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Carbon-based perovskite solar cells show great potential owing to their low-cost production
and superior stability in air, compared to their counterparts using metal contacts. The
photovoltaic performance of carbon-based PSCs, however, has been progressing slowly in
spite of an impressive efficiency when they were first reported. One of the major obstacles
is that the hole transport materials developed for state-of-the-art Au-based PSCs are not
suitable for carbon-based PSCs. Here, we develop a low-temperature, solution-processed
Poly(3-hexylthiophene-2,5-diyl) (P3HT)/graphene composite hole transport layer, that is
compatible with paintable carbon-electrodes to produce state-of-the-art perovskite devices.
Space-charge-limited-current measurements reveal that the as-prepared P3HT/graphene
composite exhibits outstanding charge mobility and thermal tolerance, with hole mobility
increasing from 8.3x10-3 cm2-V1.s?! (as-deposited) to 1.2x10-2 cm?-V1i.st (after
annealing at 100 °C) - two orders of magnitude larger than pure P3HT. The improved
charge transport and extraction provided by the composite HTL provides a significant
efficiency improvement compared to cells with a pure P3HT HTL. As a result, we report
carbon-based solar cells with a record efficiency of 17.8% (certified by Newport); and the
first perovskite cells to be certified under the stabilized testing protocol. The outstanding
device stability is demonstrated by only 3% drop after storage in ambient conditions
(humidity: ca. 50%) for 1680 h (non-encapsulated), and retention of ca. 89% of their
original output under continuous 1-Sun illumination at room-temperature for 600 h

(encapsulated) in a nitrogen environment.
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1. Introduction

Hybrid organic/inorganic perovskite solar cells (PSCs) have attracted enormous attention due to their
outstanding optoelectronic properties and being amenable to the low-cost solution fabrication.!*!
Stunning progress has been achieved for this technology, with the power conversion efficiency
(PCE) rising from 3.7% to a certified value reaching 23.3%."8 Excellent photovoltaic performance
has been achieved for a wide material combinations and cell architectures, demonstrating the
versatility of PSC technology.®*!I Nevertheless, most of the highest efficiency cells reported to date
rely on the n-i-p configuration, with a stack of substrate/electron transport layer (ETL)/perovskite
layer/hole transport layer (HTL)/contact layer. A range of electron transport layers (ETLS) have been

successfully applied to produce high-efficiency devices, such as the widely-used TiOx,[*>14 and



Sn0..15171 Nevertheless, most devices are completed with a noble metal electrode (gold in most
cases especially for the n-i-p perovskite solar cells), which has disadvantages including high-cost and
inferior stability due to gold migration.*&-20]

Carbon-based electrodes have been reported to be an alternative owing to material abundance, low
cost, industrially mature preparation and excellent stability.?*??l Han et al. fabricated a 12.8%
efficient, fully printable mesoscopic PSC with a mesoporous TiO2 and ZrOz double-layer as the ETL
scaffold, printing the carbon-electrode in advance, which was subsequently infiltrated with
perovskite.?®! Yang et al. pre-fabricated Pbl, and a carbon electrode, which was then subjected to a
CHsNHsl bath, avoiding the damage caused by the solvents in the carbon electrode and increasing
the contact between the perovskite layer and the carbon electrode, resulting in a PCE of 11.0%.24
Though these devices show extraordinary stability, the corresponding photovoltaic performance still
lags behind those using metal as the electrode.!?>28! Thus organic small molecule materials as hole
transport layers have been introduced to further improve the efficiency of carbon-based PSCs. For
instance, Cholipour et al. reported a carbon electrode based device based on a symmetric 2, 2°, 7, 7°-
tetrakis (N,N-di-p-methoxyphenylamine)-9,9’—spirobifluorene (Spiro-OMeTAD)/carbon cloth/Spiro-
OMeTAD architecture, resulting in a PCE of 14.8%.?°! Aitola and colleagues incorporated a single-
walled carbon nanotube film infiltrated with Spiro-MeOTAD into a device by a press-transferring
method with a PCE of 16.0%.3% These approaches, however, involve Spiro-MeOTAD as the hole
transport layer, which will lead to long-term stability issues due to its susceptibility to humidity, light
and heat,®*3 as well as potential etching of the perovskite by the dopant additives.[** Therefore,
recent research has been focusing on exploiting dopant-free HTLs to fabricate carbon-based PSCs to
achieve better stability for PSCs.*>%! F-graphene modified Spiro-OMED materials without additives
have been studied to develop the moisture stability, however resulting in a low efficiency.®”! Zheng
et al. dispersed multiwall carbon nanotubes in a Poly(3-hexylthiophene-2,5-diyl) (P3HT) matrix,
leading to a PCE of 13.4% with excellent thermal stability.!* Many groups have also employed
inorganic materials, such as NiO, CuPc as the HTL in carbon-based PSCs with efficiency up to
17.5%.53%-41 However, the PCEs of the carbon-based PSCs are still inferior to those of devices with
metal electrodes. Therefore, developing a highly-stable, dopant-free HTL with good hole mobility is
of great significance for constructing high efficiency and stable carbon-based PSCs.

Here, we report a P3HT/graphene composite HTL with excellent hole mobility, leading to
efficient and stable low-temperature-processed carbon-based planar PSCs. Compared with pristine
P3HT as the HTL, the composite significantly improves hole transport and collection by the carbon
electrode. With this composite HTL, we achieved a record efficiency of 18.1% at reverse scan for the

carbon-based PSC. Meanwhile, a stabilized efficiency of 17.8% was certified for the first time in the



field of perovskite solar cells by Newport. With a low-temperature compatible process for the ETL®!
and HTL, flexible carbon-based PSCs achieved a record PCE of 12.4%. The cells show outstanding
stability, with about 3% loss in PCE after storage in ambient conditions (humidity: ca. 50%) for 1680
h (non-encapsulated device), and retaining ca. 89% of their original performance under 1-sun

illumination for 600 h (encapsulated).

2. Results and discussion

Charge mobility of the selective contact material plays a significant role in determining the
photovoltaic performance of perovskite solar cells. The photo-generated electrons are
extracted by the ETL, while holes are injected into the HTL and then transported to the
carbon electrode (Fig. 1a and S1). As illustrated in Fig. 1a, the long/tortuous routes associated
with charge transport along polymer chains of P3HT cause inefficient hole transport and high
resistance loss.*° Therefore, we introduced a hole transport engineering approach by
developing a P3HT/graphene composite HTL. The graphene and P3HT were mixed
homogenously and resulted in a high-quality contact.

We first investigated the hole mobility of the P3HT/graphene composite HTL, and
compared it with pristine P3HT by the space-charge-limited current (SCLC) method. To
prepare the P3HT/graphene HTL, a mixture of graphene and P3HT was magnetically stirred
at 60 °C for 24 h, and further centrifuged for 1 hour to obtain the supernatant. The
P3HT/graphene precursor mixture was sonicated for 1h before being spin-coated onto the
FTO substrate to form a hole transport layer. Au was then deposited on the HTL as the
electrode. When fabricating complete solar cells, after printing carbon paste onto the HTL,
the devices are heated at 100 °C for 20 min to dry the carbon paste. Therefore different HTL
films with and without annealing were assembled into FTO/P3HT/Au SCLC devices to
evaluate the hole mobility (Fig. 1b and c). According to the Mott-Gurney equation
(Supporting Information),*? the P3HT/graphene composite shows a much higher hole
mobility (8.3x10° cm?-V1.s1) than that of pristine P3HT (8.7x10° cm?-V-1.s1) at room
temperature. After the heat-treatment step, the mobility of graphene/P3HT further increased
to 1.2x102 cm?-V1-s, around 100 times higher than that of the bare P3HT (1.3x10™* cm?-V-
L.s1) after heat treatment. This enhancement might be ascribed to a combination of the better
crystallinity of the P3HT polymer and the better conduct between graphene and P3HT
following heat treatment. Overall, our P3HT/graphene composite HTL has strong tolerance

for heat, showing superiority compared to the other widely used doped HTLSs, such as Spiro-



MeOTAD and PTAA which have been reported to suffer from serious damage after
heating.[43-45]

We next evaluated the influence of the P3HT/graphene composite HTL on the perovskite
film and HTL interface quality using a binary cation perovskite composition of
FA03MAo7Pbls. Multi-cation perovskites with FA as the majority cation have been widely
reported to outperform their single cation originator (such as MAPDbI3) in terms of both
photovoltaic performance and stability.*®! High-quality perovskite films were deposited, as
evidenced by the XRD patterns, where no impure phases are detectable (Fig. S2). Notably,
doping with FA cations extended the absorption range to ~850 nm, compared to ~800 nm for
the conventional MAPDbIz film (Fig. S3). The HTL film was then deposited onto the
perovskite film. The morphologies of the perovskite films before (Fig. 2a and S4a and b) and
after (Fig. 2b and 2c) depositing the P3HT/graphene HTL are both dense and uniform.

The cross-sectional SEM image in Fig. 2c shows a smooth, uniform interface between the
perovskite and the HTL. Meanwhile, the HTL film appears homogeneous, indicating that the
graphene is uniformly incorporated through the P3HT (Fig. 2d), which would be beneficial
for promoting hole transport to the carbon electrode. Planar carbon-based PSCs with
P3HT/graphene and P3HT composite as HTL were fabricated and their corresponding cross-
sections are shown in Fig. 2d and Fig. S5a and b.

Both steady-state and time-resolved photoluminescence (TRPL) measurements can reveal
important information about charge transfer and recombination kinetics in films and partial
cells. From these measurements (Fig. S5¢ and Fig. S5d) we observe that the bare film
exhibits a strong steady state PL emission with a narrow linewidth, and a PL decay time
of >400ns. This is indicative of the high quality of the as- deposited perovskite film.
Significant quenching of the photoluminescence is seen with the addition of the HTL layer;
with the strongest quenching observed for the composite P3HT/graphene film, in both steady-
state and transient measurements. The slightly faster PL decay of the P3HT/graphene samples
(43ns) compared to the pure P3HT samples (55ns) may indicate improved hole extraction at
the perovskite-HTL interface, but the significant steady-state PL quenching also suggests the
presence of interface recombination, which may ultimately limit the open circuit voltage.*’:
Nevertheless, as we show below, cells with the P3HT/graphene composite HTL outperform
cells with pure P3HT on all performance metrics (current, voltage and fill-factor), most likely
a result of the dramatic improvement in HTL carrier mobility as discussed previously.

To further confirm the state-of-the-art electrical properties of our composite HTL, we

incorporated the two different HTLs studied in this work into perovskite solar cells in combination



with a carbon-electrode. We adopted a planar structure with TiO.@SnO, as the ETL.!® The
photovoltaic performance of the planar carbon-based PSCs with P3HT and P3HT/graphene as HTL
were measured, with the results shown in Fig. 3a and Fig. 3b respectively. The P3HT/graphene
composite HTL device yielded a short-circuit current (Jsc) of 22.5 mA/cm?, an open-circuit voltage
(Voc) of 1.09 V, a fill factor (FF) of 0.74, and a PCE of 18.2%. In comparison, using just P3HT as
the HTL resulted in a much inferior performance, with Jsc = 20.7 mA/cm?, Voc = 0.99 V, FF = 0.55,
and PCE = 11.1%. The incident photon to current conversion efficiency (IPCE) spectra of champion
devices with each HTL are shown in Fig. 3c (P3HT/graphene) and Fig. S6 (P3HT). The integrated
current density from IPCE spectra is slightly lower than from the J-V measurements (~10%).
However, we also observe that the integrated current density of the P3HT/graphene HTL device is
~3.8 mA/cm? higher than the P3HT device; a very significant increase.

Notably, the P3HT/graphene composite HTL also reduced the hysteresis dramatically, as revealed
by the reverse and forward scanning curves shown in Fig. 3a and Fig. 3b. The corresponding
photovoltaic metrics of both devices are listed in Table S1. The steady-state output was measured
under a constant bias voltage at the maximum power point under 1-sun illumination. The P3HT-only
devices show an unstable current density at a bias voltage of 0.69 V, resulting in PCE of ~10.5%
(Fig. S7). In contrast, the P3HT/graphene composite HTL device exhibit a stable output with a
current density of ca. 20 mA/cm? at a bias voltage of 0.89 V, corresponding to a PCE of ca. 18% (Fig.
3d). The steady-state output is almost the same as that extracted from the reverse J-V scans,
indicating small hysteresis under these measurement conditions.

The high efficiency of the carbon-based PSCs with P3HT/graphene composite HTLs reported
here has been certified by an accredited independent PV test laboratory (Newport Corporation PV
Lab, MT, USA). An un-encapsulated device reached a PCE of 18.1% from reverse scanning and a
stabilized PCE of 17.8% (Details of the stabilized testing protocol is provided in experimental
section of ESI and the Newport certification report). This efficiency is significantly higher than the
previously certified PCE of 12.8% and a reported value of ca. 17.5% without certification for carbon-
based PSCs.[24% This is not only a record efficiency for carbon-electrode based PSCs, but also the
first certified stabilized efficiency for all types of PSCs (Fig. S8). Good repeatability was also
achieved for cells with the P3HT/graphene composite HTL, as seen from much narrower PCE
distributions from 32 devices (Fig. 3e and Fig. S9a, b, ¢) compared to pure P3HT-based devices. The
average parameters for devices with P3HT/graphene HTLs are PCE =17.49 + 0.42%, Jsc = 22.30 =
0.62 mA/cm?, Voc = 1.06 + 0.02 V, and FF = 0.74 + 0.02. The equivalent values for P3BHT HTL
devices are PCE= 9.73 + 0.95%, Jsc= 19.33 + 0.61 mA/cm?, Voc= 0.99 + 0.04 V, and FF= 0.51 +
0.04.



Our carbon-based cell structure with P3HT/graphene HTL is also compatible with flexible
PSCs. Fig. 3f shows the J-V curve of the champion flexible device, with a record PCE of
12.4%, Voc =0.96 V, Jsc=18.82 mA/cm? and FF=0.68. The efficiency is significantly higher
than the previously reported value of 8% for flexible carbon-based PSCs.[°!

Long-term stability is one of the key challenges for commercialization of perovskite
photovoltaic technology. Here, we investigated the stability of our planar carbon-based PSCs
based on P3HT and P3HT/graphene HTL. We first tracked the non-encapsulated device
performance under ambient conditions (humidity: ca. 50%) without illumination for 1680 h
(Fig. 4a). The PCE of the device based on pure P3HT dropped quickly, reaching ~50% of its
starting efficiency after less than 400 h. However, the P3HT/graphene based device showed
excellent stability against moisture for the HTL could be a good hydrophobic barrier layer
inhibiting the water-induced degradation processes of perovskite films, as revealed by a 3%
drop in PCE after storage. The detailed time evolution of each of the photovoltaic parameters
of a P3HT/graphene based device are listed in Table S2, and the corresponding J-V curves of
the fresh and aged device are shown in Fig. S10. Our results are consistent with previous
reports that large-scale graphene is beneficial for preventing the infiltration of water
vapour.[50-52]

Furthermore, the light stability was evaluated by testing encapsulated devices under 1-sun
illumination for 600 h (Fig. 4b). The device with a P3HT HTL showed a rapid degradation,
reaching ~25% of its original output after ~75 h of measurement. In contrast, the
P3HT/graphene HTL device exhibited much better light stability, initially increasing in PCE
(within the first ~150h), and retaining ~89% of its original PCE after 600 h of testing. The
initial efficiency enhancement in the early stages of the test might originate from light-
induced defect healing in the perovskite layer.[**15% Detailed evolution of J-V parameters of
the P3HT-graphene based devices under these test conditions are listed in Table S3, and the
J-V curves before and after aging are shown in Fig. S11. The performance degradation of
PSCs under light is thought to be mainly caused by the unfavourable ion diffusion from
perovskite films to the electrodes.[*654%51 The graphene in the HTL may hinder the iodide
escape from perovskite film, thus supressing the consequent degradation of device

performance. ¢!

3. Conclusions



We developed an efficient P3HT/graphene HTL that provides outstanding hole mobility, thus
improving the hole transport. The composite HTL is also compatible with carbon-electrodes,
leading to state-of-the-art, metal-electrode-free solar cells. A record efficiency for carbon-
based PSC of 18.1% from reverse scanning and a PCE of 17.8% under stable testing protocol
(certified) was reported. The device also shows outstanding stability towards moisture,
oxygen and light. Negligible efficiency drop was observed by placing our unencapsulated
P3HT-graphene composite HTL based cells under ambient conditions in the dark for more
than 1600h. Concurrently, under continuous 1-Sun illumination for 600 h, the encapsulated
device exhibited a PCE of about 89% of the original output. This work paves the way for
constructing highly-efficient and stable perovskite devices that are promising for future

commercialization.

Author contribution

Q. -Q. Chu, B. Ding and J. Peng conceived and designed the overall experiments. Q. -Q. Chu, B.
Ding and J. Peng prepared and characterized the perovskite cell devices. H. Shen, X. Li and Y. Liu
conducted the PL and TRPL measurements and analysis. Q. Q. Chu and B. Ding conducted the XRD
and SEM measurements and analysis. B. Ding and J. Peng performed the SCLC measurements and
analysis. Q. -Q. Chu, B. Ding, J. Peng, H. Shen, C.-X. Li, C.-J. Li, G.-J. Yang, T. P. White and K. R.
Catchpole contributed to the results analysis and interpretation. The manuscript was mainly written
by Q. -Q. Chu, B. Ding and J. Peng. G.-J. Yang, T. P. White and K. R. Catchpole supervised the
project. All authors contributed to the discussion of the results and revision of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The work was supported by the National Program for Support of Top-notch Young
Professionals and the Australian Government through the Australian Renewable Energy Agency
(ARENA). Responsibility for the views, information or advice expressed herein is not accepted

by the Australian Government.

Reference



H. Tan, A. Jain, O. Voznyy, X. Lan, F. P. G. Arquer, J. Z. Fan, R. Quintero-Bermudez, M.
Yuan, B. Zhang, Y. Zhao, F. Fan, P. Li, L. N. Quan, Y. Zhao, Z.-H. Lu, Z. Yang, S.
Hoogland and E. H. Sargent, Efficient and stable solution-processed planar perovskite solar
cells via contact passivation, Science, 2017, 355, 722.

M. Saliba, T. Matsui, K. Domanski, J.-Y. Seo, A. Ummadisingu, S. M. Zakeeruddin, J.-P.
Correa-Baena, W. R. Tress, A. Abate, A. Hagfeldt and M. Grétzel, Incorporation of rubidium
cations into perovskite solar cells improves photovoltaic performance, Science, 2016, 354,
206.

Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao and J. Huang, Electron-hole diffusion
lengths > 175 um in solution-grown CH3NH3PbI3 single crystals, Science, 2015, 347, 967.
W. Nie, H. Tsai, R. Asadpour, J.-C. Blancon, A. J. Neukirch, G. Gupta, J. J. Crochet, M.
Chhowalla, S. Tretiak, M. A. Alam, H.-L. Wang and A. D. Mohite, Low trap-state density
and long carrier diffusion in organolead trihalide perovskite single crystals, Science, 2015,
347, 6221.

M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami and H. J. Snaith, Efficient hybrid solar
cells based on meso-superstructured organometal halide perovskites, Science, 2012, 338, 643.
W. Li, C. Zhang, Y. Ma, C. Liu, J. Fan and Y. Mai, In situ induced core/shell stabilized
hybrid perovskites via gallium(l11) acetylacetonate intermediate towards highly efficient and
stable solar cells, Energy Environ. Sci., 2018, 11, 286.

A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal halide perovskites as visible-
light sensitizers for photovoltaic cells, J. Am. Chem. Soc., 2009, 131, 6050.

Best Research-Cell Efficiencies, 2018; Available from:
https://www.nrel.gov/pv/assets/pdfs/pv-efficiencies-07-17-2018.pdf.

T. Duong, Y. Wu, H. Shen, J. Peng, X. Fu, D. Jacobs, E. -C. Wang, T. C. Kho, K. C. Fong,
M. Stocks, E. Franklin, A. Blakers, N. Zin, K. Mcintosh, W. Li, Y. -B. Cheng, T. P. White,
K. Weber, and K. Catchpole, Rubidium multication perovskite with optimized bandgap for

perovskite- silicon tandem with over 26% efficiency, Adv. Energy Mater., 2017, 7, 1700228.

10 H. Shen, T. Duong, J. Peng, D. Jacobs, N. Wu, J. Gong, Y. Wu, S. K. Karuturi, X. Fu, K.

Weber, X. Xiao, T. P. White and K. Catchpole, Mechanically-stacked perovskite/CIGS
tandem solar cells with efficiency of 23.9% and reduced oxygen sensitivity, Energy Environ.
Sci., 2018, 11, 394-406.

11 Y. Xiong, T. MA, L. Kong, J. Chen, X. Wu, H. Yu and Z. Zhang, Improvement of optical

reactivity for nano-TiO2 film by nitrogen ECR plasma, J Mater Sci Technol. 2006, 22, 353.



12 Y.Huand C. Yuan, Low-temperature preparation of photocatalytic TiO2 thin films on
polymer substrates by direct deposition from anatase sol, J Mater Sci Technol. 2006, 22, 239.

13 W. Jun, G. Fang, J. Wang, P. Qin, H. Tao, H. Lei, Q. Liu, X. Dai and X. Zhao, Perovskite
solar cell with an efficient TiO> compact film, ACS Appl. Mater. Interfaces 2014, 6, 15959-
15965

14 M. Kim, S. G. Motti, R. Sorrentino and A. Petrozza, Enhanced solar cell stability by
hygroscopic polymer passivation of metal halide perovskite thin film, Energy Environ. Sci.,
2018, 11, 2609.

15 Q. Jiang, Z. Chu, P. Wang, X. Yang, H. Liu, Y. Wang, Z. Yin, J. Wu, X. Zhang and J. You,
Planar- structure perovskite solar cells with efficiency beyond 21%, Adv. Mater., 2017, 29,
1703852.

16 B. Ding, S.-Y. Huang, Q.-Q. Chu, Y. Li, C.-X. Li, C.-J. Li, G.-Jun Y., J. Mater. Chem. A,
2018, Low-temperature SnOz-modified TiO2 yields record efficiency for normal planar
perovskite solar modules, J. Mater. Chem. A, 2018, 6, 10233-10242.

17 D. Yang, R. Yang, K. Wang, C. Wu, X. Zhu, J. Feng, X. Ren, G. Fang, S. Priya and S. Liu,
High efficiency planar-type perovskite solar cells with negligible hysteresis using EDTA-
complexed SnO2, Nature Commun., 2018, 9, 32309.

18 K. Domanski, J.-P. Correa-Baena, N. Mine, M. K. Nazeeruddin, A. Abate, A. Saliba, W.
Tress, A. Hagfeld and M. Gréatzel, Not all that glitters is gold: Metal-migration-induced
degradation in perovskite solar cells, ACS Nano, 2016, 10, 6306.

19 F. Ambrosion, J. Wiktor, F. D. Angelis and A. Pasquarello, Origin of low electron—hole
recombination rate in metal halide perovskites, Energy Environ. Sci., 2018, 11, 101.

20 J. Yoon, H. Sung, G. Lee, W. Cho, N. Ahn, H. S. Jung and M. Choi, Superflexible, high-
efficiency perovskite solar cells utilizing graphene electrodes: towards future foldable power
sources, Energy Environ. Sci., 2017, 10, 337.

21 D. Lowinsohn, P. Gan, K. Tschulik, J. S. Foord and R. G. Compton, Room Temperature
ionic liquid carbon nanotube paste electrodes: Overcoming large capacitive currents using
rotating disk electrodes, Electroanalysis, 2013, 25, 2435.

22 K. G. Reddy, T. G. Deepak, G. S. Anjusree, S. Thomas, S. Vadukumpully, K. R. V.
Subramanian, S. V. Nair and A. S. Nair, On global energy scenario, dye-sensitized solar cells
and the promise of nanotechnology, Phys. Chem. Chem. Phys., 2014, 16, 6838.

23 A. Mei, X Li, L. liu, Z. Ku, T. Liu, Y. Rong, M. Xu, M. Hu, J. Chen, Y. Yang, M. Graetzel
and H. Han, A hole-conductor-free, fully printable mesoscopic perovskite solar cell with high
stability, Science, 2014, 345, 295.



24 Z. Wei, K. Yan, H. Chen, Y. Yi, T. Zhang, X. Long, J. Li, L. Zhang, J. Wang and S. Yang,
Cost-efficient clamping solar cells using candle soot for hole extraction from ambipolar
perovskites, Energy Environ. Sci., 2014, 10, 3326.

25 H. Zhou, Y. Shi, Q. Dong, H. Zhang, Y. Xing, K. Wang, Y. Du, and T. Ma, Hole-Conductor-
Free, Metal-electrode-free TiO2/CHsNH3sPbls heterojunction solar cells based on a low-
temperature carbon electrode, J. Phys. Chem. Lett., 2014, 5, 3241.

26 Q.-Q. Chu, B. Ding, Yan Li, L-L. Gao, Q. Qiu, C-X. Li, C-J. Li, G-J. Yang and B-Z Fang,
Improved metal circular economy-selective recovery of minor Ag concentrations from Zn
process solutions, ACS Sustainable Chem. Eng., 2017, 5, 9758.

27 Y. S. Kwon, J. Lim, H-J. Yun, Y-H. Kim and T. Park, A diketopyrrolopyrrole-containing
hole transporting conjugated polymer for use in efficient stable organic—inorganic hybrid
solar cells based on a perovskite, Energy Environ. Sci., 2014, 1, 1454.

28 Y. Li, B. Ding, G.-J. Yang, C.-J. Li and C.-X. Li, Achieving the high phase purity of
CH3NH3PbI3 film by two-step solution processable crystal engineering, J. Mater. Sci.
Technol., 2018, 34, 1405.

29 S. Cholipour, J-P. Correa-Baena, K. Domanski, T. Matsui, L. Steier, F. Ciordano, F.
Tajabadi, W. Tress, M. Saliba, A. Abate, A. M. Ali, N. Taghaivinia, M. Craetzel and A.
Hagfeldt, Highly efficient and stable perovskite solar cells based on a low- cost carbon cloth,
Adv. Energy Mater., 2016, 6, 1601116.

30 K. Aitola, K. Domanski, J-P. Correa-Baem, K. Sveinbjomsson, M. Saliba, A. Abate, M.
Cratzel, E. Kauppinen, E. M. J. Johansson, W. Tress, A. Hagfeldt and C. Boschloo, High
temperature- stable perovskite solar cell based on low- cost carbon nanotube hole contact,
Adv. Mater., 2017, 29, 1606398.

31J. Huang, S. Tan, P. D. Lund and H. Zhou, Impact of H.O on organic—inorganic hybrid
perovskite solar cells, Energy Environ. Sci., 2017, 10, 2284.

32 D. Seol, A. Jeong, M. H. Han, S. Seo, T. S. Yoo, W. S. Choi, H. S. Jung, H. Shin and Y.
Kim, Origin of hysteresis in CH3NH3Pbls perovskite thin films, Adv. Funct. Mater., 2017, 27,
1701924.

33Y.C. Kim, T.-Y. Yang, N. J. Jeon, J. Im, S. Jang, T. J. Shin, H.-W. Shin, S. Kim, E. Lee, S.
Kim, J. H. Noh, S. I. Seok and J. Seo, Engineering interface structures between lead halide
perovskite and copper phthalocyanine for efficient and stable perovskite solar cells, Energy
Environ. Sci., 2017, 10, 2109.



34 G.-W. Kim, G. Kang, M. M. Byranvand, G-Y. Lee and T. Park, High stability bilayered
perovskites through crystallization driven self-assembly, ACS Appl. Mater. Interfaces, 2017,
9, 27720.

35 S. N. Habisreutinger, R. J. Nicholas and H. J. Snaith, Carbon nanoforms for photovoltaics:

Carbon nanoforms in perovskite- based solar cells, Adv. Energy Mater., 2017, 7, 1601839.

36 G.-W. Kim, J. Lee, G. Kang, T. Kim and T. Park, Perovskite solar cells: Donor—acceptor type

dopant- free, polymeric hole transport material for planar perovskite solar cells (19.8%),
Adv. Energy Mater. 2018, 8, 1870018.

37 J. Ye, X. Li, J. Zhao, X. Mei and Q. Li, Efficient and stable perovskite solar cells based on
functional graphene-modified P3HT hole-transporting layer, RSC Adv. 2016, 6, 36356.

38 X. Zheng, H. Chen, Z. Weli, Y. Yang, H. Lin and S. Yang, High-performance, stable and low-
cost mesoscopic perovskite (CH3NH3PbI3) solar cells based on poly(3-hexylthiophene)-
modified carbon nanotube cathodes, Front. Optoelectron. 2016, 1, 77.

39 S. Liu, W. Huang, P. Liao, N. Pootrakulchote, H. Li, J. Lu, J. Li, F. Huang, X. Shai, X.
Zhao, Y. Shen, Y. -B. Cheng and M. Wang, 17% efficient printable mesoscopic PIN metal
oxide framework perovskite solar cells using cesium-containing triple cation perovskite, J.
Mater. Chem. A, 2017, 5, 22952.

40 M. Haider, C. Zhen, T. Wu, G. Liu and H.-M. Cheng, Boosting efficiency and stability of
perovskite solar cells with nickel phthalocyanine as a low-cost hole transporting layer
material, J. Mater. Sci. Technol., 2018, 34, 1474.

41 H. Chen, X. Pan, W. Liu, M. Cai, D. Kou, Z. Huo, X. Fang and S. Dai, Efficient
panchromatic inorganic—organic heterojunction solar cells with consecutive charge transport
tunnels in hole transport material, Chem. Commun., 2013, 49, 7277.

42 P. W. M. Blom, M. J. M. Jong and J. J. Vleggaar, Electron and hole transport in poly(p-
phenylene vinylene) devices, Appl. Phys. Lett. 1996, 68, 3308.

43 Z. Chen, H. Li, X. Zheng, Q. Zhang, Z. Li, Y. Hao and G. Fang, Low-cost carbazole-based
hole-transport material for highly efficient perovskite solar cells, ChemSusChem, 2017, 10,
3111.

44 Z. Zhou, X. Li, M. Cali, F. Xie, Y. Wu, Z. Lan, X. Yang, Y. Qiang, A. Islam and L. Han,
Graphene based inverted planar perovskite solar cells: Advancements, fundamental
challenges and prospects, Adv. Energy Mater., 2017, 7, 1700763.

45 R-J. Zhang, Y.Chen, J.Xiong and X -W.Liu, Molecular Engineering of
tetraphenylbenzidine-based hole transport material for perovskite solar cell, J Mater. Sci.,
2018, 53, 4507.



46 X. Jiang, Z. Yu, H.-B. Li, Y. Zhao, J. Qu, J. Lai, W. Ma, D. Wang, X. Yang and L. Sun, A
solution-processable copper(ll) phthalocyanine derivative as a dopant-free hole-transporting
material for efficient and stable carbon counter electrode-based perovskite solar cells, J.
Mater. Chem. A, 2017, 5, 17862.

47J. Peng, Y. Wu, W. Ye, D. A. Jacobs, H. Shen, X. Fu, Y. Wan, T. Duong, N. Wu, C.
Barugkin, H. T. Nguyen, D. Zhong, J. Li, T. Lu, Y. Liu, M. N. Lockrey, K. J. Weber, K. R.
Catchpolea and T. P. White, Interface passivation using ultrathin polymer—fullerene films for
high-efficiency perovskite solar cells with negligible hysteresis, Energy Environ. Sci., 2017,
10, 1792-1800.

48 M. Stolterfohtl, C. M. Wolff, J. A. Méarquez, S. Zhang, C. J. Hages, D. Rothhardt, S.
Albrecht, P. L. Burn, P. Meredith, T. Unold and D. Neher, Visualization and suppression of
interfacial recombination for high-efficiency large-area pin perovskite solar cells, Nature
Energy, 2018, 3, 847.

49 H. Zhou, Y. Shi, K. Wang, Q. Dong, X. Bai, Y. Xing, Y. Du and T. Ma, Low-temperature
processed and carbon-based ZnO/CH3sNH3Pbls/C planar heterojunction perovskite solar cells,
J. Phys. Chem. C, 2015, 119, 4600.

50 Z. Liu, B. Sun, X. Liu, J. Han, H. Ye, T. Shi, Z. Tang and G. Liao, Efficient carbon-based
CsPbBrs inorganic perovskite solar cells by using Cu-Phthalocyanine as hole transport
material, Nano-Micro Lett. 2018, 10, 34.

51 X. Zheng, H. Lei, G. Yang, W. Ke, Z. Chen, C. Chen, J. Ma, Q. Guo, F. Yao, Q. Zhang, H.
Xu and G. Fang, Enhancing efficiency and stability of perovskite solar cells via a high
mobility p-type PbS buffer layer, Nano Energy, 2017, 38, 1.

52J. Cao, H. Yu, S. Zhou, M. Qin, T.-K. Lau, X. Lu, N. Zhao and C.-P. Wong, Low-
temperature solution-processed NiOx films for air-stable perovskite solar cells, J. Mater.
Chem. A, 2017, 5, 11071.

53 J. Huang, X. Yu, J. Xie, D. Xu, Z. Tang, C. Cui and D. Yang, ACS Appl. Mater. Interfaces,
2016, 8, 21505.

54 C. Liu, Y. Yang, Y. Ding, J. Xu, X. Liu, B. Zhang, J. Yao, T. Hayat, A. Alsaedi and S. Dali,
High- efficiency and UV- stable planar perovskite solar cells using a low- temperature,
solution- processed electron- transport Layer, ChemSusChem, 2018, 11, 1232.

55 G. Wu, Y. Zhang, R. Kaneko, Y. Kojima, K. Sugawa, T. H. Chowdhury, A. Islam, Q. Shen,
M. Akhtaruzzaman, T. Noda and J. Otsuki, Origin of J-V hysteresis in perovskite solar cells,
Sol. RRL, 2017, 1, 1700096.



56 E. Bi, H. Chen, F. Xie, Y. Wu, W. Chen, Y. Su, A. Islam, M. Grétzel, X. Yang and L. Han,
Nat. Diffusion engineering of ions and charge carriers for stable efficient perovskite solar
cells, Commun., 2017, 8, 15330.



Figure captions

Fig. 1. a) Hlustration of the device with P3HT as the HTL, where the hole transport is slow, resulting
in charge accumulation, and device with P3HT/graphene composite as HTL, where hole transports to
the carbon electrode quickly. Current density-voltage (J-V) curves of space-charge-limited-current
(SCLC) devices based on structures FTO/P3HT/Au and FTO/(P3HT/graphene)/Au b) before

annealing and c) after annealing at 100 °C.

Fig. 2. Surface morphologies of a) the perovskite film, b) perovskite film covered with
P3HT/graphene HTL. Cross-section SEM images of c) the perovskite film and P3HT/graphene layer,
and d) the planar carbon-based PSC with P3HT/graphene as HTL.

Fig. 3. J-V curves (both reverse and forward scanning direction) of champion planar carbon-based
PSCs. a) P3HT/graphene as HTL, b) P3HT as HTL. c) IPCE spectrum and d) the steady-state output
(tracking at max power point under 1-sun illumination) of the champion device with P3HT/graphene
as HTL. e) The statistical PCEs of devices with P3HT/graphene and P3HT as HTL, f) J-V curves
(both reverse and forward scanning direction) of the champion flexible carbon-based PSC on a PEN
substrate with P3HT/graphene as the HTL.

Fig. 4. a) Normalized PCE evolution of non-encapsulated devices with P3HT and graphene/P3HT as
the HTLs stored in the dark for 1680 h in air, b) Normalized PCE evolution of encapsulated devices
with P3HT and P3HT/ graphene as the HTLs under constant 1-sun illumination with ultraviolet filter

and infrared cut-off filter.
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Fig. 1. a) Hllustration of the device with P3HT as the HTL, where the hole transport is slow, resulting
in charge accumulation, and device with P3HT/graphene composite as HTL, where hole transports to
the carbon electrode quickly. Current density-voltage (J-V) curves of space-charge-limited-current
(SCLC) devices based on structures FTO/P3HT/Au and FTO/(P3HT/graphene)/Au b) before
annealing and c) after annealing at 100 °C.



Fig. 2. Surface morphologies of a) the perovskite film, b) perovskite film covered with
P3HT/graphene HTL. Cross-section SEM images of c) the perovskite film and P3HT/graphene layer,
and d) the planar carbon-based PSC with P3HT/graphene as HTL.
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Fig. 3. J-V curves (both reverse and forward scanning direction) of champion planar carbon-based
PSCs. a) P3HT/graphene as HTL, b) P3HT as HTL. c) IPCE spectrum and d) the steady-state output
(tracking at max power point under 1-sun illumination) of the champion device with P3HT/graphene
as HTL. e) The statistical PCEs of devices with P3HT/graphene and P3HT as HTL, f) J-V curves
(both reverse and forward scanning direction) of the champion flexible carbon-based PSC on a PEN
substrate with P3HT/graphene as the HTL.
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Fig. 4. a) Normalized PCE evolution of non-encapsulated devices with P3HT and graphene/P3HT as
the HTLs stored in the dark for 1680 h in air, b) Normalized PCE evolution of encapsulated devices
with P3HT and P3HT/ graphene as the HTLs under constant 1-sun illumination with ultraviolet filter

and infrared cut-off filter.



