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Circular plate like lithium doped hierarchical TiO2 (Li-hier-TiO2) nanostructures were synthesized and scattered
on the compact TiO2 layer as a quasi-scaﬀold layer for perovskite solar cells (PSCs). The quasi-scaﬀold layer
provides superior contact properties with perovskite layer and helps to form the high quality perovskite ﬁlm
with better crystallinity and less pin-holes. Simultaneously, Li-hier-TiO2 quasi-scaﬀold compared to pure hierTiO2 quasi-scaﬀold exhibits superior electronic properties due to the reduced trap states together with better
electron transport and extraction abilities. PSCs using Li-hier-TiO2 quasi-scaﬀold layer to host the CH3NH3PbI3
photoactive layer produce substantially higher PCE of 18.25% with suppressed hysteretic behavior, which is
obviously higher than PCE (15.64%) of PSCs using pure hier-TiO2 quasi-scaﬀold layer.

1. Introduction
Organolead triiodide perovskite solar cells (PSCs) have been feverishly investigated in recent years and already achieved over 22% of
power conversion eﬃciency (PCE). [1–4]. In a standard PSC conﬁguration, perovskite photoactive layer is normally sandwiched by electron transport layer (ETL) and hole transport layer (HTL) to separate
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and collect charge carriers produced in perovskite layer, and both ETL
and HTL play important roles to transport and collect carriers, which
help to get highly eﬃcient PSCs [5]. Especially, the ETL is crucial for
determining the performance of PSCs because the transport distance of
electrons in CH3NH3PbI3 perovskite layer is signiﬁcantly shorter compared to holes [6–9]. Thus, the exploration of the novel materials acted
as an ETL for PSCs is always an interesting and important scientiﬁc
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Fig. 1. SEM images of hier-TiO2 (a) and Li-hier-TiO2 (b) nanostructures. TEM images of hier-TiO2 (c) and Li-hier-TiO2 (d) nanostructures. (e) and (f) are SEM images of quasi-scaﬀold
layer of hier-TiO2 and Li-hier-TiO2, respectively.

increase carrier recombination and leakage currents of PSCs. Therefore,
a capacious scaﬀold is expected to grow high quality perovskite ﬁlm
with large grain size and less pin-holes. Yu et al. used a three-dimensional (3D) TiO2 nanowire architecture instead of conventional nanoparticle system, which improves the contact characteristic at the interface of perovskite/TiO2, and shows an excellent charge transport
ability [23]. Yang et al. employed 100 nm size spherical TiO2 aggregates as scaﬀold layer for PSCs and obtained an over 18% PCE,
which is obviously higher than those PSCs with small size npt-TiO2 as
scaﬀold [26]. The enhanced eﬃciency of PSCs is attributed to the large
growth spaces inside scaﬀold helps to form high quality of perovskite
layer with large grain size and less pin-holes. In our previous work,
porous circular plate-like hierarchical TiO2 (hier-TiO2) nanostructures
sintered from MIL-125(Ti) MOFs were acted as scaﬀold of scattered
distribution to form a quasi-mesoscopic perovskite solar cells (QMPSCs) [27]. The hier-TiO2 quasi-mesoscopic scaﬀold shows superior

challenge, including synthetic methodology for an appropriate energylevel alignment along with perovskite layer [10]. Many metal oxides,
such as zinc oxide (ZnO) [11,12], tin oxide (SnO2) [13,14], and titanium dioxide (TiO2) [15–18] have been applied as ETLs for solar cells.
Among these metal oxides, TiO2 is a good candidate due to the chemical
stability, low cost, and the matched band energy level with organo-lead
triiodide perovskite layer. Moreover, the morphology of TiO2 can be
easily tailored by synthesis approaches to beneﬁt the perovskite grains
growth and carrier transport [19–22]. A competent morphology of TiO2
scaﬀold layer not only can improve the carrier transport ability, but
also can change the growth kinetics of perovskite grains to form high
quality perovskite ﬁlms with less defects and improve the interface
contact properties [23–25]. The conventional mesoscopic scaﬀold layer
prepared by small size TiO2 nanoparticles (npt-TiO2) usually forms a
labyrinthine structure with tiny space, which limits perovskite grains
growth inside TiO2 scaﬀold and easily forms lots of voids, leading to
948
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Fig. 2. (a) XRD patterns, (b) XPS spectra of hier-TiO2 and Li-hier-TiO2 nanostructures. (c) and (d) are the corresponding Li 1 s and Ti 3 s narrow XPS spectra, respectively.

still remains the advantages of pure hier-TiO2 quasi-mesoscopic scaﬀold
to grow high quality perovskite ﬁlms, and Li doping further improves
electron transport and extraction ability. PSCs using Li-hier-TiO2 quasimesoscopic scaﬀold show a PCE of 18.25% with less J-V hysteresis,
which is much higher than PCE (15.64%) of PSCs using hier-TiO2 as
quasi-mesoscopic scaﬀold.

wettability and oﬀers enough large spaces to grow high quality perovskite layer with large grain size and less pin-holes. Besides, this hierTiO2 quasi-mesoscopic scaﬀold can enhance the light scattering to improve the incident light use ratio. As a result, PSCs based on hier-TiO2
quasi-mesoscopic scaﬀold show a PCE of 16.56%, which is obviously
higher than PCE (11.38%) of PSCs with conventional TiO2 nanoparticles (npt-TiO2) as scaﬀold.
However, the inferior electron mobility of TiO2 usually limits the
transportation and extraction of photo-generated electrons from perovskite layer. Furthermore, the defects of TiO2 would trap the carriers
and increase carrier recombination [28,29]. Doping or mixing some
elements in TiO2 has been demonstrated a good strategy to inhibit
defects and improve the electron transport ability [30–33]. For instance, Zhou et al. used Y-doped TiO2 as ETL in PSCs and got a high PCE
of 19.3% [5]. Nb [34], Mg [35], Al [33] and many other elements
doped TiO2 are used as ETL of PSCs, which can greatly improve PCEs.
Noticeably, J. H. Heo et al. reported that the charge carrier mobility of
mesoscopic TiO2 scaﬀold layer can increase from 1.1 × 10−6 cm2/V s
to 2.5 × 10−6 cm2/V s through Li (Lithium) treatment and the corresponding PSCs signiﬁcantly reduced the J-V hysteresis [36]. Similarly,
F. Giordano et al. improved the PCE of PSCs from 17% to over 19% with
negligible hysteretic behavior by doping Li into mesoporous TiO2
scaﬀold layer [16]. The enhanced photovoltaic performance is attributed to the increase of the conductivity and passivation eﬀect due to
doping Li ions.
Herein, the reported hier-TiO2 nanostructures were further doped
with Li ions to form Li doped hierarchical TiO2 nanostructures (Li-hierTiO2), which overcame the disadvantage of the inferior conductivity of
hier-TiO2 nanostructures. The Li-hier-TiO2 quasi-mesoscopic scaﬀold

2. Experimental
2.1. Materials
All solvents and reagents were used as received. Fluorine-doped tin
oxide (FTO) glass (thickness: 2.2 mm, sheet resistance: 14 Ω □−1) were
purchased from Nippon Sheet Glass, Japan. Tetra-n-butyl titanate Ti
(OC4H9)4, anhydrous methanol, and anhydrous ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd., China. Terephthalic acid
(TPA), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), Lithium
bis(triﬂuoromethanesulfonyl)imide (Li-TFSI, 98%) and 4-tert-butylpyridine (TBP, 98%) were purchased from Aladdin company (Shanghai,
China). Lead (II) iodide (PbI2, 99.999%) and ethyl cellulose were purchased from Sigma-Aldrich. CH3NH3I (MAI) was purchased from 1Material-Organic Nano Electronic (1-Material Inc.). 2,2′,7,7′-tetrakis
(N,N-di-p-methoxy-phenylamine)-9,9′-spirobiﬂuorene (Spiro-OMeTAD,
≥99%) was purchased from Polymer Light Technology Corp. (Xi’an,
China).
2.2. Preparation of Li-hier-TiO2 pastes
Porous circular plate-like Li-hier-TiO2 was prepared by sintering
949
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Fig. 3. Top-view SEM images of perovskite layer located on (a) hier-TiO2 and (b) Li-hier-TiO2 scaﬀold. (c) XRD patterns of CH3NH3PbI3/hier-TiO2 and CH3NH3PbI3/Li-hier-TiO2. (d)
Cross-section SEM image of PSCs using Li-hier-TiO2 as quasi-scaﬀold layer.

Li·MIL-125(Ti) MOFs in air. The Li·MIL-125(Ti) MOFs was synthesized
by modifying the procedure reported elsewhere [37]. Speciﬁcally, different amount Li-TFSI (0.75 g, 1 g, 1.25 g and 1.5 g) were respectively
added into four autoclaves with Teﬂon cup each containing the mixture
of 3.0 g TPA, 6 ml anhydrous methanol, 1.56 ml Ti(OC4H9)4 and 54 ml
DMF, then heated at 120 °C for 20 h, respectively. Upon cooling down,
the white suspensions were centrifuged at 4000 rpm for 10 min and
washed with anhydrous methanol several times to get the Li·MIL125(Ti) MOFs. The MOFs were dried in vacuum oven overnight at 60 °C
to completely evaporate the DMF and then sintered at 500 °C for 5 h to
convert into porous Li-hier-TiO2 nanostructures. The corresponding
products were named as 0.75 Li-hier-TiO2, 1 Li-hier-TiO2, 1.25 Li-hierTiO2 and 1.5 Li-hier-TiO2, respectively.
0.1 g of as prepared Li-hier-TiO2 were dispersed in 2 ml absolute
ethanol solvent by sonication and stirring for 2 h, then 0.5 ml α-terpinol
and 0.05 g ethyl cellulose were added to the suspension to increase the
viscosity. Finally the resultant solution was sonicated for 30 min and
stirred overnight.
For comparison, un-doped hier-TiO2 paste was prepared under the
same condition except that Li-TFSI was not introduced into the reacting
system. The detail procedure was reported in our previous work [27].

aqueous solutions for 30 min at 70 °C and washed with deionized water
and ethanol, followed by annealing at 500 °C for 30 min in air.
The perovskite layer was spin-coated on the TiO2 layer via a solventmodiﬁed engineering assisted with one-step spin-coating procedure.
Speciﬁcally, pre-mixed solution containing 159 mg CH3NH3I, 462 mg
PbI2, 78 mg DMSO and 600 mg DMF were dropped on the substrate and
then the substrate was spun at 4000 rpm for 40 s. Within the ﬁrst 6 s of
spinning, 0.5 mL anhydrous diethyl ether was continuously dropped on
the substrate. Then, the substrates were heated at 100 °C for 10 min.
After cooling to room temperature, 72.3 mg Spiro-OMeTAD, 28.8 μl
TBP and 17.5 μl Li-TFSI in acetonitrile (520 mg ml−1) mixture solution
were dissolved in 1 ml chlorobenzene and then spin-coated onto the
perovskite layer to form a 60 nm thick hole transport layer. Finally, a
80 nm thick AgAl alloy electrode was thermally evaporated onto HTL to
form the back contact of the device.
2.4. Characterization
The morphology, structure and composition of samples were investigated by ﬁeld-emission scanning electron microscopy (FESEM,
Hitachi S-4800), transmission electron microscopy (TEM, JEM-2100),
X-ray diﬀraction (XRD, Holland Panalytical PRO PW3040/60) with Cu
Kα radiation (V = 30 kV, I = 25 mA). The photocurrent density-voltage (J-V) curve was measured using a Keithley model 2440 Source
Meter under the illumination of AM 1.5 G and 100 mW/cm2 simulated
solar light from a Newport solar simulator system. During the photovoltaic measurements, all devices were masked with a mask to deﬁne
the active area of 0.10 cm2. The incident photon to current conversion
eﬃciency (IPCE) was measured using a Newport Optical Power Meter
2936-R controlled by TracQ Basic software.

2.3. Fabrication of PSCs
The patterned FTO substrates were ultrasonically cleaned using
deionized water, acetone and isopropanol, then treated under UV-ozone
for 15 min. A compact TiO2 layer with 40 nm thickness was spin-coated
on FTO substrate and sintered at 500 °C for 30 min. The Li-hier-TiO2
slurry was spin-coated onto compact TiO2 layer and then heated at
500 °C for 30 min. Finally, the samples were immersed in 40 mM TiCl4
950
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Fig. 4. (a) J-V curves of PSCs based on hier-TiO2 and Li-hier-TiO2 scaﬀold scanned with forward and reverse directions. (b) Dark J-V curves of hier-TiO2 and Li-hier-TiO2 based PSCs. (c)
IPCE spectra and corresponding integrated current densities of PSCs with hier-TiO2 and Li-hier-TiO2 scaﬀold. (d) Diagram of energy levels (relative to the vacuum level) of each functional
layer of cells.

nanoparticles (18-NRT) with 42.35 m2 g−1 surface area and 6 nm pore
size, perovskite precursor solution is more possibly inﬁltrated into the
pores of hier-TiO2 and Li-hier-TiO2 nanostructures due to the stronger
capillary eﬀect and larger pore sizes, which help to tightly anchor
perovskite grains and improve grains stability [27]. Fig. 1e and f show
the top view SEM images of hier-TiO2 and Li-hier-TiO2 scattered on the
compact TiO2 layer to form a quasi-scaﬀold layer with scattered distribution, respectively. This quasi-scaﬀold layer can oﬀer enough spaces
to grow perovskite grains.
The structure and composition of hier-TiO2 and Li-hier-TiO2 nanostructures were also studied. Fig. 2a shows the XRD patterns of hierTiO2 and Li-hier-TiO2. The hier-TiO2 and Li-hier-TiO2 show the mixed
crystal structures of anatase and rutile according to JCPDS 21-1272 and
JCPDS 21-1276. However, the ratio of anatase to rutile for Li-hier-TiO2
nanostructures is obviously higher than that of hier-TiO2, indicating
that doping Li element can inhibit the phase transformation from
anatase to rutile, which is mainly caused by the presence of foreign ions
in the crystal lattice [38]. Fig. 2b depicts the XPS spectra of hier-TiO2
and Li-hier-TiO2. There are no traces of sulphur or ﬂuorine from the LiTFSI precursor in Li-hier-TiO2 sample, indicating that organic group of
TFSI sintered at 500 °C were completely removed. The peak at 55 eV of
Li 1s spectrum was detected in Li-hier-TiO2 sample, as shown in the
magniﬁcation of Fig. 2c, indicating the successful Li doping. A more
pronounced shoulder at the higher binding energy side of O1s main
peak can be observed in Li-hier-TiO2, as shown in Fig. S2a, which is
consistent with the previous reports of other groups [10,16,39] and is
attributed to the formation of interstitial Li ions. There is no obvious
diﬀerence between Ti 2p spectra of hier-TiO2 and Li-hier-TiO2 samples,

Table 1
Photovoltaic parameters of best PSCs based on hier-TiO2 and Li-hier-TiO2.
devices

Scan direction

Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

hier-TiO2

Forward
Reverse

1.01
1.01

22.19
22.46

66.05
68.93

14.80
15.64

Li-hier-TiO2

Forward
Reverse

1.03
1.03

23.85
23.91

72.06
74.11

17.70
18.25

3. Results and discussion
Fig. 1a and b show the SEM images of synthesized hier-TiO2 and Lihier-TiO2 nanostructures, respectively. Both hier-TiO2 and Li-hier-TiO2
nanostructures present circular plate-like morphologies with the sizes
of about 200–300 nm. This indicates that the topography of hier-TiO2
nanostructures is not changed by doping Li element. However, the
surface of Li-hier-TiO2 nanostructures shows more abundant pores,
which can further improve the capillary eﬀect and wettability beneﬁtting perovskite fully inﬁltration. Fig. 1c and d present TEM images of
hier-TiO2 and Li-hier-TiO2 nanostructures, respectively. The observed
abundant pores indicate that both types of nanostructures are partly
inherited the porosity of MIL-125(Ti). The speciﬁc surface areas of hierTiO2 and Li-hier-TiO2 were measured with Brunauer-Emmett-Teller
(BET) and show 87.36 m2 g−1 and 96.12 m2 g−1, the corresponding
pore size distribution were calculated by the Barrett-Joyner-Halenda
(BJH) method and the main pore sizes are about 8 nm and 11 nm respectively, as shown in Fig. S1a and b. In comparison to TiO2
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Fig. 5. Steady PL spectra (a) and Time-resolved PL decays (b) of hier-TiO2/CH3NH3PbI3
and Li-hier-TiO2/CH3NH3PbI3.

Fig. 6. (a) Jph-Veﬀ plots with double logarithmic axis for PSCs based on hier-TiO2 and Lihier-TiO2 respectively. (b) Time proﬁles of photocurrent density obtained by holding
solar cells at bias voltage of 0.80 V.

shown in Fig. S2b. The peak at 61.5 eV of Ti 3s shown in Fig. 2d can
ascribed to the presence of Ti3+ for Li-hier-TiO2, indicating that the Li+
treatment induces a partial reduction of Ti4+ to Ti3+ within the TiO2
lattice [40]. The reduction of Ti4+ to Ti3+ can passivate the electronic
defects or trap states that originate from oxygen vacancies within the
TiO2 lattice [30], resulting in the improved charge transport property.
The band-gaps of hier-TiO2 and Li-hier-TiO2 calculated from the UV–vis
absorption spectra are 3.38 eV and 3.12 eV respectively, as illustrated
in Fig. S3. The bandgap of hier-TiO2 was slightly reduced after doping
Li element, which is attributed to the slightly decreased conduction
band of hier-TiO2 according to the previous reports of Li doping TiO2
[10,36]. The slightly decreased conduction band of Li-hier-TiO2 promotes electron injection from perovskite layer to Li-hier-TiO2 scaﬀold,
which can reduce electron accumulation at the interface of perovskite/
TiO2.
CH3NH3PbI3 layer was prepared by typical one-step method.
Fig. 3a and b show top-view SEM images of CH3NH3PbI3 layer located
on the quasi-scaﬀolds of hier-TiO2 and Li-hier-TiO2 nanostructures,
respectively. The perovskite solar cells fabricated with scaﬀold of
scattered distribution are named as quasi-mesoscopic perovskite solar
cells (QM-PSCs) to distinguish the conventional mesoscopic PSCs [27].
The morphologies of CH3NH3PbI3 located on hier-TiO2 and Li-hier-TiO2
scaﬀold are similar and the grain sizes are about 400–1000 nm. Fig. 3c
shows the XRD patterns of CH3NH3PbI3 ﬁlms on hier-TiO2 and Li-hierTiO2 scaﬀolds, respectively. The strong peaks at 14.08°, 28.41° and
31.85 are assigned to (1 1 0), (2 2 0) and (3 1 0) planes of CH3NH3PbI3,

Fig. 7. J-V curves of PSCs based on hier-TiO2 doped with diﬀerent Li+ concentration.

indicating an orthorhombic crystal structure of halide perovskite with
high crystallinity [41,42]. The similar morphologies and XRD patterns
of perovskite layer on hier-TiO2 and Li-hier-TiO2 scaﬀolds indicate that
doping Li element in hier-TiO2 nanostructures did not obviously aﬀect
952
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Table 2
Photovoltaic parameters of PSCs based on Li-hier-TiO2 doped with diﬀerent Li+ concentration.
devices

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

hier-TiO2
1Li-hier-TiO2
1.25Li-hier-TiO2
1.5Li-hier-TiO2

1.01
1.02
1.03
0.99

22.46
23.02
23.91
20.67

68.93
71.29
74.11
63.70

15.64
16.72
18.25
13.03

Table 3
Photovoltaic parameters of PSCs with quasi-scaﬀold fabricated with diﬀerent spin-speed.

the crystallization of perovskite layer. Fig. 3d and Fig. S5 present the
cross section SEM images of Li-hier-TiO2 and hier-TiO2 based PSCs,
respectively. Both hier-TiO2 and Li-hier-TiO2 quasi-scaﬀold layer are
completely held by CH3NH3PbI3. However, the CH3NH3PbI3 layer located on conventional mesoscopic scaﬀold with npt-TiO2 (18-NRT)
shows lots of unﬁlled pinholes, as shown in Fig. S4, indicating that the
scattered scaﬀold has better advantage to grow high quality perovskite
ﬁlms with less pinholes.
Fig. 4a shows the J-V characteristics of best PSCs using hier-TiO2
and Li-hier-TiO2 scaﬀolds and the parameters of cells are listed in
Table 1. The short-circuit photocurrent density (Jsc), open circuit voltage (Voc) and ﬁll factor (FF) of PSCs using Li-hier-TiO2 scaﬀold are
higher than those of PSCs with hier-TiO2 scaﬀold. Speciﬁcally, the Jsc
of cells was signiﬁcantly increased from 22.46 to 23.91 mA/cm2 for
reverse scan and 22.19–23.85 mA/cm2 for forward scan after doping Li
element. Correspondingly, the FF was increased from 68.93% to
74.11% for reverse scan and 66.05% to 72.06% for forward scan. As a
consequence, the cells based on hier-TiO2 show a PCE of 15.64% for
reverse scan and 14.80% for forward scan, while the cells based on Lihier-TiO2 show a higher PCE of 18.25% and 17.70% for reverse and
forward scan, respectively. The hysteresis diﬀerence of J-V curves for
PSCs based on Li-hier-TiO2 between backward and forward scans is
3.0%, which is lower than hysteresis diﬀerence (5.4%) of PSCs with
hier-TiO2 because of the suppressed traps and enhanced charge transport capability of Li-hier-TiO2. PSCs with Li-hier-TiO2 scattered onto Li
doped compact TiO2 layer can further increase the performance and got
the highest PCE of 18.41%, as shown in Fig. S6 and Table S1. This
suggested that a dual Li doped TiO2 ETL helps to further improve
electron transport and extraction abilities.
The enhanced performance of Li-hier-TiO2 based PSCs is further
supported by the dark J-V characteristics, as shown in Fig. 4b. The
obviously lower reversed saturation current and higher rectiﬁcation
ratio of Li-hier-TiO2 based PSCs compared to hier-TiO2 based PSCs
demonstrated the reduced carrier recombination and the enhanced
carrier transporting and collecting abilities. The reduced leakage current and carrier recombination current can contribute to improving the

Spin speed (rpm.)

sample

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

1500

hier-TiO2
Li-hier-TiO2

0.99
1.02

21.72
22.47

53.12
58.42

11.46
13.26

2000

hier-TiO2
Li-hier-TiO2

1.01
1.03

22.46
23.91

68.93
74.11

15.64
18.25

2500

hier-TiO2
Li-hier-TiO2

1.01
1.03

22.03
23.40

63.19
72.78

14.05
17.54

3000

hier-TiO2
Li-hier-TiO2

0.99
1.00

18.35
22.86

58.29
70.21

10.60
16.05

FF and Voc of cells [27,43], which is consistent with the enhanced FF
and Voc for Li-hier-TiO2 based PSCs. The maximum IPCE values of PSCs
based on hier-TiO2 and Li-hier-TiO2 are 82.36% and 91.45% and their
integrated current density of IPCE spectra are 21.09 mA/cm2 and
22.95 mA/cm2, respectively, as shown in Fig. 4c, which is consistent
with the enhanced Jsc of cells doped with Li element.
To test the repeatability of PSCs, we fabricated more than 32 devices
in each kind of cells. The statistic PCEs histograms of PSCs based on
hier-TiO2 and Li-hier-TiO2 are shown in Fig. S7. The relative narrow
distribution of PCEs reveals good reproducibility of PSCs and the
average PCEs of hier-TiO2 and Li-hier-TiO2 are about 15.42% and
17.36% respectively, indicating that Li doped hier-TiO2 as quasi-scaffold has obvious advantage for improving PCE of quasi-mesoscopic
PSCs.
The steady photoluminescence (PL) intensity of CH3NH3PbI3/Lihier-TiO2 is much lower than that of CH3NH3PbI3/hier-TiO2, as shown
in Fig.5a, suggesting that Li-hier-TiO2 scaﬀold has better electron
transport and extraction ability. Time-resolved PL (TR-PL) decays for
CH3NH3PbI3/hier-TiO2 and CH3NH3PbI3/Li-hier-TiO2 samples are
shown in Fig.5b. The TR-PL spectra were ﬁtted by a tri-exponential
function written as:

PL intensity = A1 exp(−t / τ1) + A2 exp(−t / τ2) + A3 exp(−t / τ3)
where A1, A2, and A3 are time independent coeﬃcients of amplitude
fraction for each decay component and τ1, τ2, and τ3 are decay time of
fast, intermediate, and slow component, respectively. The ﬁtted parameters are summarized in Table S1. The amplitude average decay time
(τamp avg =

∑i Ai τi
∑i Ai

) of Li-hier-TiO2 and hier-TiO2 based sample were

2.73 ns and 8.20 ns, respectively. The quick attenuation of TR-PL
spectrum for CH3NH3PbI3/Li-hier-TiO2 further conﬁrms that Li-hierTiO2 scaﬀold can more eﬃciently dissociate excitons and transfer carriers.

Fig. 8. J-V curves of PSCs using (a) hier-TiO2 and (b) Li-hier-TiO2 as scaﬀold layer fabricated with spin-coated rates of 1500, 2000, 2500 and 3000 rpm, respectively.
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4. Conclusion

To further understand the mechanism responsible for the enhanced
performance of Li-hier-TiO2, the carrier transport and collection properties of PSCs based on hier-TiO2 and Li-hier-TiO2 were investigated,
respectively. Fig. 6a shows the photocurrent density (Jph) of two types
of PSCs. Jph is determined by the equation Jph = Jlight − Jdark, where
Jlight and Jdark are current densities measured under 1 sun illumination
and in dark condition, respectively. The plot of Jph with respect to the
eﬀective voltage (V0-V), where V0 is the compensation voltage (deﬁned
by the voltage at which Jph = 0) [44,45] and V is the applied voltage.
Noticeably, in low eﬀective voltage (< 0.3 V), the photocurrents in two
cells increase sharply with the increase of eﬀective voltage, and the
photocurrents reach gradually a saturated value at the higher eﬀective
voltage. From Fig. 6a, PSCs based on Li-hier-TiO2 compared to hierTiO2 exhibit a larger saturated photocurrent (Jsat). In general, Jsat correlates to the maximum exciton generation rate (Gmax), exciton dissociation probability, and carrier transporting and collection probability at a high eﬀective voltage region. Generally, Gmax is mainly
governed by the light absorption [46]. Considering the constant of
absorbed incident photons for given cell, assuming that all the photogenerated excitons are dissociated into free charge carriers at a high
eﬀective voltage region, Jsat is then limited by the carrier transport and
collection. Therefore, carrier transporting and collecting probabilities
at any eﬀective voltage can be directly obtained from the ratio of Jph/
Jsat. The carrier transporting and collection probabilities of PSCs based
on hier-TiO2 and Li-hier-TiO2 are 91.27% and 94.83% respectively,
indicating that Li doped hier-TiO2 can greatly improve carrier transport
and collection capabilities.
The saturation point of photocurrent of PSCs based on Li-hier-TiO2
and hier-TiO2 were also checked because it is related to J-V hysteresis
with respect to the scan rate and represents the real eﬃciency of devices [10,27]. The variation of photocurrent density at maximum power
condition with the light soaking time under 1 sun irradiation are shown
in Fig. 6b. The current density of PSCs based on hier-TiO2 and Li-hierTiO2 were rapidly saturated at 22.31 and 23.27 mA/cm2, respectively.
The quick response time of PSCs based on Li-hier-TiO2 further support
the obtained results of the higher Jsc and less hysteresis for cells with
Li-hier-TiO2.
The Li-doping concentration of hier-TiO2 was optimized by adding
diﬀerent weight of Li-TFSI into MIL-125(Ti) MOFs precursor solution.
Fig. 7 shows the J-V curves of QM-PSCs with diﬀerent Li concentration
under 1 sun irradiation and the photovoltaic parameters are summarized in Table 2. The PCEs of PSCs are gradually improved with increasing Li-TFSI concentration, and PSCs based on 1.25 Li-hier-TiO2
shows the highest PCE of 18.25%. However, the PCE of PSCs based on
1.5Li-hier-TiO2 were quickly deteriorated and even more lower than
that of the reference PSCs. This is because the excessive Li-doping
concentration can introduce lots of defects, which can act as the recombination centers of carriers [10].
The optimized scaﬀolds of scattered distribution can be controlled
by adjusting spin-speed. Fig. 8 shows J-V curves of PSCs using hier-TiO2
and Li-hier-TiO2 as quasi-scaﬀolds and the corresponding photovoltaic
parameters are listed in Table 3. The optimized spin-speed is 2000 rpm
for both types of scaﬀolds and got 15.64% and 18.25% PCEs of PSCs for
hier-TiO2 and Li-hier-TiO2, respectively. Interestingly, doping Li into
hier-TiO2 can not only enhance the photovoltaic performance but also
improve the tolerance of fabricating quasi-mesoporous scaﬀold, because the PCE diﬀerence of cells with Li-hier-TiO2 scaﬀold is obviously
less than that of cells with hier-TiO2 under the variance of spin-speed
from 2000 rpm to 3000 rpm.
The stability of both kinds of PSCs was also compared, as shown in
Fig. S8. PSCs without encapsulation were stored in dry cabinet with a
relative humidity (RH) of 30% at room temperature. Both PSCs almost
show the same decay tendency and remains about 46% of the initial
PCE values aging for 30 days, indicating that PSCs with hier-TiO2 doped
without and with Li element both show good stability of moisture.

A quasi-mesoscopic PSCs with Li doped hier-TiO2 nanostructures as
quasi-scaﬀold layer were investigated. Li-hier-TiO2 based quasi-scaﬀold
layer remains the advantages of pure hier-TiO2 quasi-mesoscopic scaffold to grow high quality perovskite ﬁlms, and further can reduce the
carrier recombination and exhibit superior contact properties, and
better electron transport and extraction abilities. PSCs with Li-hier-TiO2
got a PCE of 18.25% with less hysteresis, which is obviously higher than
PCE (15.64%) of cells with pure hier-TiO2. The enhanced PCE and the
improved tolerance of PSCs with Li-hier-TiO2 indicate that Li doped
hier-TiO2 nanostructures as scaﬀold of scattered distribution is an effective strategy to improve the performance of PSCs, simplify fabrication and reduce the cost of perovskite solar cells.
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