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Abstract

Perovskite solar cells (PSC) based on metal-organic halide perovskites have emerged as one of the
most promising photovoltaic technologies. Power conversion efficiency (PCE) has increased
remarkably over the last few years from less than 10% up to certified efficiencies exceeding 23%.
Selective interfacial layers play a critical role in charge extraction processes. In order to obtain
high efficiencies, a hole transporting material (HTM) is required. Huge research efforts have been
made to design efficient and low-cost materials. Carbazole-based HTMs are among the most
promising new HTMs, in particular when they are substituted with dimethoxydiphenylamine
(DMPA) units. This review gives an overview of the different classes of DMPA-containing
carbazole-based HTMs and highlights the synthetic pathways, the structure-property relationship
and the photovoltaic performances obtained in PSC devices. The relevance of structural variations

and chemical doping processes is discussed with regard to efficiency and stability issues.
Keywords: perovskite solar cell, hole transporting material, carbazole, DMPA, HTM
I. Introduction

Emerging photovoltaic (PV) technologies are attracting considerable attention due to the fact that
solar energy is by far the most widely available source of renewable energy. Initially studied by
Mitzi et al. for their opto-electronic properties,[1] metal-organic halide perovskites have made
tremendous progress since the first report of perovskite in sensitized solar cells in 2009.[2] While

fast perovskite dissolution in the liquid electrolyte prevented any practical use, the major
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breakthrough that triggered most photovoltaic studies in the field was the fabrication in 2012 of a
9.7% efficient and durable solid-state perovskite solar cell (PSC) formed by spin-coating from a
precursor solution.[3,4] Power conversion efficiency (PCE) of PSC has now skyrocketed up to
23.7%, far above other emerging technologies.[5—7] Therefore, PSC appears as the only
photovoltaic technology that combines the prospect of scalable low-cost solution processing with

high efficiency.

Today, the main hurdle towards industrial development remains the lack of stability and fast
degradation of PSC due to light, heat, oxygen and moisture sensitivity. These issues could be
addressed in part through perovskite compositional tuning, formation of a capping barrier layer on
top of the perovskite, as well as encapsulation techniques.[8—14] It is also well established that
interface layers play a critical role in charge extraction and stability in PSC.[15,16] In particular,
a hole transport layer is required, and as in solid-state dye-sensitized solar cells (DSSC), spiro-
OMeTAD (2,2°,7,7 -tetrakis-(N,N-di-paramethoxyphenylamine)-9,9’ -spirobifluorene) has
become the standard hole-transporting material (HTM) that is used to build most efficient
perovskite PV devices.[17-20] However, spiro-OMeTAD is not a viable HTM for large-scale
applications due to its complex chemical synthesis and its prohibitive cost.[21] Furthermore, the
use of spiro-OMeTAD raises stability issues related to its tendency to recrystallize and the
migration of additives upon heating in operating devices.[22—-24] Developing efficient, stable and
low-cost alternatives to spiro-OMeTAD is therefore mandatory. Many research efforts have been
dedicated to the design and testing of new HTMs over the past few years, including a vast majority
of organic polymers and small molecules as well as a few inorganic materials such as CuSCN.[25]
Recent review articles can be found, focusing on chemical structure variations or more specifically
on dopant-free HTMs.[26-28] Organic molecules enable easy and precise tuning of energy levels
and thermal properties through molecular engineering as well as low-temperature solution
processing. Most small molecule HTMs incorporate the nitrogen-containing 4.,4’-
dimethoxydiphenylamine (DMPA) units. Nitrogen atoms are hole-acceptors and are introduced to
enhance hole mobility. Meanwhile, it was evidenced that the electron-rich methoxy units play a
role via passivation of defect sites on the perovskite crystal surface, thus improving both charge
extraction at the perovskite/HTM interface and device stability.[29],[30] Along with a few families
of HTMs including spirofluorene, [6],[31],[32] triphenylamine,[33],[34] truxene and triazatruxene

derivatives,[35-37] carbazole-based HTMs are among the most studied and most promising. The



interest for DMPA-containing carbazoles as HTMs dates back to early works by Sellinger et al.
and by our group demonstrating spiro-OMeTAD-competing performances in DSSCs when the
carbazole was substituted with DMPA either in 3,6 (CzP) or 2,7 positions (AS44) (Scheme 1).
[38—40]

Following those reports, DMPA-substituted carbazole derivates were first reported as HTMs in
perovskite solar cells by Hagfeldt et al. in 2014. [41] Since then, a large number of studies have
been published, accounting for several dozens of molecules. Given the many promising reports,
we feel that it is time to review the advances and insights obtained with DMPA-substituted
carbazole HTMs over the last 5 years and to assess how it provides guidelines for future design

and processing of HTMs.

In this review, we will first classify the different DMPA-containing carbazole molecules and
present the synthetic pathways available to afford them, before focusing on the physico-chemical,
optoelectronic properties and photovoltaic behaviour (in PSC) of carbazole-based HTMs
substituted with DMPA units in 3,6 (3,6CzDMPA) then 2,7 (2,7CzDMPA) positions. The
relevance of further structural variations and chemical doping processes will also be discussed in

line with efficiency and stability issues.
I1. Synthesis

In the literature, the molecules based on 3,6CzDMPA moiety can be organized in three categories.
The first class is constituted of mono-adduct molecules where the carbazole derivative is linked,
by the 9 position of the carbazole, to an aryl or an alkyl group. For these kind of simple structures,
the synthesis is usually done in three steps.[42] Starting from the cheap and commercially available
carbazole, the first step consists in introducing the alkyl or aryl group on the 9 position of the
carbazole. Then, using the reactive 3 and 6 positions, halogens (generally bromine or iodine) are
introduced with yield between 85% and 93%. The final reaction is a Buchwald reaction in order

to insert the DMPA units.

The second and third classes are constituted of more complex molecular structures, meaning with
more than one 3,6CzDMPA unit. In these structures, the carbazole derivative moieties are linked
to a multifunctional spacer which will also be called core. In the second class of hole conducting

materials, the core consists of an aryl or an alkyl group (Q221, dly-1, TCz-C3). [41,43] In the



third class of materials, the multifunctional core is a benzyl group.[44,45] The structures of both
classes can be seen as pseudo-dendrimers (see Scheme 2). Indeed, these molecules can be
described as an alkyl, aryl or benzyl core which is connected to a first generation of carbazole
units, and then to a second generation of DMPA groups. As known in the literature, [46,47] two
reaction schemes are available to prepare such dendrimers. The first one is a divergent synthesis
which starts from the core and introduces the first, then the second generation of subunits. The
second one is a convergent synthesis which is the opposite strategy of sequence of reactions.
Concerning the preparation of the 3,6-carbazole based complex structures mentioned above, both

routes have been used during the last years (see scheme 2).

The synthesis of the second class of HTMs, containing an aryl or alkyl spacer, is performed using
the convergent strategy. The detailed synthetic pathway is represented in scheme 3a. This route
consists in five reaction steps, starting with the cheap carbazole molecule, and can be reduced by
one step if the commercially available 3,6-dibromo-9H-carbazole is used as starting material. In
this convergent strategy, the protection and deprotection steps on the 9 position of the carbazole
are mandatory in order to prevent side-reactions during the Buchwald coupling. Usually, protective
groups like benzyl, tertbutoxycarbonyl or tosyl are introduced. In the halogenation step
(introduction of iodine or bromine), the choice of the halogen does not play an important role since
the yield of both reactions is more than acceptable (>85%). [41,48] The choice of this strategy is,
in the case of the aryl spacer, driven by a solubility issue. Indeed, using the divergent strategy, one
of the intermediates is the multi-halogenated aryl based molecule 1 (scheme 2), usually very
slightly soluble in common solvents. The other argument in favour of the choice of this strategy is
that the intermediate molecule 2 open up the synthesis of a wide range of materials in a single
reaction step. The overall yield of this convergent synthetic route is 53% in 61 hours of reaction.
[41] The growth of the number of new HTMs based on the N3 N3N6N°-tetrakis(4-
methoxyphenyl)- carbazole3,6-diamine (intermediate 2) has created a niche market and a

company, such as Ikamba Organics (France),[49] is already selling this intermediate.

In the literature, the strategy which was adopted for the synthesis of the third class of HTMs is the
divergent strategy. Indeed, the flexibility brought by the benzyl derivative core 3 discards the
solubility problems of the intermediate 1. The reaction scheme of the synthesis of this third class

of HTMs is presented in figure 3b. Since this route no longer needs protection/deprotection



reactions, the final compound can be obtained in just three steps. Furthermore, the “click” reaction
to afford intermediate 4 with high yield (>85%) [44] strengthens the choice of this route.
Nevertheless, this strategy shows some limitations when discussing the last reaction yield.
Although the latter is acceptable when at most 4 DMPA units are introduced (V886, V911, V885)
(>65-70%), the yield of the octa-Buchwald reaction (V957) does not exceed 50%. That is why the
convergent or divergent strategy might be reconsidered depending on the number of carbazole

derivative moieties (intermediate 2) introduced in the final molecule.

In the literature, N?N? N’,N’-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-diamine have also
been synthesized for perovskite solar cell applications. For the same reasons previously described,
the molecules have been synthesized following convergent [S0-52] or divergent strategy. [44] The
commercially available 2,7-dibromo-9H-carbazole is used and indeed reduces the number of
reaction steps compared with the 3,6 analogue. Reducing the number of reaction steps does not
always mean that the cost of the final molecule is cheaper. Nevertheless, in recent years, a scientific
effort has been made in this direction to try to reduce the price of the HTMs. Although spiro-
OMEeTAD is still the reference as HTM in perovskite solar cells, the scientific community has
become aware of the cost of some constituents of the cell. In order to reduce the price of the
molecular glass, replacing the spirobifluorene core by a carbazole core is smartly thought. Based
on this premise, a lot of work has been done to decrease the price of the carbazole derivative,
introducing phenyl [53] (142.47 €/g), benzothiadiazole (43 US$/g) [54] or phenothiazin [55] (15
$/g) subunits on the 9 position of the intermediate 2. Therefore, the cost of these molecules suffers
from the use of expensive palladium catalysts, particularly when Buchwald coupling is used to
graft aryl groups. Recently, Huang ef al. connected two molecules of the intermediate 2 by using
a simple oxidative coupling with KMnO4 (3,6 BCz-OMeTAD and 2,7 BCz-OMeTAD).[56] The
cost of the 3,6 derivative decreases to less than 9 dollars per gram. Compared to the 2,7 analogous,

the price of the 3,6 carbazole HTMs is always cheaper (by almost half). [56]
II1. HTMs based on 3,6CzDMPA
1. Physico-chemical properties of 3,6CzDMPA based HTMs

When designing a new molecule, the target properties are of prime interest. In order to design a
new hole transporting material for perovskite solar cells, some thermal and electronic properties

should be taken into account. Table 1 summarizes the main properties of this series of materials.



In the following section, we will try to show the relation existing between the chemical structure
of the HTMs and their properties. Some orientations will be given in order to understand the design

of the materials.

The thermal properties gather the determination of the degradation temperature (Td) and the glass
transition temperature (Tg) (or the melting temperature in some rare cases). Usually, the materials
based on dimethoxydiphenylamine carbazole (CzZDMPA) units have molecular glass behaviour,
which means that no crystallization temperature is observed in DSC experiments. In perovskite
solar cells, the Tg should not be too low, to prevent the melting of the HTMs during illumination.
The standard HTM material is spiro-OMeTAD and its Tgis 120°C. [57] One can note that a higher
glass transition temperature is more favorable for the encapsulation process of the cell. The Tg can
be controlled by the grafting of substituents on to the 9 position of the carbazole unit, and two
main parameters play a role : the nature of the spacer (core) and the dimensionality of the final
molecule. The dimensionality can be defined by the number of carbazole units connected to the
spacer. When the spacer is an aryl group, the glass transition temperature generally exceeds 100°C.
If the substituent is a phenyl group, Tg is 97°C and increases, for example, to 109°C with a
dithieno[3,2-b:2°,3’-d]pyrrole unit (M112) [55] or even to 130°C with a phenothiazine unit
(M114). [55] On the other hand, when alkyl chains are connected to the CzDMPA, the more
extended the chain, the lower the Tg. For example, the Tg of B63 with an ethyl group [58,59] is
25°C higher than BS8 with a hexyl chain (80°C vs. 55°C). As previously mentioned, the
dimensionality plays a role. The Tg of TCz-C6 [43] is 66°C showing that the connection of a
second CzZDMPA moiety, increasing the dimensionality, increases the Tg too. Then, this value can
be controlled by increasing (TCz-C12, 47°C) or decreasing the spacer chain length (TCz-C3,
107°C). The aryl spacer follows the same trend and an increase of the Tg is observed for vim-2
compared with X51, respectively 186°C and 153°C. [60] Of course, if alkyl chains are introduced
on the aryl core (vm-3), the temperature decreases to 124°C. Xue et al. studied a binaphtol
derivative spacer and showed that this latter group increases the Tg to 188°C (Q205) compared
with phenyl analogues (HBZ-70, 168°C). [61,62] Additional phenyl rings can even be added to
the binaphtol core and increase even more the glass transition temperature to 198°C (Q221). [63]
On the contrary, additional alkyl chains decrease the Tg to 128°C (Q222). [63] The introduction
of fluorine atoms on to the aryl spacer has also been studied. Zhu et al. studied HTMs where the

spacer between the two CzZDMPA moieties is constituted of a benzothiadiazole (BTZ) unit (JYS-



7). [54,64] They showed that the introduction of fluorine atoms on the BTZ moiety decreases the
Tg from 165°C without fluorine atom (JYS) to 134°C for HTM possessing two fluorine atoms
(JY7). The same tendency has been observed on mono-adducts (CzP, CzPF).[53] As we have
already noted, the dimensionality of the structure increases the Tg. For example, tri-adducts such
as BTT-2, SGT-405(3,6) or 3,6Cz-TPA reached high Tg with respectively 216°C, 193°C and
146°C. [65-67] Getautis et al. studied benzyl spacers with two to four CZDMPA moieties and
showed that neither the grafted positions V886 (ortho-), V885 (meta-) or V911 (para-))[44] nor an
additional phenyl unit (V997)[68] influenced the Tg (139-141°C). Therefore, additional CZDMPA
moieties increase the rigidity of the structure and so increase the glass transition temperature to

160°C (V1039, V957). [44]

The decomposition temperature (5%wt loss) measured by TGA is useful to confirm the stability
of the molecules upon solar illumination. In the whole literature, CZDMPA based molecules are
stable over 300°C, which is suitable for solar cells. Usually, the more the spacer is aryl constituted,

the more the HTMs are stable, reaching Tp exceeding 400°C.[45,55,67]

When designing a HTM, another significant parameter which should be considered is the charge
transport properties. High mobility is beneficial to the balance of the charge transport in PSCs.
One of the reasons why the potential of the standard material, spiro-OMeTAD, is limited for up-
scaling in applications like PSCs or even DSSCs is its low charge carrier mobility. Although the
development of a new generation of HTMs with high charge carrier mobility is of high priority,
up to now, few carbazole based materials overcome the transport properties of the spiro-OMeTAD.
In the literature, three different methods are usually able to determine the hole mobility. Most of
the time, space-charge-limited current (SCLC) is used in hole-only configuration. This technique
allows the measurement of the charge carrier mobility of pristine or doped HTMs. In doped state,
spiro-OMeTAD shows a mobility of 2.10% cm?V-'ls! (ITO/PEDOT-PSS/Spiro-
OMeTAD/MoOs3/Al configuration) [50] and a value of 8.10° ¢cm?.V-'.s! in pristine state.[55,56]
Xue et al. showed that adding phenothiazine (PTZ) or dithienopyrrole (DTP) moieties on the 9-
position of the CZDMPA allows the control of the charge carrier mobility. Even if the combination
of the carbazole building block and PTZ (M111) outperforms its analogue with DTP (M112), the
values, although close to the reference material, stay lower.[55] Zhu et al. used a

tetraphenylethylene spacer to synthesize W3 and W4.[50] Although the di-adduct W3 shows low



solubility, the hole mobility of the tetra-adduct W4 reached, in doped state, 1.35.10% cm?.V-!.s7!.
Among the materials using a conjugated aryl derivative linker, X51 and X19 could overtake spiro-
OMeTAD transport properties with respectively 1.19.10% and 1.51.10* ¢m2.V-l.s! in doped
films.[41] Driven by these results, Zhu et al. developed molecular glasses where the biphenyl
spacer has been modified by adding benzothiadiazole derivatives (JYS, JY6, JY7) or by
introducing nitrogen atoms (bipyridine spacer).[64,69] The SCLC measurements, in undoped as
well as doped films, indicate values 2 to 4 times higher than spiro-OMeTAD in the same
conditions. Since the carbazole based molecules possess a molecular glass behaviour, an
anisotropic charge transport can be expected. Organic Field Effect Transistors (OFET) have also
been used to measure the transport properties in the solid state. Nevertheless, even if their mobility
values are close to the reference material, the highest value is 7.10°% cm?.V-'s! for 3,6Cz-
TPA.[67] The third method which has been utilized in the literature to measure the hole-drift
mobility is xerographic time-of-flight (XTOF). The results are usually given at weak and at high
electric field (6.4.10° V.cm™). Concerning spiro-OMeTAD, the measured mobility is 4.10- and
5.10% cm2.V-1.s! at weak and high electrical field, respectively. Snaith et al., who developed the
benzyl spacer HTM series (V886 to V1061), show that the transport properties are basically getting
close to the spiro-OMeTAD, which is encouraging in order to design new molecular
glasses.[44,45,70] Therefore, the authors calculated the dipole moment of V911 and V885 (DFT
calculation) and show that better hole drift mobility values, compared with spiro-OMeTAD, could
be reached.[44] They suggest that intramolecular interactions take place in the HTM with methoxy

groups, probably due to the hydrogen bonding formation.[71]

The energetic properties of the HTMs and more particularly the energy levels should be taken into
account in the design of the target molecules. In order to transfer the electron to the perovskite, the
HTMs must have a Highest Occupied Molecular Orbital (HOMO) higher than that of the
perovskite (higher than 5.44 eV for CH3NH3Pbls). In the literature, it is quite difficult to give a
trend of appropriate materials since the value of the reference spiro-OMeTAD is completely
different depending on the measurement techniques or the research groups. For example, using
photoelectron spectroscopy in air (PESA) or cyclic voltammetry (CV) techniques, 5.00eV
(PESA)[72], 5.15eV (PESA),[73] 4.70eV (CV)[74] or 5.22eV (CV)[75] can be found. Zhu et al.
studied the introduction of acceptor units in the biphenyl spacer (JYS, JY6, JY7) and showed that
the HOMO level of the HTMs is not significantly modified compared with the original molecule



(X51).[54,64] Nevertheless, the band gaps of the D-A materials decrease from 2.93eV (X51) to
approximately 2.30eV. Usually, the whole CZDMPA based HTMs are well suited for electron

transfer to the perovskite.

Finally, it is known in the literature that the improvement of the water resistance of either the HTM
molecules or the additive is a useful strategy for enhancing the device stability.[76,77] Contact
angles of a water droplet on doped HTM films have been measured. Usually, the CZDMPA based
HTMs show an increase of the contact angle compared with doped spiro-OMeTAD film. Contact
angles for the M111-M114 series (71.5-81.1°) were all reported to higher than the spiro-OMeTAD
(68.8°).[55] Zhu et al. studied the water resistivity of JYS [64], F22, F33 and X51[69] and showed
that the synthesized molecules are more hydrophobic (77-87° compared with 74.5° on spiro-
OMeTAD) and could more effectively prevent water diffusion into devices, which could also

account for good device stability.
2. Photovoltaic performances of HTMs based on 3,6CzDMPA in PSC

Perovskites have the generic chemical formula ABX3, where A is a cation, B a dication, and X is
an anion. Perovskite materials used in PSCs are usually 3-dimensional lead (Pb**)-containing
metal-organic halide perovskites where A is an organic cation such as methylammonium (MA) or
formamidinium (FA). MAPbI; has been widely used so far, but the optoelectronic properties and
the stability of the perovskite layer can be further adjusted by compositional tuning of mixed-
cation and/or mixed-anion perovskites. PSCs can be built in a conventional n-i-p or inverted p-i-n
device configuration with either a planar or mesoporous structure, depending on the nature of the
bottom interface on which the perovskite layer is deposited (Figure 1). Regardless of the device
architecture, both n-type and p-type interfaces play a key role in selective extraction of electrons
and holes, respectively. To date, most organic HTMs have been used in conventional PSCs.
However, the diversity of perovskite composition, device structure, electron transport layer (ETL)
materials as well as various HTM additives and dopants used in PSCs often makes it difficult to
compare the photovoltaic behaviour of the different HTMs reported in the literature. Besides, and
adding to this difficulty, some disparity in the degree of purity between the various synthesized
HTMs cannot be excluded. Little attention has been paid to the HTM purity level in PSC, although
insufficient purity of the organic compounds is known to negatively influence PV performances

in organic photovoltaics and in solid state DSSCs. [78] The J-V characteristics of PSCs containing



3,6-DMPA -substituted carbazole HTMs are summarized in Table 2. The PCE of the reference PSC
fabricated with spiro-OMeTAD is also indicated for the purpose of comparison. One should keep
in mind that record PSC efficiency has roughly doubled since the first works on carbazole-based
HTMs in 2014. Thus, the PCE of the reference cells in Table 2 cover a wide range from
approximately 10 to almost 20%.

The mono-adduct HTMs functionalized on the nitrogen atom in position 9 (N) of the carbazole
moiety constitute the first class of 3,6CzDMPA materials that have been tested in PSC. Within this
family, the N-alkyl and N-benzyl functionalized HTMs BS8, B73 and V990/B63 (Scheme 4),
suffering from low hole mobility and glass transition temperature, perform poorly.[44,58] The
PCE of PSCs made with V990/B63 reaches 5.02% in mixed cation mixed halide solar cells, and
10.8% in MAPbI; solar cells, but with strong hysteresis.

The N-aryl functionalized HTMs X19, CzP and CzPF, on the contrary, exhibit promising
performances with PCE values close to those obtained with the reference spiro-OMeTAD HTM
(up to 13.08% for CzP vs 13.45% for spiro-OMeTAD), in line with the good behaviour previously
demonstrated for CzP in DSSCs.[41,53] Steady state and time-resolved photoluminescence (PL)
measurements indicated improved charge transfer at the perovskite/HTM interface with CzP and
CzPF compared with spiro-OMeTAD. In an effort to enhance the polarization of the molecule,
3,6CzDMPA was recently functionalized with more electron-accepting units (dithieno[3,2-b:2',3'-
d]pyrrole in the case of HTMs M111 and M112, and phenothiazine for M113 and M114). [55]
The phenothiazine unit proved particularly promising. While the structure of M113, characterized
by a strong dihedral angle, resulted in a limited internal charge transfer, M111, M112 and M114
present a strong donor-acceptor (D-A) character, with the LUMO of M114 being located mainly
on the phenothiazine. Enhanced hole mobility and conductivity as well as improved charge
extraction at the perovskite/HTM interface can account for the high PCE of 17.17% measured with
M114 (18.07% PCE with spiro-OMeTAD).

The phosphonic acid-functionalized HTM V1036 is kind of an exception among the mono-adduct
3,6CzDMPA molecules.[79] Designed for use in inverted p-i-n PSC, this molecule forms a dense
self-assembled mixed monolayer (SAM) on ITO when combined with butyl phosphonic acid and
enables PSC with 16.46% PCE and good stability when stored in the dark at room temperature and

under nitrogen atmosphere.



The twin molecule X51, where a biphenyl group serves as a T—conjugated linker, was the first bis-
adduct of 3,6CzDMPA to be reported.[41] Its promising PV behaviour, competing with spiro-
OMeTAD (9.80% vs 10.20% PCE), has prompted chemists to design new derivates by tuning the
properties of the core unit. HTM HBZ-70 has a biphenyl core with methoxy substituents, whereas
in Q205, Q221 and Q222, binaphtyl cores with either methoxy, benzoxy or hexyloxy substituents
are introduced, respectively. [61,62] All four HTMs present enhanced twisting compared with
X51. In PSC, Q221 has led to a PCE of 10.05%, similar to the reference spiro-OMeTAD. The bis-
adduct W3 reportedly suffered from poor solubility and could not be tested in perovskite devices.
[50] HTM BF-003, having a dibenzofuran core, exhibits fair PV properties with a 14.07% PCE.
[80] Recently, a HTM based on a pyrene core (HTM dly-2) demonstrated reduced charge
recombination, high efficiency and enhanced stability under ambient conditions compared with
spiro-OMeTAD (18.23 compared with 19.59% PCE). [81] A spirobisindane core was designed to
lower the symmetry of the Spiro-I HTM. [82] A high PCE (18.57%) was obtained in small-area
devices, competing well with spiro-OMeTAD devices (19.59%). The stability under ambient
conditions was better than with spiro-OMeTAD, retaining 80% after 100 days. The PCE dropped
considerably in 1 cm? devices but was found to be slightly higher than when using spiro-OMeTAD
(9.78% vs 8.29%).

HTMs V885, V886, V911, V997 and V1061 constitute a family of twin molecules with a non-
conjugated core.[44,45,68,70] Devices fabricated with these molecules exhibited better stability
than spiro-OMeTAD devices when stored in the dark, and all molecules, with the exception of
V1061, afford efficiencies that are very similar to spiro-OMeTAD. In particular, the grafting
position on the phenyl ring (in ortho, meta, or para positions) does not seem to play a significant
role, which can possibly be explained by the flexibility brought by the linker. It can be noticed that
the V908, V928 and V931 analogues where methoxy groups are replaced by methyl exhibit lower
conductivity and hence lower PCE below 17%. The FK209 dopant used in this case may not be
appropriate for these HTMs.

Very promising donor-acceptor HTMs were also derived from the structure of X51. Introducing a
central benzothiadiazole (BTD) acceptor unit between the phenyl units in HTM JYS5 leads to a
strong efficiency improvement from 13.20 to 16.87% PCE, beyond the PCE measured using spiro-
OMEeTAD as reference (16.24%).[64] The efficiency was pushed even further up to 18.54% upon



mono-fluorination of the BTD unit in HTM JY6. [54] In the latter case, a remarkable fill factor of
0.81 was monitored. Instead, the difluorinated HTM JY7 exhibited poor film-forming properties
and hence a lower PCE of 15.71%. The second approach to build D-A HTMs consists in the
replacement of the biphenyl core with a bipyridine one. HTMs F22 and F33 lead to excellent PCE
of 17.71 and 18.48%, respectively, owing to high hole mobility and conductivity. [69] The higher
PCE of F33 was due to an improved Voc (1.11 V), which can be related to a slightly lower HOMO

level induced by the increased planarity, as suggested by DFT calculations.

The bicarbazole derivative 3,6 BCz-OMeTAD is the last example of a 3,6 bis-adduct HTM. As
will be discussed below, along with its 2,7 analogue, this HTM performs well as dopant-free HTM,
demonstrating a 17.0% PCE and an interesting stability in the dark as well as under continuous

illumination. [56] Interestingly, these results were obtained with 1 cm? devices.

The star-shaped HTMs 3,6-CzTPA, SGT-405(3,6) and BTT-2 based on a three-dimensional
aromatic triphenylamine core and a planar aromatic phenyl or benzotrithiophene core respectively,
all contain 3 CzZDMPA groups. 3,6-CzTPA has demonstrated up to 15.89% PCE, relatively close
to that of spiro-OMeTAD (17.13%) in mixed cation mixed halide PSC,[65,67] whereas the
efficiency of BTT-2 is comparable with spiro-OMeTAD in a mixed halide PSC (17.5%), and
SGT-405(3,6) outperforms it (18.87% vs 17.71%).[66] In particular, all three molecules afforded
high short-circuit current density equal to or above 22 mA.cm2. Devices based on SGT-405(3,6)
were also found to be more stable than those based on spiro-OMeTAD or on the 2,7 analogue
SGT-405. HTMs W4 and dly-1 are tetra-functional molecules based on an aromatic core linker.
[50,81] W4 leads to 13.30 % PCE, approaching the performance of spiro-OMeTAD (15.01%).
However, W4 was found to be less efficicient than its 2,7 analogue W2, as discussed below (see
the 2.7 section). The pyrene-based HTM dly-1 exhibited a relatively high PCE (17.19%) but did
not reach the efficiency obtained with spiro-OMeTAD (19.59%) nor using its twin analogue dly-
2.

The branched HTMs V1039 and V1050 bearing three 3,6CzDMPA adducts and V957 with four
adducts all have flexible core linkers. [44,45] V1039 and V957, having lower mobilities than their
bifunctional homologues, give lower PCE, still approaching 17%. The fluorene-based HTM
V1050, on the other hand, was shown to be competitive with spiro-OMeTAD, owing to high Jsc
and fill factor, thus performing better than its bis-adduct homologue V1061.



IV. HTMs based on 2,7CzDMPA

Examples of 2,7-substituted carbazole-based HTMs (Scheme 5) are much less common than their
3,6 analogues, which can be easily understood when considering that their synthesis is more
complex and leads to higher synthetic costs. For instance, the estimated cost of 2,7BCz-OMeTAD
is almost twice as high as 3,6BCz-OMeTAD (8.55 $/g vs. 14.00 $/g). [56] On the other hand, the
2,7-linked carbazole moiety is more conjugated than its 3,6 counterpart, where charges can be
trapped on the nitrogen atom of the carbazole.[83] Improved hole mobility and photovoltaic
performances could therefore be expected with 2,7-carbazole derivatives, in a similar way to what

was previously observed in organic photovoltaics. [84,85]

The properties and photovoltaic performances of the various reported 2,7-substituted HTMs are
summarized in Table 3 and Table 4, respectively. The early report of molecules SGT-404, SGT-
405 and SGT-407, in 2014, demonstrated promising properties.[52] The alkoxy-functionalized
biphenyl core of SGT-404 resulted in relatively low T, (70.5°C) and Tq (330°C), whereas SGT-
405 and SGT-407 exhibited excellent thermal properties with T of 170°C and 200°C, respectively,
and Tq beyond 400°C, owing to a rigid aromatic core and high molecular weight. Only the SGT-
405 HTM exhibited a semi-crystalline behaviour, the other two being amorphous. All three HTMs
exhibited HOMO and LUMO energy levels comparable with spiro-OMeTAD. The three-armed
HTMs performed better than the two-armed HTM, with 14.79%, 13.86% and 13.28% PCE for
SGT-405, SGT-407 and SGT-404, respectively (compared with 15.23% for spiro-OMeTAD).
The efficiency was found to be related to the conductivity of the HTM. The PCE was later
increased to 18.00 % using SGT-405 in mixed anion PSC, comparable with cells based on spiro-

OMeTAD (17.71%) and slightly lower than using the 3,6 analogue SGT-405(3,6) (18.87%).[66]

Two-armed HTMs with a rigid aromatic linker were also reported by Qiao et al. (HTMs Q197 and
Q198).[61] Both HTMs are amorphous and exhibit fair thermal properties, but the reported
efficiencies are low (8.38% with Q197 vs 8.73% with spiro-OMeTAD). In spite of a very low
mobility, the disubstituted HTM W1 with a tetraphenylethylene core affords 14.92% PCE,
competing with spiro-OMeTAD (15.01%). However, the four-armed HTM W2 gives much higher
hole mobility (3.06x10*cm?.V-!.s"! from SCLC measurements of doped films in hole-only device

configuration) and efficiency (16.74%), confirming the potential of dendrimer-like HTMs.[50]



Furthermore, device stability under nitrogen atmosphere was equivalent to that of spiro-OMeTAD-

based devices.

The diphenylamine-based V946 HTM recently published by Getautis, Nazeeruddin and co-
workers is a twin-molecule with a non-conjugated aryl/alkyl core.[44] Its thermal behaviour (T,
113°C and Ta411°C) and hole mobility (6.05x10* cm?.V-!.s"! as measured by XTOF) are relatively
good. V946 leads to a high PCE of 17.02% in mixed-cation mixed-halide PSC, but does not
outperform spiro-OMeTAD (18.79%).

The N,N’-bicarbazole-based 2,7 BCz-OMeTAD [56] and the N-ethylhexyl-functionalized CMO
(also known as EH44) [86,87] are the simplest 2,7 derivatives reported so far. They are also the
only HTMs of the 2,7 family to be reported as dopant-free HTMs in PSCs. A 17.6% PCE was thus
achieved with 2,7 BCz-OMeTAD, close to that of doped spiro-OMeTAD (18.5%). Regarding the
HTM CMO/EH44, a PCE of 15.92% was initially reported without dopant (comparing well with
16.70% for spiro-OMeTAD). The efficiency was further improved up to 18.50% upon doping

optimization, as will be discussed below.

In spite of the limited number of studies, a few insights can be gained by comparing the 3,6 and
2,7-substituted HTMs. Comparison of the optical properties of 2,7- and 3,6-DMPA-substituted
carbazole HTMs shows a blue-shifted absorption and a stronger photoluminescence intensity in
the case of the 2,7 molecules, indicating a weaker charge transfer character because of the weaker
electron-donating ability of the DMPA groups when substituted in 2,7 positions. However, this
does not translate into a general rule regarding HOMO energy levels. It can be noticed that the 2,7
and 3,6 HTMs all have very similar HOMO levels. HOMO energy levels of 2,7 BCz-OMeTAD
and Q197 are slightly lower than that of their 3,6 analogues 3,6 BCz-OMeTAD and Q205,
respectively, whereas W1, W2 and V946 exhibit the opposite trend when compared with W3, W4
and V886, respectively. As suggested by density functional theory (DFT) calculations, these small
variations may be governed in some cases by structure distortions induced by steric hindrance,

which is stronger in the 2,7-substituted molecules.[50]

The degradation temperature of the 2,7 HTMs tends to be slightly better than that of their 3,6
counterparts (in particular, Tq = 442°C for 2,7 BCz-OMetAD vs Tq =397°C for 3,6 BCz-OMetAD
and Tq = 411°C for V946 vs T4 = 390°C for V886). There is no obvious trend regarding the glass

transition temperature, but the position of the substituents can induce significant variations.



Interestingly, Ty is strongly improved with 2,7 BCz-OMeTAD (145°C) compared with that of 3,6
BCz-OMeTAD (100°C) as well as with SGT-407 (170.8°C) compared with that of 3,6Cz-TPA
(146°C). On the contrary, V946 exhibits a lower T, than V886 (113°C vs 141°C, respectively),

which could be related to differences in molecular interactions and ordering.

The few comparable data available regarding hole mobility do not highlight any significant
influence of the 2,7 vs 3,6-substituted HTM structure. Indeed, hole mobility values are very close
for 2,7 BCz-OMeTAD and 3,6 BCz-OMeTAD (0.95x10% cm?.V-'.s'and 1.13x10* cm?.V-1.s7!,
respectively, from SCLC measurements) as well as for V946 and V886 (6.5x10* cm?.V-!.s"! and
6.0x10* cm?.V-1.s7!, respectively, according to XTOF measurements at 6.4 10° V.cm™ field
strength). It should be mentioned however that the hole mobility of doped W3 measured by SCLC
(3.06x10* cm?.V-'.s!) was more than double of that of doped W4 thin films (1.35x10*cm?.V-1.s-
b,

Overall, the 2,7-substituted HTMs tend to slightly outperform the 3,6 homologues in terms of PV
efficiency. W2 gives a much higher PCE (16.74%) than W4 (13.30%), which could be related in
part to its higher mobility. Without dopant, 2,7 BCz-OMeTAD also leads to higher PCE than 3,6
BCz-OMeTAD (17.6% vs 17.0%), but steady-state efficiency of best performing devices is nearly
identical. On the contrary, PSCs containing V946 do not rival with V886 (17.02% vs 18.45% PCE)
despite higher conductivity. Finally, Q197 (8.38%) performs better than Q205 (6.51%), but device
efficiencies were rather poor. More detailed studies on a wider library of molecules will clearly be
necessary to confirm the generic trend. Perhaps more importantly, 2,7 BCz-OMeTAD-based PSCs
exhibit better long-term stability than 3,6 BCz-OMeTAD-based PSCs without encapsulation
under continuous 1 sun illumination in air, retaining up to 90% of initial efficiency (instead of

74%) after more than 2,000 hours. The origin of this improved stability is still unclear.
V. Structural variations based on CZDMPA

Among the CZDMPA based organic HTMs synthesized so far, some structure variations have been
studied in PSCs (Scheme 6). Table 5 and Table 6 summarize respectively the thermal properties
and mobility data, and the PV characteristics of PSCs based on HTMs. The low cost Cz-
OMeTAD, synthesized in 3 steps with an overall yield of 70%, utilized both 3,6 and 1,8 reactive

positions of the carbazole to introduce the DMPA moieties.[88] Even if the performance in PSC



planar architectures are still below the spiro-OMeTAD HTM, they are competitive with those of
the costly reference (17.81% vs. 18.59%). Some extended core have also been studied. For
example, X25 and LD22 possess an additional phenyl ring between the carbazole core and the
DMPA, respectively grafted on the 3,6 and the 2,7 positions. Since X25 shows interesting hole
transport (2.5.10* S.cm™), it exhibit a high PCE of 17.4% in a solar cell with mixed-ion perovskite
[HC-(NH2)2]o.85(CH3NH3)0.15Pb(l0.85Br0.15)3.[89] For the 2,7-grafted version (LD22), the authors
showed that the extension of the core increased the Tg (132°C).[90] But the interesting result lies
in the good repeatability of the performance since they are independent of the doped HTM
concentration. The PCE with doped HTM give a promising 17.18%, which is comparable with
that of spiro-OMeTAD (17.73%). As previously mentioned, four reactive functions can be grafted
on to the carbazole unit. Tang et al used the extended core and the four functions to synthesize
CZ-TA.[91] The authors claimed that the HTM improve hole extraction and transport (1.65.10*
cm?.V-1.s) to give a PCE of 18.28% in planar PSC with an impressive field factor of 81%. The
same authors developed a thiomethyl containing analogous of CZ-TA, called CZ-STA.[92] They
showed that switching the methoxy to a thiomethyl function downshifted the HOMO level and
formed stronger Pb-S interactions with the perovskite, leading to better device performance. A
binary HTM mixture consisting of 10 wt% CZ-STA and 90% CZ-TA achieved, in planar
perovskite solar cells, a maximum power conversion efficiency of 19.85%. Ding et al have already
tried the same approach and synthesized CMT, functionalized in 2,7 position.[93] This specific
material has been used as dopant-free HTM in perovskite solar cells based on CH3NH3Pbl; and
achieved a PCE of 13.05% with a Isc of 21 mA.cm™, an Vo of 1.03V and a FF of 58%. Surprisingly,
PSC based on doped CMT gave lower a performance (10.55%). In order to enhance the solubility
of the HTMs in organic solvents, a flexible hexyloxy group have been introduced to afford SGT-
409, SGT-410, SGT-411, and the 3,6 analogues SGT-410(3,6) and SGT-411(3,6). [51,66]
Therefore, moderate yields (11%-16.5%) have been reached. Finally, a macromolecule based on
Cz-DMPA has been developed by free radical polymerization of vinyl monomer using AIBN.[94]
PVCz-OMeTAD shows excellent film-forming ability, suitable energy level and high hole
mobility (3.44.10* cm?.V-'.s1). The non-conjugated polymer has been used in thin film, dopant-
free perovskite solar cells (see paragraph below) and is promising for future low-cost large area

flexible PSCs application.

VI. Dopant-free HTMs or controlled doping?



Most organic HTMs suffer from moderate intrinsic hole mobility so that doping is required to
increase the conductivity of the hole transport layer. Doping, i.e. oxidation of the HTM, is usually
achieved by adding 4-tert-butylpyridine (1BP) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) additives to the precursor solution. Dopants, such as the typical cobalt (II) oxidant
FK209, can also be used to further increase conductivity and photovoltaic performances. For
instance, the PCE reportedly increases from 8.48% to 18.87% upon doping of the SGT-405(3,6)
HTM layer in PSC, and from 8.13% to 17.71% using spiro-OMeTAD. [66] As mentioned above,
the incorporation of additives induces stability issues related to morphological evolution of the
HTM layer and creation of pinholes due to migration/evaporation of volatile additives (in
particular free rBP) upon heating.[24,95] Also, LiTFSI is highly hygroscopic, which leads to
accelerated performance drop in unencapsulated devices as the perovskite layer degrades
faster.[96] The chemical reactivity of the nucleophilic fBP may be an additional issue. /BP has
been identified as a cause of fast light-induced degradation of perovskite solar cells in the presence
of gold, possibly due to the formation of pyridine:gold complexes.[97] Pyridination of spiro-
OMeTAD as well as V886 and V990 HTMs was recently reported under thermal stress in doped
HTM thin films.[98] Pyridination occurs at the 4 position of the carbazole moiety and is believed
to proceed on the most electrophilic site of the oxidized species, in agreement with density
functional theory (DFT) calculations of the lowest unoccupied molecular orbital (LUMO) of
radical cation V990* (Figure 2).[99] The pyridinated species exhibits lower HOMO and LUMO
energy levels, which could create trap states for holes and alter electron-blocking properties. The
power conversion efficiency of a PSC was indeed found to drop from 17.5 to 15.2% upon addition
of 10 mol% V886(tBP*)(TFSI') to a reference V886 hole transport layer, thus pointing to a
negative impact of tBP on PSC stability. The development of dopant-free HTMs on the one hand
and precise doping control on the other are the two main emerging strategies that are currently

being explored in order to achieve high efficiency while solving instability issues.

Dopant-free HTMs enabling high efficiency PSC without any additive or dopant are particularly
appealing.[27] A few carbazole-based HTMs have been reported as efficient dopant-free HTMs
so far. As detailed above, the CMO HTM led to 15.92% efficiency (close to the 16.70% recorded
with doped spiro-OMeTAD), whereas substitution of the oxygen atoms with sulfur in the CMT
molecule afforded a lower 12.91% PCE.[86,93] The dendrimer-like HTMs 3,6-BCz-OMeTAD
and 2,7-BCz-OMeTAD exhibited 17.0 and 17.6% PCE, respectively, compared with 18.5% with



spiro-OMeTAD. Interestingly, a relatively high PCE of 16.09% was reported for PVCz-
OMeDAD, showing that DMPA-substituted carbazoles can be advantageously incorporated in
non-conjugated polymers. It is worth mentioning that this finding opens new perspectives given
the ordinarily higher mechanical properties of polymer thin films, that could end up being required
to improve the robustness of perovskite photovoltaic devices.[100] The lower solubility of

polymers may also be valuable to fabricate inverted p-i-n PSC.

The reported achievements demonstrate that dopant-free HTMs are promising and deserve further
investigation. They could help to improve the lifetime of perovskite solar cells. It can be noted
however that all carbazole-based HTMs described here fail to afford power conversion efficiencies
as high as those obtained with doped spiro-OMeTAD. This is consistent with the general trend
observed with other dopant-free HTMs of any kind reported in the literature. Furthermore, dopant-
free HTM layers are usually very thin. For instance, the HTM layer thickness of the best-
performing devices incorporating PVCz-OMeDAD, 3,6-BCzOMeTAD and 2,7-BCzOMeTAD
was 30 nm. It seems that the loss in conductivity compared with doped materials can only be
compensated by reduced layer thickness. In turn, this may be a significant drawback when it comes
to reproducibility and scalability as it is likely to increase the occurrence of shunts in large area
solar cells. It seems desirable to look forward to increasing hole mobility of HTMs in order to
fabricate high-performing photovoltaic devices with a slightly thicker dopant-free hole transport

layer.

The second promising research direction involves dopant engineering and doping level control.
The main interest of this strategy is the perspective of optimizing power conversion efficiency and
pushing it beyond the efficiency of state-of-the-art spiro-OMeTAD-based devices while improving
the stability at the same time. The doping mechanism has been investigated in the case of spiro-
OMeTAD. In the absence of dopant, oxidation occurs only in the presence of oxygen since lithium
is a very weak oxidant.[101] There are multiple related parameters that will likely affect device
performances, such as the concentration of additives, tBP:LiTFSI ratio, chemical nature and
concentration of dopant (if any), exposure to air (oxygen) and duration of solution stirring before
film deposition. Furthermore, optimum HTM layer thickness will be a function of conductivity,
which can be expected to vary not only from one HTM to another, but also with the doping level

for a single HTM. The doping level itself was shown to depend strongly on the chemical dopant



properties.[102] Thus, optimization of the doping process is not straightforward. This implies that
most HTM-containing perovskite solar cells reported in the literature can be considered as likely
non-optimized. A recent study suggests that even the widely studied spiro-OMeTAD system with
LiTFSI and tBP is not optimized.[96] Indeed, a 4:1 tBP:LiTFSI molar ratio was shown to bring
both efficiency and stability enhancement over the conventional 6:1 mixture used in most studies.
The results were attributed to the formation of a favorable tBP:LiTFSI complex without
uncomplexed tBP left. In a separate work comparing three different copper-based dopants, Cheng
et al. have demonstrated the influence of the redox potential of the dopant on doping efficiency
and conductivity, but also on the interfacial recombination process at the perovskite/HTM
interface.[102] The selection of the appropriate dopant followed by doping level tuning led to a
significant increase of the power conversion efficiency from 13.0 to 19.3%. If spiro-OMeTAD
hole transport layer can still be optimized after years of development, it seems reasonable to

believe that the doping process of most newly reported HTMs could also be further improved.

Interestingly, Berry, Luther and co-workers have reported a new method for precisely controlling
the doping level in a study where the HTM was the N-(2-ethylhexyl) carbazole-based EH44
(previously published under the name CMO).[87] In this purpose, the oxidized EH44-0x radical
cation (Figure 3) was isolated and mixed with EH44 in order to make lithium-free hole transport
layers with a controlled level of oxidized species. The optimal content of EH44-0x was found to
be ca. 14 wt%. As indicated in Table 4, the champion cell reached a PCE of 18.5% (compared
with 19.6% with spiro-OMeTAD). Most importantly, PSCs containing EH44 tested under ISOS-
L-1 conditions were much more stable than the reference cells fabricated with doped spiro-
OMeTAD (Figure 3). The initial burn-in decay observed for FTO/TiO2/FAxMACsixyPb(Ii-
xBrz)s/HTM/Au devices seems to be mainly related to the TiOz/perovskite interface. Upon
substitution of SnO> to TiO> and MoOx/Al to Au, the devices were highly stable over 1,000 hours
(retaining 94% of peak efficiency under identical conditions). However, although CMO/EH44
was initially reported as an efficient dopant-free HTM in PSC, tBP was still found necessary to
optimize device efficiency in this study, and its presence may be detrimental at a higher
temperature. Indeed, a 40% performance drop was recorded after 100 hours under ISOS-L-2
testing conditions at high temperature (70°C) and relative humidity (50%). Thorough investigation
of the role played by tBP (both at perovskite/HTM, HTM/metal interfaces and in the bulk of the

HTM layer) would help designing strategies to either remove, neutralize or substitute it in PSC.



VII. Conclusions

The PCE of perovskite solar cells has dramatically increased since the first report of a stable
solution-processed PSC in 2012, and is now competing with the commercial silicon, CdTe and
CIGS photovoltaic technologies. Cost and stability issues, which can only partially be overcome
by perovskite compositional tuning, are now the main limitations preventing the development of
the perovskite technology. Since a hole transport layer is required to build efficient PSC devices,
many research efforts have been devoted to the design and synthesis of new HTMs to replace the
standard but expensive spiro-OMeTAD, most of them being nitrogen-rich organic materials.
Organic HTMs present several advantages as they are compatible with low-temperature solution
processing, and molecular engineering enables fine tuning of opto-electronic and thermal

properties of the HTMs.

The potential of DMPA-containing carbazole derivatives as HTMs was first demonstrated by early
works in DSSC, then in PSC. A large number of studies have now been published, accounting for
several dozens of molecules. This review provides an overview of the different classes of DMPA -
containing carbazole-based HTMs and highlights the synthetic pathways, the structure-property

relationship and the advances obtained in PSC devices.

In most cases, given the various device architecture and perovskite compositions used from one
study to another, photovoltaic parameters cannot be directly compared. Nonetheless, several of the
recently reported carbazole-based HTMs appear to be very promising, with PCE close to or even
exceeding the PCE of reference devices built with spiro-OMeTAD. The highest efficiencies are
close to 19% PCE in mixed cation and/or mixed halide perovskite devices. Data stability, when
reported, often indicate equivalent or enhanced lifetime. This is particularly true in the case of the
few dopant-free carbazole-based HTMs, or when the doping level is precisely controlled in a

lithium-free HTM layer.

Most of the synthesized carbazole-based HTMs are functionalized with DMPA in positions 3 and
6, where the functionalization is straightforward. Overall, the 2,7-substituted HTMs tend to
slightly outperform the 3,6 homologues, but the reduced number of studies does not allow firm
conclusions so far. The more complex synthesis of the 2,7 analogues makes them almost twice as

expensive. On the other hand, they exhibit slightly shifted energy levels and higher glass transition



temperature. Whether potential performance or stability gains could be worth the higher cost

remains to be seen.

The dendrimer-like HTMs (either twin or multi-arms star-shaped molecules) have afforded the
best performances so far. It is obvious that a fully conjugated core linker is not necessary to reach
high efficiencies. The CZDMPA units, on which the HOMO energy level is usually localized, are
thought to be responsible for hole transport. Thus, it can be deduced that a sufficient content of
CzDMPA is required. The ability to stack in a favourable way could be critical in order to promote
intramolecular charge transport. Donor-acceptor type HTMs have demonstrated promising
efficiencies. The electronic effect of the electron-accepting units is obvious, but the extended T
conjugated core structure could also enhance Ttstacking and contribute to charge transport. At this
point, the design of the HTMs remains largely empirical. Correlated computational and
experimental investigations of intermolecular stacking and its influence on hole mobility would

most likely provide valuable guidelines for the design of future HTMs.

Further structural variations recently introduced by synthetic chemists around the CZDMPA group
include tetra-substitution of the carbazole at 1,3,6,8 positions in order to increase the number of
methoxy functions and steric hindrance, replacement of the oxygen atoms in the DMPA units with
the less electronegative sulfur atoms to tune energy levels and perovskite/HTM interactions, and
introduction of an additional phenyl ring as Trlinker between the carbazole and the DMPA. There
are undoubtedly still numerous options to explore and molecular engineering of the HTMs will
certainly offer solutions to improve charge extraction, charge transport and device stability.
Furthermore, recent works highlight that achieving efficient dopant-free behaviour or highly

controlled doping of the HTM layer holds great promise.
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Scheme 1. Chemical structure of 3,6- (CzP), 2,7- (AS44) DMPA -substituted carbazole HTMs and
spiro-OMeTAD.
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Table 1. Thermal properties and hole mobility data of 3,6CzDMPA compounds.

HTMs T,(0) Tw(C) ToeC) MMM Rer
X19 85 i 392 LI19x10-4% 4]
X51 i i i 151 x 1040 41
X51 i i i 117x104% 64
JY5 165 i 448 353x10~4* 64
F22 162 i 442 537x107% 69
F33 151 i 380 679x10% 69
JY6 154 i 481 884x10~4% 54
Y7 134 i 484 428x10~4% 54

Q221 198 i 321 i 63
Q222 128 88 401 i 63
Q205 188 i > 420 i 61
HBZ-70 167.6 i 418.4 i 62

Mi111 108.5 i 3909  1.35x105% 55

MI112 96.7 i 4095  230x10-% 55

M113 120.4 i 4313 786x10-% 55

M114 130.1 i 4249  405x10-5% 55
W4 i i 135x104% 50

3.6BCz-OMeTAD | 100 i 397 L13x10%% 56
dly-1 i i 5300 459x104% 8l
dly-2 i i 5300 142x10%% 8]

BTT-2 216 i > 400 i 65

BF-003 i i 400 i 80

Spiro-1 - - - 82
V886 141 i 390 600x 10404 70
V885 139 i 393 460x 10304 44
Vol 139 i 410 1.00x 10200 44

V990 / B63 80 i 407 480x105%¢ 44

V1039 160 i 414 3.00x 10404 44
V957 161 i 419 140x103%¢ 44

V1050 166 i 400  170x104%¢ 45

V1061 146 i 420 200x 10450 45
V997 140 i 300 130x 1040 68

V1036 i i 343 i 79




CzP 97 - 441 270 x 106> 39,53
CzPF 82 - 5.50 x 106b¢ 53
3,6Cz-TPA 146 - 432 7.00 x 1060 67
B63/V990 80 - 375 1.77 x 107> 58,59
B58 55 - 398 2.87x 107 58,59
B74 66 - 336 1.18 x 107> 58,59
TCz-C3 107 ) 407 5.40 x 10°b< 43
TCz-Cé6 66 ) 401 2.70 x 1060 43
TCz-C12 47 ) 430 1.30 x 1060 43
Vm-1 186 ) 385 ) 60
Vm-2 153 ) 382 ) 60
Vm-3 124 ) 383 ) 60
SGT-405(3,6) 193 333 396 1.80 x 104b<¢ 66

“Doped, " Pristine. Hole mobility measured by ¢ SCLC,  XTOF, and ¢ OFET.



Table 2. Photovoltaic characteristics of PSC based on 3,6CzDMPA HTMs (device architecture:

mesoporous n-i-p (M), planar n-i-p (P) or inverse planar p-i-n). The PCE of reference devices based on

spiro-OMeTAD HTM are indicated for comparison.

. Thick 1N (%)
Archi ness of Isc Voc spiro-
HTMs | Perovskite ETM tectu Dopants HTM (mA.c V) FF n (%) ()I;v[eT Ref
-2
re layer m™) AD
x19 | MAPOL g oy DIESL - 4004 076 058 760 1020 41
xClx tBP
xs1 | MAPPL g oy DIESL - 4609 088 066 980 1020 41
xClx tBP
xs1 = MAPPL - nap HTESL - 950 099 068 1320 1624 64
xClx tBP
yys | MAPPL s p MIESL - 5106 106 076 1687 1624 64
xClx tBP
gve | MAPPL g p WTESL - 5139 107 081 1854 1624 54
xClx tBP
gy7 | MAPPG s p WTESL - g5 105 073 1571 1624 54
xClx tBP
F2 | MAPPL g p DIESL - 506 105 079 1771 1624 69
xClx tBP
p33 | MAPPLng o p DIESL - o010 111 079 1848 1624 69
xClx tBP
Q221 MAPbL Tio, M HIFSLo 4587 095 067 1005 1006 63
(BP
Q2 MAPbL TiO, M S 1559 091 061 866 1006 63
Q05 | MAPbL T, M UL 1323 098 050 651 873 6l
HBZ- | \iapbl;  Tio, M HIBSL 3100 e n 103 052 453 510 62
70 tBP nm
Ciﬁ(F”;O- LITFSI,
M1l | 200 S0, P BP, 2156 1.02 072 1588 18.07 55
95Pb(lo.s3Br FK209
0.17)3
Csoos(FAo. LITFSI,
miiz | BMAoe g6 p {BP, 2156 1.02 0.67 1472 18.07 55
95Pb(lo.s3Br FK209
0.17)3
Csos(FAo. LiTFSI,
M1z | BMAoe g 5 p o ipp, 2197 101 067 1486 1807 55
95Pb(lo.s3Br FK209

0.17)3



M114

W4

3.6B
Cz-

OMe

TAD

dly-1

dly-2

BTT-

BTT-

BF-
003

Spiro
-1

V886

V886

V885

V11

Cso.05(FAo.
83MA0.17)0.
95Pb(Io.83Br
0.17)3
MAPDI;.
xClx

Cso.0sFA07
9MAo.16Pbl
2.49BT1051

(FAPbI3)07
s(MAPbL3)
0.17(MAPb
Br3)o.os
(FAPbI3)o7
s(MAPbI3)
0.17(MAPb
Br3)o.os

MAPDI;

(MAPDI3)o.
1s(MAPbB
13)0.85

MAPDI;

MAFACsP
bIBr

MAPDI;

Cso,1(MAo,
15FA0.85)0.9
Pb(Ip 85Bro,
15)
Cso,1(MAo,
15FA0.85)0.9
Pb(Ip 85Bro,
15)
Cso,1(MAo,
15FA0.85)0.9
Pb(Ip 85Bro,
15)

SnO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiO;

TiOz

TiO;

LiTFSI,
tBP,
FK209

LiTFSI,
tBP

Dopant
free

LiTFSI,
tBP

LiTFSI,
tBP

LiTFSI,
tBP,
FK209
Li-
TFSI,
tBP,
FK209
LiTFSI,
tBP,
FK209
LiTFSI,
tBP
LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

30
nm

150

nm

150

nm

63

nm

80 -
150
nm

80 -
150
nm

80 -
150

nm

22.24

19.76

21.34

22.68

23.24

20.60

22.30

21.22

24.57

21.38

22.09

22.43

22.40

1.06

0.98

1.12

0.97

1.04

1.09

1.03

1.03

1.06

1.09

1.10

1.10

1.10

0.73

0.69

0.71

0.78

0.75

0.77

0.75

0.64

0.71

0.73

0.75

0.76

0.76

17.17

13.30

17.00

17.19

18.23

17.00

17.50

14.07

18.57

16.91

18.45

18.92

18.86

18.07

15.01

18.50

19.59

19.59

18.10

17.50

15.04

19.17

18.36

18.79

18.79

18.79

55

50

56

81

81

65

65

80

82

70

44

44

44



V31

V928

V908

V990

V103

V957

V105

V106

V997

V997
V103

Cso,1(MAo,
15FA0,85)0,9

Pb(Ip 85Bro,

15)
Cso,1(MAo,

15FA0,85)0.9

Pb(Ip 85Bro,

15)
Cso,1(MAo,

15FA0,85)0,9

Pb(Ip 85Bro,

15)
Cso,1(MAo,

15FA0,85)0.9

Pb(Io 85Bro,

15)
Cso,1(MAo,

15FA0,85)0.9

Pb(Ip.85Bro,

15)
Cso,1(MAo,

15FA0,85)0.9

Pb(Ip.85Bro,

15)

FAo.83Cso0.1
7Pb(Io.8Bro.
2)3

FAo.83Cso0.1
7Pb(Io.8Bro.
2)3

FAo.83Cs0.1
7Pb(Io.8Bro.
2)3

MAPDI;

Cso,5(MAo,
17FA0.85)0.9

TiO;

TiO;

TiOz

TiO;

TiO;

TiO;

SnO;

SnO;

TiOz

TiO;

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
Co[t-
BuPyPz
13[TFSI
13
LiTFSI,
tBP,
Co[t-
BuPyPz
13[TFSI
13
LiTFESI,
tBP,
Co[t-
BuPyPz
J3[TFSI
I3
LiTFESI,
tBP

80 -
150
nm

80 -
150
nm

80 -
150
nm

80 -
150
nm

80 -
150
nm

80 -
150
nm

21.02

21.83

21.31

12.58

22.10

22.12

22.00

21.60

20.60

20.50

21.01

1.07

1.03

1.04

0.94

1.05

1.04

1.05

0.96

1.07

1.00

1.00

0.71

0.73

0.73

0.42

0.72

0.72

0.79

0.79

0.75

0.63

0.78

16.30

16.54

16.35

5.02

16.84

16.78

18.30

16.70

17.50

13.00

16.46

18.79

18.79

18.79

18.79

18.79

18.79

18.90

18.90

17.50

13.50

17.69%*

44

44

44

44

44

44

45

45

68

68



Pb(Io 85Bro,

15)
TiO, . -
CzP | MAPbL CB p  LATESL 1822 1.04 069 13.08 1345 53
v (BP
TiO, . -
CzPF | MAPbl; /PCB P L‘tTBFlfI’ 1731 1.03 07 1241 1345 53
M
(FAPbI3)o3 . -
3,6Cz . LiTFSI,
A 5(Csfll;Br3) Tio, M M 2198 100 072 1589 17.13 67
B63 = MAPbI; TiO, M HIBSL 10000 her 050 108 112 58
tBP nm
B58 | MAPbI; TiO, M HIBSL 10040 hes 059 75 112 S8
tBP nm
B74 | MAPbL:  TiOs LITESL 100 1575 093 054 99 112 58
tBP nm
SGT- LiTESL
40503 MAI}bCh' TiO, M  (BP. _ 22092 104 078 1887 1771 66
6) xlx FK209

"Using PTAA as reference HTM instead of spiro-OMeTAD.



Table 3. Thermal properties and mobility data of 2,7CzDMPA compounds.

HTMs T,(°C) Tm(°C) Tp(C) cl\nf?l";_l;tgl Ref
SGT-404 70.5 ) 330 g 52
SGT-405 ~200 3276 >400  1.05x10%b¢ 5266
SGT-407 170.8 - > 400 - 52

Q197 168 i > 420 . 61

Q198 157 - > 420 - 61

w1 : - - 2.74x1074%e 50

w2 - - - 3.06x10% 2 50

V946 113 - 411 6.50x10Pd 44

2.7 BCz-OMeTAD | 145 - 442 095x104b¢ 56
CMO/EH44 : - 325 1.40x10°P¢ 86,87

“Doped, " Pristine. Hole mobility measured by ¢ SCLC, ¢ XTOF.



Table 4. Photovoltaic characteristics of PSC based on 2,7CzDMPA HTMs (device architecture:
mesoporous (M) or planar (P) n-i-p). The PCE of reference devices based on spiro-OMeTAD HTM are

indicated for comparison.

Architec Thickness Jsc Voe n (%)
HTMs | Perovskite ETL Dopants ture of HTM (mA. ) FF 0 (%) spiro- Ref
layer cm?) OMeTAD
LiTFSI,
SGT tBP,
" | MAPbl; TiO, FK209 M 250nm  19.76 0.96 0.70 13.28 15.23 52
404
Co(IIN)
TFSI
LiTFSI,
SGT {BP,
" | MAPbL; TiO, FK209 M 300nm 2028 1.02 071 14.79 15.23 52
405
Co(IID)
TFSI
LiTFSI,
Sﬁg' MAPIbe’ TiO,  (BP, M 2232 1.05 0.76 18.00 17.71 66
xix FK209
LiTFSI,
SGT tBP,
" | MAPbl; TiO, FK209 M 230nm  20.35 0.99 0.69 13.86 15.23 52
407
Co(III)
TFSI
Q197 | MAPbL:;  TiO, ngPsL M 16,53 090 056 838 8.73 61
Q198 | MAPbL;  TiO, thTBFsL M 1669 0.86 049  7.08 8.73 61
w1 | MAPbL. 4 LiTFSL p 2155 101 069 1492 1501 50
xClx tBP
W2 MAPDL. -y - LATESI p 2223 1.02 074 16.74 15.01 50
xClx tBP
C;XI (M)Aoﬁ LIMES, 80 -150
V946 | O O80T 0, tBP, M 21.86 1.06 073 17.02 18.79 44
b(Io,gsBI’(),ls nm
) FK209
2.7
Cso.05FAo.79
BCz- | \fAgPbL,  TiO,  Popant M 30nm 2238 1.09 073 1760 1850 56
OMeT free
AD 49Br0 51
CMO | MAPbl;  TiO; D?rfézm P 50nm  25.19 093 067 1592 1670 86
(F‘é(s”"l\;mo 14wt%
EH44 | 257009067 1o, EH44- M 60nm  21.71 1.09 0.77 1850 19.60 87
Pb(Io.89Bro.1 ox. (BP

1)25




Table S. Thermal properties and mobility data of CZDMPA derivative HTMs.

HTMs TCC) TaCCQ) ToeC) MY Rer
CZ-TA 192 - 421 1.65x10Pe 9]
CMT - - 387 2.60x 1075 93
CZ-STA 110.2 - 401 - 92
CZ-TA;CZ-STA 90:10 - - - 2.00x 1072 92
Cz-OMeTAD 114.9 - 423 1.82x1073Pc 88
X25 - - - 89
PVCz-OMeDAD 229 - 418 3.44x10%b 94
LD22 132 - - 1.65x 1052 90
SGT-409 83 - > 400 - 51
SGT-410 70 - > 400 - 51
SGT-411 - 218 > 400 - 51
SGT-410(3,6) - - 372 527x105b¢ g6
SGT-411(3,6) - - 372 8.74x107P¢ 66
V931 158 233 401 7.80x 104P4 44
V928 151 - 414  370x10*d 44
V908 163 337 420 4.00x 104> 44

“Doped, " Pristine. Hole mobility measured by ¢ SCLC, ¢ XTOF.



Table 6. Photovoltaic characteristics of PSC based on HTMs derivating from the CzDMPA structure

(device architecture: mesoporous (M) or planar (P) n-i-p). The PCE of reference devices based on spiro-

OMeTAD HTM are indicated for comparison.

Archit Thickness Jsc v N (.%)
HTMs | Perovskite ETL rt“ Dopants of HTM  (mA. (\‘,’)c FF (%) 8‘1’\‘;% Ref
ecture layer cm?) AI§
SnOy/ .
CZ-  MAwEA o p ML sonm 2166 104 081 1832 1828 91
TA 03Pbls tBP
SAM
comp Dopant
CMT | MAPDI; act- P - 21.82 1.03 0.58 13.05 - 93
. Free
TiO;
comp .
CMT | MAPDI; act- P LALLESY, - 20.79 098 0.51 10.55 16.70 93
. tBP
TiO;
SnO,/ .
CZ- I MAGEA o o p BIESL sonm 2196 105 070 1621 1828 92
STA 0.3Pbls tBP
SAM
CZ-
TA;C SnOy/ .
7 MAI‘;ng Ce- P thTBFlfL 5o0nm 2251 108 082 19.85 1828 92
STA | 777 saMm
90:10
Cz- 150
OMe | MAPbIz; SnO; P LiTFSI om 2226 1.14 071 17.81 18.59 88
TAD
FAos5M
X25 | AoisPb(lo  TiO2 M - - 2250 1.10 0.70 17.40 - 89
85B10.15)3
PXC FAossM Dopant
Ao.1sPb(p  TiO2 M P 30nm 2193 1.08 067 1609 962 94
OMe Bro.1s) Free
DAD .85DT10.15)3
(FAEI ) Dopant
LD22 | 0ss(MAP TiO» M P - 19.60 1.03 0.65 13.04 17.73 90
Free
bBr3)0.15
(FAPbI;) LiTFSL,
LD22 | 035(MAP TiO2 M tBP and - 21.12 1.06 0.77 17.18 17.73 90
bBr3)0.15 FK209
SGT- LiTFSI,
409 MAPDbI;  TiO2 M tBP, - 18.63 094 062 1096 13.76 51

FK209



SGT-
410

SGT-
411

SGT-
4103

SGT-
4113
,0)

V931

V928

V908

MAPDI;

MAPbI;

MAPbHCl3

—XIX

MAPbHCl3

xIx

Cso.1(MA
0,15FA0,85)
0.9Pb(Io.85
Bro,15)
Cso 1 (MA
0,15FA0,85)
09Pb(lo,85
Bro,15)
Cso1(MA
0,15FA0,85)
09Pb(lo,s5
Bro,15)

TiO>

TiO;

TiO;

TiO;

TiO;

TiO;

TiO2

LiTFSI,
tBP,
FK209
LiTFSI,
tBP,
FK209
LiTFSI,
tBP,
FK209
LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

LiTFSI,
tBP,
FK209

80 -
150
nm

80 -
150
nm

80 -
150
nm

18.55

18.60

20.57

21.19

21.02

21.83

21.31

0.98

1.00

1.04

1.03

1.07

1.03

1.04

0.67

0.67

0.75

0.75

0.71

0.73

0.73

12.61

13.00

16.20

16.50

16.30

16.54

16.35

13.76

13.76

17.71

17.71

18.79

18.79

18.79

51

51

66

66

44

44

44






