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ARTICLE INFO ABSTRACT

Keywords: To maximize the photovoltaic performance of perovskite solar cells (PVSCs ) by developing new hole-transport
Hole transport material layer (HTL) materials, the precise tuning of their energy levels especially the highest occupied molecular orbital
HOMO level (HOMO) is highly desirable. Here, a simple binary strategy for the first time is proposed to acquire ideal HOMO
2122‘%123 level by optimizing the composition of binary blend HTLs including CZ-TA (HOMO = —5.170eV) and CZ-STA

(HOMO = —5.333 V). By adding 10 wt% CZ-STA, the binary HTM (HOMO = —5.199 eV) based perovskite
solar cells achieve a maximum power conversion efficiency of 19.85% (18.32% for CZ-TA). The introducing of S
atom in CZ-STA not only downshifts HOMO level but also forms stronger Pb-S interaction with perovskites than
Pb-O in CZ-TA, leading to better device performance and reduced hysteresis. Importantly, the un-encapsulated
PVSCs using CZ-TA:CZ-STA (90:10, w/w) binary HTL exhibit good environment stability in ambient air,
maintaining over 82% of their initial efficiency after 60 days’ storage with a relative humidity around 50%.
Therefore, this strategy provides new insights on HTL development to push forward the progress of the emerging

Perovskite solar cell

PVSCs

1. Introduction

In the past few years, organic-inorganic hybrid perovskite solar cells
(PVSCs) have witnessed a rapid development due to their facile solution
fabrication, strong light absorption over a broad spectrum, long carrier
lifetime and diffusion length [1-5]. The certified power conversion
efficiency (PCE) has reached 22.7% from the initial 3.8% [6-10]. In a
typical PVSC device, electron transport layers (ETLs, n-type semi-
conductors) and hole transport layers (HTLs, p-type semiconductors)
are usually required to assist charge separation and transport [11-14].
State-of-the-art high-performance PVSCs commonly use organic mate-
rials especially 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamino)-9,9’-
spirobifluorene (spiro-OMeTAD) as HTL [15-18]. However, the com-
plex multi-step synthesis and expensive sublimation process greatly
limit its commercial application. Moreover, spiro-OMeTAD needs to be
exposed to ambient environment for a long-time oxidation process to
reach peak PCE. This is also a great drawback for industrial use.

Considering the disadvantages mentioned above, many efforts have
been made by researchers all over the world to replace spiro-OMeTAD
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[9,19-24]. Malinauskas et al. [21] developed an effective HTL material
named V862 through two-step reaction and the PCE can reach 19.96%
with a total cost of only 23.11 $ g~ * (~ 500 $ g~ for spiro-OMeTAD).
By simply replacing spiro core with fluorene—dithiophene, Saliba et al.
[25] synthesized FDT and PVSCs with this HTL showed an impressive
PCE of 20.2%. Meanwhile, the lab synthesis costs of FDT is only one
fifth of spiro-OMeTAD. Hou et al. [9] adopted Ta-WOx modified PDCBT
to reduce Voc losses and acquired a PCE as high as 21.2%. Recently, we
reported a simple carbazole-based HTL, CZ-TA, synthesized through a
facile one-step reaction with improved hole transport and reduced cost
(1/80 of spiro-OMeTAD) [26,27]. PVSCs using CZ-TA as HTL showed a
PCE of 18.32% with an impressive fill factor (FF) over 81% and good
device stability. Additionally, CZ-TA does not require oxygen doping,
eliminating the potential drop of PCE upon device encapsulation. The
main drawback of CZ-TA is the relatively low V¢ (1.044 V), indicating
the mismatch of energy level [28]. It is well known that appropriate
energy-level alignment can facilitate charge extraction and transport,
leading to improved V,. Js. and FF. However, in many cases, although
careful theoretical simulation and calculation have been carried out
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Fig. 1. (a) Synthetic route for CZ-STA. (b) Absorption spectra of CZ-STA film, the inset is cyclic voltagram of CZ-STA in 0.1 mol L~ ! n-BuyNPFj solution in acet-

onitrile. (¢) DFT-calculated HOMO and LUMO electronic structures of CZ-STA.

during HTL molecular design, the actual highest occupied molecular
orbital (HOMO) level of HTL may still not be at ideal position resulting
in V,. loss [19]. Thus, simple, precise and efficient tuning of HOMO
level is necessary for maximizing device performance when developing
new HTL materials.

Herein, we report a new strategy for linearly tuning HOMO level of
HTL materials to obtain maximum device performance. With CZ-TA as
an example, firstly, we have designed and synthesized 4,4',4",4"-(9-
octylcarbazole-1,3,6,8-tetrayDtetrakis(N,N-bis(4-methylthiophenyl)
aniline) (CZ-STA). By replacing methoxy group on CZ-TA with me-
thylsulfanyl group, CZ-STA exhibits a deeper HOMO level due to the -
acceptor capability of sulfur atom. It can form pni(C)-dn(S) orbital
overlap where divalent sulfur accepts n-electron from the st-orbital of
C=C bonds into its empty 3d-orbitals [29,30]. Besides, stronger Pb-S
interaction will also lead to more efficient charge extraction and surface
traps passivation [31]. With CZ-STA in hand, HOMO levels can be easily
tuned by changing ratios of CZ-TA and CZ-STA. Since these two mo-
lecules have almost the same conjugated structure, they are preferred to
form very compatible blends [32,33]. Meanwhile, the S atoms of CZ-
STA and O atoms of CZ-TA may form S...O non-covalent interactions in
solid state to enhance their packing in HTL layers [34]. PVSCs using CZ-
TA: CZ-STA (90:10, weight ratio) as HTL have reached a champion PCE
of 19.85% (18.32% for CZ-TA) under reverse voltage scan and a steady-
state efficiency of 19.55% (16.36% for CZ-TA). Compared with pure CZ-

TA (Voc = 1.044V, Jgc = 21.66 mA cm ™2, FF = 81.0%), binary blend
HTL system showed increased V¢ and Jsc without sacrificing FF (Voc
=1.082V, Jsc = 22.51 mA cm ™2, FF = 81.5%). Moreover, the cost for
lab synthesis and purification of both CZ-TA (~ $25/g) and CZ-STA
(~ $32/g) is much lower than that for spiro-OMeTAD (see cost calcu-
lation in Supporting information). It's worth noting that the CZ-TA:CZ-
STA (90:10) blend HTL based devices can maintain over 82% of its
initial PCE after storing for 60 days in air with a relative humidity
around 50% without encapsulation. To the best of our knowledge, this
is the first report of precisely tuning HTL energy level through a simple
and cost-effective binary blend strategy.

2. Results and discussion

The synthetic route of CZ-STA is outlined in Fig. 1a and detailed
synthesis can be found in Supporting information (SI). 1,3,6,8-Tetra-
bromo-9-octylcarbazole was obtained following the same procedure in
our earlier report [26]. The details of synthesis of 4-methylthio-N-(4-
methylthiophenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenylaniline are outlined in SI [31,35]. After that, Pd-catalyzed Su-
zuki reaction was carried out to produce final CZ-STA with 78% yield.
Simple column chromatography purification was adopted to acquire
analytically pure CZ-STA for PVSC application, directly avoiding ex-
pensive sublimation process. The chemical structure of CZ-STA was
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Fig. 2. (a) Chemical structures of CZ-TA and CZ-STA, together with HOMO values of their blends of different compositions in weight ratios. (b) Correlation of binary
HTLs' HOMO levels with different CZ-TA:CZ-STA blends. (a) Cross-sectional SEM image of PVSC with CZ-TA:CZ-STA (90:10, w/w) as HSL. The scale bar is 500 nm.

(b) Energy level diagram of PVSC.

carefully characterized by nuclear magnetic resonance (NMR) (Fig. S1-
S10, 'H, 3¢, SI) and matrix-assisted laser desorption ionization/time of
flight (MADLI-TOF) mass spectrometry (Fig. S11, SI). Similar to CZ-TA,
CZ-STA also showed good solubility in common organic solvents such
as toluene, chlorobenzene and chloroform. Besides, CZ-TA and CZ-STA
have good miscibility and compatibility due to their similar backbone
structure. Thermogravimetric analysis (TGA) indicates that CZ-STA has
good thermal stability with 5% weight loss found till 401 °C (Fig. S12a,
SI), which is far above temperatures for device fabrication. From dif-
ferential scanning calorimetry (DSC) result, a glass transition tem-
perature (T,) at 110.2°C is observed for CZ-STA (Fig. 12b, SI), in-
dicating its amorphous nature which may help to form uniform and
pinhole-free HTL films [21,36].

Fig. 1b shows the UV-Vis absorption spectrum of CZ-STA film. The
maximum peak is located at 333 nm, with an onset absorption around
400 nm. According to E; = 1240/Aon.., the optical bandgap (E,) of CZ-
STA can be estimated as 3.10 eV. To evaluate the energy levels of CZ-
STA, cyclic voltammetry (CV) was adopted with ferrocene/ferrocenium
(Fc/Fc*) as the internal standard. In the inset of Fig. 1b, a clear oxi-
dation peak is observed with an onset potential of 0.883 V. The HOMO
level of CZ-STA was thus determined to be —5.333 eV. Then, the LUMO
level can be accordingly estimated to be —2.233 eV [26], which would
efficiently block electrons from recombining with holes. Compared with
original CZ-TA, CZ-STA exhibits deeper HOMO level after incorporation
of methythiol ending group, CV result agrees well with our DFT
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simulation. For CZ-STA, this deep HOMO level may be negative for
generating enough driving force for hole transfer since the valence band
of MAg,FAo3Pbl; (MA: methylammonium, FA: formamidinium) is
around —5.40eV.[28,37] Opposite for CZ-TA (HOMO = —5.17 V), a
small downshift of HOMO level is required to enhance its photovoltaic
performance.

As shown in Fig. 2a&b, we obtained a continuously adjustable
HOMO level from —5.17 eV to —5.333 eV through simply changing the
weight ratios of CZ-TA:CZ-STA blends. HOMO levels were almost lin-
early decreased along the increase of CZ-STA ratios, suggesting that CZ-
TA and CZ-STA form very compatable blends [32,34,38]. To evaluate
the device performance of binary HTL with different ratios, we fabri-
cated a large number of PVSCs with the conventional device structure
of FTO/Sn05/Cgp-SAM/MA, ,FA( 3Pbl3/CZ-TA:CZ-STA/Au. As clearly
shown in Fig. 2¢, a HTL layer of approximately 50 nm was uniformly
deposited onto the top of perovskite. Large grains comparable with the
thickness of perovskite layer facilitate the charge transport by reducing
grain boundaries and the density of corresponding traps [39,40].

Fig. 3 shows the statistics of V¢, Jsc, FF, and PCE of PVSCs using
different CZ-TA:CZ-STA blends as HTL. By adjusting the weight ratio of
CZ-TA and CZ-STA from 100:0 to 90:10, we observed the average V¢
increased from 1.041V to 1.083V and Jgc reached 22.43 mA cm ™2
from the initial 21.70 mA cm ™2 and FF maintained over 80%. However,
further increased CZ-STA content (> 10% in weight ratio) led to si-
multaneous reduced V¢, Jsc, and FF, therefore, PCE. The detailed
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Fig. 3. Photovoltaic parameters of PVSCs with different CZ-TA:CZ-STA ratios. Histograms of (a) Voc, (b) Jsc, (c) FF, and (d) PCE of corresponding devices.

parameters of champion PVSCs using different blends as HTL are listed
in Table S1. A close look at the HOMO-LUMO energy levels change with
blend composition (Table S1), one can found the blend HTL exhibits
both decreased HOMO and LUMO energy levels with the increased
addition of CZ-STA, resulting in decreased V¢ of PVSCs (Fig. 3a). The
CZ-TA:CZ-STA (90:10) blend achieves a HOMO of —5.199eV,
matching perfectly with that of Spiro-OMeTAD (—5.20 eV). This best
alignment of energy levels facilitates the hole extraction and transport
from this binary blend HTL, thus leading to the champion PCE of
19.85%. Further deepening the HOMO levels of binary blend with in-
creased addition of CZ-STA, PVSCs will lose enough driving force for
hole-extraction and cause surface recombination, which may result in
Voc loss and poor FF. Similar phenomenon has been observed by Po-
lander and their coworkers [41].

Besides for the ideal HOMO achieved at 10% addition of CZ-STA,
the binary blends with CZ-STA content > 10 wt% exhibit decreased
compatibility and thus clearer phase separation between two compo-
nents on top of perovskite with the increased addition of CZ-STA
(evidence shown by AFM images in Fig. 6). The less compatibility of
binary HTL blends will result in enhanced hole traps and poorer Ohmic
contact at the interfaces with perovskite, reflecting by the decreased Jsc
and FF values for PVSCs (Fig. 3b &c). As a whole, PVSCs with binary
blend HTLs containing no more than 25 wt% CZ-STA contribute higher
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PCEs than corresponding devices with individual component HTLs
(Fig. 3d).

Fig. 4a shows the J-V curve under reverse and forward voltage scan
of our best-performing PVSCs with CZ-TA, CZ-STA or CZ-TA:CZ-STA
blends as HTLs under 100 mW/cm? AM1.5G illumination. The PVSC
employing only CZ-TA (CZ-STA) as HTL shows a relatively low PCE of
18.32% (16.21%) with a Jsc of 21.66 (21.96) mA cm ~2, a V¢ of 1.044
(1.052) V, and a FF of 0.810 (0.702) under reverse scan. The low V¢
and Jsc of pristine CZ-TA along with the low V¢ and FF of pristine CZ-
STA can be attributed to energy loss resulting from energy-level mis-
match.

When CZ-STA was blended into CZ-TA, the PVSC showed a sig-
nificantly increased PCE with the simultaneously improved Jsc, Voc,
and high FF values. The HTL with CZ-TA:CZ-STA (90:10) blend for
PVSCs affords a champion PCE of 19.85%, with a Jsc of
22.51mA cm ™2, a Vo of 1.082V, and a FF of 0.815. Compared to the
large hysteresis (~ 2% PCE hysteresis) of using CZ-TA only as HTL, the
binary CZ-TA:CZ-STA (90:10) based PVSCs exhibited negligible hys-
teresis. This could be explained by the passivation effect at HTL-per-
ovskite interface due to interaction between Pb%* and S.[31] The in-
tegrated Js. of PVSCs with CZ-TA or CZ-TA:CZ-STA (90:10) HTL from
EQE is 21.39 mA cm ™~ 2 and 22.46 mA cm ™2, which are consistent with
J-V results. Additionally, the steady-state output photocurrent of CZ-
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measured for 20 cells using CZ-TA or CZ-TA:CZ-STA (90:10) HTL.

TA:CZ-STA (90:10) HTL based devices at a constant applied voltage of
0.920 V for 600s is around 21.27 mA cm ™2, leading to a stabilized PCE
of ~19.55%. As shown in Fig. 4d, the average PCE of 19.42 + 0.43%
with an average Voc of 1.083 + 0.017V, an average Jsc of
22.43 * 0.47mAcm™ 2, and an average FF of 0.800 + 0.015 for de-
vices using CZ-TA:CZ-STA (90:10) blend as HTL are obtained from 20
cells fabricated in different batches.

Fig. 5a shows the steady-state photoluminescence (PL) spectra of
perovskite films with or without HTL layers on top. By adding HTL
layer onto the surface of perovskite film, strong PL quenching is ob-
served. HTLs with CZ-STA content smaller than 15 wt% shows a higher
quenching efficiency than pristine CZ-TA, indicating that the stronger
interaction between sulfur and Pb>* as well as more suitable band
alignment benefits better hole extract and transfer from perovskite to
HTL. It is worth noting that CZ-TA:CZ-STA (90:10) quenches most ef-
fectively among all blends, agreeing well with its superior device per-
formance. The TRPL decays are shown in Fig. 5b. With the deposition of
HTL layer onto perovskite film, the mean carrier lifetime is greatly
shortened from 1200 ns to 191 ns and 278 ns for CZ-TA and CZ-STA,
respectively. The shortest lifetime is obtained from CZ-TA:CZ-STA
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90:10 again, indicating its most efficient dissociation and fastest charge
transfer. This may also contribute to reduced recombination and en-
hanced Jgc.

To further understand the recombination mechanism in these
PVSCs, we further investigated the dependence of J and V character-
istics on light intensity from 1 to 100 mW/cm?. Fig. Sc¢ shows the de-
pendence of Jgc on light intensity (J«I®) by power law. It is known that
an a value closes to 1 indicates no space charge effect exists in a solar
cell, while an a value of 0.75 implies large space charge effect due to
interfacial barrier or charge imbalance [26,42,43]. Therefore, when
increasing CZ-STA weight ratio in CZ-TA:CZ-STA binary HTLs, the
PVSCs appear to be more space charge limited, especially for CZ-TA:CZ-
STA (25:75) based devices. Fig. 5d shows Vo varies logarithmically
with light intensity. In principle, the slope will be equal to 2 kT/e if the
monomolecular recombination (Shockley—-Read-Hall recombination) is
dominant, while the slope will be equal to 1 kT/e if bimolecular re-
combination governs. For pure CZ-TA and CZ-TA:CZ-STA (90:10) HTLs,
less Shockley-Read-Hall recombinations are observed. These results
suggest that CZ-TA blending with 10 wt% CZ-STA can not only more
efficiently extract the holes but also reduce recombination
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with CZ-TA, CZ-STA or their blends with different weight ratios as HTLs.

In order to investigate the charge transport behavior, the hole mo-
bilities of CZ-TA and all CZ-TA:CZ-STA blends were measured by the
method of space-charge-limited current (SCLC). It is clear in Fig. 6a that
both CZ-TA (2.40 x 10~ % em? V™! s71) and CZ-TA:CZ-STA blends (no
less than 2 X 10~ % em? V™! s 1) have much higher mobility than Spiro-
OMeTAD (1.11 X 107 em?® V™! s™1). The morphology of blended HTL
film was characterized by atomic force microscopy (AFM) in tapping
mode. As shown in Fig. 6b, no obvious phase separation or aggregation
was observed until CZ-STA reached 50 wt%, indicating good compat-
ibility of CZ-TA and CZ-STA.

To check the device stability with binary HTLs, we compared the
environmental stability of PVSCs using CZ-TA:CZ-STA (90:10) blend
and doped spiro-OMeTAD as HTLs without encapsulation in ambient air
under a relative humidity of ~50%. The PCE decay curves are pre-
sented in Fig. 6¢, CZ-TA:CZ-STA (90:10) HTL based device shows much
improved ambient stability, indicating by 82% of initial PCE retained
after 60 days. On the contrary, the spiro-OMeTAD-based device lost
almost 90% of its PCE within the same time window. Thus, our binary
CZ-TA:CZ-STA (90:10) HTL not only delivers a high PCE, but also an

enhanced device stability, making it promising candidate for pushing
forward the development of perovskite solar cells.

3. Conclusions

In summary, we have developed a binary HTL blend strategy for
facilely and continuously tuning the HOMO level of HTL to realize
significantly enhanced photovoltaic performance and device stability
for PVSCs. By adding 10 wt% methylthio-substituted CZ-STA to CZ-TA
as blend HTL, we successfully improved the Vo from 1.044V to
1.083V due to optimized energy-level alignment. Moreover, better
charge extraction and interface passivation resulting from strong Pb>*-
S interaction led to enhanced Jsc and reduced hysteresis with a re-
markable FF of 0.815. Planar PVSCs using CZ-TA:CZ-STA (90:10) HTL
achieved a maximum PCE of 19.85% under reverse voltage scan and a
steady-state efficiency of 19.55%. More importantly, the CZ-TA:CZ-STA
(90:10) based devices retained over 82% of its initial PCE after storing
for 60 days in air with a relative humidity around 50% without en-
capsulation, revealing the great potential for improving long-term
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The stability test of the conventional PVSCs in ambient air with a humidity of ~ 50%.
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device stability. Therefore, our work brings a new sight for developing
hole transport materials to achieve high-efficiency stable perovskite
solar cells.
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