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lonization of Hole-Transporting Materials as a Method for
Improving the Photovoltaic Performance of Perovskite Solar Cells

Yogesh S. Tingare, *@ Chien-Hsiang Lin,® Chaochin Su,*® Sheng-Chin Chou,? Ya-Chun Hsu,® Dibyajyoti
Ghosh, * Ning-Wei Lai,® Xin-Rui Lew,? Sergei Tretiak,%¢ Hsinhan Tsai,* Wanyi Nie, *¢9 and Wen-Ren
Li*b

In the operating mechanisms of perovskite solar cells, hole-transporting materials (HTMs) facilitate directional charge
transfer and electron blocking. In addition, HTMs are also important in forming the perovskite layers for inverted perovskite
solar cells, improving device efficiency. We present a method for increasing efficiency by ionizing HTMs, introducing defect-
passivating abilities, improved interfacial properties, and ideal surface topographies. Compared to their non-ionized
counterpart, the ionic HTMs have well-matched energy levels and smooth perovskite layers, resulting in higher short-circuit
current densities. These experimental findings are corroborated by atomistic first principle electronic structure calculations
of model perovskite systems. Furthermore, we conducted a comparative study of different ionizing counter anions for HTMs.
The iodide-based ionic HTM, PMO-I, has a maximum efficiency of 20.46%, 1.71% higher than that of the non-ionic HTM,

PMO (18.75%).

Introduction

Perovskite solar cells (PSCs) have emerged as one of the most
promising photovoltaic technologies, with a power conversion
efficiency (PCE) exceeding 25.5%.1> Such excellent optoelectronic
properties of perovskite light-absorbing materials are attributed to
broad absorption spectra with high absorption coefficients, long
carrier diffusion lengths, high carrier mobilities, and low exciton
binding energy ambipolar charge transport. These are the primary
factors responsible for PSC's high efficiency.®2* Apart from the high
PCE, other advantages of PSCs include the ease of processing and
inexpensive manufacturing cost, particularly with the inverted (p—i—
n) architecture, which can be helpful when contemplating
commercialization.1>1® However, inverted PSCs have made less
progress than traditional (n-i-p) PSC architectures.? One factor
limiting the development of the inverted structures is a lack of proper
interfacial contacts, such as hole-transporting materials (HTMs).3 21
Suitable HTMs are essential components in PSC architectures
because they help improve overall efficiency by preventing
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electronic recombination and decreasing perovskite degradation
through interfacial modification.?> 23 Inorganic and organic
molecules are the two types of HTMs employed in PSCs.?4?7
Inorganic HTMs such as NiO, CuSCN, Cu,0, Cul, and graphene oxide
show improved electrical properties and provide excellent
efficiencies and stabilities to PSCs.2832 However, their low intrinsic
conductivities and surface defects, as well as the requirement for
stringent processing conditions, are the detrimental factors for using
in PSCs.2% 26,33 Organic-based HTMs, on the other hand, with such
benefits as structural versatility, high purity, low cost, and
customizable energy levels, can have outstanding processability for
simple one-step solution processes at low temperatures.?? 23
Nonetheless, the advancement of PSCs depends on resolving critical
issues, such as achieving even higher efficiency and long-term
stability.3* An appropriate HTM layer can come in handy to resolve
these issues. Therefore, finding suitable HTM candidates has become
essential for building competitive PSC devices.3®

Many HTMs based on organic polymeric, metal-organic, and
abundant small organic molecular compounds, have been developed
for PSC applications.35#4 These HTMs have variety of structures (X-
type, Y-type, or a liner) as well as templets (donor-n-donor(D-nt-D),
donor-acceptor (D-A) or donor-acceptor-donor (D-A-D).*>52 The
majority of n-i-p and p—i—n PSC devices are based on cutting-edge
HTMs such as 2,2',7,7'-tetrakis(N,N-di-pmethoxyphenylamine)-9,9'-
spirobifuorene (Spiro-OMeTAD),>3 which can be classified as X-type
with D-m-D templet, and polymeric HTMs such as poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate)
[PEDOT:PSS],>* respectively. New strategies for designing and
synthesizing high-performance HTMs are in progress.?> 47 5t
Research exploring these new HTMs aims to replace Spiro-
OMeTAD and PEDOT:PSS, which exhibit unfavorable properties such
as limited long-term stability, high production cost, and moderate
hole conductivity without doping.>*>® Excellent hole conductivity,
desirable solubility in selected organic solvents, high chemical,
photothermal, and morphological stability, and simple synthesis and
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purification techniques for up-scaling and decreased manufacturing
costs, contribute to the design of effective HTMs.>7-5°

Heteroatoms comprising moieties have recently gained interest
as an exciting unit for constructing efficient HTMs for inverted
PSCs.60-62 pyridine a Lewis base, is one of these heteroatoms
candidates.?3 # When inserted into the HTMs core, it was found to
successfully passivate interface defects by coordinating its nitrogen
to lead ion vacancies, which improves hole extraction and transport
capabilities.®>67 Additionally, using an electron-deficient heteroatom
in the HTM gives a D-A-D configuration structure, which has tunable
optical and electrical properties and improved charge carrier
transport.®®70 Further, various organic compounds with an X-type
structure,*> 48 71 72 including the common Spiro-OMeTAD, with
various functional cores and di- or tri-phenylamine units as side arms,
have proven to be effective HTMs for PSCs.#”- 73: 74 The symmetric X-
type arrangement can improve backbone rt-it stacking interactions,
which is beneficial in achieving high hole mobility.”> Inverted PSCs
also have the HTM sandwiched between the ITO and absorber layers.
It would be advantageous to build an HTM that, in conjunction with
effective hole transport, can promote the formation of a good
perovskite layer and improve PSC efficiency. Incorporating the ionic
character and increasing hydrophilicity into HTMs can improve their
material properties and facilitate the growth of perovskite layers for
boosting performance.”® The sulfoxide anion can affect the
crystallization of perovskites,”” whereas the perovskite is known to
become more stable when doped with KSCN.”® On the other hand,
the iodide can efficiently passivate perovskite trap states.”® Given
these advantages, we selected these anions to induce hydrophilicity
in the HTM and conducted comparative studies on their overall PSC
performance.

Inspired by the abovementioned factors, we synthesized D-A-D
configured and X-type ionic multifarious HTMs (PMO-MeSO,4, PMO-
SCN, and PMO-I) using pyrazine, a dinitrogen-containing
heterocyclic aromatic organic molecule, as a structural core element
(Figure 1). To validate the benefits of ionic characteristics in HTM, we
studied and compared their non-ionic derivative PMO (Scheme 1).
These HTMs are flanked by four triarylamine arms obtained by
simple synthesis and are intended to apply as dopant-free hole
transport in inverted PSCs. Across various metrics, such as
economical synthesis, good hole mobility, high solubility in the
desired organic solvent, high short-circuit current density (Jsc) and
open-circuit voltage (Voc), and long-term stability in PSCs, using a
thin layer ofthese charged HTMs outperformed the
standard PEDOT:PSS. One reason for such a strong performance
could be the ionization of one of the nitrogen molecules, which could
deepen the highest occupied molecular orbital (HOMO) energy
levels,0 increase hydrophobicity, and facilitate formation of large-
grained perovskites, resulting in enhanced Vo¢ and Jsc, and thus
higher PCE.81-83 Furthermore, ionic entities can provide a passivation
effect that can reduce the defect density on the interfaces.
Additionally, its symmetric X-type structure may provide rt-t stacking
interactions, which is beneficial in achieving high hole mobility.8*
Further, the pyrazine core generates D-A-D templet HTM, which has
proven to improve charge carrier transport by providing well-
matched energy levels to the perovskite valence band.%7° The
rational designs of PMO-based HTMs shows enhanced PCE and then
its parent PMO structure with improved Jsc and higher Voc.. We
attribute the interface passivation with PMO-based HTM that
improves the device performance and supported by first principle
density function theory simulation. As a result, the optimized PSCs
incorporated with PMO-I exhibits a champion PCE of 20.46%, among
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all other PMO-base HTMs with well-matched energy levels, resulting
in improved charge transfer and electron blocking capabilities.

OMe OMe
IoaeUNeas!
MeO |N\ OMe
MeO ﬁ’ OMe
QO 0

N N
OMe OMe
X =MeSO, PMO-MeSO,
X =SCN
X=1 PMO-I

Figure 1. Molecular structure of PMO-MeS0O4, PMO-SCN, and PMO-I.

Results and discussion

The synthetic routes of PMO-based HTMs (PMO, PMO-
MeS0O,4, PMO-SCN, and PMO-I) are simple and straightforward
(Scheme 1). The electron-deficient 2,3,5,6-tetrakis(4-bromophenyl)
pyrazine core (2) was synthesized by treating 4,4'-dibromobenzoin 1
with ammonium acetate.8> The four bis(4-methoxyphenyl)amines

OMe OMe
AT
MeO }EN\ OMe
MeO. Z OMe
QOO L
N N
OMe PMO OMe
(iii) (iv) (v)
PMO-MeSO, PMO-I

Scheme 1. Synthesis of PMO, PMO-MeSO,, PMO-SCN, and PMO-I. (i) NH;0Ac, 80 °C, 1h;
(ii) bis(4-methoxyphenyl)amines, t-BuONa, Pd(OAc),, P(t-Bu),, toluene, reflux, 12h; (iii)
(CH3),S0,, dioxane, 120 °C, 12h; (iv) KCN, (CH3),SO,, dioxane, 120 °C, 12h; (v) KI,
(CH3),S0,, dioxane, 120 °C, 12h.

This journal is © The Royal Society of Chemistry 20xx



Page 3 of 10

were then linked to this core via the Buchwald-Hartwig reaction,3®
PMO-MeSO,. Next, the sulfur-containing anion was changed to SCN
and iodide using potassium cyanide and potassium iodide yielding a
symmetric X-type PMO HTM. One of the pyrazine nitrogens
in PMO was ionized using dimethyl sulfate, yielding the producing
PMO-SCN and PMO-I, respectively. All structures were confirmed
using H and 3C NMR spectroscopy and high- resolution mass
spectra (see details in Sl). The synthetic approach of PMO-based
HTMs gave good product yield overall, that demonstrates the
potential for efficient mass manufacturing.

Figure 2a shows the optical properties of PMO-based HTMs
which the HTMs were dissolved in dichloromethane and measured
with UV-vis spectroscopy. The PMO absorption profile reveals two
strong absorption bands, with maximum absorption at 294 nm and
410 nm. The first strong peak can be attributed to the m—n* local
electron transition of the donor units. The second-high energy band
have stronger bathochromic shifts, usually coming from
intramolecular charge transfer. Like PMO, the first strong band
for PMO-MeSO,, PMO-SCN, and PMO-I r—rt* local electron
transition of the donor appears at 290 nm, 290 nm, and 291 nm,
respectively. However, the shoulder and second high-energy peaks
from PMO have split further apart inionic HTMs, with the latter
showing much longer wavelength absorption. Such behavior is
understandable, as the ionization of one of the nitrogens in pyrazine
might induces a new much higher intramolecular charge transfer due
to oxidation. The onset absorption wavelengths (Agnset)
of PMO, PMO-MeS0O,, PMO-SCN, and PMO-I are 472 nm, 699 nm,
700 nm, and 698 nm, respectively. The optical bandgaps (E;°")
calculated from the equation (E;°' = 1240/Agnset) for PMO, PMO-
MeSO,4, PMO-SCN, and PMO-lare 2.63 eV, 1.77 eV, 1.77 eV,and 1.78
eV, respectively. Therefore, the HOMO and lowest unoccupied
molecular orbital (LUMO) energy levels of PMO, PMO-MeSO,, PMO-
SCN, and PMO-I HTMs were obtained by using cyclic voltammetry
and summrized in Figure 2b and Table 1. The HOMO energy level
of PMO is -5.33 eV and the LUMO level is determined to be -2.70 eV.

Journal ofcMaterials . Chemistry A

However, the lonization of PMO alters the energy levels, and the
HOMO and LUMO of PMO-MeSO,4, PMO-SCN, and PMO-I are found
to be much deeper (HOMO = -5.45 eV, -5.45 eV, and -5.48 eV,
respectively; LUMO = -3.68 eV, -3.68 eV, and -3.70 eV, respectively)
with PMO-I showing the deepest HOMO. Therefore, a higher Vo for
PMO-I-based devices is expected.

HTMs with high hole mobility help improve device performance
in PSCs. In this study, the hole mobilities of the HTMs were evaluated
using a space charge limited current (SCLC) technique (Figure 2c)
with fluorine-doped tin oxide (FTO)/HTM/Au device structure. The
hole mobilities of PMO, PMO-MeSO,4, PMO-SCN, and PMO-I HTMs
are 3.31 x10* cm2vls? 3.33 x10% cm2vls? 3.54 x 10* cm2vis?,
and 3.62 x 10 cm? vl s, respectively, all of which are higher than
that of PEDOT:PSS (3.16 x 104 cm?v!s1). These findings show that
the PMO-based HTM layers can potentially improve the molecular
arrangement at the HTM/perovskite interface with enhancing charge
transport properties. The capacity to extract holes is further
evaluated using steady-state photoluminescence (PL) and time-
resolved photoluminescence (TRPL). Figure 2d shows that the degree
of PL quenching occurred in HTMs/perovskites interface in the
following order: PMO-I > PMO-SCN > PMO-MeSO, > PMO >
PEDOT:PSS > pristine perovskite, indicating that PMO-I has the best
hole extraction ability than other PMO-based HTM and PEDOT:PSS.
The TRPL spectra obtained from perovskite films over various HTM
layers (Figure S1; Table S1 in Supporting information) also support
the obtained PL quenching trend. As a result, the PMO-I had shorter
initial fast decay (t; = 0.6980 ns) and second slow decay (t, = 2.6811
ns), resulting in a shorter average decay time (r.,, = 1.509
ns). PEDOT:PSS, PMO, PMO-MeSO,, and PMO-SCN, on the other
hand, have higher initial fast decay (t; = 1.7197 ns, 3.3416 ns, 3.2037
ns, and 1.5049 ns) and second slow decay (t, = 8.3250 ns, 7.3400 ns,
7.4159 ns, and 6.7962 ns), resulting in average decay times of 6.952
ns, 5.349 ns, 4.990 ns, and 3.412 ns, respectively. The data shows
that the PMO-I extracts holes more efficiently compared to other
HTMs.
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Figure 2. (a) UV-vis absorption measured in a 1x10-°> M dichloromethane solution. (b) Energy level diagram of HTMs in this study. (c) SCLC mobilities of devices with the configuration
of FTO/HTM/Au. (d) Steady-state PL spectra for perovskites and perovskites/HTM interface. (e) UV-vis absorption and transmittance spectra of different HTM films. (f) UV-vis

absorption of perovskite films on FTO and different HTMs.
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Table 1. Optical and electrochemical properties of HTMs.

HTMs Aubs Aonset Eort Ewomo  Eiumo
(nm)? (nm)? (eVv)d  (eV)?  (ev)®

PMO 294, 367, 410 472 263 533 -2.70
PMO-MeSO, 290, 398, 579 699 177 545 -3.68
PMO-SCN 290, 401, 579 700 177  -545 -3.68
PMO-I 291, 359, 579 698 1.78  -5.48 -3.70

aMeasured in a 1x10"> M DCM solution at room temperature; PThe onset (Agnset)
of absorption; 9Energy gap was calculated from the onset: E; (eV) = 1240/A;
dTBAPFs (0.1 M) was used as electrolyte in DCM; Potential vs.
ferrocene/ferrocenium redox couple; Eyomo = -5.1 - (Eonset®™ — Eonset™); @Erumo =
Evomo + Eg.

Figure 2e displays the UV-vis absorption and transmittance
of PMO, PMO-MeSO,;, PMO-SCN, and PMO-I films. The spectrum
of PMO film shows an absorption maximum of 408 nm, while it
appears at 401 nm, 399 nm, and 398 nm for PMO-MeSO,, PMO-SCN,
and PMO-I films, respectively. The spectra HTM films have a slight
blue shift of absorption maxima compared to those of HTM
solutions. However, compared to the solution data, spectra of the
ionic HTM films display a bluer shift in absorption maxima, indicating
more intermolecular interactions in the solid state compared
to PMO. The optical transparency spectra of all HTMs (PMO, PMO-
MeS0,4, PMO-SCN, and PMO-I) are shown in Figure 2e. All the HTMs
have a similar transmittance range of 450-800 nm, and the
transmittance values remain above 95%. These findings indicate that
the perovskite layer coated on top of these HTMs will harvest enough
light. The UV-vis spectra of perovskite films deposited
on PMO, PMO-MeS0O,, PMO-SCN, and PMO-I (Figure 2f) also
support this conclusion. Additionally, these studies include a
standard PEDOT:PSS HTM as a comparison. The
FTO/HTMs/perovskite films of all the HTMs in this study exhibit
similar absorption trends in the region of 500-800 nm. The UV-vis
absorbance patterns observed is PMO-1 > PMO-SCN > PMO-MeSO,
>PMO > PEDOT:PSS.

The morphology and surface wettability of the HTM employed in
inverted PSCs determine the crystal quality of perovskite films. The
scanning electron microscopy (SEM) characterizations (Figure 3)
show films with smooth surfaces with less pinholes. The films
deposited on PMO-MeSO,, PMO-SCN, and PMO-I has more aligned
grain boundaries and denser grains than the film deposited on PMO
and PEDOT:PSS (Figure S2), indicating formations of high-quality
perovskite films. The contact angles of water droplets on the surface
of PEDOT:PSS, PMO, PMO-MeSO,, PMO-SCN, and PMO-I were also
measured to determine their surface wettability (inset in Figure 3).
PEDOT:PSS, PMO, PMO-MeS0O,, PMO-SCN, and PMO-I have contact
angles of 13.26°,71.10°, 61.31°, 65.34°, and 64.34°, respectively. Salt
form HTMs exhibits a slightly lower contact angle than PMO due to
the ionic nature that induces the hydrophilic character in the film.
Nevertheless, all HTMs have higher contact angles than PEDOT:PSS
(inset in Figure S2). Figure S3a shows the X-ray diffraction (XRD)
patterns of perovskite films on PEDOT:PSS, PMO, PMO-

MeS0O,4, PMO-SCN, and PMO-I. These films coated on HTMs have
similar diffraction peaks, about 14.28° and 28.45°, with PMO-I peaks
slightly more substantial than others (Figure S3b), indicating film
formation with better homogeneity and crystallinity, which may help
to reduce recombination losses and improve carrier collections.

A

PMO-SCN

Figure 3. SEM images (Top view) with inset water contact angles of PMO, PMO-MeSO,,
PMO-SCN, and PMO-I.

Using the inverted device configuration of FTO/HTM/triple-
cation lead mixed-halide perovskites/[6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM)/ bathocuproine(BCP)/Ag, the PSCs were
fabricated by incorporating PMO, PMO-MeSO,, PMO-
SCN, and PMO-I layer as HTMs. The current density-voltage (J-V)
characteristic curves of the devices using these HTMs are shown in
Figure 4a and their corresponding photovoltaic characteristics are
summarized in Table 2. The device based on PMO HTM with forward
scan direction exhibited PCE = 18.29% with Voc =1.02 V, Jsc = 22.37
mA cm?, and a fill factor, FF = 80.12%. In addition, the device with
reverse scan direction exhibited higher PCE of 18.75% with Vo, Jsc,
and FFof 1.02 V, 22.82 mA cm?, and 80.12%, respectively. When we
introduce the ionic character into the PMO-based HTMs, which lead
to an increase in Voc and Jsc values. For the device based on PMO-
MeSO, HTM exhibited PCE of 18.85% with Vo, Jsc and FF of 1.04 V,
22.49 mA cm2, and 80.61%, respectively, with forward scan, and PCE
of 19.33% with Vo, Jsc, and FF of 1.04 V, 23.01 mA cm™2, and 80.67%,
respectively, with reverse scan. Moreover, substituting CH3SO,4 with
the SCN anion in PMO structure produced further enhancement in
efficiency: the device based on PMO-SCN displays PCE = 19.30% with
Voc, Jsc, and FF of 1.07 V, 22.34 mA cm™2, and 80.58%, respectively,
with a forward scan, and PCE = 19.53% with Vi, Jsc, and FF of 1.07 V,
22.35 mA cm?, and 81.81%, respectively, with a reverse scan.
Furthermore, by substituting SCN with the iodide anion, the
efficiency was increased even further: the device based on PMO-I
displays PCE = 20.27% with Vo, Jsc, and FF of 1.10 V, 22.88 mA cm™?,
and 80.19, respectively, with a forward scan, and PCE = 20.46% with
Voc, Jsc, and FF of 1.10 V, 22.88 mA cm?, and 80.96%, respectively,

Page 4 of 10
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Figure 4. (a) J-V characteristic curves and (b) EQE spectra (solid line) with integrated Js: (dashed line) of the PSCs with PMO-I (dark cyan), PMO-SCN (orange), PMO-MeSO; (olive),
PMO (royal blue). (c) Steady-state photocurrent output of PSCs based on various HTMs measured at the maximum power point in this study.

with a reverse scan. The champion performance of PMO-I-based
PSCs is mainly attribute to a 0.08 V increase in Voc compared to that
of the parent PMO HTM. The higher V¢ indicates that PMO-I devices
have better energy level alignment with the perovskite valance band,
which could be explained by increased electron negativity in the
pyrazine core caused by ionization. The obtained higher Jsc results
from fewer defects and better crystallinity in the perovskite layer,
which leads to less non-radiative recombination. lonic HTMs in this
study has higher Jsc than the non-ionic HTM, indicating that the salt
form assists the formation of the perovskite layer with fewer defects
and higher crystallinity, as evidenced by SEM and UV film tests. The
forward and reverse bias scans of PEDOT:PSS HTM are further used
for comparison yielded PCE, Vg, Jsc, and FF values of 14.74%, 0.98 V,
18.56 mA cm?, 80.79 and 14.68%, 0.98 V, 18.70 mA cm2, 79.86,
respectively (Figure S4a).

The external quantum efficiency (EQE) spectra of devices with
the respective HTMs, namely PMO-I (dark cyan), PMO-SCN (orange),
PMO-MeSO, (olive), PMO (royal blue), are shown in Figure 4b. All
these devices have broad absorption characteristics that covered the
visible spectra range between 400 to 800 nm. At 560 nm, the
maximum EQE value for HTM PMO, PMO-MeSO,, PMO-
SCN, and PMO-I is above 88.73%. The EQE curve for the PSC
with PEDOT:PSS, on the other hand, obtained a maximum EQE value
of 76% at 480 nm (Figure S4). The integrated current densities
calculated from EQE spectra for PEDOT:PSS (Figure S4) and PMO,
PMO-MeS0O,4, PMO-SCN, and PMO-I (Figure 4b) are 16.89 mA cm?,
21.85 mA cm?, 22.25 mA cm?2, 22.44 mA cm?, and 22.63 mA cm?,
respectively, and the results are in good agreement with the
experimental Jsc data. Further, PMO, PMO-MeSO,, PMO-SCN, PMO-
I-based and PEDOT:PSS PSCs were tested for stability with the
findings and summarized in Figure 4c. A stabilized Jsc of 21.20 mA cm~
2.21.63 mA cm?, 21.86 mA cmZ, and 22.29 mA cm™ and 17.96 mA
cm2 at maximum power point of 0.85 V, 0.92 V, 0.94 V, 0.95 V and
0.98 V for PMO, PMO-MeSO,;, PMO-SCN, PMO-I and PEDOT:PSS-
based PSCs, respectively, which show the stable output over 150 s
and indicate that these devices work adequately under operating
conditions.

Table 2. The best photovoltaic efficiency performance of the inverted PSCs with forward
scan and based on PEDOT:PSS, PMO, PMO-MeSO,, PMO-SCN, and PMO-I.

Voc Jsc FF PCE Hole

HTMs (V) (mA/cm?) (%) mobility
(cm?vis?)
PEDOT:PSS 0.98 18.70 79.86 14.68 3.16 x 10*
PMO 1.02 22.82 80.12 18.75 3.31x10*
PMO-MeSO, 1.04 23.01 80.67 19.33 3.33x10*
PMO-SCN 1.07 22.35 81.81 19.53 3.54 x 10
PMO-I 1.10 22.88 80.96 20.46 3.62 x 10*

To rationalize enhanced PCE of PSCs with modified PMO-based
HTMs, we perform detailed atomistic first-principal simulations using
Density Functional Theory (DFT) framework as briefly outlined in
Supplemental information. Initially, we model the
thermodynamically stable and experimentally observed MAPbDI;
(001) surface that has MAI termination.8’” The optimized slab
geometry of MAPbI; that we simulate using dispersion-corrected DFT
approach depicts minor surface relaxations and maintains overall
octahedral connectivity as also reported previously (Figure S5a).88%0
The electronic structure calculations show that the MAI-terminated
(001) surface formation does not incorporate any defect state inside
the bandgap, revealing defect-tolerance of MAPbI; towards these
surface formations (Figure S5b). However, such a clean defect-free
surface is not realistic under ambient experimental conditions. To
model a more realistic surface, we further introduce a neutral iodine
vacancy (V,), which has been identified as the most dominant point
defect in the halide perovskites due to its low formation energy
(Figure 5a).°% 22 The V, does not impact the overall geometry of the
surface or the remaining bulk of MAPbI;. However, surface V,
influences the electronic structure by introducing a shallow defect
state that appears just below the conduction band level (Figure 5b).
The charge density of the associated defect state exhibits a
prominent charge localization in the 6p, orbitals of undercoordinated
and subsurface Pb atoms (Figure 5c). Even though a native V, defect
only produces a shallow trap, structural change in the defect
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Figure 5. The optimized structures and electronic properties of defective and passivated iodide perovskites. (a) The optimized geometry and (b) partial density of states (pDOS) of
neutral V, included on (001) surface of MAPbI;. (c) The charge density of the defect state is marked as "*" in the pDOS plot (b). The defect state is dominantly localized on the
undercoordinated Pb atom on the surface. (d) The optimized structure and (e) pDOS of PMO-I treated defective MAPbl;. The dashed green line in (d) represents the elongated
distance between the passivating | ion and N atom of the pyrazine ring. The defect state gets removed as iodide from PMO-I passivates the defect site on the surface. (f) The charge
density of the CBM (left panel) and VBM (right panel) of MAPbI; with PMO-I. The band edge states show considerable delocalization of charge with V, passivation. Key: lead (brown),

iodine (pink), carbon (light blue), hydrogen (white), nitrogen (blue).

geometry during post-processing and high density can give rise to
deep trap levels that act as nonradiative recombination centers for
charge carriers.?>®* These V, sites can also accelerate the surface
degradation of MAPDbIs.

To simulate the effect of ionic HTMs on defect passivation, we
next model the V| containing MAPbl; surface in the presence of PMO-
I or PMO-SCN molecules (Figure 5d and S6a). To make such
computation feasible, we consider only the pyrazine ring and the
ionic group (I or SCN) on the surface. The geometry optimization
reveals that the | and SCN groups dissociate from the pyrazine ring
and form a covalent bond with an undercoordinated Pb atom,
passivating the V, site (Figure 5d and Figure S6a). The optimized
perovskite (001) surface with PMO-I in particular, shows efficient
passivation as the iodide atom occupies the defect site, completely
healing the defect. In contrast, the small-sized N of SCN binds to the
defective Pb atom, distorting the local geometry to some extent.
Thus, over time and under special conditions, the PMO-SCN coverage
can have less efficient defect passivation compared to PMO-I.
Modeling such rare events needs a separate elaborate study and has
not been considered presently. Note that, the dissociated pyrazine
unit from passivating layer does not bind to the MAPbl; (001) surface
to any considerable degree. In Figure 5e and Figure S6b, the partial
density of states (pDOS) of passivated MAPbI; depicts that

passivating | and SCN groups effectively removes the shallow trap
state and recovers the pristine band gap. The charge densities of the
valence band maximum and conduction band minimum in these
passivated systems show considerable charge delocalization,
indicating mostly removed influences of V, on the electronic
properties of MAPblI; (Figure 5f and S6c-d). Thus, our computational
simulations unambiguously demonstrate that the ionic entities from
the PMO layer efficiently passivate the surface V, defects, reducing
the density of interfacial trap states at the perovskite/HTL interface.
Such modifications in defect properties facilitate enhancement of
the PCE of PMO-I and PMO-SCN-passivated halide perovskites.

Experimental

Materials: Chemical reagents used were purchased from Aldrich,
Alfa and TCI Chemical Co. and used as received unless otherwise
noted. Reactions solvents (CH,Cl,, DMF, and THF) were dried using
VAC purifier (VAC 103991, Vacuum Atmospheres). Silica gel (Scharlau
60, 230-240 mesh) were utilized for flash chromatography.
Aluminum coated Merck Kieselgel 60 F254 plates were used to
monitor the reaction progresses under I, or UV light. Moisture
sensitive reactions were performed using argon atmosphere. Bruker

Please do not adjust margins
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Avance 500 MHz spectrometer was used to record *H and 3C NMR
spectra of all the intermediates and final compounds. Multiplicities
were reported as: singlet = s, doublet = d, triplet = t, quartet = q,
pentet = p, multiplet = m, broad = b. Chemical shifts (6) and coupling
constants (J) are denoted with ppm and Hz, respectively. Bruker
Daltonics flex Analysis spectrometer was used to record mass spectra
matrix assisted Laser desorption ionization (coupled to a Time-of-
Flight analyzer) experiments (MALDI-TOF). CHI 627C electrochemical
setup was used to perform Cyclic voltammetry experiments. the
setup is made up of single-compartment three-electrode cell, the
working electrode (glassy carbon electrode), a reference electrode
(Ag/AgNO; in acetonitrile), a counter-electrode (Pt wire), and
supporting electrolyte (0.1 M tetrabutylammonium
hexafluorophosphate). Cyclic voltammograms of HTMs used in this
study were recorded using 50 mVs? scan rates. For calibration,
ferrocene was added as the internal reference. Shimadzu UV3600
UV-vis-NIR spectrophotometer was used to analyze the optical
properties in the solutions whereas the UV-Vis films were recorded
on a JASCO V-730 spectrophotometer. Scanning electron microscopy
(Hitachi SU4800) and X-ray diffraction (BRUKER ECO D8 series)
technic were used to study the morphology of the perovskite films.
Time resolved PL spectra were measured using a Spectrofluorometer
(FS5, Edinburgh instruments) and the PL excitation was at A = 405
nm. The contact angle measurement were test with Phoenix 300,
Surface Electro Optics (SEO) Co., Ltd with de-ionize water as solvent.

Synthetic Procedures:

Synthesis of 2,3,5,6-Tetrakis(4-bromophenyl)pyrazine (2):
Synthesis of 2,3,5,6-Tetrakis(4-bromophenyl)pyrazine is performed
according to literature.”®

Synthesis of PMO: A solution of the compound 2 (0.30 g, 0.43
mmol), bis(4-methoxyphenyl)amine (0.43 g, 1.9 mmol) with Pd(OAc),
(3.0 mg, 0.013 mmol), P(t-Bu); (0.80 mg, 0.0043 mmol) and NaO-t-
Bu (0.20 g, 2.1 mmol) in 4 mL of toluene was refluxed for 12 h
under nitrogen atmosphere. The solvent was removed in vacuo, and
the residue was purified on a gradient column chromatograph (silica
gel) using (THF/hexane = 20%~50%) as eluent, and then recrystallized
with DCM/methanol to yield yellow solid PMO (0.50 g, 90%). mp
306.0-308.0°C. *H NMR (500 MHz, CDCls, 298K) 6 7.49 (d, J = 8.5 Hz,
8H), 7.07 (d, J = 9.0 Hz, 16H), 6.83 (d, J = 9.0 Hz, 24H), 3.80 (s, 24H).
13C NMR (125 MHz, CDCls, 298K) 6 156.1 148.9, 146.4, 140.7, 130.7,
130.5, 127.0, 119.4, 114.8, 55.6. HRMS (MALDI-TOF, m/z): calculated
for = Cg4H7,N6O0s, [M]* = 1292.5406, found: 1292.5406.

Synthesis of PMO-MeSO,: In a 50 mL round-bottomed flask,
PMO (0.30 g, 0.23 mmol), dimethyl sulfate (3.9 g, 31 mmol) were
mixed in dioxane (12 mL), and the resulting mixture was refluxed at
120 °C for 12 hours. After cooling to room temperature, the reaction
mixture was extracted with CH,Cl,, washed with brine several times,
and the organic layer was dried with anhydrous magnesium sulfate.
The solvent was evaporated under vacuum, and the residue was
purified by gradient column chromatography using THF/methanol =
5%~10%, followed by recrystallization with DCM/hexane to obtain a
black solid PMO-MeSO, (0.22 g, 67%). mp 162.0-164.0°C. 'H NMR
(500 MHz, CDCls;, 298K) 6 7.42 (d, J = 9.0 Hz, 4H), 7.22 (d, J = 9.0 Hz,
4H), 7.07 (t, J = 9.5 Hz, 16H), 6.91 (d, J = 8.5 Hz, 4H), 6.87 (d, J = 7.0
Hz, 8H), 6.85 (d, J = 7.0 Hz, 8H), 6.74 (d, J = 9.0 Hz, 4H), 4.07 (s, 3H),
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3.81 (s, 12H), 3.80 (s, 12H), 3.48 (s, 3H). 13C NMR (125 MHz, CDCls,
298K) 6 157.0, 156.7, 150.9, 150.1, 144.0, 139.9, 139.4, 131.7, 131.1,
127.7, 127.4, 127.3, 120.5, 118.57, 118.2, 115.1, 114.9, 55.6, 55.6,
54.2, 47.4. HRMS (MALDI-TOF, m/z): calculated for = CgsH75NgOs*,
[M-CH3S0,4]* = 1307.5641, found: 1307.5641.

Synthesis of PMO-SCN: In a 25 mL round-bottomed flask, PMO
(0.30 g, 0.23 mmol), dimethyl sulfate (3.9 g, 31 mmol) were mixed in
dioxane (12 mL), and the resulting mixture was refluxed at 120 °C for
12 hours. After cooling to room temperature, the solvent was
evaporated under vacuum, and the residue was in dissolved with a
small amount of methanol, a saturated aqueous KSCN solution was
added, and the mixture was stirred at room temperature for 3 hours.
The reaction mixture was extracted with CH,Cl,, washed with water,
and the solvent was evaporated under vacuum. The residue was
purified by gradient column chromatography using THF/hexane =
20%~50%, followed by recrystallization with DCM/hexane to get a
black solid PMO-SCN (0.24 g, 76%). mp 158.0-160.0°C. *H NMR (500
MHz, CDCls, 298K) 6 7.39 (d, J = 8.7 Hz, 4H), 7.22 (d, J = 8.9 Hz, 4H),
7.10(d, J = 8.9 Hz, 8H), 7.06 (d, J = 8.9 Hz, 8H), 6.94 (d, J = 8.7 Hz, 4H),
6.86 (t, J = 9.3 Hz, 16H), 6.74 (d, J = 8.9 Hz, 4H), 4.14 (s, 3H), 3.80 (s,
12H), 3.79 (s, 12H). 13C NMR (125 MHz, CDCls, 298K) & 157.1, 157.0,
156.7, 151.0, 150.2, 143.8, 139.8, 139.3, 131.6, 131.2, 127.7, 127 .4,
127.0, 120.2, 118.5, 118.1, 115.1, 114.9, 55.6, 55.6, 47.6. HRMS
(MALDI-TOF, m/z): calculated for = CgsHssNgOg*, [M-SCN]* =
1307.5641, found : 1307.5641.

Synthesis of PMO-I: PMO-I was synthesized using the similar
method as PMO-SCN, with the following reagent parameters: PMO
(0.20 g, 0.15 mmol), dimethyl sulfate (2.6 g, 21 mmol), dioxane (8
mL), and saturated aqueous Kl solution. PMO-I was obtained as black
solid (0.17 g, 77 %). mp 164.0-166.0°C. *H NMR (500 MHz, CDCl;,
298K) 6 7.56 (d, J = 9.0 Hz, 4H), 7.23 (d, J = 8.5 Hz, 4H), 7.09 (d, J = 9.0
Hz, 8H), 7.06 (d, J = 9.0 Hz, 8H), 6.91 (d, J = 8.5 Hz, 4H), 6.86 (t, /= 9.0
Hz, 16H), 6.74 (d, J = 8.5 Hz, 4H), 4.10 (s, 3H), 3.81 (s, 12H), 3.80 (s,
12H). 3C NMR (125 MHz, CDCl;, 298K) § 157.1, 157.0, 156.7, 151.0,
150.1, 143.6, 139.90, 139.3, 132.4, 131.2, 127.7, 127.4,127.2,120.2,
118.4,118.2,115.1,114.9, 55.6, 55.6, 47.9. HRMS (MALDI-TOF, m/z):
calculated for = CgsH;5NgOg*, [M-1]* = 1307.5641, found : 1307.5641.

Device fabrication:

The fluoride-dope tin oxide (FTO) conducting glass substrates
were cleaned in an ultrasonic cleaner for 15 minutes each with
detergent, deionized water, acetone, and isopropanol. The cleaned
glasses were then treated with ultraviolet ozone (UV-ozone) for 15
min and transferred to a glovebox. Inside the N,-filled glovebox,
anhydrous chlorobenzene solvents were used to make HTM
solutions (conc. 2 mg/mL). These solutions were then spin-coated on
FTO substrates at 4000 rpm for 30 seconds before being annealed at
100 °C for 10 minutes. The PEDOT:PSS film was prepared by first
filtering its stock solution via a 0.22 m PVDF filter and then spin-
coated on the FTO at 5000 rpm for 30 seconds, followed by heating
at 120 °C for 20 minutes. The film was then transferred to the
glovebox. The solution of (CsggsFAg78MAg.17Pbly 53Bro47, FAMACS)
mixed-cation mixed-halide perovskites used was prepared inside the
N,-filled glove box by mixing MAI (34 mg), FAI (145 mg), Csl (16.8 mg),
Pbl, (510 mg) and PbBr; (71.3 mg) in 1 mL of DMF:DMSO (4:1) mix
solvent and stirring at 70 °C. Antisolvent process was used to get the
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final perovskite thin films. First, the prepared perovskite solution (85
pL) was spin-coated in two steps at 1000 and 6000 rpm for 10 and 20
s, respectively. Then, at the last 5 s of the procedure, 200 pL of
chlorobenzene was dropped on the perovskite layer, which gives
transparent brown perovskite film. The film turned darker after
annealing at 100 °C for 1 hour in a nitrogen-filled glove box. The film
was cooled and 50 pL of [6,6]-phenyl-Cg;i-butyric acid methyl ester
(PCBM, 20 mg mL™ in chlorobenzene) filtered through a 0.45 pm
PTFE was spin-coated at 1000 rpm for 60 s. The film was then allowed
to stand for 30 min to dry the solvent. On the top of this PCBM layer,
a ~3 nm thick finishing bathocuproine (BCP) layer was vapor-
deposited. Finally, a 100 nm thick Ag electrode with a defined area
of 0.5 cm? with a shadow mask was deposited by thermal
evaporation in a vacuum deposition chamber at 107 torr pressure.

Device characterizations:

Keithley 2400 measurement source units was used to measure
the J-V characteristics, with the devices maintained at room
temperature in glovebox. The photovoltaic testing was measured
under a calibrated solar simulator (Class 3A, SS-F5-3A, Enli
Technology) at 100 mW cm~2 with defined shadow mask area of 0.24
cm?, A standard photovoltaic reference cell was used to calibrate the
light intensity (SRC-2020 series, Enli Technology). The light intensity
test were changed through the software (IVS-KA6000) from Enli
Technology. Enli Technology's QE-R Model was used to measure the
EQE spectrum. The electrochemical impedance spectroscopy
measurements were performed using Metrohm Autolab PGSTAT
302N. A Xenon lamp at 100 mW cm2 with an air mass AM1.5G
spectrum filter was used as the light source. A small AC perturbation
voltage of 15 mV was applied to the devices, and the different output
current was measured throughout a frequency range of 1 MHz Hz.

Computational Methods:

We perform all the computational simulations using density
functional theory (DFT) as employed in the Vienna Ab Initio
Simulation Package (VASP).?®%7 The projected augmented wave
(PAW) method with a plane-wave basis set of 400 eV are considered
for all calculations.®® The considered exchange and correlation
interactions are semi-local generalized gradient approximation
(GGA) with the Perdew-Burke- Ernzerhof functional (PBE).”® To
effectively sample the Brillouin zone a 4x4x1 and 8x8x1 l-centered
k-point meshes are used during structural optimization and self-
consistent field calculations, respectively. To incorporate dispersion
corrections, DFT-D3 method as prescribed by Grimme is used for all
simulations.’® To model the (001) surface of MAPbl; a 2x2 surface
model of room-temperature tetragonal MAPbl; was considered
(total 360 atoms in halide perovskite slab). We model the PMO with
only pyrazine molecule to reduce the computational cost but does
not miss out any key insights.

Conclusions

In conclusion, we demonstrate that ionizing HTMs is a viable
method for creating additive-free hole-transporting materials
capable of producing high-performing PSCs. PMO and PMO-I
HTMs are obtained through inexpensive and straightforward
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synthesis and may be very appealing for producing low-cost
PSCs, thereby addressing one of the major concerns for near-
term commercialization. When compared to the non-ionized
counterpart, ionization affects the absorption and emission
properties, energy levels, hole mobility, and hydrophilicity of
HTMs. The ionic HTM PMO-I has well-matched energy levels
with the perovskite layer, resulting in an improved charge
transfer and electron blocking capabilities. Additionally,
ionization increases hydrophilicity and helps forming large-
grained perovskite layer, which results in a higher short-circuit
current density and, consequently, better PCE. The in-depth
atomistic modeling study further points out that the ionic
entities such as iodide and SCN can efficiently passivate the
dominant surface halogen vacancies, which reduces the density
of charge trapping defect states. We believe that our work
paves the way for the development of next generation ionized
HTMs to improve PSCs performance while maintaining their
operational stability.
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