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ABSTRACT: In hybrid organic—inorganic perovskite solar cells (PSCs), interfacial
engineering can efficiently improve the photovoltaic performance. In this work, the planar Mm» wmy mmy - S
m-conjugated porphyrin, zinc(Il) §,10,15,20-tetrakis[S-(p-acetylthiopentyloxy)phenyl]- - so4hdt o
porphyrin, was developed to modify the interface between poly(3,4-ethylenedioxy- ;

thiophene):poly(styrenesulfonic acid) (PEDOT:PSS) and perovskite. The modified devices =
increased their highest power conversion efficiency (PCE) to 14.05% relative to 11.35% for the
reference devices without modification. Such enhancement in efficiency is mainly attributed to  .«2f
the improved open-circuit voltage (V) and fill factor (FF), which benefit from fast hole-
extraction and low charge recombination after the employment of well-aligned interlayer.
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he novel and efficient solar cell based on hybrid

organometal halide perovskite (AMX;, A = CH,NH,",
HC(NH,),"; M = Pb*, Sn**; X = CI7, Br™, I") has attracted
tremendous attention since it was pioneered by Miyasaka and
co-workers in 2009." The perovskite materials exhibit excellent
optoelectronic properties, such as high light-absorption
coefficient, long exciton diffusion length, and charge carrier
lifetime, tunable optical band gap and low exciton binding
energy.” ® Additionally, the merits of low-cost and solution
processability make perovskite semiconductors promising in
the commercial application. In the past several years, the
highest efficiency of perovskite solar cells has been rapidly
increased from an initial 3.8% to a certified 22.1%,"” which is
mainly attributed to the improvement of film fabrication
techniques and device architecture.

Two representative types of perovskite devices, including
conventional electron transfer layer (ETL, such as TiO,)/
perovskite/hole transfer layer (HTL, such as spiro-OMeTAD)
(n-i-p) and inverted HTL (such as PEDOT:PSS)/perovskite/
ETL (such as PCBM) (p-in), are mostly reported.®”"*
Although the former is easy to achieve higher efficiency, the
high temperature (T > 400 °C) for fabricating TiO, limits the
widespread application of the technology and the development
of flexible PSCs. Instead, the inverted architecture usually
employs low-temperature processed charge-transport layers and
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avoids the use of mesoporous layer, thus simplifying the
fabrication process and reducing the cost. In PSCs, the
efficiency loss usually originates from the charge recombination
at grain boundaries in the perovskite film and imperfect
interfaces of the device. As previously reported, appropriate
interfacial engineering can not only promote the charge
transport and retard the carrier recombination, but also tune
the film morphology through controlling the perovskite crystal
growth. Early, p-type poly-TPD was spin-coated onto
PEDOT:PSS layer which acted as the electron-blocking
layer."” Later, Meredith and co-workers have introduced
different p-type semiconductors, such as poly(N-9'-hepta-
decanyl-2,7-carbazole-alt-5,5-(4',7'-di(thien-2-y1)-2',1’,3'-ben-
zothiadiazole)) (PCDTBT) and poly(3-n-hexylthiophene)
(P3HT), as interfacial layers between PEDOT:PSS and
perovskite layers.'* Then the potential barrier at the
PEDOT:PSS/perovskite interface was lowered, which was
due to the adjustment of work function of ITO/PEDOT:PSS
after the modification. Similarly, new PTPAFSONa and
PTPADCF;FSONa copolymers were inserted between PE-
DOT:PSS and perovskite, leading to the reduced interfacial
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Figure 1. (a) Optical absorption spectrum (measured in 0-DCB solution with concentration of 1 X 107 M) and the molecular structure (inset) of

porphyrin. (b) Energy level diagram of each layer.
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Figure 2. Top-view SEM images of perovskite films on (a) PEDOT:PSS and (b) PEDOT:PSS/porphyrin substrates; (c) XRD patterns of perovskite

films grown on different substrates.

trap-assisted recombination.'” Liao et al. spin-coated a perylene
(CyH,,) interlayer between PEDOT:PSS and perovskite which
was beneficial for perovskite growth, tailoring energy-level and
reducing trap densities.'® In addition, Chen et al. modified the
interface of PEDOT:PSS/perovskite by utilizing the 3-amino-
propanoic self-assembled monolayer. With modification, the
perovskite surface morphology was improved, resulting in
better device performance and stability.'” In conventional n-i-p
structure, Li et al. also have introduced an FATCNQ_layer at
the interface of PEDOT:PSS/HTL through spin-coating from
its saturated solution, which resulted in surface passivation and
low carrier recombination."®

As is well-known, porphyrins are heterocyclic macrocycles
with large planar 7-conjugation, strong light absorption, unique
electronic and magnetic properties, and superior chemical
stability. Moreover, porphyrin molecules have abundant
functional sites at the periphery of macrocycle, thus their

photoelectric properties can be tuned through synthetical
modification or substituents.'”*” Up to now, porphyrin has
been widely used as donor material, interlayer, or light-
absorbing dye in the field of organic photovoltaic and dye-
sensitized solar cell.>' > Nevertheless, to the best of our
knowledge, porphyrin has not been applied in PSCs yet.
Herein, we report here the implementation of p-type porphyrin
derivative, zinc(II) §,10,15,20-tetrakis[S-(p-acetylthiopentyl-
oxy)phenyl]porphyrin, as the ultrathin interlayer between
PEDOT:PSS and perovskite layers through spin-coating from
a 1,2-dichlorobenzene (0-DCB) solution. The — SCOCH,
groups (-SAc) in porphyrin molecules can be chemically
absorbed onto PEDOT:PSS molecules through electrostatic
interaction. The perovskite film formed on porphyrin-modified
substrate exhibits large-sized crystals due to the decreased
number of nucleation sites on the nonwetting surface of
PEDOT:PSS/porphyrin. The matched interfacial energy level
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alignment can facilitate the hole-extraction and reduce the
charge recombination. Finally, the V. and FF of the PSC based
on porphyrin are dramatically enhanced, resulting in a best
efficiency of 14.05%, which is about 24% higher than the device
without modification.

The porphyrin derivative, zinc(Il) $,10,15,20-tetrakis[S-(p-
acetylthiopentyloxy)phenyl]porphyrin, was synthesized in our
laboratory. The UV-—vis light absorption spectrum and
molecular structure (inset) of porphyrin are shown in Figure
la. The spectrum exhibits a sharp Soret band at 428 nm, while
two weak Q bands appear at 553 and 595 nm. In addition, the
electrochemical properties measured through cyclic voltamme-
try (CV) are shown in Figure S1. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels of —S5.1 eV and —3.0 eV can be
calculated from the following equations: (a) HOMO = —(4.4 +
E,) and (b) LUMO = HOMO+1240/A " The values of
E,, and A5 were determined from UV—vis and CV spectra,
respectively. Figure 1b depicts the corresponding energy level
diagram. We can see that the LUMO of porphyrin is higher
than the conduction band edge of perovskite (—3.9 eV, versus
vacuum),”” indicating that electron-transport barrier exists in
these two layers, thus retarding the carrier recombination at the
PEDOT:PSS/perovskite interface. Meanwhile, the higher
HUMO energy level of porphyrin relative to perovskite (—5.4
eV, versus vacuum) can efficiently facilitate hole extraction and
transport.

The porphyrin interlayers were introduced onto PE-
DOT:PSS substrates via simple spin-coating method from a
0-DCB solution (0.5 mg/mL) and all perovskite films on
PEDOT:PSS and PEDOT:PSS/porphyrin were fabricated in a
similar way as we previously reported.”® We first compared the
light absorption of porphyrin film before and after spin-coating
N,N-dimethylformamide (DMF) solvent in order to test the
intersolubility between porphyrin and perovskite films. The
spectra are shown in Figure S2 and we can see that the change
was almost negligible, indicating that the porphyrin film
exhibited good resistance against DMF. Subsequently, the
surface morphology of porphyrin layer was investigated by
using atomic force microscope (AFM) (as presented in Figure
S3). It can be seen that a compact layer of porphyrin covers the
entire area of the PEDOT:PSS and some aggregates are
uniformly distributed on the surface. This is in agreement with
the reported observation previously.*

Then to understand the influence of porphyrin on the
perovskite crystals growth, the characterization of the top-view
scanning electron microscope (SEM) was implemented.
Figures 2a and 2b exhibit the evolution in surface morphology
of perovskite films formed on different substrates. It is clear that
the perovskite crystals grown on bare PEDOT:PSS exhibits a
distribution in the range of 50—700 nm size and an average size
of 296 nm (Figure S4). However, the largest and average crystal
sizes of the comparative perovskite film fabricated on modified
PEDOT:PSS increase up to 1 ym and 530 nm, respectively. In
our experiments, we observed that the droplets of Pbl,
precursor solution were hard to freely spread on porphyrin-
modified substrate. The experimental phenomenon was
recorded in Figure SS. We dropped the same amount of Pbl,
(20 uL) solution onto the ITO/PEDOT:PSS and ITO/
PEDOT:PSS/porphyrin substrates and then took photographs
after 3 and 10 s, respectively. Herein, we speculate that the large
crystal sizes are mainly attributed to the nonwetting surface of
PEDOT:PSS/porphyrin, thus resulting in the decrease of the

number of nucleation sites. This result is consistent with the
perovskite films formed on hydrophobic HTLs reported by
Huang’s group.”” As the carrier recombination is often caused
by the trap sites at the grain boundaries,”’ ~*" the large-sized
crystals indicate that the charge recombination and loss in the
bulk perovskites film on PEDOT:PSS/porphyrin can be
restrained to some extent. Furthermore, we studied the
crystallinity of the perovskite films grown on different
substrates through X-ray diffraction (XRD) measurement. As
shown in Figure 2c, although these two films exhibited three
main peaks at around 14, 28, and 32°, the film formed on
modified substrate exhibited higher peak intensity than that
formed on bare PEDOT:PSS substrate. This result further
indicated that the insertion of porphyrin interlayer can favor the
crystallization of perovskite film.

Next, to further investigate the effect of porphyrin on the
hole extraction and transport at the PEDOT:PSS/perovskite
interface, we performed photoluminescence (PL) measure-
ments of perovskite films on ITO/PEDOT:PSS and ITO/
PEDOT:PSS/porphyrin to study the charge dynamics. Both of
these two perovskite films exhibit a similar emission peak at
around 775 nm in the steady-state PL spectra, as shown in
Figure 3a. However, the PL intensity of perovskite on modified
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Figure 3. (a) Steady-state and (b) time-resolved photoluminescence
spectra of PEDOT:PSS/perovskite and PEDOT:PSS/porphyrin/
perovskite films on ITO substrates.

substrate was seriously quenched. This striking quenching
phenomenon suggests that porphyrin can act as an effective
interlayer for reducing the carrier recombination between HTL
and perovskite. Additionally, the time-resolved PL (TR-PL)
decay transient curves excited with a 485 nm laser are exhibited
in Figure 3b. The spectra represent the signals collected at the
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Figure 4. (a) Schematic of the device architecture. Characteristics of perovskite solar cells based on bare PEDOT:PSS and PEDOT:PSS/porphyrin
(the 0.5 mg/mL sample): (b) photocurrent density—voltage curves of the optimal devices with reverse and forward scan directions under AM 1.5G
simulated sunlight; (c) J—V curves measured in the dark condition with reverse scan direction; (d) power conversion efficiency (under reverse scan)

histograms.

wavelength of 775 nm and the lifetime of charge carriers can be
calculated by fitting the data. The average lifetime of ITO/
PEDOT:PSS/perovskite is 63.9 ns, whereas the corresponding
value is shorten to 27.1 ns for the porphyrin-modified sample.
This result can further indicate that the introduce of porphyrin
can promote hole extraction and transfer from perovskite to
PEDOT:PSS at the PEDOT:PSS/perovskite interface.

Then we fabricated the planar perovskite solar cells with
active areas of 0.09 cm® and the device architecture of ITO/
PEDOT:PSS/porphyrin/perovskite/PCBM/C,/BCP/Al is il-
lustrated in Figure 4a. The photovoltaic performances of the
devices were measured under AM 1.5G simulated sunlight
irradiation (100 mW cm™?) in the ambient condition. Figure 4b
gives the light photocurrent—voltage (J—V) curves of the
optimal devices with and without porphyrin and the
corresponding parameters are summarized in Table 1. As we
can see, under reverse scan mode, the best device based on bare
PEDOT:PSS exhibits an open-circuit voltage of 0.87 V, a short-
circuit current density (J,.) of 21.29 mA cm™2 and a fill factor of
0.61, yielding a PCE of 11.35%. By contrast, after embedding
the porphyrin in the device, a higher efficiency of 14.05% is

Table 1. Photovoltaic Parameters of the Optimal Perovskite
Devices with and without Porphyrin

sweep Vo Joc (mA/ PCE

substrate direction V) cm?) FF (%)
PEDOT:PSS forward 0.85 19.86 0.51 8.71
reverse 0.87 21.29 0.61 11.35

PEDOT:PSS/ forward 0.93 20.98 0.66 12.88
porphyrin reverse 093 2190 069 1405

obtained with a V,_ of 0.93 V, a J,. of 21.90 mA cm™* and a FF
of 0.69. Note that the improved efficiency is mainly attributed
to the increase of V,, and FF. Because it has been reported that
the scanning direction has a significant effect on the efficiency,
we tested our devices through forward scan. We can see that
the J—V hysteresis in porphyrin-modified device was also
moderately decreased.

To get an insight in the underlying mechanism influencing
the performance of the different PSCs, the electrical behavior of
the devices were measured in the dark. As seen in Figure 4c, the
dark current density of the device based on PEDOT:PSS/
porphyrin under reverse bias (1.2 V to —1.2 V) is about 1 X
107> mA cm™?, which is about 1 order of magnitude lower than
the pristine one (= 1 X 107" mA cm™). This indicates that the
current leakage is dramatically prevented after interfacial
modification. Certainly, the smaller current leakage is ascribed
to the lower charge recombination in the modified device. Then
we can further explain why the V,_increased in the porphyrin-
based device. It is because that V__ is determined by the formula
of V. = (mRT/F) In(I,./I, — 1), where I represents the short-
circuit current, I is the dark current, and m, R, and F represent
ideality factor, idea gas, and Faraday constants, respectively.”’
So lower I, means higher V.. In addition, the enhancement in
FF was due to the good interfacial compatibility at the
perovskite/PEDOT:PSS interface and efficient hole extraction
and transport through inserting a porphyrin interlayer. The
changes in V. and FF are in good agreement with the
variations in surface morphology, photoluminescence intensity,
and charge lifetime.

Moreover, we also changed the concentration of porphyrin
solution and measured the influence of the interlayer’s
thickness on the device performance. It can be found that all
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the devices with porphyrin have higher efficiency than that
without interlayer, as shown in Figure S6 and Table S1. The
efficiency difference for porphyrin-modified solar cells is less
than 0.7% when the concentration of porphyrin solution is
varying from 0.25 to 2 mg/mL (in 0-DCB solution). Further
investigation on the thickness and corresponding mechanism
will be performed in detail in the future.

Finally, the PCE histograms of 20 individual devices (the 0.5
mg/mL sample) and the corresponding standard errors are
summarized in Figure 4d and Table S2, respectively. In
addition, distributions of ], V., and FF are presented in Figure
S7. All these efficiency were obtained through scanning from
positive to negative bias. The porphyrin-based PSCs exhibited
excellent reproducibility and most of the devices have PCE
higher than 11.0%.

In conclusion, we have demonstrated that the employment of
large planar 7z-conjugated porphyrin at the PEDOT:PSS/
perovskite interface is effective in improving the photovoltaic
performance of perovskite solar cells. The porphyrin can
facilitate the formation of perovskite film with large-sized
crystals, high crystallinity, and low traps. Additionally, the well-
aligned energy level among the PEDOT:PSS, porphyrin and
perovskite can efficiently promote the hole extraction and
reduce the charge recombination and loss, which are intuitively
reflected in the shortened lifetime and quenched photo-
luminescence intensity. As a result, a high efliciency of
14.05% has been achieved for the device based on
PEDPT:PSS/porphyrin, which was mainly attributed to the
increase of V. and FF. Therefore, our work proved that the
interlayer based on the planar 7-conjugated porphyrin is a
promising candidate in perovskite solar cells.
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