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ABSTRACT: As the most commonly used hole transport material
(HTM) in tin—lead (Sn—Pb) perovskite solar cells (PSCs), poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS) limits the
power conversion efficiency (PCE) and stability of the PSCs due to its
acidic characteristics. Herein, an easily synthesized polymer HTM
poly[ (phenyl)imino[9-(2-ethylhexyl)carbazole]-2,7-diyl] (CzAn) with a
shallow highest occupied molecular orbital (HOMO) level of —4.95 eV
is used in a p-i-n structure, methylammonium-free, Sn—Pb PSC to
replace PEDOT:PSS. Upon optimization using doping and surface
engineering, high quality Sn—Pb PSCs could be successfully fabricated,
boosting the PCE to 22.6% (stabilized PCE of 21.3%) compared with
21.2% for PEDOT:PSS. The perovskite films prepared on the modified
CzAn HTM possess improved crystallinity, reduced trap-state density,
and larger carrier mobility resulting in PSCs with greatly improved
stability.
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As the most commonly used HTM in Sn—Pb PSCs,

etal halide perovskites have attracted extensive
l \ / I attention in the optoelectronics community due to
their superior properties such as composition-
dependent tunable bandgap (E,), low-cost solution-processing,
and rapidly increasing device performance.'™® Lead (Pb)-
based halide single-junction perovskite solar cells (PSC) have
achieved power conversion efficiencies (PCE) over 25%, which
makes them a very competitive candidate in next-generation
photovoltaic technologies.”® To further improve the PCE close
to the Shockley-Queisser efficiency limit, the bandgap of the
perovskite absorbers requires narrowing, which is typically
achieved by adding tin ions (Sn**) to replace a portion of the
Pb*" ions.” Sn—Pb-alloyed perovskites have a lower bandgap of
121 eV when the Sn/Pb ratio is ~1, which is the optimal
composition to build perovskite-perovskite tandems.'® The
narrow bandgap Sn—Pb PSCs can be paired with the wide
bandgap perovskite to form all-perovskite tandem solar cells,
whose PCEs have already been demonstrated to surpass that of
the top-performing single-junction PSCs.''~"* However, one
serious concern for Sn—Pb PSCs is their poorer stability than
their pure lead-based counterparts.'

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS) has advantages of good wetting for reproducible
perovskite solution deposition, and appropriate energy levels
for efficient hole extraction from Sn—Pb perovskites.'®
However, the PEDOT:PSS HTM accelerates perovskite
degradation due to its corrosive acidic characteristics and
hygroscopic properties.'”'® To replace PEDOT:PSS in Sn—Pb
PSCs, three classes of HTMs have been investigated: inorganic
HTMs, organic small-molecule HTMs, and polymer HTMs.
Inorganic HTMs such as nickel oxide (NiO,) were reported as
a promising candidate in Sn—Pb-alloyed PSCs, but the device
efficiencies were still lower than those using PEDOT:PSS."**°
Recently, Gaurav et al. employed an organic small-molecule-
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Figure 1. (a) Device structure of Sn—Pb PSCs and molecular structure of CzAn. (b) Images of perovskite coverage on HTM with and
without PMMA. (c) Reverse scan current density—voltage (J—V) curves of Sn—Pb PSCs based on CzAn HTM with varying p-type dopants.
(d) Different amounts of neutral PEDOT in the CzAn layer. (e) UPS spectra of doped-CzAn and PEDOT:PSS. (f) Energy level alignment of

doped-CzAn and PEDOT:PSS with perovskites.

based monolayer as HTM in Sn—Pb PSCs and obtained a
higher PCE."” However, the sensitive adsorption process of
these self-assembled monolayers leads to defects and pinholes
in the HTM, that in turn leads to reduced reproducibility of
PSCs.'”*! Polymer HTMs generally have facile processability
and better reproducibility, which holds better potential to
replace PEDOT:PSS.”” For instance, poly[bis(4-phenyl) (2,4,6-
trimethylphenyl)amine] (PTAA), a widely used HTM in pure
Pb PSCs, has achieved an enhanced PCE and thermal stability
compared with PEDOT:PSS in Sn—Pb PSCs.>* However, the
mismatched energy levels between PTAA and Sn—Pb
perovskites still limits the efliciency of Sn—Pb PSCs.
Therefore, it is urgent to find a superior polymer HTM for
Sn—Pb PSCs.

In this work, we report a polymer HTM poly[(phenyl)-
imino[9-(2-ethylhexyl)carbazole]-2,7-diyl] (CzAn) for use in
high efficiency and highly stable methylammonium (MA)-free
Sn—Pb PSCs. The CzAn HTM has energy levels well matched
for the Sn—Pb layer and when modified with an ultrathin
poly(methyl methacrylate) (PMMA) passivation layer, leads to
improved wettability to ensure good adhesion of the perovskite
layer. A trace amount of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4ATCNQ) is used as a dopant to enhance

the hole conductivity while neutral PEDOT is added to help
further tune the energy level of the CzAn HTM. Perovskite
films deposited on the modified CzAn show reduced trap-state
density and improved carrier transport, that enhances the PSC
internal quantum efficiency and current density. Finally, the
CzAn-based Sn—Pb PSCs achieved a remarkable PCE of
22.6% (stabilized PCE of 21.3%) with enhanced stability.
Modification process of the CzAn polymer HTM. The device
structure and the molecular structure of CzAn are shown in
Figure la. The methylamine (MA)-free Sn—Pb perovskite has
a composition of FAj4Csy,Sn;sPbysI; and has shown better
stability than volatile-MA embedded perovskites under heat
and light.'>***> To further improve the device PCE, a
passivation layer was processed on top of the Sn—Pb layer
by depositing benzylhydrazine hydrochloride (BHC) and
phenyl-Cg;-butyric acid methyl ester (PC4BM) consecu-
tively.”®”” The fabrication details can be found in the
experimental section. CzAn has a highest occupied molecular
orbital (HOMO) level of —4.95 eV and a lowest unoccupied
molecular orbital (LUMO) level of —2.01 eV,”> which is
comparable with PEDOT:PSS as shown in Figure 1f. The
CzAn has a facile synthesis, which can be found in the
experimental section, and good thermal stability with a glass
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Figure 2. (a) J—V curves with forward scan and reverse scan of champion devices based on PEDOT:PSS and CzAn. (b) Statistics of PCE, V,,
J. and FF of PSCs based on 20 devices. (c) Dark J—V curves. (d) External quantum efficiency (EQE) and reflected absorption. (e) Internal
quantum efficiency (IQE). (f) Transient photocurrent (TPC) of PSCs based on PEDOT:PSS and CzAn HTMs.

transition temperature (T,) of 146 °C and decomposition
temperature (T3) of 362 °C, making it a promising HTM for
Sn—Pb PSCs.”® This polymer has been applied in p-i-n
structured perovskite solar cells to yield an efficiency of 17.2%
using (FA0.79MAO.16CSO.05)Pb<IO.84BrO.16)3-22 When we em-
ployed CzAn alone in p-i-n structured Sn—Pb PSCs, we
found that it was too hydrophobic, leading to discontinuous
perovskite thin films, as shown in Figure 1b. To enhance
surface hydrophilicity of CzAn, we coated an ultrathin PMMA
layer on top, as the carbonyl groups in PMMA enhance
wetting with both perovskites and the HTM,**~>" as shown by
the continuous perovskite film coverage in Figure 1b.
However, the CzAn/PMMA HTM did not lead to higher
efficiency Sn—Pb PSCs, as shown by the photocurrent curves
in Figure lc. We hypothesized that this was caused by the
relatively low hole conductivity of CzAn. To test this, we
added to the CzAn layer the commonly used p-type dopants
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ), tris(pentafluorophenyl)borane (BCF) and [9-(2-
ethylhexyl)-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-car-

bazole-2,7-diamine bis(trifluoromethanesulfonyl)imide]
(EH44-0x).”%*>** All optimized concentrations of the dopants
were 1 wt % (wt: weight ratio) relative to CzAn (Figure S1).
We measured the energy levels of CzAn with different dopants
(pristine, BCF, EH44-0x, and F4-TCNQ) at this optimized
concentration using ultraviolet photoelectron spectroscopy
(UPS) and observed increased work functions by the dopants
(Figure S2), proving the doping effect of these molecules.
Among them, F4ATCNQ has the best doping effect. As shown
in Figure 1¢, FATCNQ doped-CzAn resulted in the best device
efficiency. We then optimized the thickness of the F4TCNQ.
doped-CzAn HTM by tuning the concentration of the
precursor solution. As shown in Figure S3, 1 mg mL™!
doped-CzAn resulted in the best device efficiency. Though
the doped polymer HTM led to high short-circuit current
density (J,.) and fill factor (FF), the open-circuit voltage (V,.)
was still lower than 0.80 V, which may be due to the slightly
mismatched energy level between the Sn—Pb perovskite and
HTM. To address this, we added a small amount of neutral
PEDOT (HTL Solar 3, Ossila), that is a commercial dispersion
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in toluene without the PSS ionomer, to adjust the work
function of the FATCNQ_ doped-CzAn HTM. We conducted
UPS to measure the energy levels of pristine CzAn and CzAn
with neutral PEDOT at different concentrations of 1 vol %, 2
vol % and S vol % (vol: volume ratio). As shown in Figure $4,
the work function of CzAn increased after adding neutral
PEDOT. When the concentration of neutral PEDOT is higher
than 2 vol %, the work function saturated. Too much neutral
PEDOT (S5 vol %) might cause aggregation, leading to
decreased PCE as shown in Figure 1d. Therefore, 2 vol %
neutral PEDOT notably enhanced the V. to 0.85 V, which is
comparable with the device based on PEDOT:PSS HTM. As
shown in Figure le, the doped-CzAn can have almost the same
work function with PEDOT:PSS, and thus can replace acidic
PEDOT:PSS to maintain the charge extraction property.

To investigate the impact of PMMA on CzAn, we conducted
atomic force microscopy (AFM) under height mode to study
the surface morphologies of CzAn with and without PMMA
(Figure SS). The coating of CzAn by PMMA resulted in a
smoother surface, revealed by the decreased root-mean-square
(RMS) roughness from 4.126 to 2.915 nm. We tuned the
PMMA coverage by changing its solution concentration, and
found it impacted the device performance dramatically. As
shown in Figure S6, the optimal concentration of PMMA for
the highest device PCE was 0.2 mg mL™". Raising or lowering
the concentration of PMMA relative to the optimal
concentration undermined the device performance. This can
be explained by the insulating nature of PMMA, in addition to
the reported passivation of PMMA to PSCs.** Since thick
PMMA can block hole transport and lead to more
recombination of carriers, while too thin PMMA may not
form a continuous layer between perovskite to passivate
defects. Using this optimized PMMA thickness (estimated to
be 4—8 nm),”” we obtained the energy levels of perovskites
deposited on PEDOT:PSS and doped-CzAn/PMMA, respec-
tively, by UPS measurement, and the results are shown in
Figure S7. A schematic diagram of HTMs-perovskites interface
is shown in Figure 1f. The work function of perovskite on
doped-CzAn/PMMA is lower than on PEDOT:PSS. The
deeper HOMO of doped-CzAn matched better with the
valence band maximum (VBM) of perovskite. Subsequently,
we fabricated Sn—Pb PSCs with the configuration of ITO/
polymer HTM/PMMA/Sn—Pb perovskite/passivation layer/
Ceo/BCP/Cu (Figure la), in which the polymer HTM refers
to the modified CzAn and PEDOT:PSS counterparts.

Device performance and characterization of Sn—Pb PSCs. We
measured the device performance by collecting the current
density—voltage (J—V) curves with forward and reverse scans
of the fabricated devices. The champion devices based on
CzAn and PEDOT:PSS are plotted in Figure 2a, and their
detailed parameters are listed in Table 1. The CzAn-based
devices obtained the highest PCE of 22.6%, with a V. of 0.87
V, a J. of 32.6 mA cm™* and an FF of 79.6%, while the

Table 1. Photovoltaic Performance Parameters of the
Champion Devices with PEDOT:PSS and CzAn as an HTM

Scan Voo Jee PCE

Devices direction V] [mA cm™2]  FF [%] (%]
PEDOT:PSS  Forward scan 0.82 30.99 78.07 19.84
Reverse scan 0.85 31.31 79.81 21.24
CzAn Forward scan  0.82 32.54 79.26 21.15
Reverse scan 0.87 32.64 79.62 22.61

optimized devices with PEDOT:PSS HTM had a PCE of
21.2%, a V,. of 0.85 V, a J,. of 31.3 mA cm™ and an FF of
79.8%. We measured the stabilized PCE of the champion
devices. The devices showed stabilized efficiencies of 20.1%
and 21.3% for PEDOT:PSS and CzAn-based devices,
respectively (Figure S8). PMMA was also used in
PEDOT:PSS-based devices as a passivation layer but resulted
in reduced FF, ] and PCE compared with the pristine device
as shown in Figure S6, so this route was not pursued further.
To understand the reproducibility of the HTMs, we fabricated
20 devices for each type of device. The statistical distribution
of their PCE, V,, J,, and FF are shown in Figure 2b. The
calculated mean and standard deviation of V,, ], FF and PCE
for CzAn embodied devices are 0.85 + 0.01 V, 31.89 + 0.34
mA cm™?, 77.86 + 0.01% and 21.12 + 0.62%, respectively. The
parameters for PEDOT:PSS-based devices are 0.84 + 0.01 V,
3048 + 0.52 mA cm™2 80.48 + 0.01% and 20.62 + 0.50%,
respectively. From these, we conclude that the PCE increase of
the devices with the modified CzAn HTM comes from the
enhancement of V. and J,, despite a small decrease in FF
likely caused by insulating PMMA.*

We conducted device characterization to understand why
CzAn enhances the device performance. To analyze the V. of
the devices, we collected the J—V curves under dark
conditions. As shown in Figure 2c, the leakage current density
of the PEDOT:PSS-based device is 10 times larger than the
CzAn-based device, The smaller dark current density of CzAn-
based device agrees with the increase of V...>° The reduced
trap density of states (tDOS) in the CzAn-based device was
further demonstrated by the thermal admittance spectroscopy
(TAS) results displayed in Figure S9. TAS is an established
method that can quantitatively compare the trap density of
states in the profiling energy depth.””** Two shallow trap
bands (0.3—0.35 eV and 0.35—0.48 eV) and one deeper trap
band (>0.48 eV) were found in the Sn—Pb PSCs. The tDOS of
PEDOT:PSS-based PSCs in the entire trap depth is higher,
which indicates the existence of abundant surface and bulk
defects that result in lower V.

To analyze the increase of the ], we measured the external
quantum efficiency (EQE) curves of the champion devices
with CzAn and PEDOT:PSS HTMs. As shown in Figure 2d,
the EQE of the CzAn-based device is higher than that using
PEDOT:PSS in the wavelength range of 300—950 nm. The ]
integrated from the EQE curve for the CzAn-based device is
312 mA cm™2, 3% higher than that based on PEDOT:PSS
(30.2 mA cm™?), which agrees with J—V curves. We observed
that the EQE peaks shifted for the two types of devices, which
could be caused by the different optical interference. To
examine what is the actual charge collection efficiency, the
internal quantum efliciency needs to be derived. To that end,
we compared their optical losses by measuring the device
reflectance. The absorption in the devices at each wavelength
can be derived from 100% — reflectance (R) by assuming other
parasitic absorption is negligible. The dashed lines in Figure 2d
show the absorption curves calculated from the reflection
spectra of the two types of devices measured using a
spectrometer with an integration sphere. The actual absorption
curves have the same trend with the corresponding EQE
curves, that confirms that the shape change of EQE curves is
primarily derived from the interference. We further obtained
the internal quantum efficiency (IQE) spectra using EQE and
(1 — R):
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Figure 3. Cross section morphology of perovskite deposited on (a) ITO/CzAn and (b) ITO/PEDOT:PSS; scale bar is 1 gm. (c) XRD
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measurements.

IQE = EQE/(1 — R) (1)

As shown in Figure 2e, the IQE of CzAn-based device
displayed an overall enhancement in the absorption spectrum
range of 300—950 nm. We analyzed the carrier transport across
the device by gerforming the transient photocurrent (TPC)
measurements.” The photocurrent produced a transient
voltage signal on a 50 € resistor, that was recorded by an
oscilloscope. As shown in Figure 2f, the transient time () in
CzAn-based PSCs is 0.702 pus, shorter than that in
PEDOT:PSS devices (1.022 us). Even though the film
thicknesses (L) of the perovskite layers are different, as
shown in Figure S12, the larger diffusivity of the CzAn-based
device (D, D = L?/7) mainly comes from a smaller 7. It reveals
that the Sn—Pb perovskites grown on modified CzAn have an
enhanced carrier transport capacity, that increases J,.* We
have studied the trap density in perovskites and found that
Sn—Pb perovskites grown on modified CzAn had smaller trap-
state density, as shown in Figure S9, that explains the better
mobility.

Characterizations of perovskite films. To study the origin of
the better-quality Sn—Pb perovskites grown on modified
CzAn, we studied the morphology and crystallinity using
scanning electron microscopy (SEM) and XRD. As shown in
Figure S10, Sn—Pb perovskite films are dense and pinhole free.
Some chemical residuals remained at the grain boundaries of
the Sn—Pb perovskite on the modified CzAn, which might be
assigned as SnF, additives that was added to precipitate
oxidized Sn**.*'”* Their cross-sectional SEM images are
shown in Figure 3a,b. Perovskite films deposited on CzAn are
relatively flat with smoother top and bottom surfaces, that is
beneficial to form more intimate contacts with both sides. In
contrast, perovskite film on PEDOT:PSS has obvious grain
delamination with higher undulation on the top surface and
fine grains at the bottom contact, which could allow for more

recombination centers. As shown in Figure 3c, the intensity of
XRD patterns of perovskite on CzAn/PMMA is higher than
that on PEDOT:PSS. The full width at half-maximum
(FWHM) values at the typical perovskite characteristic peak
of 13.92° are 0.1002° and 0.1258° for CzAn and PEDOT:PSS-
based samples, respectively. A higher XRD peak intensity for
CzAn-based perovskite film with smaller FWHM indicates a
better film crystallinity, that explains the lower trap density in
these perovskites.

To gain more insight on the optoelectronic properties of the
perovskite deposited on the modified CzAn and PEDOT:PSS,
we measured their UV—vis—NIR absorption and photo-
luminescence (PL). As shown in Figure S11, both films have
no obvious change of optical bandgap of 1.22 eV, but
surprisingly the absorption of the Sn—Pb perovskite film on
PEDOT:PSS is slightly stronger than that on modified CzAn.
The measured Sn—Pb perovskite film thicknesses are 916.09
and 966.41 nm for the films deposited on modified CzAn and
PEDOT:PSS, respectively (Figure S12), explaining the
reduced absorption. This also explains the observed difference
of interference in the devices and thus changed EQE shapes.
On the other hand, it suggests decreased recombination and
enhanced charge collection in the thinner perovskite film on
the modified CzAn as it had a higher ], despite weaker light
absorption. We performed PL experiments of perovskite films
on the half device stack of ITO/modified CzAn/perovskite and
ITO/PEDOT:PSS/perovskite. As shown in Figure 3d, the
CzAn-based perovskite film has lower PL intensity no matter if
the incident light came from the air side or glass side. As we
have confirmed the deep charge trap density in the CzAn-
based perovskite film is lower, which corresponds to less trap-
assisted recombination, the reduced PL emission can be
explained by enhanced hole extraction to the HTM and then
ITO.
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Figure 4. (a) Absorption spectra of the toluene, in which perovskite films deposited on CzAn/PMMA or PEDOT:PSS were immersed under
1 sun illumination for S, 15, and 25 h. (b) XRD patterns of perovskite films deposited on CzAn/PMMA or PEDOT:PSS and immersed in
toluene under 1 sun illumination for § and 15 h. (c¢) Maximum power point (MPP) output of the devices based on PEDOT:PSS and CzAn.
(d) J-V curves of Sn—Pb-alloyed PSCs based on CzAn and PEDOT:PSS before and after storing for 1000 h.

Stability measurements of perovskite films and devices. To
examine how the changed film quality affects the light stability
of Sn—Pb perovskites, we studied the light generation of iodine
(I,) in these films, as it was reported to be the main reason for
the rapid degradation of fully encapsulated perovskites."
Perovskite films deposited on modified CzAn or PEDOT:PSS
were immersed into toluene to extract I, generated in films, as
shown in Figure S13. By measuring the absorption spectra of
the two toluene solutions after light soaking for different
durations, the I, generation rate can be directly compared.**°
According to the absorption spectra as shown in Figure 4a, the
I, generation rate in the Sn—Pb perovskite on modified CzAn
is slower than that on PEDOT:PSS, that indicates the
improved crystallinity helps stabilize Sn—Pb perovskites
under illumination. We removed the films after light soaking
for 5 and 15 h and performed XRD on the films. The XRD
peak intensities decreased over time (Figure 4b). The FWHM
of the XRD peak at 13.92° increased to 0.1759° and 0.1277°
relative to the initial measurements in Figure 3c for films on
PEDOT:PSS and CzAn, respectively, after 15 h light soaking.
The rate of degradation of the perovskite film on PEDOT:PSS
is faster in terms of the more rapid increase of FWHM, that
agree with the I, extracted into toluene data. The slower
degradation of CzAn than PEDOT:PSS can be explained by
the much faster degradation of Sn—Pb perovskites induced by
acidic PEDOT:PSS. The dopant of F4-TCNQ_and neutral
PEDOT improves the stability of Sn—Pb perovskites by
matching the energy levels of new HTM with Sn—Pb
perovskites. PMMA contributes by surface energy modification
to enable the coating of smooth and highly crystalline Sn—Pb
perovskite films, in addition to its defect passivation function.

To study the stability of photovoltaic devices, we measured
the maximum power point (MPP) outputs under 1 sun
illumination without cooling. As shown in Figure 4c, the
PEDOT:PSS-based device presents obvious burn-in effect with
a rapid PCE decrease in the first 10 h, which may be due to the
instability at PEDOT:PSS/perovskite interface.”’ For long-
term photostability tracking, the CzAn-based device can
maintain 90% of the initial PCE (Ty,) for 160 h while
PEDOT:PSS only kept Ty, for 55 h. Moreover, the shelf life
stability of encapsulated devices under ambient conditions was
studied by measuring the device J—V curves. The CzAn-based
device retained 96% of the initial PCE after 1000 h storage
while that for the PEDOT:PSS-based device decreased to 91%
(Figure S14). We plotted their J—V curves at 0 and 1000 h in
Figure 4d. Even after 1000 h, the resultant PCE of 21.65% for
CzAn-based device is still higher than the initial PCE of
21.02% for PEDOT:PSS-based device, as listed in Table SI.

In conclusion, we reported a modified CzAn polymer as
HTM in Sn—Pb PSCs to obtain a remarkable PCE of 22.6%
(stabilized PCE of 21.3%) with enhanced stability. After
modifying CzAn by doping and surface engineering, high
quality Sn—Pb perovskites could be fabricated. Perovskite films
deposited on the modified HTM showed improved crystal-
lization, reduced trap-state density and better charge collection
efficiency. Better film quality of perovskite deposited on the
modified HTM compared with PEDOT:PSS contributed to an
overall increase of the internal quantum efficiency and the
enhanced photocurrent density to 32.6 mA cm™>. Finally, Sn—
Pb PSCs using CzAn HTM shows improved stability over
PEDOT:PSS from reduced I, generation under light exposure,
MPP, and after 1000 h encapsulated device storage. This work
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paves a way for utilizing custom prepared hole transport
polymers to fabricate Sn—Pb PSCs with high-performance and
it holds promise to further enhance the PCE and stability of
integrated all-perovskite tandem solar cells.
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