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ABSTRACT: Invert perovskite solar cells (PSCs) present a great potential for next-generation photovoltaics for their flexibility and
tandem adaptability. In order to improve the conductivity of the hole transport layer (HTL), such as poly(triarylamine), highly
conductive additives (e.g, FATCNQ, Li-TFSI) were generally applied to achieve a power conversion efficiency (PCE) exceeding
21%. However, these additives significantly affect the long-term stability of the devices due to their humidity sensitivity. In this work,
the HTL was counterintuitively optimized with insulating additives, such as polyphenylene sulfide, which enhanced PCE from 19.1
to 21.5% along with a noticeable improvement in device stability with TS50 of 574 h under double 85 aging conditions. The
performance enhancement is attributed to larger grain sizes in perovskite films on the HTL and better energy-level alignment
between the HTL and perovskite after introducing the insulating additives, which compensate negative influence caused by additive-
induced reduction in conductivity. Our work demonstrates that low-conductivity additives, rather than the commonly used high-
conductivity counterparts, can also contribute to improving the photovoltaic performance in PSCs.

KEYWORDS: perovskite solar cell (PSC), inverted PSC, hole transport layer (HTL), additives, conductivity

B INTRODUCTION PTAA HTL, in which p-type additives with relatively high
conductivity are usually be used.'” As early as 2006, Gritzel et
al. introduced Li-TFSI additives in dye-sensitized solar cell
(DSSC).”® Subsequently, in PSCs, the effect of Li-TESI in
PTAA was explored, which resulted in a significant increase in
the film conductivity.21 Then, in 2015, the introduction of
F4TCNQ into PTAA was informed by Huang et al,, in which
significant increase in PTAA conductivity was found.”” After
that, studies of chemical additive effects have associated the
enhancement of the device PCE to the increased conductivity

Inverted perovskite solar cells (PSCs), in which perovskites are
fabricated on the top of the hole transport layer (HTL), have
attracted universal attention, owing to their easy fabrication,
cost-effectiveness, and suppressed hysteresis characteristics.'
HTLs can not only separate the charges and transport the
holes but also determine the crystalline quality of the upper
perovskites.g’10 Compared with inorganic HTLs, organic HTLs
with comparable hole mobility and lower processing temper-
ature are more friendly to commercial PSCs.'"'*** Poly-

23,24
(triarylamine) (PTAA), in particular, with excellent hole of PTAA.

mobility and great stability at 85 °C, has been developed -
into the most widely used organic HTLs in the state-of-the-art Received: December 23, 2021 P
inverted PSCs with power conversion efficiencies (PCEs) over Accepted:  February 14, 2022

219%."371539=* However, PTAA is likely to form high-energy Published: February 22, 2022

disorder and poor m—r interactions due to its long and

distorted backbone triphenylamine.'®~"® Additive engineering

has been proven to be a simple and effective way to modify the
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Figure 1. Schematic diagram and conductivity test in this work. (a) Device structure and schematic diagram of HTL additive engineering. (b)

Molecular structure of additives used in this work.

However, recent state-of-the-art PSCs are favored to employ
additive-treated ultrathin PTAA to achieve more eflicient light
absorption and charge extractions. Generally, ultrathin HTLs
with few nanometers are often discontinuous, in which
perovskite absorbers may direct contact with the bottom
indium tin oxide (ITO) electrode.'”'**>*° In this case, holes
could be directly extracted without passing through the HTL.
It is not justified to directly attribute the PCE enhancement to
the increased HTL conductivity. In addition to the unclear
mechanism, additives could greatly affect the long-term
stability of the PSC.”” The ultra-sensitive nature of some p-
type additives to humidity will accelerate the decomposition of
perovskite.””>” Moreover, the distribution of additives affects
the crystalline nature and film morphology of PTAA, resulting
in a massive variation in the device performance.”> Therefore,
it is necessary to clarify the relationship between HTL
additives and device performance improvement, paving the
route for future commercial PSCs with high efficiency and
stability. Unfortunately, a fundamental understanding of these
has yet to be achieved.

Here, we uncover the additive mechanism using the
additives with different conductivity. Counterintuitively,
PSCs with insulating additive-modified HTL obtain the highest
performance. Further investigation revealed that the better
crystalline growth of perovskite on the HTL is crucial to the
device PCE, rather than the conductivity variations of the HTL
induced by additives. Ultimately, through optimization, we
increased the device PCE from 19.1 to 21.5% and observed a
noticeable enhancement in device stability with Tsy of 574 h
under double 85 aging conditions.

B RESULTS AND DISCUSSION

The planar heterojunction perovskite solar cells in this work
were structured as ITO/PTAA/perovskite/[6,6]-phenyl Cg,
butyric acid methyl ester (PC4,BM)/2,9-dimethyl-4,7-diphen-
yl-1,10-phenanthroline (BCP)/copper (Cu), as shown in
Figure la. Here, the specific composition of perovskite is
Cs.05(FAgsaMAg 16)0.9sPb(1554Br 16)3. To examine the effects
of HTL conductivity on the PSC performance, we use several
additives with various conductivity. Based on the additives’

conductivity, we separated HTL additives into low-conductiv-
ity additives (LCAs) and high-conductivity additives (HCAs).
For LCA, insulation materials with low conductivity include
polystyrene (PS) and polyphenylene sulfide (PPS). For HCA,
F4TCNQ and Li-TESI (tBP) are selected. The chemical
structure of additives used in this work is shown in Figure 1b.

We fabricate the PSC to study the effects of HTL additives
on the device performance. It is unexpected to find that LCA
PSCs could obtain higher PCE than HCA PSCs (the initial
experimental results are shown in Figure S1 and Table S1).
The statistical data are collected from 30 pieces of PSCs,
indicating that the phenomenon of abnormal high PCE for
LCA-based PSCs is reliable. It is worth proposing that Li-TFSI
(tBP) additive could affect the perovskite formation (visual
observation shows that the film is rough and yellowing easily)
due to the hydrophilicity of Li-TFSI, leading to wide device
performance variations. For more detailed study and
optimization, in the following, we chose PPS and FATCNQ
for the comparison (presented as LCA and HCA, respectively).
As shown in Figure 2a, LCA could provide a PCE over 20%,
better than control and HCA devices. From statistical data in
Figure 2b, we observed that the short current density (Jsc) of
the HCA is higher than that of LCA. This is consistent with
the previous HTL studies, in which the improvement of HTL
conductivity benefits the charge extraction. In contrast, LCA
PSCs with comparable Jsc and significantly enhanced fill factor
(FF) give rise to the highest PCE (Figure 2c).

We obtained the champion devices by optimizing the
concentration of PPS and F4TCNQ in PTAA solution as 0.015
and 0.01 mg/mL, respectively. Current density—voltage (J—V)
curves of champion PSCs are presented in Figure 2d
(parameter details are listed in Table S2). The control PSC
obtains the best PCE of 19.1%, with a V¢ of 1.14 V, a Jsc of
224 mA/cm? and a FF of 75%. In contrast, the LCA HTL-
based device delivers an optimal PCE of 21.5%, with a V¢ of
1.16 V, a Jsc of 22.6 mA/cm?, and a FF of 82%. The HCA
HTL-based PSC delivers a champion PCE of 20.5%, a V¢ of
1.15V, a Jc of 23.3 mA/cm? and a FF of 77%. The integrated
Jsc values obtained from the external quantum efficiency
(EQE) agree closely with Jgc extracted from J—V curves
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Figure 2. PSC photovoltaic performance. (a—c) Statistical data of PCE, Jsc, and FF collected from the 30 devices, respectively. (d) J—V curves of
the champion devices based on control (green), LCA (PPS) (orange), and HCA (FATCNQ) (blue) HTLs, respectively. (e) Conductivity of HTLs
(details are shown in Figure S3). (f) Nyquist plot of devices, measured under dark conditions, with 0.9 V bias voltage and 1 MHz to 20 Hz

scanning range (fitting curves are presented in Figure S4).

(Figure S2a). The J—V curves under reverse and forward scans
are presented in Figure S2b (parameter details are listed in
Table S3). Low J—V hysteresis for LCA PSCs with the
declined hysteresis index, from 0.06 to 0.04, indicates hindered
defects in the perovskite interface or bulk.>’~** Besides, we
further investigate the operational stability of the PSCs by
aging the unencapsulated devices under a nitrogen atmosphere,
using maximum-power-point (MPP) tracking under 1-sun
illumination (Figure S2c). Stabilized PCEs of 16.8, 20.4, and
16.9% are shown for the PSCs based on control, LCA, and
HCA HTLs, respectively. The LCA device exhibits the best
stability performance, whereas the HCA PSC presents an
obvious decay after 900 s MPP tracking.

Subsequently, we applied resistance measurement to better
understand the HTL conductivity variations. We first test the
conductivity of HTLs by measuring the I-V characteristic of
devices with a simple configuration of ITO/HTL/Cu (Figure
2¢).**** Concentration of additives in PTAA is the same as
those used in the champion PSCs (Table S1). The
conductivity of HTLs has been calculated to be 61 and 151
S/m for LCA and HCA, respectively (the control HTL shows
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the conductivity of 113 S/m). We also perform conductive
atomic force microscopy (C-AFM) to verify the change in
conductivity (Figure S4). The result is consistent with I-V
characteristics. As expected, the conductivity of HTL largely
depends on the additives’ conductivity, in which insulation
materials result in the lowest HTL conductivity. To accurately
measure the device resistance, impedance spectroscopy (IS)
was used. Nyquist plots of the device based on different HTLs
are presented in Figure 2f (fitting curves are plotted in Figure
SS, and parameters details are listed in Table S4). In our case,
only one semicircle can be observed, suggesting that the quasi-
Ohmic contacts dominated in the interface rather than
rectifying contacts. In general, resistance at a low frequency
is mainly associated with interfacial charge recombination,
whereas charge-transfer contact responses for the resistance at
a high frequency.” The equivalent circuit consists of two
interfacial resistances, which are related to charge transport
resistance (R.) and charge recombination resistance (R,.),
respectively (Figure S5a).””** At a high frequency, we find that
the difference in R, between various PSCs is negligible (Table
S4). In our case, an ultrathin HTL may form a discontinuous
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Figure 3. Morphology and crystallinity characterizations. SEM images of perovskite films based on different HTLs: (a) control, (b) LCA, and (c)
HCA. (d) Statistical distribution of perovskite grain size. (¢) Contact angle images of control, LCA, and HCA, respectively. (f) XRD patterns of the

perovskite grown on different HTLs.

film. Hence, it is important to note that the HTL conductivity
has no direct relation to the series resistance. At a low
frequency, the LCA device demonstrates a R,.. of 10,255 €,
which is much larger than the control (5679 Q) and HCA
(6704 Q), revealing the hindered carrier recommendation rate.
The retrieval time constant, 7, corresponding to the charge
recombination, for LCA (47.3 us) is about twice that of HCA
(31.9 ps) and control (26.5 us) (Table S4). We also perform
thermal admittance spectroscopy (TAS) to investigate the
defect trap density (Figure SSb). The shallow trap region
(0.30—0.40 eV) and deep trap region (0.40—0.5S eV) are
assigned to traps at grain boundaries and defects at the film
surface, respectively.”> The TAS results indicate a significant
reduction in bulk defects and a noticeable decrease in surface
defects for LCA PSCs. These results prove that the better
crystalline quality of perovskite grown on the LCA HTL has
retarded defects at the bulk and interface.

To future explore the reason for the high PCE of LCA
devices, we use atomic force microscopy (AFM) to measure
the morphology changes (Figures S6, S8). The pores in the
LCA and HCA PTAA decrease considerably compared with
control PTAA. The roughness of HCA HTL is larger than
LCA HTL, which could be attributed to the agglomeration
phenomenon of FATCNQ. Although the HTL morphology
obtains unconsidered changes, the morphology of upper
perovskite films alters significantly through scanning electron
microscopy (SEM) characterization. The grain size of the
perovskite on control HTL is not uniformly distributed, and
there are many small-sized crystals on the surface. By
comparison, the grain size of the LCA perovskite is much
larger than that of the control and HCA perovskite (Figure
3a—c). Based on the statistical analysis, we find that the LCA
perovskite film has 2—3 times grain size larger than other films
(Figure 3d). With larger crystalline grains, LCA perovskites
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receive fewer grain boundaries and defects, thus strongly limit
the carrier recombination. This is consistent with the results of
impedance analysis and PSC performance. The contact angle
measurement was further used to study the surface wettability
of HTLs. The control HTL exhibits a contact angle of 84.8°.
The contact angle rises to 91.8 and 88.1° for LCA and HCA
HTLs, significantly. As illustrated previously, a non-wetting
surface can increase nucleus spacing by suppressing the
heterogeneous nucleation and facilitating the grain boundary
migration in grain growth by imposing less drag force.”’
Especially among high contact angle range, a few degrees
difference can cause two to three times large grain size.” In
this case, the LCA PSC obtains obvious large perovskite grain,
resulting in fewer grain boundaries and restricted defects
(Figure 3b). To reveal the variation of the crystal structure of
perovskite films, we perform X-ray diffractograms (XRD)
(Figure 3f). The perovskite films exhibit a preferential
orientation accompanied by the appearance of two diffraction
peaks at the angles 14.1 and 28.4°, corresponding to the (001)
and (002) lattice planes. Notably, the (001) and (002) peaks
of LCA are stronger than that of the other samples, suggesting
that a better crystal quality for perovskite crystalline was
obtained on the LCA HTL, which is also consistent with SEM
results. To examine the band gap variations of the perovskite,
we measured the optical absorption spectra of perovskite films
by ultraviolet—visible (UV—vis) spectroscopy (Figure S7). It
was found that there are almost no differences between control
and doped HTL, which means that the HTL only promotes
the perovskite crystalline quality without changing its band gap
(estimated to be 1.63 eV from Tauc-plot results).

To investigate the charge-transfer mechanism between
perovskite films and HTLs, we present kelvin probe force
microscopy (KPFM) at first. The work function fluctuation of
HTLs could be determined by the potential difference between
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mechanism: insulator additives fill the pin-hole of PTAA films, thus retarding the penetration of oxygen and water molecular from air ambient,

contributing to the greatly enhanced device stability.

the gold area and the PTAA area.’® The geometry of the
KPFM measurements is illustrated in Figure S8. The additives
might tune the work function of HTL, resulting in the charge
extraction difference. Referring to the previous study, we
vapored the strip gold electrodes as a work function
reference.' ¥ A large contact potential difference (CPD) is
observed between gold area and PTAA area. The CPD in the
measurements is defined as (gotip - %ample) /e. We use the same
conductive tip; thus, the CPD value should be directly related
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to the work function of the measured samples. As shown in
Table S5, the CPD of the control, LCA, and HCA PTAA films
and CsFAMA perovskite films were 0.26, 0.23, 0.33, and 0.07
V lower than that of Au. Therefore, the Fermi energy levels of
HTLs and perovskite films were calculated as 5.33 eV (HCA),
5.36 eV (control), 5.43 eV (LCA), and 5.17 eV (CsFAMA
perovskite films), respectively (Figure 4a). The larger Fermi
energy level difference between HTLs and perovskite means a
larger energy band bending, which also signifies a larger built-
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in electric field and more efficient charge extraction. These
small differences in the Fermi energy level would not
significantly impact the device hole extraction.

Furthermore, we carried out the steady-state photo-
luminescence (PL) measurement to explore the charge-transfer
mechanism. Excitation light of 405 nm was chosen because it
has a much lower penetration length than the thickness of
perovskite films.”” We varied the excitation place on both sides
of the perovskite film (Figure 4b). As it is well known, better
perovskite crystalline quality and higher hole extraction
efficiency at the perovskite/HTL interface contribute to the
stronger PL quenching. As shown in Figure 4c,d, the HTL-free
perovskite films exhibit a strong PL at 755 nm, regardless of
the direction of excitation light incidence, which means that
the top and bottom surfaces have the same optical property.
When the HTL is applied, significant PL quenching occurs,
indicating that the holes can be extracted efliciently in the
PTAA HTL system. This efficient hole extraction makes PTAA
a widely used HTL for the preparation of high-efliciency
inverse PSCs. No obvious PL quenching difference was found
whether the incident light was from the glass side or the air
side, indicating the negligible difference in charge extraction
ability among these HTLs. For a more intuitive presentation,
we presented PL mapping (Figure 4e). We noted that
inhomogeneous PL intensity was observed for the HCA
perovskite, suggesting that F4TCNQ was non-uniform
distribution in the PTAA. The green region in the PL mapping
plot is due to the enrichment of FATCNQ in the HTL, while
the red region corresponds to the area with less hole extraction
efficiency. In contrast, LCA exhibits more homogeneous PL
intensity, associated with the promoted perovskite crystalline
quality and uniform distribution of additives. Therefore, we
can conclude that the variation in charge extraction capacity
induced by the different conductivity of the ultrathin HTL is
negligible, and we should pay more attention to the crystal
quality of the perovskite film.

Long-term device stabilities during operation under stressed
conditions such as ambient air, elevated temperature, and
under light illumination are all critical for the commercializa-
tion of PSCs.***° The double 85 aging condition (85 °C, 85%
RH) is one of the important criteria to jud7ge the stability and
commercialization possibility of the PSCs.”” We performed the
stability test under double 85 aging conditions, where PSCs
with or w/o capsulation were kept for testing (Figure Sa,b).
For better observation of top electrode changes, we used
ultrathin Cytop for capsulation without applying seal glass on
the top, as illustrated in Figure Sc.® We also took optical
photographs of the device under double 85 conditions to
observe the damage process (Figure S9). Without encapsula-
tion, the LCA devices still maintain 74% of their initial
efficiency at 190 min, while the HCA and control devices have
obtained an obvious decay in PCE to 66 and 57%, respectively.
As shown in Figure S9, the damages of Cu electrodes and the
perovskite surface are mainly responsible for device degrada-
tion. Large grain size and crystalline quality contribute to the
better stability of LCA devices at unencapsulated conditions.
With encapsulation, the electrodes and surface perovskites are
protected from top-to-bottom humidity penetration. In this
case, the hydrophobicity and stability of HTL become the
primary responsibility to the devices lifetime. As shown in
Figure S9, the electrodes and upper surface of the packaged
device have negligible change. The LCA PSCs have notably
T, (the time it takes for PCE to drop to half of its initial) of

574 h, while control and HCA only reveal a Ts, of 7 and 13 h,
respectively. The PTAA HTL has a porous surface (Figure S6),
which water and oxygen molecular are able to penetrate
through. As depicted in Figure 5b, without additives, the FF of
the control PSC decreases significantly, indicating that the
phase transition or perovskite decomposition mainly happens
at the interface contacted between the HTL and perovskite.
Additives could occupy these pores and thus protect the upper
perovskite absorbers from direct contact with penetrated water
molecules (Figure Sc). As shown in Figure S8, the pores in the
LCA and HCA PTAA decrease considerably compared with
control PTAA. The containment of high water-resisted
insulator polymers among the pores could hence improve
the hydrophobic properties of the porous PTAA film. For both
LCA and HCA, FF can be maintained over 90% during the
first 300 min under double 85 aging conditions. FATCNQ has
good hydrophobic properties because of the containment of F
atom. Therefore, it is not difficult to understand the better
stability of HCA-modified PSCs than control. In contrast, the
insulation additives used for LCA have intrinsic advantages in
terms of stability and water resistance, thus greatly improving
the perovskite stability. This also consists of the ignorable
change in colors after testing for 48 h, from both front and
back observation (Figure S9). It is worth noting that the high
temperature is the main reason for the decreased performance,
which may lead to the phase transition or ion migration of the
perovskite. Further study should focus on exploring the
additives with good thermal insulation properties.

Bl CONCLUSIONS

In summary, we obtain a significant PCE improvement from
19.1 to 21.5% by introducing insulating additives into the
HTL. Further investigation reveals that LCA additives could
modify the HTL surface contact without sacrificing its
electrical properties, in which larger grain size, improved
crystalline quality, and balanced charge extraction ratio are
achieved. In addition, LCA can prevent the perovskite interface
from the ambient humidity penetration, leading to great
improvement in the devices long-term stability with T, of 574
h. Our work will contribute to a more comprehensive
understanding of HTL additive engineering, paving the way
for facile access to approaching their commercial ambitions.

B EXPERIMENTAL SECTION

Materials. Lead iodide (Pbl,), lead (II) bromide (PbBr,),
CH,NH,Br (MABr), NH,CH=NH,I (FAI), cesium iodide (CsI),
PTAA, PC4BM, and BCP were purchased from Xi’an Polymer Light
Technology Corp. Dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, 99.9%), chlorobenzene (CB, 99.8%), and all of the
additives were purchased from Sigma-Aldrich (USA). ITO-coated
glass substrates (15 Q-sq') were purchased from South China
Science & Technology Co. Ltd. (China). The above materials were
used directly without further purification. For Li-TFSI (tBP)
additives, Li-TFSI and tBP were mixed at a mole ratio of 1:2.
PCq4;BM solution was prepared by dissolving PC¢;BM into CB with a
concentration of 20 mg/mL and stirred at 60 °C overnight in the
glovebox. The Csgs(FAgssMAg16)005Pb(Igg4Bro16); precursor sol-
ution was made by dissolving 172 mg of FAI, 507 mg Pbl,, 22.4 mg
MABY, and 73.4 mg PbBr, (1:1.1:0.2:0.2 mole ratio) and 40 uL of CsI
stock solution (1.5 M in DMSO) in 627 uL of DMF and 157 uL of
DMSO (4:1 v/v) and stirring at 60 °C for 30 min.

Device Fabrication. ITO glasses were cleaned using the
ultrasonic cleaner using diluted detergent, deionized water, acetone,
and IPA, respectively. Before spin coating, ITO is treated with an
UVO cleaner for 10 min. PTAA solution was prepared by dissolving
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PTAA powder into CB with a concentration of 15 mg/mL with
various concentration of additives from 0.01 to 0.05 mg/mL and
stirred at 60 °C for 6 h. PTAA was spin-coated on ITO at 4000 rpm
for 60 s and annealed at 100 °C for 10 min. After cooling to room
temperature, the perovskite precursor was spin-coated on the HTLs
first at 1000 rpm for 10 s and then at 4000 rpm for 50 s. Before the
first step, 60 uL of DMF was dripped on the PTAA films. During the
second step, 130 uL of CB was dripped on the top of the perovskite
film S s prior to the end of the program. The perovskite film was then
annealed at 100 °C for 15 min. After the substrate cooled to room
temperature, PC;;BM solution (20 mg/mL in CB) was spin-coated
on perovskite films at 2000 rpm for 30 s. After that, 8 nm BCP and 80
nm Cu were deposited by thermal evaporation using a metal shadow
mask. The device area was 0.08 cm?

Characterization. The current density—voltage (J—V) character-
istics of the photovoltaic devices were measured using a computer-
controlled Keithley 2400 sourcemeter. The characterization was
performed in a N, glovebox under a simulated AM 1.5G solar
illumination (100 mW/cm?) with an Enlitech SS-F5S solar simulator.
J—V scans were taken from forward bias to reverse bias with the
following scan parameters: step size, 10 mV. EQE measurements were
taken using an Enlitech QE-R. SEM was characterized by focused ion
beam-SEM(Carl Zeiss AURIGA Cross-Beam). PL and TRPL spectra
were measured at room temperature using a laser-scanned
fluorescence lifetime/intensity imaging system (FLRM300, Time-
Tech Spectra, LLC) with a 405 nm picosecond pulsed diode laser as
an excitation source. The IS measurement was performed using a
LCR meter (TH2826)..
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