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Dopant-free hole-transporting materials (HTMs) aim to improve efficiency and stability simultaneously, and
are a promising direction for efficient perovskite solar cells (PSCs). To achieve dopant-free and low-cost
HTMs, small organic molecules based on imidazole phenanthrene derivatives were easily prepared in a one-
pot cycling reaction without the use of a catalyst or harsh conditions. The total cost of 1 g of this new HTM
is about $5, which is 1/20th of the cost of the benchmark HTM spiro-OMeTAD (> $100). In particular, the
power conversion efficiency (PCE) of PSCs based on the new HTM without using LiTFSI/4-tert-butylpyridine
dopants is about 9.11%, which is higher than for PSCs based on spiro-OMeTAD, for which the PCE is 6.21%
under the same conditions. Moreover, the light stability of PSCs based on the new additive-free HTM
indicated good behaviour over 500 hours, resulting in only 10% loss of initial efficiency. The doped PSC also

Received 1st August 2023, shows 14% efficiency, maintaining more than 80% of its initial efficiency after 500 hours of light exposure.

Accepted 9th August 2023 The exclusive photovoltaic properties of the new HTM can be attributed to its high conductivity and hole
DOI: 10.1039/d3ya00367a mobility, which are related to the small size of the molecules compared to common HTMs known so far.

These new HTMs represent a breakthrough in the engineering of additive-free PSCs based on organic
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1. Introduction

Following the COVID-19 crisis, the quest to replace fossil fuel
energy with renewable and sustainable energy is an active field
of research and a continuing problem." As the most promising
candidate amongst the latest developments in solar energy,
perovskite solar cells (PSCs) have successfully passed a large
number of criteria from various consortia aimed at promoting
low-cost PSCs into the marketplace.”™ Their relatively low-cost
abilities are due to the facile synthesis, tweaking, and tailoring
of crystalline perovskite light absorbers, which are at the heart
of the conversion of solar energy to electricity.>” The flexibility
of PSCs and their thin-film abilities facilitate large-scale
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HTMs, which will open up new avenues to achieve low-cost and high-stability PSCs.

manufacturing processing techniques, such as inkjet printing,
spraying,®® and zero-waste scalable blade spin-coating. How-
ever, what has surprised the photovoltaic community has been
the dramatic growth in power conversion energy (PCE),
from about 3.7% in 2009'° to over 25.8% in 2023."" Such
incredible improvements in PCE can be attributed to a large
number of modifications in layer deposition techniques,'*>™?
the type of electron transport (ETLs)'®>> and hole-transport
materials (HTMs)>*>° used, the use of efficient additives®® and
stabilizers,”®'° different perovskite compositions, and so
on.>®7® In light of all of these, PSCs have attracted a high level
of marketing activity by removing barriers to commercialization
through the growth in PCE, increasing stability, environmental
compatibility, and the possibility of scaling.*® One very promis-
ing option for decreasing the cost of PSCs is modification of the
HTM, which has the highest price amongst the materials used
to fabricate PSCs.>*™*! For example, the total synthetic cost of
1 g of spiro-OMeTAD, hereafter designated as compound (3), as
the most used HTM in efficient PSCs, is about $92, which rises
dramatically to about $170-425 when brought to market.*>™**
Such a high cost for (3) has resulted from certain drawbacks
in its manufacture, including: (1) use of a large number of
synthesis steps (five in total); (2) a huge number of rounds of
purification, which leads to lowering of the volume of the
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product; and (3) use of expensive catalysts, such as dichloro[2,2'-
bis(diphenylphosphino)-1,1’-binaphthyl]palladium(u).*>*** There-
fore, many attempts have been made to replace (3) with a low-cost
HTM.***® However, (3) also suffers significantly from low elec-
trical conductivity, and needs to be doped with dopants
such as lithium bis(trifluoromethanesulfonyl)imide and 4-tert-
butylpyridine to increase its electrical performance.*® However,
by adding dopant to increase conductivity, the stability of PSCs
based on (3) decreases. Hence, HTMs that are dopant-free are
ideal candidates to replace (3).>***"" With respect to this, here we
try to address the dilemma of the presence of dopant and the
stability’>>* by using a dopant-free HTM. Thus, a very simple,
cheap, and dopant-free HTM based on phenanthroimidazoles
and having good stability is introduced.

Surprisingly, the phenanthroimidazole family has some
competence as a new building block for blue fluorescent
materials®® with high luminous efficiency,”” a relative balance
of carrier injection, efficient transport properties,”®>” and
excellent thermal stability.”® In addition, phenanthroimida-
zoles show favourable properties, such as anti-inflammatory,*
anti-lupus,®® anticancer,”" antibacterial,®> antitumor,”* and
antiviral®® activity. In addition, the application of phenanthroimi-
dazoles as HTMs in PSCs has recently been reported.>™®’

Phenanthroimidazole compounds combine the desirable
properties of imidazole and phenanthrene as block cores.
Phenanthroline enhances intermolecular n-r packing and high
cavity mobility, blocking the core with a planar m-bonded
structure.®®®’ Five-membered heterocyclic imidazoles have
two different nitrogen atoms, one with electron-poor character,
as in pyridine, and one with electron-rich character, as in
pyrrole.”®”" A pyridine-like nitrogen atom as a Lewis base
passivates perovskite defects. Furthermore, incorporation of
the phenanthrene moiety improves the planarity of the
imidazole-derived motif, thus promoting intermolecular n-n
stacking. Moreover, due to the different electronic properties of
the two nitrogen atoms in the imidazole moiety, the hybrid
phenanthroimidazole core exhibits low symmetry, especially
after incorporating different donors, and side edges, which
leads to less apparent symmetry throughout the molecule. This
low-symmetry structure favours maintaining amorphous thin
films with high morphological uniformity, and avoids
crystallization.®®”? Therefore, this hybrid core can provide not
only high hole mobility and an interfacial passivation effect,
but also excellent morphological uniformity of thin films.®”

In view of all of these features, two very small HTMs based
on phenanthroimidazole with different donors, with and with-
out a carbonyl functional group and without using any dopant,
were synthesized to investigate the effect of the presence of the
carbonyl functional group and the reduction in cost and
increase in stability of PSCs.

2. Results and discussion

Preparation of phenanthroimidazole derivatives was accom-
plished using a one-pot cyclizing reaction via a very simple
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Scheme 1 The molecular structure of the new hole-transport materials
(HTMs).

route without the use of a catalyst or column chromatography
purification.”*””” The experimental details, including the meth-
ods and synthesis procedure for the HTMs, are presented in
ESI,f S1 and S2. The molecular structures of the perovskite/
HTMs are shown in Scheme 1. Synthesis reactions and mole-
cular structures of the para-Ph-Phen Im, and Cin-Phen Im,
which are designated as (1) and (2), are given in ESL 7 Fig. S1.
Moreover, all the spectroscopic and photovoltaic results
obtained have been compared to benchmark values for the
HTM spiro-OMeTAD, compound (3). The full characterizations,
including Fourier-transform infrared spectroscopy, nuclear
magnetic resonance, elemental analysis, and mass spectro-
scopy, are given in the ESI,{ S1.

Generally, the phenanthroimidazole compounds containing
a phenyl ring in the 2-position exhibit an absorption band
at around 350 nm and a strong fluorescence band at about
438 nm.”*® Fig. 1(a) shows the normalized UV-vis absorption
and photoluminescence (PL) spectra of two new HTMs and
compares them with (3) as a benchmark HTM, in dimethylfor-
mamide (DMF) as solvent (1.0 x 10~> mol L™"). The absorption
band at 300-400 nm is attributed to the intramolecular charge
transfer of the n — m* transition, which agrees with earlier
observations.*>® As shown in Fig. 1(a), (1) exhibits a 20 nm
blueshift in comparison to (3), while (2) exhibits a slight shift to
a longer wavelength, which is probably related to an extended
n-conjugation effect.®® Furthermore, the emission spectra of
the HTMs in DMF solvent at room temperature were recorded
and are shown in Fig. 1(a). All HTMs have a broad emission
band in the range of 400-550 nm, which can be attributed to
the n* — = transition.”>® The emission maxima of the HTMs
are shifted to lower energies (showing a redshift of about 15 to
23 nm), with respect to (3). The electrochemical behaviour of
(1), (2), and (3) was analysed by cyclic voltammetry in DMF
solvent from 0.0 V to 2 V, using Ag/AgCl as a reference electrode
(Fig. 1(b)). Generally, the phenanthroimidazoles exhibited two,
and in some cases four, peaks in the anodic scan and no activity
in the negative potential range.*® As shown in Fig. 1(b), the
onset oxidation potentials of (1) and (2) were observed at
0.57 and 0.65 V, respectively.®” For (2), the first oxidation value
is 0.05 V higher than (3), while in the case of (1) this value is
0.03 V lower than for (3), confirming that (1) is more easily

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) UV-vis and photoluminescence spectra of HTMs in DMF. (b) Cyclic voltammograms of HTMs and (3) as reference. (c) Contact angle of (1). (d)

J-V characteristics of thin films in hole-conducting devices using HTMs with no doping (pristine state).

oxidized to (1)* than (3) is to (3)".®® Notably, a good energy
balance between the highest occupied molecular orbital
(HOMO) of the HTMs and the HOMO of the perovskite layer
is a crucial feature to reach high efficiency PSCs.*>°° The
HOMO and LUMOs of the HTMs were calculated according
to the equation, Egomo = —€(Eonser + 4.8) (eV), and Eyymo =
Enomo + Eo_o, which is summarized in Table 1.°*°* Therefore,
the HOMO energy levels were estimated to be —5.37 and
—5.4 eV, and the LUMO levels —2.33 and —2.34 eV, respectively,
for (1) and (2), which are in accordance with HOMO and LUMO
energy levels of phenanthroimidazoles derivatives.’>** As men-
tioned above, these HOMO values are deeper than that of (3)
(—5.21 eV), which indicates their favourable level for hole
extraction compared to (3), and with closer matching with the
perovskite energy levels. This finding is promising for an
efficient PSC based on the new HTMs because of the lower
bandgap between the HOMO of the HTMs and the HOMO of
the perovskite layer. By measuring the contact angle formed by

Table 1 Spectroscopic and electrochemical data for HTMs and (3)

}vabs ;Lem Eo-0o Eox Enomo Erumo
HTM (nm) (nm) (CV) (V) (CV) (CV) nquenching
1) 278, 355 440 3.03 0.57 —5.37 —2.33 0.92
2 270, 319 435 3.06 0.65 —5.4 —2.34 0.90
(3) 304, 378, 525 (sh) 421 3.04 0.6 —521 —2.17 0.96

© 2023 The Author(s). Published by the Royal Society of Chemistry

a water droplet under the (1) film surface, we can obtain more
information on the surface energetics and wettability of the
hole conductors. The water contact angles of (1) coated on glass
was 83.0° (see Fig. 1(c)), which indicated its good hydrophobi-
city and suitability as an HTM in PSCs. Hence, the hydrophobic
properties of (1) can efficiently prevent water penetration into
the perovskite layer (ESLt Fig. S2).

Important objectives for efficient dopantfree HTMs are
the ability for charge carrier transport and for hole mobility.”® As
shown in Fig. 1(d), the space-charge-limited currents technique®® *®
was used to determine the hole mobility of the HTMs without using
any dopant. Surprisingly, the estimated hole mobility value for (1),
without the use of any additives, is about 9.5 x 10™* cm® V"' s,
which is more than (3), with a value of about 2.5 x 10 > em®V s,
This means that the hole mobility of compound (1) is over 10 times
that of (3) in the pristine sample.”*"°* Such high hole mobility and
conductivity for the HTM (1) is very promising for an efficient
dopant-free PSC. Fig. 2(a) shows the frontier orbital energy levels of
(1), (2), and (3), as well as the components used in the fabrication of
the PSC. Fig. 2(a) clearly reveals that the energy level of the HOMO of
(1) (—5.37 eV) is more closely matched with the perovskite energy
level (—5.4 eV) than for (3) (—5.21 €V), resulting in (1) being more
favourable than (3) for extracting holes from the perovskite layer to
the HTM.

In fabricated PSCs, (1) and (2) were employed as new HTMs
in an n-i-p structure in the configuration of FTO/compact TiO,

Energy Adv, 2023, 2,1521-1530 | 1523
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Fig. 2
Cross-sectional map and (d) SEM image of PSC devices.

(~350 nm)/thin mesoporous TiO, (~480 nm)/perovskite/HTM
(~750 nm)/Au. A schematic of the device is shown in Fig. 2(b).
The PSC device structures were kept exactly constant and just
the HTMs were changed. This allows us to monitor the influ-
ence of the different HTMs. We also fabricated a PSC using (3)
as the HTM as a reference. Fig. 2(c) shows a cross-sectional
scanning electron microscopy (SEM) image of the arrangement
of deposited layers of the constructed PSCs. As shown in the
SEM image, the layers were successfully deposited and there are
no defects or diffusion between layers.

The current density-voltage (/-V) curves for the new HTMs
and the conventional HTM (3) are shown in Fig. 3, and the
corresponding photovoltaic parameters are summarized in
Table 2. The J-V results indicated that using (1) for the HTM-
based PSC showed a PCE of 14.06% with a Vo¢ of 1 V, a short-
circuit current density (Jsc) of 19 mA cm 2, and a fill factor (FF)
of 74%. This shows a higher efficiency compared to (2) and a
slightly lower efficiency than (3) under the same device fabrica-
tion processes. Surprisingly, when dopants are removed from
the HTMs, the photovoltaic parameters of (1) improved com-
pared to (3). In fact, the dopant-free PSC based on (1) showed
Jsc, Voc, FF, and PCE values of 16.34 mA cm™2, 0.93 V, 0.69, and
9.11%, respectively, which are higher than for additive-free
PSCs based on (3). The superior photovoltaic data for
additive-free PSCs based on (1) can be attributed to the high
mobility of (1), as discussed earlier.

The incident photon to current efficiency (IPCE) at short-
circuit conditions as a function of wavelength, and integration
of the IPCE spectra over the AM1.5G solar spectrum, provide
the expected Jsc of the device under steady-state
performance.'®® As can be seen in Fig. 3(b), the PSC made
using (1) presented a higher quantum yield between 300 nm

1524 | Energy Adv, 2023, 2,1521-1530
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dopant and free of dopant. (b) IPCE curves of the PSCs based on (1), (2) and (3).
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Table 2 The photovoltaic parameter of the perovskite based on various
HTMs, (3)

Voc Jsc FF PCE Standard Median
HTM (V) (mA em™?) (%) (%)(£0.1) deviation (PCE) (PCE)
1) 1 19 74 14.06 2.05 11.62
Dopant-free (1) 0.93 16.34 60 9.11 0.99 7.12
(2) 0.8 8 55 3.52 0.45 2.55
Dopant-free (2) 0.72 6.71 45 217 0.46 0.94
(3) 1.1 22 77 18.63 1.2 16.01
Dopant-free (3) 0.81 15.34 50 621  0.74 4.45

and 850 nm than the PSC based on (2) and slightly lower than
the benchmark PSC based on (3). The highest quantum yield
reached was as high as 73% for (1), which agrees with the
estimated Jgc value from the I-V curve.

The statistical analysis of the photovoltaic performance of 15
PSCs based on (1), (2), and (3) is shown in Fig. 4. The standard
deviation and median values of all parameters are given in Fig. 4
and in Table 2. Finally, the standard deviation and median values
of the PCE of PSCs based on (1) are about 2.05% and 11.621%,
which indicates the accuracy of results obtained.

A further promising finding is the high efficiency and
stability of PSCs based on the new HTMs in the absence of
any additives. We also compared the key role of additive on the
efficiency and stability, as shown in Fig. 5. The PCE of (3) in the
absence of additive dramatically decreased, while no large
differences in PCE was observed for PSCs based on the new

View Article Online

Paper

HTMs, with and without additives. The encapsulation method
and its details were as described in ref. 103.

As shown in Fig. 5(a), the PCEs of (1) and (3) are relatively
similar, losing about 23% and 19% of their initial value, respec-
tively, after 500 hours. In particular, the PCE of the additive-free
PSC based on (1) showed less than 10% loss over 500 h. Finally,
the dopant-free PSC based on (1) showed a PCE value of 9.11%,
which is much more than the dopant-free PSC based on (3), with a
PCE of 6.21%. The blueshift in the PL emission peak of the HTM
coated on the perovskite can be attributed to the passivation
process of the trap states close to the top surface of the perovskite,
which dramatically decreases the stability and efficiency of
PSCs.'*" These results clearly indicated that HTM (1) is very
promising for dopant-free PSCs because of its high conductivity,
which removes the need for the presence of co-conductive addi-
tives, such as LiTFSI/4-tert-butylpyridine.

The steady-state PL spectra of perovskite films on the new
HTMs, (3), and pristine perovskite, as reference, were measured
to compare the ability of the HTM for extracting photon-holes.
The pristine perovskite film gives an emission band peak at
approximately ~760 nm, which is in accordance with the
literature.>>°"%° Clearly, strong PL quenching was achieved
when the HTMs were coated on perovskite films, which sug-
gested that (1) is a good quencher for perovskite films. Fig. 6(a)
illustrates that perovskite/(3) and perovskite/(1) are more effi-
cient than perovskite/(2), indicating their strong ability for
extracting photo-holes from the perovskite active layer.
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Fig. 4 Statistical analysis of Ve, Jsc, FF, and PCE of PSCs based on (1), (2
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). and (3) in the presence and absence of additives. Fd = additive-free.
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based on additive-free (1), (2), and (3).

PL quenching efficiency was calculated using the following
formula:

PLbare - PLquench

1
PLbare ( )

Nquench =
where PL pare and PLgyench are the integrated PL intensities of
perovskite on glass substrates without and with the quenching
HTM layer.' The value of fquenching for the HTMs is given in
Table 1.

fquenching Values for (1) and (3) were about 92% and 95%,
respectively, which indicated that the (3)/perovskite film exhib-
ited a slightly better PL quenching efficiency than (1)/perovs-
kite. Interestingly, we proposed that the reason for the low
efficiency of (2) is the unfavourable matching between the
perovskite and the HTM. As shown in Fig. 6(a), the PL spectrum
of perovskite film containing (2) shows a blueshift in wave-
length, which can be attributed to the passivation of the trap
states close to the top surface of the perovskite films.?%%

Time-resolved PL spectroscopy is a powerful technique to
gain insight into the interface charge extraction behaviour and
to estimate the photo-charge lifetime (7,) of perovskite and
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maximum PL signal upon exiting the perovskite, TiO,/perovskite/(3), TiO,/
perovskite/(1), and TiO,/perovskite/(2) structures at 405 nm.

perovskite/HTM."%® As shown in Fig. 6(b), the time-resolved PL
decay patterns of TiO,/perovskite/(1) and TiO,/perovskite/(3)
are relatively similar, with 7, of 8.5 ns and 7.7 ns, respectively,
while the 1, of TiO,/perovskite without HTM is about 16.9 ns."%”

Fitting of the data obtained using bi-exponential functions
indicated that the faster decay kinetics of (1) and (3) is due to the
decreasing hole population generated close to the perovskite/HTM
interface,'*® while the slower decay component of perovskite/(2)
(t, = 15.2 ns) could be associated with the holes created in the bulk
of the perovskite, which can be proposed as a reasonable origin for
the low efficiency of PSCs based on (2).

Both the high and fast PL quenching values indicate that (1)
does act as an ideal hole acceptor, and hole transfer to the HTM
is faster than diffusion out of the interface.

Thus, superior results are seen for the new HTMs with
dramatically reduced cost compared to (3). Surprisingly, unlike
(3), which requires a costly synthesis process with complicated
sublimation steps for purification (it is synthesized in five
reaction steps at a very low temperature (—78 °C) and with
high-cost Pd catalyst in an inert atmosphere conditions*>''?),
the new HTMs are synthesized in only one step and a simple

© 2023 The Author(s). Published by the Royal Society of Chemistry
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low-cost process, without using any expensive Pd catalysts or
other additives or column chromatography for purification.

The synthesis pathway of these compounds does not require
expensive synthesis procedures. The synthetic details and esti-
mated chemical costs of the synthesized HTMs were calculated
according to the cost model described in ESI,{ Table S1. It
is noteworthy that the cost of (1) and (2) are approximately
$$5.13 and $$5.18 per g, respectively, which is much cheaper
than for (3) ($$92 per g).

Eqn (2) was used to further determine the cost per peak watt
($$ per Wp, denoted here as C) for the utilization of the new
HTM (1) and spiro-OMeTAD, where 7 is the solar cell efficiency in
the range 5-30%, C, is the cost-per-gram, p is the density which is
assumed to be 1.1 g cm ™2, ¢ is the thickness of the donor material,
and I is the solar insolation under peak conditions, which are
assumed to be 100 nm and 1000 W m™>, respectively.

(Cex pxt)
(nx 1)

The plot of Cyy as a function of solar cell efficiency reveals that the
cost of preparation of HIM (1) is much more economical than for
spiro-OMeTAD (Fig. 7). For example, for 10% efficiency, the cost of
using the new HTM (1) is estimated to be $0.056, whereas the
estimated cost of using spiro-OMeTAD is $3.003 for 10% efficiency.
This means that the cost of HTM (1) is 0.02 times that of HTM (3).

Of note, the total cost and efficiency of the new HTMs was
compared with 20 pioneer HTMs, and clearly showed the
outstanding properties of new the HTMs in terms of both cost
and efficiency amongst all HTMs reported so far in this group.

A comparison between the current work and other HTMs,
in terms of synthesis costs and PCE, is shown in Fig. 8. The
molecular structure of all HTMs, as well as the photovoltaic
parameters, are given in ESI,{ Table S2. The most important
points in this comparison are related to the cost of preparation
and the catalysts used during the reaction. As can be clearly
seen, the lowest prices among all the HTMs belong to (1) and
(2), at $5.13 and $5.18, respectively, which is much lower than
for the other HTMs. In fact, the number of experimental steps

Cw = 2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photovoltaic data of all HTMs are given in the ESI,+ Table $2.8899112-118

and use of catalyst causes this much bigger difference between
the costs for the current HTMs versus the others.™"!

3. Conclusion

In summary, a facile and easy synthesis pathway for a small
HTM for use in low-cost PSCs is presented. The reduction of the
total cost of the benchmark (3) from $100-400 per g to about $5
per g for the newly synthesized HTM is very promising for large-
scale production. Moreover, dopant-free PSCs based on HTM
(1) showed good PCE (~9.1) along with remarkable stability
over time (500 h), showing only a 10% loss of efficiency from
the initial value. Moreover, the doped HTM also showed 14%
efficiency and could retain more than 80% of its initial effi-
ciency after 500 hours of light exposure. Additionally, the
higher mobility of holes and greater conductivity of new HTM
compared with (3) supported this photovoltaic performance. In
particular, the PCE of the dopant-free PSC based on (1) is about
two times that of (3) under the same conditions. In view of
these results, one of the main aims of this paper is to encourage
researchers to explore new avenues for the discovery of new,
small HTMs that do not need support by a dopant for increas-
ing conductivity, which should be of significant help in the
future development and advancement of low-cost and high-
stability PSCs for commercial applications.
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