.37) 428 − 5.15  3.02 − 2.13 − 5.10 − 4.21 − 0.61  

a The absorption and fluorescence maximum measured in chlorobenzene solution. 
b Determined from the differential pulse voltammetry. 
c The value of E0-0 obtained from the intersection of normalized absorption and fluorescence spectra. 
d Energy of the LUMO of the compounds estimated by EHOMO＋E0-0. 
e Ionization potential measured by the photoemission in air method from films. 
f Values calculated at DFT/B3LYP/6-31G(d,p) level. 
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The normalized UV–vis absorption spectra of CB and spiro-OMeTAD 
in chlorobenzene are depicted in Fig. 2b and the photophysical data are 
summarized in Table 1. Compound CB shows an intense absorption in 
the UV region with absorption maximum at 315 nm, which is assigned to 
π-π* transition of the π-conjugated system. However, a relatively weak 
absorption band centered around ~695 nm is ascribed to the intra-
molecular charge transfer (ICT) band from the carbazole-substituted 
donor to the central diCN-CPDT acceptor moiety. To further analyze 
the absorption properties of HTM CB, the absorption spectrum and 
vertical energies of CB was calculated with time-dependent density 
functional theory (TDDFT)-B3LYP functional in combination with the 
standard 6-31G(d,p) basis set. The simulated absorption spectrum is 
presented in Fig. S1 in the Supporting Information. The TDDFT excited 
states calculations were performed on the lowest 10 singlet–singlet 

excitations of HTM CB, neglecting the influence of solvent. The results of 
transitions with oscillator strength above 0.1 are summarized in 
Table S1 in the Supporting Information, except the lowest transition for 
CB in order for comparison. The calculated absorption spectrum of CB 
exhibits strong absorption peak in the visible region, which is associated 
with π-π* transitions. While the weak absorption band with low oscil-
lator strength (f = 0.068) was observed at the longer wavelength, which 
could arise from the ICT band. 

To gain a deeper insight in structure–property correlation, the opti-
mized structure of CB and electron density distribution of frontier or-
bitals of CB and spiro-OMeTAD were carried out by density functional 
theory (DFT) calculation. As presented in Fig. 3a, CB shows a small 
dihedral angel of 25.92◦ between the diCN-CPDT core and the attached 
carbazole arms, indicating a near planar conjugated geometry, which is 

Fig. 3. (a) Optimized structures of CB and spiro-OMeTAD calculated with DFT on B3LYP/6-31G(d,p) and (b) The electron densities of HOMO and LUMO level of CB 
and spiro-OMeTAD. 
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beneficial to intermolecular stacking, and thus hole transport process. 
Whereas the spiro-OMeTAD has two fluorene units orthogonal to each 
other. In addition, the HOMO is distributed mainly on the donor end- 
groups, while the LUMO is localized on the central core acceptor, so 
that the charges are clearly transferring from the donor to the acceptor 
with the aid of the bridge (Fig. 3b). Furthermore, the calculated HOMO 
and LUMO energy levels of CB and spiro-OMeTAD were determined to 

be − 4.33/-1.77 and − 4.21/-0.61 eV, respectively. Consequently, the 
energy gaps of CB and spiro-OMeTAD were calculated to be 2.56 and 
3.60 eV, respectively. 

To evaluate the energy levels alignment of CB with perovskite, the 
differential pulse voltammetry (DPV) was performed in THF solution 
(1.0 × 10-3 M) and the results are shown in Fig. 4a, and the redox pa-
rameters are collected in Table 1. The energy level diagram of CB and 
spiro-OMeTAD are plotted in Fig. 4b. The HOMO energy level of CB was 
determined to be − 5.30 eV, which is deeper than that of spiro-OMeTAD 
(− 5.15 eV). The HOMO value is more positive than that of perovskite 
material (− 5.43 eV), suggesting effective hole-extraction capability 
from the perovskite to CB. Moreover, the LUMO level of − 2.42 eV for 
CB, as calculated from its optical band gap and HOMO level, is suffi-
ciently higher than that of perovskite (− 3.93 eV). As a result, it will 
effectively block the undesired electron transfer from perovskite to Ag 
counter electrode, and thus reduce charge recombination in the device. 
For comparison, we measured solid-state ionization potential (Ip) values 
of CB and spiro-OMeTAD in film states using photoelectron spectroscopy 
in air (PESA) and the results are presented in Fig. 4c. The measured Ip 
value of CB was found to be − 5.11 eV, which was close to that of spiro- 
OMeTAD (− 5.10 eV). 

In order to explore the hole-transport ability of different HTMs, the 
hole mobilities of CB and spiro-OMeTAD were measured using the 
space-charge-limited current (SCLC) method in the J–V characteristics 
under dark condition, as shown in Fig. S2 in the Supporting Information. 
Without adding any dopant, the value of hole mobility obtained for 
pristine CB is 2.97 × 10-4 cm2 V− 1 s− 1, which is higher than that of 
doped spiro-OMeTAD (2.38 × 10-4 cm2 V− 1 s− 1). This result reveals the 
potential of compound CB to be used as dopant-free HTM in PSCs. The 
improved charge hopping property may be attributed to the 
donor–acceptor type structure of CB molecule. 

Fig. 4. (a) Normalized differential pulsed voltammetry (DPV) of CB and spiro-OMeTAD in THF solution, (b) Energy level diagram of CB and spiro-OMeTAD used in 
perovskite solar cells and (c) Photoemission yield spectra of CB and spiro-OMeTAD in air. 

Fig. 5. (a) Steady-state photoluminescence (PL) spectra of the perovskite film, perovskite/CB film, and perovskite/spiro-OMeTAD film and (b) Time-resolved 
photoluminescence (TRPL) spectra of the perovskite film, perovskite/CB film, and perovskite/spiro-OMeTAD film. 

Table 2 
Summary of the fitting results and corresponding dynamic parameters derived 
from TRPL decay traces.  

HTM A1 τ1 (ns) A2 τ2 (ns) τavg. (ns) 

none  0.254  8.21  0.746  35.78  28.78 
CB  0.421  1.58  0.579  7.88  5.23 
spiro-OMeTAD  0.366  1.725  0.634  10.583  7.34  

Table 3 
Photovoltaic parameters of PSCs based on dopant-free CB and doped spiro- 
OMeTAD as HTMs fabricated by spin-coating and TABC methods.  

HTM Preparation 
method 

Voc 

[V] 
Jsc [mA 
cm− 2] 

FF 
(%) 

PCEmax 

[%] 

CB Aa  1.15  23.72  76.1  20.76 
CB Bb  1.15  23.60  77.7  21.09 
spiro- 

OMeTAD 
Aa  1.13  23.71  74.8  20.04 

spiro- 
OMeTAD 

Bb  1.03  19.51  71.1  14.28  

a Method A: CB and spiro-OMeTAD were deposited by spin-coating method. 
b Method B: CB and spiro-OMeTAD were deposited by TABC method. 
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To further explore the hole-extraction ability of CB and spiro- 
OMeTAD at the interface between the perovskite and different HTMs, 
the steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) measurements were conducted on the samples of 
glass/CH3NH3PbI3 with and without HTMs. As shown in Fig. 5a, the 
bare perovskite film exhibited a strong PL signal at 770 nm. When the 
perovskite layer was covered by various HTMs, the intensities of PL 
emission were significantly reduced. The perovskite films capped with 
CB showed more PL quenching (~96%) than the films capped with 
spiro-OMeTAD (~91%), indicating the superior hole-extraction ability 
from perovskite film. This may result from the stronger Pb⋅⋅⋅S interaction 

exists between the thiophene-rich skeleton and the perovskite [70]. 
Time-resolved PL decay were also carried out. As shown in Fig. 5b and 
Table 2, the pure perovskite film on glass showed a slow average decay 
time of 28.78 ns. With the CB and spiro-OMeTAD coated on perovskite 
layer, the decay time considerably decreased to 5.23 and 7.34 ns, 
respectively. Thus the perovskite/CB bi-layered films showed shorter 
lifetime in comparison with perovskite/spiro-OMeTAD films, suggesting 
an outstanding hole-extraction ability of CB and its potential to serve as 
HTM for PSC fabrication. Furthermore, the hole-transport yield (Φht) 
with and without HTMs were determined using the following equation 
[71–72]: 

Fig. 6. (a) J-V curves of devices at reverse scan based on dopant-free CB and doped spiro-OMeTAD as HTMs fabricated by spin-coating and TABC methods, (b) The 
top-view SEM image of the perovskite film prepared by TABC method, (c) Histogram of PCEs for PSCs fabricated from CB by TABC method and spin-coating, (d) 
Schematic illustration of the sequential deposition of perovskite and HTMs films via TABC method, (e) Corresponding IPCE spectra and integrated photocurrent for 
devices with dopant-free CB and doped spiro-OMeTAD layers by spin-coating and TABC methods, (f) Stable power output of CB-device fabricated by spin-coating and 
TABC methods. 
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Φht = 1 − τh/τp (1)  

where τh is the average lifetime for glass/perovskite/HTM, and τp is that 
for glass/perovskite. The hole-transport yields of glass/perovskite/CB 
and glass/perovskite/spiro-OMeTAD, as calculated from eq (1), are 82% 
and 74%, respectively. In accord with a larger PL intensity quenching, 
the Φht value for glass/perovskite/CB is larger than that of glass/ 
perovskite/spiro-OMeTAD. This might also account for a more effi-
cient hole transfer from perovskite to CB. 

To explore the device performance of PSCs based on CB as dopant- 
free HTM, the conventional n-i-p device configuration of FTO glass/c- 
TiO2/mp-TiO2/CH3NH3PbI3/CB/Ag was constructed, with the perov-
skite layer prepared by TABC method and the CB layer by spin-coating. 
The details of device fabrication are provided in Supporting Informa-
tion. As a comparison, doped spiro-OMeTAD HTM was employed as a 
reference to prepare the device under the same conditions. The opti-
mized photovoltaic device data are summarized in Table 3 and the 
corresponding current–voltage (J-V) characteristics measured under 
100 mW cm− 2 AM 1.5G illumination for reverse scan condition are 
shown in Fig. 6a. The cross-section scanning electron microscopy (SEM) 

image of a PSCs with spin-coated CB HTM is shown in Fig. S3. A clear 
layer-by-layer structure can be observed. A ~250 nm-thick CB layer was 
uniformly formed on top of the perovskite layer. In addition, the surface 
morphologies of perovskite films with or without HTMs were also pro-
bed by SEM measurement. The bare perovskite film, prepared by TABC 
method at 130 ◦C following to our previous processes, gave a dense and 
large crystal domain size (300–400 μm) without evident pinholes and 
voids (Fig. 6b) [66–67], where the grain boundaries of spherulites were 
seen on the surface. The formation of spherulites were presumably 
attributed to the rapid volatilization of the solvent at high temperature 
during the crystallization process of the perovskite film. For the growth 
mechanism of spherulites, the primary nucleus grows in all directions to 
form the radial crystallites. The radial crystallites continue to grow 
outward until they touch adjacent crystals. The sizes and shapes of 
spherulites depend on an interaction between the crystal nuclei, the 
crystal growth velocity and solvent evaporation rate. Large-sized 
spherulites could effectively improve the photovoltaic performance of 
PSCs [73]. In contrast, the top-view SEM images of spin-coated CB and 
spiro-OMeTAD films on top of the perovskite layer showed a full 
coverage (Fig. S4). The device with spin-coated dopant-free CB achieved 

Fig. 7. The top-view SEM images of (a) CB and (b) spiro-OMeTAD on the underlying perovskite film fabricated by TABC method; A zoomed-in SEM images of (c) CB 
and (d) spiro-OMeTAD on the underlying perovskite film fabricated by TABC method; Cross-sectional SEM images of the fully printed PSCs devices with (e) CB and (f) 
spiro-OMeTAD HTMs. 
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an encouraging PCEs of 20.76%, together with a Jsc of 23.72 mA cm− 2, a 
Voc of 1.15 V and an FF of 0.76, which is comparable to that of the device 
employing spin-coated doped spiro-OMeTAD (20.04%). A batch of 20 
cells were fabricated to analyze the distribution and reproducibility of 
photovoltaic metrics (Fig. 6c). An average PCE of 19.98% for dopant- 
free CB-based PSCs was observed, indicating the good reproducibility. 
These results demonstrate that CB is a promising candidate as dopant- 
free HTM for high-performance PSCs. 

To explore the feasibility of fully printed PSCs, the same device 
structure (n-i-p configuration) with perovskite and HTM layers both 
prepared by TABC method were constructed (the detail information 
described in the Supporting Information) [66–67]. The schematic 
sequential deposition of perovskite and HTMs thin films via TABC 
method was conducted as depicted in Fig. 6d. To optimize the property 
of dopant-free CB as HTM by TABC method, the CB films were coated at 
different substrate temperatures range from 70 to 130 ◦C. As shown in 
Fig. S5, the PCE increased on going from 70 to 110 ◦C and then 
decreased on going to 130 ◦C, suggesting some interfacial film structure 
variation and the interface between the perovskite and CB has the best 
contact under 110 ◦C process. The surface morphologies of the TABC- 
based HTM layers at various substrate temperatures were examined by 
SEM. It was observed that the film morphology of HTM film on perov-
skite layers are highly influenced by the substrate temperature. As 

shown in Fig. S6, the films prepared at a lower substrate temperature 
(70–90 ◦C) showed a small lamellar morphology. At the substrate tem-
perature of 110 ◦C, large and perfectly lamellar morphology was ob-
tained, indicating the better-contacted HTM on the perovskite layer. 
However, as the temperature was increased to 130 ◦C, the island-like 
morphology with obvious film cracks were observed onto the perov-
skite films. Therefore, the HTM films were prepared at the optimized 
substrate temperature of 110 ◦C. Encouragingly, the best PCE was 21.09 
% with an open-circuit voltage (Voc) of 1.15 V, a short-circuit current 
density (Jsc) of 23.60 mA cm− 2, and a fill factor (FF) of 0.78. (Fig. 6a), 
which is comparable to the PCE of spin-coated CB-based PSCs (20.76%). 
In contrast, the same TABC-processed doped spiro-OMeTAD-based de-
vice exhibited an inferior efficiency of 14.28%, with a Voc of 1.03 V, a Jsc 
of 19.51 mA cm− 2 and an FF of 0.71 (Fig. 6a). The lower PCE of device 
based on spiro-OMeTAD via TABC method was presumably attributed to 
some extent evaporation of t-BP (the only liquid in device) at higher 
preparation temperature (110 ◦C), and thus the optimized ratio of t-BP/ 
Li-TFSI may be changed [74–76]. The concentration change of additives 
is more pronounced for the device performance, and it can lead to poor 
diffusion for excitons at the perovskite/HTMs interfaces and induce 
recombination so that a loss in the Voc and FF was observed. These re-
sults demonstrated that the CB is a promising material to be used for 
dopant-free TABC-printed PSCs and holds potential for large-scale PSCs 
by printing method. To the best of our knowledge, this is the first report 
on fully printed n-i-p PSCs based on dopant-free HTM/perovskite layer 
giving a remarkable performance. Furthermore, the CB-based PSCs 
showed a small hysteresis between the forward and reverse scans 
(Fig. S7), which may be attributed to higher hole mobility and efficient 
hole-extraction ability (Fig. S2 and Fig. 5). The corresponding incident 
photo-to-electron conversion efficiency (IPCE) of the fully printed PSCs 
devices are displayed in Fig. 6e. The integrated current densities for non- 
doped CB and doped spiro-OMeTAD are 23.20 and 19.44 mA cm− 2, 
respectively, which are consistent with the Jsc values measured in J-V 
scans. The steady-state power output was also measured for 300 s at the 
maximum power point (MPP) to confirm the accuracy of the measured 
PCEs (Fig. 6f). The stabilized PCEs of 20.88% for fully PSCs based on CB 
without dopants, indicating good device stability. In addition, the his-
togram of PCEs measured for 20 devices of dopant-free CB via TABC 
technique are shown in Fig. 6c. The CB-based devices exhibited average 
PCEs values of 20.60%, indicating good reproducibility for the devices 
fabricated by TABC method and even better than the reproducibility of 
devices with spin-coated CB. 

To better understand the correlation between device performance 

Fig. 8. Normalized PCEs of the devices with pristine CB and doped spiro- 
OMeTAD layers. 

Fig. 9. Schematic illustration of the PCE distribution estimation, and photos of 10 cm × 10 cm large-area devices fabricated by TABC method.  
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and the HTM films formation by TABC process, the surface morphology 
of HTM films deposited onto the perovskite layers were further exam-
ined by SEM (Fig. 7a-d) and atomic force microscope (AFM) in Fig. S8. 
The top-view SEM image indicates a full coverage of HTM films on the 
perovskite layer, and the images showed that the HTM layer follows the 
pattern of the layer underneath with spherulites and lamellar 
morphology of perovskite (Fig. 6b). The larger amount of lamellar-like 
morphology are evident for CB coated film compared to spiro- 
OMeTAD coated film (Fig. 7a and b), which may suggest that there is 
the better-contacted CB film on the perovskite layer, favoring the charge 
extraction and transport. As presented in the magnified SEM images in 
Fig. 7c and d, pinholes could be detected on the surface of the spiro- 
OMeTAD film, while the perovskite layer was uniformly covered by a 
thin layer of CB without any observable particles or pinholes, indicating 
that this helps to reduce the charge recombination losses at the perov-
skite/CB interface and to improve the photovoltaic performance and 
stability of the devices. Although the AFM images of the HTM films 
revealed that the root-mean-square (RMS) roughness of CB film (41.6 
nm) is larger than spiro-OMTAD film (12.4 nm), the high-quality films of 
CB were observed without aggregates as disclosed in the AFM images in 
Fig. S8. In addition, the cross-sectional SEM image of CB- and spiro- 
OMeTAD-based PSCs are shown in Fig. 7e and f. The optimized thick-
ness of dopant-free CB layer is estimated to be ~200 nm, which is 
thinner than that prepared by spin-coating (Fig. S3). CB-based device 
exhibited better performance may be attributed to the superior hole 
mobility (Fig. S2), lower charge recombination (Fig. 5), and the better 
contact between the perovskite layer and HTM film (Fig. 7a). 

The device stability is another vital property to address before 
commercialization of PSCs. We evaluated the long-term stability of non- 
doped CB-based PSCs and doped spiro-OMeTAD-based PSCs, all fabri-
cated by TABC method. The durability test was conducted in ambient 
condition with ~50% relative humidity without encapsulation (Fig. 8). 
Encouragingly, the device employing pristine CB maintained 94% of the 
initial PCE after 500 h of aging, whereas the PSCs based on doped spiro- 
OMeTAD showed significantly lower efficiency, 55% of the initial 
values, after 500 h. The drop in PCE might be attributed to the hygro-
scopic nature of Li-TSFI dopant (as discussed later). It is generally sug-
gested that a more hydrophobic character of HTM film should benefit 
the device stability, because the HTM film can better protect the 
perovskite layer from the moisture penetration. For this, we measured 
the water contact angles on the CB and spiro-OMeTAD films. As shown 
in the inset of Fig. 8, a much higher angle of 87.5◦ was observed on the 
dopant-free CB film. In contrast, the water contact angle on doped spiro- 
OMeTAD is even lower (77.4◦). These results corroborate with the sta-
bility data obtained from the devices and demonstrate the potential of 
CB molecule as a superior candidate as HTM. 

Furthermore, the large-area (100 cm2) perovskite and HTM layer 
prepared by TABC method were examined for the film uniformity. By 
using a shadow mask, the film was divided into 9 areas, and from each 
area, 9 subcells with an effective area of 0.16 cm2 for each were pre-
pared. The PCEs for all the subcells were measured averaged for each 
area and the results are shown in Fig. 9. The overall average PCE for all 
the areas was 19.67%, and the highest PCE (20.82%) was obtained from 
the area located at the center of the film, while those from the edge areas 
exhibited slightly low PCE values. Therefore, TABC method enables the 
formation of a smooth film for equally high-performing subcells to be 
made across the whole area. It shows that the both perovskite and HTM 
layer prepared by TABC process improve the uniformity and reproduc-
ibility to make them a step closer to large-scale manufacturing. 

3. Conclusion 

In conclusion, we have synthesized a new HTM CB and demonstrated 
that high-efficiency PSCs were achieved with it. The CB molecule ex-
hibits an HOMO energy level matching with that of perovskite, along 
with good thermal stability over 430 ◦C. In addition, pristine CB presents 

higher hole mobility of 2.97 × 10-4 cm2 V− 1 s− 1 compared to doped 
spiro-OMeTAD (2.38 × 10-4 cm2 V− 1 s− 1), indicating that CB is a po-
tential dopant-free HTM for PSCs. Furthermore, the strong hole extrac-
tion capability of CB was observed by steady-state photoluminescence 
and time-resolved photoluminescence spectra. With highly uniform and 
crystalline perovskite film prepared by TABC process and spin-coated 
pristine CB layer, we achieved a champion PCEs up to 20.76%. More 
importantly, the CB layer can be prepared by TABC method, allowing a 
fully printed PSCs to be made. An excellent PCE of 21.09% with a Jsc of 
23.60 mAcm− 2, a Voc of 1.15 V, and an FF of 0.78 was achieved without 
using dopant in CB layer. To the best of our knowledge this is the first 
report with such a high PCE obtained from a fully printed PSCs without 
using dopant in the HTM layer. We also demonstrated that the device 
with pristine CB layer exhibited a remarkably improved stability than 
the device with doped spiro-OMeTAD, retaining over 90% of its initial 
performance after 500 h. These results demonstrated that CB is a 
promising HTM for fabrication of highly efficient and stable PSCs, with 
the potential to be used in large-scale perovskite devices by printing 
process. 

4. Experimental section 

Materials: The Suzuki coupling reaction was carried out under a ni-
trogen atmosphere. The products were purified by column chromatog-
raphy using silica gel. 1H NMR and 13C NMR spectra of the new 
compound CB were recorded with a Bruker 400 MHz spectrometer in 
dichloromethane‑d2 with tetramethylsilane as the internal standard. 
MALDI-TOF mass spectrometry was carried out with Applied Bio Sys-
tems 4800 proteomics analyser. UV spectra were measured in chloro-
benzene on a V-550JASCO UV/VIS. Fluorescence spectra were obtained 
in chlorobenzene on a HITACHI F-4500 fluorescence spectrophotom-
eter. Oxidation and reduction potentials were measured by cyclic vol-
tammetry with a scan rate of 100 mV/s on 1.0 × 10-3 M samples with 0.1 
M supporting electrolyte of tetrabutylammonium hexafluorophosphate 
in THF solution. The reference, working, and auxiliary electrodes were 
Ag/AgNO3, a platinum disk, and a platinum wire, respectively. Photo-
electron spectroscopy in air (PESA) was measured by photoelectron 
spectrometer (AC-2, Riken Reiki). 

Synthesis of CB: A mixture of 1 (4.35 g, 5.30 mmol), 2 (1 g, 2.51 
mmol), Pd(PPh3)4 (0.012 g, 0.10 mmol), 12 mL of 2 M K2CO3 (aq), and 
18 mL of THF was refluxed for 16 h under argon. The precipitates were 
filtered off and the filtrate was concentrated under reduced pressure. 
The residue was then dissolved in CH2Cl2 and washed with brine. The 
organic layer was dried over anhydrous MgSO4 and filtered. The filtrate 
was concentrated under reduced pressure. Column chromatography 
with CH2Cl2/hexane (2:1) as eluent afforded the dark green solid of CB 
in a yield of 84%. M.P. greater than 300 ◦C; 1H NMR (CD2Cl2, 400 MHz) 
δ 7.7–7.79 (m, 4H), 7.75–7.77 (m, 2H), 7.58–7.56 (m, 8H), 7.29–7.26 
(m, 4H), 7.11–7.08 (m, 4H), 6.95–6.93 (m, 16H), 6.76–6.74 (m, 16H). 
13C NMR (CD2Cl2, 100 MHz) δ: 155.3, 154.8, 147.3, 145.0, 142.8, 142.5, 
142.0, 138.3, 137.6, 132.1, 127.4, 127.0, 125.3, 124.9, 124.6, 119.4, 
116.5, 114.9, 113.1, 110.9. 77.6, 55.8. HRMS [MALDI-TOF] m/z {M +
1}+ calcd for C105H78N8O8S2 1630.5462; found 1630.5445. 
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