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Abstract

Development of suitable hole transport materials is vital for perovskite solar cells (PSCs) to diminish the energy barrier
and minimize the potential loss. Here, a low-cost hole transport molecule named SFX-POCCF3 (23.72 $/g) is designed
with a spiro[fluorene-9,9'-xanthene] (SFX) core and terminated by trifluoroethoxy units. Benefiting from the suit-

able energy level, high hole mobility, and better charge extraction and transport, the PSCs based on SFX-POCCF3
exhibit improved open-circuit voltage by 0.02 V, therefore, the PSC device based on SFX-POCCF3 exhibits a champion
PCE of 21.48%, which is comparable with the control device of Spiro-OMeTAD (21.39%). More importantly, the SFX-
POCCF3 based PSC possesses outstanding light stability, which retains 95% of the initial efficiency after about 1,000

h continuous light soaking, which is in accordance with the result continuous output at maximum power point.
Whereas, Spiro-OMeTAD witnesses a rapid decrease to 80% of its original efficiency after 100 h light soaking. This work
demonstrated that an efficient alignment of energy levels between HTL and perovskite will lead to significant highly
efficient PSCs with remarkably enhanced light stability.
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1 Introduction

Organic—inorganic lead halide perovskite solar cells
(PSCs) emerge as the next generation photovoltaic
devices with the increasing demands for the renew-
able energy sources [1-6]. For planar PSCs, n-type and
p-type semiconductors are arranged separately on both
sides of perovskite active layer to transport electrons and
holes [7, 8]. As a crucial part of the state-of-the-art PSCs,
hole transport layer (HTL), is supposed to extract and
transport photogenerated holes and block electrons effi-
ciently [9]. Therefore, various basic requirements must
be met when a hole transport material (HTM) is applied
in PSCs, such as solubility, suitable energy level, and high
hole mobility [10]. For the PSCs with typical n-i-p struc-
ture, 2,2",7,7’ -tetrakis(N,N-di-p-methoxy-phenylamine)-
9,9”-spirobifluorene (Spiro-OMeTAD) is mostly utilized
in high-efficiency PSCs [11]. However, it still suffers
from some deadly disadvantages. For example, the poor

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s43979-023-00061-9&domain=pdf
http://orcid.org/0000-0003-4380-7325

Luo et al. Carbon Neutrality (2023) 2:21

thermal stability and moisture tolerance come up after
doping lithium bistrifluoromethane-sulfonimidate (Li-
TESI) and 4-tert-butylpyridine (tBP), which is originally
aimed to overcome intrinsic low hole mobility [12].
Meanwhile, complicated synthesis and purification pro-
cedure will be a burden for fabrication and cost. So as
to improve the photovoltaic performance and stability
of PSCs, finding substitutions for Spiro-OMeTAD is of
great importance. A variety of HTMs such as polymers,
small molecules, and p-type inorganic materials are
investigated [13]. Among them, organic small molecules
are designed and used in PSCs owing to their advantages
of structural diversity, high purity, and good repeatabil-
ity. Except for the core of Spiro, the following building
units, such as spiro(fluorene-9,9”-xanthene) (SFX), triph-
enylamine (TPA), tetraphenylethene, N,N’-bicarbazole,
and triazines are used widely as the core of HTMs for
outstanding performance [14—17]. However, the synthe-
sis and purification of most of them is also complicated
and consists of several steps.

SEX is an attractive core unit due to the easy synthesis
procedures [18]. Several research groups have reported
the SFX-based small-molecule HTMs used for PSCs with
excellent PCEs [19, 20]. Derong Cao et al. reported a
series of HTMs based on SFX and systematically inves-
tigated the structure—function relationship of the differ-
ent donor units like methoxydiphenylamine-substituted
carbazole and  methoxydiphenylamine-substituted
diphenylamine [21]. Sang Il Seok et al. synthesized
SFX derivative with end-cap unit of N3, N6-bis(di-4-
anisylamino)-9H-carbazole and finally obtained optimal
PCE over 20% by using a quite lower concentration (28.57
mg/mL) than Spiro-OMeTAD [22]. When it comes to
end-cap units, researches have confirmed that the sta-
bility of PSCs will be improved with the incorporation
of F atoms [23]. Moreover, the substitution of fluorine
could adjust the optical and electrical properties as well.
Jinwei Gao et al. found that the introduction of F atom
made HTM more hydrophobic and endowed the corre-
sponding PSCs with better ambient stability [24]. Hence,
trifluoroethoxy group (-OCH,CF,) is expected to further
reduce the highest occupied molecular orbital (HOMO)
energy level by the employment of strong electronegative
F and enhance the long-term stability for a hydrophobic
film [25, 26].

As the fundamental rule about energy alignment,
HOMO and lowest occupied molecular orbital (LUMO)
of HTMs should be slightly higher than the valence
band maximum and conduction band minimum of per-
ovskite layer. Then, the HTM could transfer holes and
block electrons between perovskite layer and HTL in
PSCs efficiently. In addition, when using different HTMs
for fabricating a PSC, HOMO energy level will affect
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the final open-circuit voltage (V) [27-29]. In view of
Shockley-Queisser limit, there is still room for further
improvements in V., along with better performance in
efficiency. Therefore, for HTMs designer, energy align-
ment is supposed to be taken into consideration. The
high HOMO energy level of HTMs brings out large
energy offsets, which will become an interfacial obsta-
cle for hole extraction and thus resulting in severe V.
loss in PSCs [30]. Emilio Palomares et al. systematically
investigated the influence of HTMs on the V(. in depth
and found that it is of great significance to tune the ener-
getics at the interface between the HTL and the perovs-
kite layer, such as the use of a self-assembled monolayer
of molecular dipoles [27]. Abdi-Jalebi et al. showed sig-
nificant enhancement in the charge extraction efficiency
via energy alignment of HTL utilizing graded doping
approach which in turn enhance both stability and effi-
ciency of PSCs [31]. Therefore, selecting HTMs with
suitable energy level is not only an excellent strategy to
minimize the V5 loss and enhance the V. for PSC, but
also a facile method to promote the charge extraction
and transport.

Herein, we report a new hole transport molecule with
SEX core as a promising HTM for n-i-p PSCs, in which
trifluoroethoxy group is used as the end-cap unit. A fine-
tuned HOMO level is obtained in an effort to enhance
the V5. Then, the impacts of better energy alignment
between perovskite layer and HTL are investigated, and
the change on V¢ is discussed. The champion device
with SEX-POCCEF3 as HTM shows a PCE of 21.48%
with Ve of 1.16 V. Furthermore, the device with SFX-
POCCES3 retains 95% of the initial efficiency after about
1,000 h continuous light soaking at 25 °C, whereas the
device with Spiro-OMeTAD degrades rapidly to 90% of
its original PCE after 50 h. Overall, we offer a potential
HTM for the enhancement of V5 and efficiency in PSC
devices. This work makes a highlight of advantages of the
low HOMO level materials for the energy alignment and
reduced voltage loss.

2 Results and discussions

2.1 Material characteristics

The synthetic routes and chemical structure for SFX-
POCCES3 are shown in Fig. 1(a). And the detailed proce-
dures are given in Supplementary document. 'HNMR,
I3CNMR, and mass spectrometry were used for the
identification of the synthesized compounds (Figs. S2,
S3, S4 and S5). As we know, the high synthetic cost for
Spiro-OMeTAD hinders its large-scale production.
Thus, the cost for SEX-POCCEF3 synthesis is calculated
to quite low (23.72 $/g) in Table S1. Compared with the
commonly used spirobifluorene (SBF) core in Spiro-
OMeTAD, SFX-POCCF3 consists of an orthometric
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spiro-[fluorene-9,9” -xanthene] (SFX) unit as core and the
additional oxygen atom in conjugated bridge can slightly
reduce the planarity and the symmetry, leading to great
effects on electrical and optical properties of HTM [32].
The synthesis of spiro-type SFX core (spiro[fluorene-9,9’-
xanthene]) only needs one-pot route and can be puri-
fied by simple recrystallization along with high yield,
which greatly reduced the cost. And the cost of SFX core
(about 1.12 $/g) is 30 times lower than that of the spiro
core (about 33.89 $/g), which were studied and compared
in reported works of literature [19]. In our design strat-
egy, the non-conjugated alkoxy chain trifluoroethoxy
was introduced as the end-cap unit and it is expected
to reduce the HOMO level and enhance the moisture
endurance.

The geometric structure of SEX-POCCES3 is presented
in Fig. S6, and the HOMO is also calculated by density
functional theory (DFT), which brings a deep insight
into the geometrical configuration and the electronic
structure of SFX-POCCEF3. Usually, twisty configura-
tion endows the HTM good solubility and film-forming
property, that is important for the solution manufacture

216 17 18 19
Binding energy (eV)
g. 1 (a) Synthetic route for SFX-POCCF3; (b) UV-Vis absorption spectra and (c) UPS spectra for SFX-POCCF3; (d) illustration for energy alignment

[32]. Similar with the SBF core unit, SFX core is twisted
as well with a dihedral angles of 94.6°, leading to a good
solubility in the common organic solvents. Moreover, the
dopants are supposed to be added necessarily to enhance
the hole mobility and conductivity for the loose pack-
ing caused by the twisty configuration. As shown in Fig.
S6(b-c), it can be found that the HOMO of SFX-POCCF3
was mainly localized peripheral TPA arms with some
extended to the core and the LUMO mainly localized
toward the SFX core. And the HOMO and LUMO levels
of SEX-POCCEF3 are — 4.63 and — 1.07 eV by simulated
calculation.

The optical properties of the investigated molecules
were studied by UV-Vis absorption in chlorobenzene
solution and thin films as illustrated in Fig. 1(b) and the
corresponding data was listed in Table 1. In chloroben-
zene solution, both of Spiro-OMeTAD and SEX-POCCF3
contain two absorption bands in the UV region. First,
SEX-POCCE3 exhibits a wide absorption band from
350 to 400 nm representing m-m* transition of conju-
gated system [33]. While Spiro-OMeTAD shows a maxi-
mum absorption peak at 390 nm with a shoulder at 372

Table 1 Optical, electrochemical, and thermal properties of SFX-POCCF3 and Spiro-OMeTAD

HTM Aonset (NM) E, (eV) E,, (eV) HOMO (eV) LUMO (eV) py (cm2V=1571) T,(C) T,(C)
SFX-POCCF3 423 293 0875 5215 -2.285 31110 385 130
Spiro-OMeTAD 432 287 0805 -5.137 -2267 146107 422 126
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nm. The second peaks appear 310 nm both for Spiro-
OMeTAD and SEX-POCCEF3, relating to the n-m* tran-
sition of TPA arms [34]. When in the film state, there
is no obvious shift in SEX-POCCF3 spectrum for the
maximum absorption and the intensity of absorption
increases due to the enhanced intermolecular charge
transfer [35]. The optical band gap (E,) was calculated to
be 2.93 eV and 2.87 eV by the equation of E,=1240/1
according to the edge of absorption spectra.

The thermal properties of SEX-POCCE3 were evalu-
ated by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) analysis. As shown
in Fig. S7(a), this HTM possesses a high decomposition
temperature (T, 5% weight loss) at 385 °C. And the DSC
trace demonstrates that it is amorphous and the glass
transition temperatures (Tg) is 130.3 °C. Compared with
SFX-POCCEFS3, the Ty and T, of Spiro-OMeTAD were
tested to 422 and 126 °C, respectively.

Generally, it is crucial for PSCs to get a well-matched
energy level between perovskite layer and HTL. To
investigated the electrical properties, the HOMO level
of SFX-POCCEF3 was first measured by a cyclic voltam-
metry (CV) measurement. The CV curves can be found
in Fig. S8 and the data was listed in Table 1 as well. The
oxidation onset (E,) of SEX-POCCEF3 was 0.875 eV,
which correspond to HOMO energy level of -5.215 eV
(Eqomo is obtained by the equation: Eygyo=4.8 - E, -
Eejrey)- And the LUMO level can be obtained by Ejqy0
and E, from UV-Vis absorption spectra. Meanwhile, the
HOMO of Spiro-OMeTAD was 5.137 eV, lower than that
of SEX-POCCE3. In terms of the obtained HOMO and
LUMO results, it can be assumed that the HOMO level
of SEX-POCCEF3 is deep enough to exact holes and the
LUMO level makes sure successful electrons blocking
from active layer. More importantly, the deeper HOMO
level of SFX-POCCEF3 contributes to the better energy
alignment between perovskite layer and HTL, promoting
charge transport and minimizing the V. loss.

Moreover, the HOMO and LUMO levels were tested
in Fig. 1(c) by ultraviolet photoelectron spectroscopy
(UPS) in film state as HTL onto the perovskite layer. The
HOMO level can be calculated by the following equation:
Evomo=21.22 - E_ g+ Epser- As shown in Fig. 1(c), the
HOMO level of SEX-POCCF3 was —=5.59 eV and LUMO
level was calculated to be -2.66 €V, lower than that of
Spiro-OMeTAD, which is consistent with the CV results.

Hole mobility (4,,) of those HTMs is tested by space-
charge-limited current (SCLC) method with structure of
ITO/PEDOT:PSS/HTM/MoOs/Al. In general, low hole
mobility and conductivity are the common drawbacks
for HTM with twisted structure. In contrast to SBF unit,
when oxygen atom is introduced into conjugated bridge,
the planarity and the symmetry of SEX will be reduced.

onset?
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As results in Fig. S9, the hole mobility of SEX-POCCEF3
is calculated to be 3.11x10™* cm? V™! s71, that is more
than two times higher than that of Spiro-OMeTAD
(146x10™*cm* V7's7)).

2.2 Device performances

Firstly, to assess the photovoltaic performance of HTM,
SEX-POCCEF3 was introduced into the PSCs acting as
HTL with a commonly used n-i-p structure. The illustra-
tion of charge extraction processes was given in Fig. 1(d).
Compared with Spiro-OMeTAD, SEX-POCCEF3 pos-
sesses a deeper HOMO level, which is beneficial for
charge extraction and transfer due to the lower barrier to
overcome.

To make a comparison, SEX-POCCEF3 was utilized as
HTM in PSC with the Spiro-OMeTAD based device as
control. The film morphology of these HTMs deposited
on perovskite was studied by scanning electron micros-
copy (SEM) and atomic force microscopy (AFM) meas-
urements, respectively. The top-view SEM images are
shown in Fig. 2(a-c), the HTM-covered films turn into
indistinct due to the electron-blocking effect. The cross-
section view SEM images of devices based on different
HTMs were shown in Fig. 2(d-f). Compared with ultra-
thin undoped HTM films, the thickness of SEX-POCCF3
is around 130 nm, which is thinner than that of the thick-
ness of Spiro-OMeTAD (180 nm). As for as concerned,
sufficient thickness for HTL should be considered for the
effective electrons blocking. And the thickness of HTL is
determined by the concentration and spin-coating rate.
As illustrated in Fig. 2(g-i), when Spiro-OMeTAD and
SEX-POCCE3 were spin-coated onto the perovskite film,
the root-mean-square (RMS) roughness reduced to 7.78
and 8.56 nm, respectively. For undoped SFX-POCCF3
HTMs, the RMS was 11.79 nm. All these results con-
firm a good surface coverage without pinholes for HTM
films, which facilitate the charge transfer. Furthermore,
photoluminescence is used to test the charge extraction
and transfer processes. As exhibited in Fig. S10, pure per-
ovskite film showed a high peak at 802 nm. Once HTM
was deposit onto the perovskite, PL intensity witnessed
a sharp decrease, indicating the quenching effect from
HTM. In comparison with Spiro-OMeTAD, a more effi-
cient quenching was observed related to SFX-POCCES3,
suggesting better hole extraction by SFX-POCCF3 and
better charge transfer between HTL and perovskite layer.

To estimate the photovoltaic performance, we firstly
investigated the concentration of SEX-POCCE3 on the
device performance. The J-V curves of different concen-
tration of SEX-POCCES3 are posted on the Fig. S11(a) and
the corresponding photovoltaic parameters are listed in
Table S2. The PSC fabricated with 70 mg/mL possessed a
relative lower Vi and Jc of 1.11 V and 23.92 mA cm™,
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(a) Spiro-OMeTAD

(e) SFX-POCCF3

+v130 nm

400 nm

(b) SFX-POCCF3
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(c) Non-SFX-POCCF3

(f) Non-SFX-POCCF3

Fig. 2 Top-view SEM images of Spiro-OMeTAD film (a), SFX-POCCF3 film (b), undoped SFX-POCCF3 film, and (c) spin-coated on perovskite
layer; Cross-sectional SEM images of devices based on Spiro-OMeTAD (d), SFX-POCCF3 (e), and undoped SFX-POCCF3 film (f); Top-view AFM
topographical images of Spiro-OMeTAD film (g), SFX-POCCF3 film (h), and undoped SFX-POCCF3 film (i) spin-coated on perovskite layer

thus leading to a poor PCE of 18.90%. When the concen-
tration increases to 80 mg/mL, it showed a remarkable
increase on V¢ (1.13 V). Finally, a concentration of 90
mg/mL exhibited an outstanding performance of 20.58%
in the same test batch. An increase on Vi (30 mV) is
observed, which is attributed to that HTL is thick enough
to block electrons effectively and suppress the recombi-
nation between holes and electrons. The spin-coating
rate was studied at the optimal concentration of 90 mg/
mL and the rate of 6000 rpm was confirmed to be best
in Fig. S11(b) and Table S3. Last but not least, the influ-
ences of different amounts of additives like Li-TFSI and
tBP were investigated in Fig. S12. For the tests of add-
ing amount of Li-TFSI, the volume of tBP was fixed to
be 36 uL/mL. And the volume of tBP was adjusted with
a fixed amount of Li-TFSI of 22 pyL/mL in turn. It is clear
that without additives or a small amount of them, the
devices showed very low PCEs. That is mainly ascribed
to the poor conductivity and hole mobility, which can-
not ensure holes transported successfully to the elec-
trode. As results, there is a reduction on FF and Jg.

When the amount of Li-TFSI increase over 36 uL/mL,
the PCEs presented sharp decreases, together with the
abruptly drops on V. and FE. This decrease is caused by
the insoluble complexes of Li-TFSI reacting with HTMs,
leading to poor film morphology out of flatness and hin-
dering the carrier migration.

Eventually, the J-V curves of champion devices with
optical concentration, spin-coating rate and doping
amount are presented in Fig. 3(a) under forward scan-
ning directions. And the detailed statistics are listed in
Table 2 and Fig. S14. The champion device with SFX-
POCCE3 presented a high PCE of 21.48% (V=1.16 V,
FF=75.60%, Jsc =24.56 mA cm™2), higher than the cham-
pion PCE of control device (21.39%), suggesting better
performance on the photovoltaic properties. In addition,
the statistical distributions under reverse scanning direc-
tion of the PCE, FFE, V5, /5 are displayed in Fig. 3(b) and
Fig. S14 to prove the good reproducibility, the corre-
sponding parameters are summarized in Table 2 as well.
It is clear to see that SEX-POCCE3 possessed higher Vi
and J¢c, along with slightly decreased FE. The
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Fig. 3 (a) J-V curves of champion PSC devices based on different HTMs under reverse scanning directions; statistics of PCE and V(¢ (b) from 25
individual devices; (c) Steady-state photocurrent and PCE of the devices under a voltage bias at the maxima power point

Table 2 Photovoltaic performance parameters of champion devices and average parameters of the 25 devices

HTM Direction Voc (V) FF (%) Jsc (mA cm™) PCE (%)

Spiro-OMeTAD Forward 113 70.83 24.59 19.78
Reverse 1.14 76.73 24.32 21.39
Average 1.13£0.01 7342+2.86 24.30+0.40 20.20+0.84

SFX-POCCF3 Forward 1.15 64.44 24.98 18.46
Reverse 1.16 75.60 24.56 2148
Average 1.15+0.01 72.29+1.74 2443+0.34 20.27+048

improvement of V5 and Ji is attributed to better energy
alignment, shortening the carrier transport path. As we
know, a solar cell can also act as a light emitting diode
(LED) when bias applied. Calculated by the following
equation: AV ad — —K’;—TlnEQE 1, where Kj is Boltz-
mann’s constant, T is temperature. A VA% is obtained
to evaluate non-radiative recombination process when
injection current is equal to photocurrent of solar cell
device. In Fig. S15(a), SEX-POCCEF3 reached a EQEg; of
3.85% at 1.82 V, as Spiro-OMeTAD only achieved 1.85%
at 1.62 V, which is in accordance with the improvement
of V,_ for PSC. From Fig. S15(b), when the injection cur-
rent is similar with photocurrent, SEX-POCCEF3 and
Spiro-OMeTAD devices can got 1.80% and 0.98%. Thus,
the nonradiative recombination voltage loss A VA2 s
103 mV and 119 mV, respectively. The stabilized PCE and
current density at maximum power point are shown in
Fig. 3(d). Clearly, the PCE of Spiro-OMeTAD device
decreased sharply from 19.61% to 12.29%, indicating a
poor photo stability. The device with SFX-POCCF3
exhibited an outstanding stabilized efficiency during
1200 s and the average PCE is stabilized at 20.66% with
relevant Jgc of 23.03 mA cm™. For the undoped devices,
they display similar trend for the continuous output with
PCE around 17.5%.

Multiple factors, including ion migrations, intrinsic
defects and lattice strain release have been proved to

have significant effect on device stability [36, 37]. To
access the light stability, the devices were put in the
argon glove box without encapsulation and a LED light
was applied to imitate the sun light. The SEX-POCCF3
showed a superior stability under the continuous illu-
mination with negligible degradation after 800 h in
Fig. 4(a). Whereas the control device degraded rapidly
for only 90% of its original PCE after 100 h and showed
an obvious fluctuation. The X-ray diffraction (XRD)
tests were used to value the degradation process when
the devices were put in the natural environment indoor
with sub rise and sun set (relative humidity: 30—40%).
After exposure to the light for 10 days, the device based
on Spiro-OMeTAD exhibited higher Pbl, peak than
that of SEX-POCCEF3, which is in correspondence with
the stability test results. To illustrate the factor regard-
ing stability, contact angle was conducted to test the
waterproof ability. SEX-POCCEF3 displayed a higher
contact angle of 87.43°, whereas Spiro-OMeTAD only
showed 62.62° in Fig. S16. It is indicated that devices
based SFX-POCCEF3 will have better tolerance in the
humid environment. We further conducted stability
test based on the unencapsulated device in ambient
environment with humidity around 30-40%. In Fig.
S16(b), SEX-POCCF3 device can maintain over 85% of
starting efficiency after 500 h. The changes of thin film
samples are recorded in Fig. S16(d), it is obvious that
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Fig. 4 (a) Stability of unencapsulated devices under the continuous illumination; XRD spectra for (b) Spiro-OMeTAD and (c) SFX-POCCF3 based

devices after continuous light exposure for 10 days

yellow phase Pbl, appears on Spiro-OMeTAD sample
after 7days’ aging, indicating water induced phase seg-
regation [38, 39].

3 Conclusions

In summary, a new hole transport material (SFX-
POCCE3) is synthesized as the substitute for commonly
used Spiro-OMeTAD. First, low-cost SFX is applied
as the core unit and the oxygen bridge can improve the
solubility. Second, for the terminal group, F atoms are
considered to modulate the energy level of the molecule.
As a result, SEX-POCCF3 showed a low HOMO level,
thus leading to the higher V¢ in PSCs with a champion
PCE of 21.48%. More importantly, the unencapsulated
cells showed super light duration, which retained 95% of
the initial efficiency after about 1,000 h continuous light
soaking. This work demonstrated the great promise of
that suitable energy level of SEX-POCCEFS3 for accessing
high-performance PSCs.
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