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Dual Coordination of Ti and Pb Using Bilinkable Ligands 
Improves Perovskite Solar Cell Performance and Stability
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Gentian Yue, Rong Liu, Ziru Huang, Chen Dong, Xiaodong Hu, Weifeng Zhang,* 
Zhijie Wang,* Shengchun Qu, Zhanguo Wang, and Edward H. Sargent*

Charge recombination due to interfacial defects is an important source of loss 
in perovskite solar cells. Here, a two-sided passivation strategy is imple-
mented by incorporating a bilinker molecule, thiophene-based carboxylic acid 
(TCA), which passivates defects on both the perovskite side and the TiO2 side 
of the electron-extracting heterojunction in perovskite solar cells. Density 
functional theory and ultrafast charge dynamics reveal a 50% reduction in 
charge recombination at this interface. Perovskite solar cells made using TCA-
passivated heterojunctions achieve a power conversion efficiency of 21.2% 
compared to 19.8% for control cells. The TCA-containing cells retain 96% of 
initial efficiency following 50 h of UV-filtered MPP testing.
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mesoporous structures that produce large 
interfacial areas.[9,10] Reported interface 
engineering methods typically target A-site 
passivation in ABX3 perovskites through 
the formation of weak van der Waals bonds 
between perovskite and functional groups 
such as NH2, CN, fullerene derivatives 
(C60), and aromatic groups.[11–14] How-
ever, the volatile nature of organohalide 
salts (such as methylammonium iodide 
(MAI)) in perovskites results in the for-
mation of undercoordinated B-site cations 
(Pb2+) that act as electron traps.[15,16] Pas-
sivation of such defects using thiourea 
and anionic acids has been an important 

step,[9,17–19] but the resultant thick molecular layer acts as an 
energy barrier. In addition, prior passivation approaches have 
targeted only one surface of the two contact materials, most 
typically the perovskite side. This leaves the other side with a 
higher density of defects.[10,20]

Here, a double contact passivation strategy was developed by 
using a functional molecule, 3-thiophenecarboxylic acid (TCA), 

1. Introduction

Organic–inorganic hybrid perovskite solar cells recently sur-
passed 25% certified power conversion efficiency (PCE).[1–3] 
High performance has been achieved in part through reducing 
charge recombination losses at interfaces,[4–6] especially at the 
electron-extracting interface;[7,8] this is especially important in 
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a short-chained (≈0.332 nm) bilinkable (carboxyl and thioether) 
molecule with a directed dipole to passivate both the ETL and 
the perovskite at the interface. On TiO2 nanorod array (NR) 
ETLs that possess well-aligned electron transport channels, but 
suffer from a high density of surface oxygen vacancies,[21,22] the 
TCA increased the PCE from 19.8% for control devices to 21.2% 
for TCA-passivated devices. Operating stability characterization 
shows that TCA-incorporating perovskite solar cells retained 
92% of their initial PCE following 12 h at MPP under full solar 
illumination; and 96% of their initial PCE following 50 h of UV-
filtered AM1.5 illumination.

2. Results and Discussion

The solar cells architecture for this work is as: FTO/TiO2 
dense layer/TiO2 NRs (with or without TCA)/perovksite 
(Cs0.05FA0.9MA0.05PbI2.55Br0.45)/Spiro-OMeTAD/Au. TiO2 NRs 
with tunable rod lengths were synthesized via the hydrolysis 
of titanium butoxide on a compact TiO2 seed layer (Figure S1, 
Supporting Information). The resultant substrates were treated 
with TCA in a water:ethanol mixture.

The nature of the TCA:TiO2 interaction was studied using 
X-ray photoelectron spectroscopy (XPS) and Fourier transform 
infrared (FTIR) spectroscopy. XPS shows that the O1s signal 
for the TCA:TiO2 sample exhibits a pronounced shoulder at 
531.9 eV (Figure 1b, Figure S2 and Table S1, Supporting Infor-
mation) compared to that of TiO2 (Figure  1a), associated with 
the coordination of carboxyl group to Ti.[23,24] FTIR spectra of 
TCA-TiO2 show a broad absorption band at 550–750 cm−1 which 

is indicative of the O-Ti vibration (650–750 cm−1) in TiO2 and 
the bending vibration of TiOCO in TCA-TiO2 (Figure  1c 
and Figure S3, Supporting Information). The TCA-TiO2 sample 
also exhibits a CO stretch vibration at 1740 cm−1 from TCA. 
The broadened OH vibrational signal at 3450 cm−1 is assigned 
to the combination of signals from the carboxylate OH from 
TCA and adsorbed H2O on TiO2. These results support the 
view that the carboxyl group of TCA is anchored to the TiO2.

Electron paramagnetic resonance (EPR) spectroscopy was 
used to study oxygen vacancies (Figure  1d). The strong signal 
near 3380 Gs (corresponding to a paramagnetic factor g of 2.01) 
indicates a high density of oxygen vacancies in bare TiO2 sam-
ples.[25,26] In comparison, a reduced peak intensity was found 
for TCA-TiO2. The reduction in oxygen vacancy density lies 
in the single-crystal nature of TiO2 nanorods: it ensures most 
oxygen vacancies are on the surface, and offers the benefit that 
this region is accessible to surface passivation (Figure S4, Sup-
porting Information).

It is posited that TCA molecules could reduce trap states at 
the perovskite/ETL interface by electrically bridiging the two 
materials (Figure 2a). Surface photovoltage (SPV), a technique 
correlated with defect-induced surface band bending, [27,28] was 
characterized to obtain further insight. The SPV spectra of TiO2 
showed a peak at 371  nm with a notable shoulder at 400  nm 
(Figure 2b and Figure S5, Supporting Information). The latter 
is assigned to delocalization and separation of trapped charges 
from surface states at 0.3 (1240/371–1240/400) eV below the 
conduction band minimum (CBM).[29,30] The shoulder response 
was reduced for TCA-TiO2 samples, indicating a lower density 
of surface states.

Figure 1. O 1s X-ray photoelectron spectra (XPS) of a) TiO2 and b) TCA modified TiO2 nanorod arrays. c) Fourier transform infrared spectroscopy (FTIR) 
of TiO2 and TCA-TiO2 powder. d) Electron paramagnetic resonance (EPR) spectra of TiO2 rods versus TCA-TiO2 rods.
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The volatile nature of organohalide salt leads to halide defi-
ciency, leaving perovskite surfaces with under-coordinated 
Pb.[15,16] The Pb4f XPS of control perovskite film showed two 
satellite peaks that were assigned to the uncoordinated Pb 
(Figure 2c).[17,31,32] This class of defects are known as nonradia-
tive trap states near the CBM.[33] The perovskite film treated 
with a monolinkable 3-methylthiophene (3MT) ligand showed 
S-Pb interaction signal at low binding energies along with 
CSC S2p peaks (Figure  2d).[34] 3MT was selected herein 
because it is monolinkable through the thiophene functional 
group that passivates the perovskite surface. As a result, the 
Pb4f peaks shifted toward low binding energy due to improved 
Pb coordination,[35] and the two satellite peaks disappeared. 
Similarly, S-Pb-I coordination has been associated with 
advances in PbS quantum dot solar cell performance.[36,37] 
Density functional theory (DFT) was used to study the density 
of states (DOS) at the perovskite:TiO2 interface. Calculated 
trap densities for TCA-treated films are 1.7 ± 0.3 times lower 
than untreated perovskite films. (Figure  2e). Therefore, the 
TCA linkage on perovskite reduces nonradiative recombina-
tion via passivation (Figure 2f).

Photoluminescence (PL) measurements were used to char-
acterize the passivation properties of the TCA treatment. The 
PL intensity was enhanced upon direct treatment of perovskites 
with TCA, an effect also observed in perovskite:3MT films 
(Figure 3a). Time-resolved PL (TRPL) showed a longer minority 
carrier lifetime for the ligand-modified perovskite films (183 ns 
and 215  ns for TCA and 3MT, respectively) compared to the 
bare sample (125 ns) (Figure 3b); this indicates lower nonradia-
tive recombination losses in treated films.[38,39]

TiO2:perovskite heterojunction energy level alignment was 
studied using ultraviolet photoelectron spectroscopy (UPS) 
(Figure  3c, Table S2 and Figure S6, Supporting Information). 
The conduction band (CB) of surface TCA-TiO2 upshifted by 
110 mV (ΔV in Figure 3d) compared to bare TiO2. The surface 
band bending of TiO2 nanorod can be influenced by several 
factors such as nanorod morphology, molecule/metal decora-
tion, surface defects and dipole interactions.[40–43] In our case, 
TCA adsorption on Ti dangling bonds through carboxyl groups 
decreases surface trap states and downshifts the surface energy 
band of TiO2. However, the interfacial dipole (estimated to be 
≈1.71 D by DFT calculation) induced by the coordinative TCA 

Figure 2. a) Schematic of perovskite/TiO2 interface with and without TCA. The defect-induced trap states at the interface cause charge recombination 
in the control cells, a process that is slowed in the cells with TCA. b) Normalized surface photovoltage (SPV) spectra of TiO2 and TCA-TiO2 nanorods. 
c) XPS Pb 4f and d) S 2p signals of perovskite and 3MT modified perovskite. e) Density of states at the perovskite/TiO2 interface with and without TCA. 
f) Energy diagram and charge transfer processes in the studied solar cells.
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tends to repel surface electrons in TiO2 because of the dipole 
vector pointing from perovskite to TiO2. This elevates the sur-
face energy band of TiO2.[19] The final surface band bending is 
a result of balance between these factors.[44] Although the band 
offset between the CB of TiO2 and perovskite films was reduced 
after TCA modification, efficient electron transfer was still 
retained, as demonstrated from steady state and time resolved 
PL measurements on heterojunctions (Figure 3e,f). Physically, 
photogenerated electrons diffuse from the high-Fermi-level 
perovskite to the low-Fermi-level ETL; this causes a reduction 
in radiative recombination.[45]

To explore the effect of TCA on photovoltaic performance, 
hybrid perovskite solar cells were fabricated based on mixed-
halide triple cation (Cs0.05MA0.05FA0.9PbI3xBr3(1-x)).[46,47] The 
perovskite films on TiO2 and TCA-TiO2 show similar grain sizes 
and morphology (Figures S7 and S8, Supporting Information). 
Therefore, the TCA modification does not change the active 
layer structure of the perovskite, The statistical performance 
from 80 devices showed that the PCE was improved from (19.3 ± 
0.4)% to (20.5 ± 0.4)% following TCA modification (Figure 4a). 
The best cells employing control TiO2 NRs showed a PCE of 
19.8% with a hysteresis index (HI, (Effrev − Efffor)/Effrev) of 2.5% 
(Figure 4b). When the TCA-TiO2 ETL was used, the champion 
efficiency increased to 21.2% and the HI value dropped to 
0.4%. We attribute the enhancement in Voc (ΔV = 11 mV) and 
FF (ΔFF = 3.7%) to suppressed nonradiative recombination 
in TCA-TiO2 solar cells compared to control TiO2 solar cells 
with similar light absorption (Figure S6, Supporting Informa-
tion). The increased Jsc for TCA-TiO2 devices can be attributed 
to enhanced charge collection. External quantum efficiency 
(EQE) spectra (Figure S9, Supporting Information) show that 

TCA-TiO2 devices generated higher EQE across the entire spec-
trum, consistent with the higher Jsc (Figure 4b).

The operational stability of the two solar cells was exam-
ined under maximum power point (MPP) tracking (Figure 4c). 
TCA-TiO2 devices shows a gradual decrease in efficiency from 
21% to 19.4% following 12 h of constant AM1.5 light exposure; 
while that of control TiO2 devices decreased from 19.5% to 
16.7%. When a 420 nm cutoff UV was used,[48] the TCA-TiO2 and 
the control cells retained 96% and 91% of their initial efficien-
cies, respectively, following 50 h of MPP tracking (Figure S10, 
Supporting Information). This stability tendency is compa-
rable to the literature reports in the given time window.[7,47] It 
is known that TiO2 defects have led to UV-photocatalytic degra-
dation;[49,50] and defects in the perovskite itself have also been 
studied as a source of degradation.[17]

A series of optoelectronic measurements were performed to 
investigate the mechanism behind the observed improvements. 
Electrochemical impedance spectra (EIS) were collected at dif-
ferent bias voltages from 0  V to 1.1  V at frequencies ranging 
from 1 MHz to 1 KHz (Figure 5a, Figure S11 and Table S3, Sup-
porting Information). The diameter of Nyquist plot at medium 
frequencies (100 KHz to 1 KHz) represents charge transfer 
recombination resistance (Rct).[51,52] The Rct is larger in TCA-
TiO2 cells than that in the control devices, indicating a sup-
pressed charge recombination at the TCA-modified interface. 
A relatively small reverse current density in the dark suggests 
lower current leakage loss for TCA-TiO2 devices compared to 
controls (Figure S12, Supporting Information). Using pump 
fluence-dependent PL studies (Figure  5b),[53] we found that 
the trap saturation threshold (Pst

trap) is 2.7 and 1.9 µJ cm−2 for 
the control and TCA modified perovskite films, respectively. 

Figure 3. a) Steady-state and b) transient photoluminescence (PL) properties of perovskite films treated using different molecules. c) Ultraviolet pho-
toelectron spectra (UPS) of TiO2, TCA-TiO2 NRs, and CsMAFA perovskite films. d) Energy level alignment of TiO2/perovskite and TCA-TiO2/perovskite 
heterojunction. The left panel shows the interfacial TCA modification-induced interface dipole. Vbi stands for the built-in field of the heterojunction. ΔV 
represents the TiO2’s CB shift due to TCA modification. e) Steady-state and f) transient PL of perovskite films on different TiO2 substrates.
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Space-charge-limited current (SCLC) analysis revealed that the 
trap density of perovskite film is reduced from (3.1 ± 0.1) × 1015  
to (1.9  ± 0.2) × 1015  cm−3 after TCA incorporation 
(Figure S13, Supporting Information).[39,54] We conclude that the 
TCA bilinkable bridge at the interface contributed to a reduced 
interfacial trap density and promoted enhanced charge transfer 
with suppressed nonradiative recombination loss.

Scanning Kelvin probe microscopy (SKPM) showed that 
perovskite films on TCA-TiO2 generate an average surface 
potential of 159 ± 7 mV, larger than that of 102 ± 6 mV for the 
control sample (Figure  5c). As TiO2 extracts photogenerated 
electrons, the observed increase in surface potential is likely 
due to an increase of hole concentration on the surface of 
perovskite.[28] Time-resolved SPV showed a life time of 70 µs 
for the TCA-modified cells, 2 × larger than that for the control 
devices (Figure  5d). These results demonstrate that the inter-
facial TCA bilinkable coordination allows for effective defects 
passivation and carrier transfer in perovskite solar cells.

To understand the necessity of the bilinkable nature, alterna-
tive solar cells were fabricated using monolinkable molecules 
having structure similarity with TCA: 3MT and benzoic acid 
(BA) (Figure S14a, Supporting Information). 3MT has the 
thioether terminal group for perovskite side passivation, 
while BA has the carboxyl terminal group for TiO2 anchoring. 
Statistics on photovoltaic performance indicate that neither of 
the two monodentate molecules achieves the same performance 
as the bilinkable TCA (Figures S14 and S15 and Table S4, Sup-
porting Information).

3. Conclusions

In conclusion, we explored interfacial modification using a 
bilinkable TCA molecule that coordinates both Ti and Pb at 
perovskite/TiO2 NR interfaces. TCA, as a dipole, facilitates 
charge transfer at this interface and suppresses charge non-
radiative recombination. This TCA-aided interface passivation 
improved the performance of solar cells from 19.8% to 21.2%. 
TCA incorporation also improved the stability of solar cells 
under full and also UV-filtered illumination.

4. Experimental Section
Synthesis of TiO2 NRs: iO2 NRs were prepared according to a previous 

method.[55] Various rod lengths were achieved through tuning the 
hydrothermal reaction time. Samples were obtained using reaction 
times of 1.5, 2.0, and 3.0 h. The TiO2 NR substrates were washed with 
deionized water, ethanol, and acetone for 10 min respectively, and then 
dried using N2. The substrates were annealed at 450 °C for 60 min.

TCA Modification on TiO2 NRs: TCA powder (99%, Sigma-Aldrich) 
was dissolved in water: ethanol (1:1 in volume ratio) solvent mixture and 
the solution was heated to 60 °C. The NR substrates were immersed in 
the solution and aged for 12 h during which the temperature was kept 
at 50–60 °C. Then, the substrates were taken out and washed using 
ethanol. The TCA-treated NRs substrates were dried at 60 °C in vacuum 
and then immediately transferred into a N2 filled glove box.

Fabrication of Perovskite Solar Cells: In N2 filled glove box, a 
Cs0.05FA0.9MA0.05PbI2.85Br0.15 solution was prepared by dissolving the 
precursors in N,N-dimethylformamide:dimethylsulfoxide (DMF:DMSO) 

Figure 4. a) Performance statistics of solar cells made with a triple cation perovskite absorber. b) JV curve of champion cells with and without TCA 
modification. c) Stability of solar cells under maximum power point (MPP) tracking with AM 1.5 illumination. The cells were tested under N2 and 
without encapsulation.
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mixed solvent with a volume ratio of 4:1 at 70 °C and stirring 
overnight. The transparent yellowish solution was filtered with 0.45 um 
poly(vinylidene fluoride) (PVDF) filter. Before perovskite deposition, the 
NR (with and without TCA modification) substrates were preheated at 
60 °C. The perovskite solution was deposited onto NR substrates, waited 
30 s and then spin-coated using a two-step spin-coating procedure 
(1000 rpm for 10 s and 6000 rpm for 30 s). 200 ul chlorobenzene were 
deposited at 20s from the beginning of the second spin-coating stage. 
The perovskite films were annealed at 100 °C for 30 min. The hole-
transport layer (Spiro-OMeTAD) was deposited on perovskite films by 
spin-coating the solution at 4000  rpm (containing 65  mg mL−1 Spiro-
OMeTAD, 70 µLmL−1 bis(trifluoromethane)sulfonimide lithium salt 
(170  mg mL−1 in acetonitrile), 20 µLmL−1 tert-butylpyridine). Finally, 
120  nm Au was deposited on top of Spiro-OMeTAD by electron-beam 
evaporation under a vacuum of 8 × 10−7 Torr.

Solar Cell Characterization: Current density–voltage (J–V) curves were 
obtained using a Keithley 2400 current–voltage meter with the device 
under AM1.5G illumination (Newport, Class A). The scan rate was fixed 
at 50 mV s−1 from 1.2 to −0.1 V with 10 mV voltage steps. The stabilized 
power output was obtained by setting the bias voltage to the initial VMPP 
that was determined from the J–V curve. The active area (0.049 cm2) was 
determined using an aperture shade mask. EQE measurements were 
performed using a Newport system (QuantX-300) calibrated with the 
aid of certified silicon solar cells without bias light. The stability tests 
were carried out under MPP under AM 1.5G one-sun illumination with a 
420 nm long-pass UV-filter under N2 environment. The cells were purged 
with nitrogen for 1 h before the MPP tracking.

Other Measurements: High-resolution scanning electron microscopy 
(SEM) images were obtained using field emission scanning electron 
microscope (FESEM, JEOL 7006F) with an accelerating voltage of 1 kV. The 
ultraviolet photoelectron spectroscopy (UPS) measurement was conducted 
on an AXIS ULTRA DLD (Kratos) Multitechnique system with photon source 
energy of 21.22 eV. Transmission electron microscopy (TEM) measurements 
were carried out on a high-resolution TEM (HR-TEM, JEM-2100)  

at an acceleration voltage of 200  kV. The EPR measurements were 
performed at room temperature using a Bruker EMX 10/12 spectrometer 
(Germany) with a computer for data acquisition and instrument control. 
Kelvin probe force microscope (KPFM) measurements were performed 
on a Bruker Dimension FastScan Scanning Probe Microscope (SPM). 
Light absorption properties were measured with ultraviolet-visible-inferred 
spectrophotometer (Varian Cary-5000). PL spectra were collected on 
HORIBA Jobin Yvon Fluorlog-3 system. TRPL spectroscopy measurements 
were conducted using a pulse laser (512 nm) for excitation (F980 lifetime 
spectrometers, Edinburgh Instruments, EI). The TRPL decays were recorded 
using a time-correlated single-photon counting (TCSPC) spectrometer. 
FTIR spectroscopy was performed on a Bruker Tensor spectrometer in 
transmission mode. The SPV spectrum were obtained from a measurement 
system containing the source of monochromatic light, a lock-in amplifier 
(SR830-DSP) with a light chopper (SR540). Electrochemical impedance 
spectra (EIS) were measured from a CHI 660E electrochemical workstation 
(Chenhua Inc., Shanghai), applying a 10 mV AC signal and scanning in a 
frequency range between 1 MHz and 1000 Hz at different forward applied 
bias. The crystal structure was researched by X-ray diffraction (XRD) on a 
Rigaku D/max-gA X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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