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Abstract 

The inverted p-i-n perovskite solar cells (PSCs) hold high promise for upscaling toward 

commercialization. However, the interfaces between the perovskite and the charge transport 

layers contribute to major power conversion efficiency (PCE) loss and instability. Here, we use 

a single material of 2-thiopheneethylammonium chloride (TEACl) to molecularly engineer the 

interface between perovskite and fullerene-C60 electron transport layer (ETL), and the buried 

interface between perovskite and NiOx based hole transport layer (HTL). The dual interface 

modification results in optimized band alignment, suppressed non-radiative recombination and 

improved interfacial contact. A PCE of 24.3% is demonstrated, with open-circuit voltage (Voc) 

and fill factor (FF) of 1.17 V and 84.6% respectively. The unencapsulated device retains above 

97.0% of the initial performance after 1000 h of maximum power point tracking under 

illumination. Moreover, a PCE of 22.6% and a remarkable FF of 82.4% are obtained for a mini-

module with an active area of 3.63 cm2. 

 

Metal halide perovskites have emerged as highly promising candidates for photovoltaics 

with the certified PCEs reaching 25.8% and 33.2% for single junction and perovskite/silicon 

(Si) tandem solar cells, respectively.1 Despite the high efficiencies, industrial compatible 

processing techniques, large-area film homogeneity, and long-term stability, need to be secured 

towards the commercialization of PSCs. To date, most of the reported highly efficient PSCs 

were obtained based on the regular n-i-p architecture.2-7 Inverted p-i-n PSCs are gradually 

gaining more attention since they are generally more stable and can employ low-cost transport 

materials such as inorganic nickel oxides (NiOx) as the HTL,8-12 and fullerenes as the ETL.13 

Additionally, these cost-effective transport materials can be processed with large-scale 

industrially compatible deposition techniques such as sputtering and thermal evaporation, 

which makes them ideal for upscaling toward industrialization. Moreover, the PCE of inverted 

PSCs is approaching that of the regular n-i-p PSCs.7,14-16  

It has been widely reported that the interfaces between the perovskite and the charge 

transport layers contribute to the majority of PCE losses and instability in these inverted 

devices. Consequently, enormous efforts have been taken on the development of new strategies 

to mitigate interface-driven losses and instabilities. For instance, modifying the buried 

HTL/perovskite interface has been proven effective in enhancing the device performance and 

stability, by improving the energy level alignment, regulating the perovskite crystallization, 

and reducing interfacial defects.17-19 On the other hand, the upper perovskite interface with the 

ETL has generally been neglected due to that the fullerene ETL is expected to passivate the 
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perovskite surface defects.20,21 However, it has been revealed that only weak interactions are 

created between fullerene derivatives and perovskite.22 In addition, a flawed contact between 

the perovskite surface and C60 molecules may induce deep-level defects, thus hindering the 

device performance.23,24 Therefore, modifying the perovskite upper interface is critically 

important. Recently it has been shown that by constructing heterojunctions or functionalizing 

the upper interface with organometallic compounds, both device efficiency and operational 

stability can be significantly improved.22,25,26 However, very few studies have simultaneously 

engineered both HTL/perovskite and perovskite/ETL interfaces with one single material in 

inverted PSCs.27  

In this work, we report a dual interface engineering strategy passivating deleterious defects 

and optimization of the band alignment in inverted PSCs. We use ammonium salt namely 

TEACl for this dual passivation. Previously, TEACl has been introduced to the perovskite 

upper surface to form 2D/3D perovskite heterojunction,28 react with the excess PbI2 to improve 

the light-stability and passivate surface defects for higher photovoltage.29-31 However, these 

studies only focused on a single interface, demonstrated PSCs with relatively lower PCEs, and 

had limited mechanistic investigations. To maximize performance gains, besides the perovskite 

top surface, in this work TEACl is also been applied to the buried HTL/perovskite interface. 

To gain insights into the origins of performance enhancement we perform in-depth structural 

and optoelectronic characterizations along with molecular dynamics and density functional 

theory (DFT) calculations. Owing to the dual interface modifications, we passivate the 

deleterious defects, optimize the band alignment, and improve the interfacial contact. A PCE 

of 24.3% is therefore obtained for the inverted PSC built on NiOx based HTL. The 

unencapsulated device exhibits extraordinary operational stability with remaining above 97% 

of its initial performance after 1000 hours of maximum power point tracking under simulated 

continuous 1-Sun illumination at 60 °C in N2. Excellent thermal stability at 85 °C is also 

demonstrated, with about 88% retained after ~1850 hours of aging under N2 atmosphere. It is 

worth to note that to date most of the high-performance PSCs are processed using the 

antisolvent approach for perovskite deposition.16,22,25,26 While in this work we use a scalable, 

cost-effective and environmentally friendly N2 gas quenching with great potential for 

upscaling.32 With this dual interface optimization strategy, reproducible perovskite mini-

modules can be obtained with a maximum PCE of 22.6% and a remarkably high FF of 82.4% 

on an active area of 3.63 cm2. In addition, dual interface modulations have been proven 

beneficial for various perovskite compositions deposited by different processing methods on 



 

4 
 

different HTLs, indicating their effectiveness for different perovskite compositions and device 

stacks. 

Device Performance and Stability 

In this work, we conduct the study based on the device architecture of 

MgF2/glass/ITO/NiOx/Me-4PACz/(TEACl)/perovskite/(TEACl)/LiF/C60/BCP/Cu (Figure 1a). 

In the device, MgF2 is used as an antireflection coating layer, ITO is indium tin oxide, NiOx 

stands for nickel oxide nanoparticles, Me-4PACz is [4-(3,6-Dimethyl-9H-carbazol-9-

yl)butyl]phosphonic acid, LiF is lithium fluoride, BCP is bathocuproine, and the perovskite 

nominal composition is Cs0.1FA0.9PbI2.855Br0.145, which is prepared by gas-quenching technique 

according to our previous work.26 The cross-sectional scanning electron microscopy (SEM) 

image of the perovskite layer indicates that the film thickness is about 500 nm (Figure S1). 

We find that the combination of NiOx and Me-4PACz, which serves as the baseline bi-layer 

HTL in this work, enables highly reproducible and efficient gas-quenched  PSCs (Figure S2), 

which is in agreement with what was previously reported in the literature with atomic layer 

deposited (ALD)-NiOx/SAM.33 A two-step interface modification strategy is employed, where 

the perovskite surface is subjected to TEACl treatment, denoted as Upper in the manuscript. 

This step aims to passivate the surface defects and improve the interfacial contact between the 

perovskite and C60. In conjunction with the upper interface, TEACl is also introduced to the 

buried HTL/perovskite interface, denoted as Dual in the following text. The concentrations of 

TEACl used in this work are 1.0 mg/mL, which is determined based on a screening experiment 

(Figure S3). The PSC without TEACl modifications is denoted as Control.  

We first study the device performance of the PSCs based on these interface 

modification conditions. Figure 1b shows the current density-voltage (J-V) curves of the best 

devices. The Control device shows a PCE of 22.4% with short-circuit current density (Jsc), Voc 

and FF of 24.1 mA/cm2, 1.13 V, and 82.3%, respectively. In the Upper case, Jsc, Voc, and FF 

slightly increase to 24.3 mA/cm2, 1.16 V, and 83.0%, respectively, resulting in a PCE of 23.4%. 

When both interfaces are treated (i.e., Dual case), the photovoltaic parameters are enhanced to 

24.5 mA/cm2, 1.17 V, and 84.6%, resulting in a champion PCE of 24.3%. Maximum power 

point tracking (MPPT) PCEs are recorded during 10 minutes by a dynamic tracking algorithm 

based on our previous study.34 As shown in the inset of Figure 1b, the Control, Upper and 

Dual devices show stabilized PCEs of 22.1%, 22.8%, and 23.5%, respectively. The 

corresponding external quantum efficiency (EQE) spectra and the integrated Jsc, as given in 

Figure S4, agree well with the Jsc from J-V curves, i.e., less than 3% discrepancy in all cases. 

The variation of PV parameters of the corresponding PSCs from different batches are shown 
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in Figure S5, demonstrating excellent reproducibility of the developed processes. The detailed 

results are summarized in Table S2. Evidently, the average Jsc shows comparable values for 

different treatments, while Voc and FF are the main contributors to the enhanced device 

performance. The average PCE increases from 21.5% for the Control devices to 22.4% for the 

Upper devices, and further to 23.4% for the Dual devices. In addition, all devices show only 

minor hysteresis, with a hysteresis index of less than 4% (Figure S6).  

Next, we fabricate perovskite mini-modules with an aperture area of 4 cm2. The mini-

module has the classic P1, P2, and P3 scribes by picosecond laser scribing, generating a 

geometrical fill factor (GFF) of 90.8% (see Figure S7) and thus resulting in an active area of 

3.63 cm2. Figure 1c shows the J-V curve of the best module, which has an active area PCE of 

22.6% (aperture area efficiency of 20.5%), with Jsc, Voc, and FF of 5.93 mA/cm2, 4.63 V, and 

82.4%, respectively. Each sub-cell in the mini-module has a Voc of ~1.16 V, which is close to 

the Voc obtained from the small-scale PSCs, indicating excellent homogeneity of perovskite 

absorber and interfaces over the entire module area. The perovskite mini-module shows a stable 

output with a PCE of 22.0% during the 10-min MPPT measurement (Figure S8). Figure S9 

shows the active area PCE distribution of 7 mini-modules with the Dual modification. All the 

devices show PCEs exceeding 21.5% with an average PCE of 22.0%, demonstrating excellent 

module reproducibility. Similar to the small-size PSCs, the perovskite mini-modules also 

exhibit only small hysteresis of 2.3% (Figure S10).  

Long-term stability is one of the key weaknesses of PSCs. We investigate the 

operational and thermal stability of the PSCs with respect to ISOS L-2I and ISOS D-2I 

protocols respectively.35 In PSCs, apart from the active layer and interfaces, unstable charge 

transport layers and buffer layers such as BCP can also affect the stability.36 In addition, the 

migration of metal ions from the metal electrode to the perovskite layer can lead to failure.37 

To elude these potential issues while focusing on the intrinsic stability of the perovskite and its 

adjacent interfaces, BCP and Cu metal electrode are replaced by the more stable ALD SnO2, 

and sputtered ITO as the electrode, respectively. The device performance of the 

semitransparent PSCs is presented in Figure S11. The long-term thermal stability is assessed 

by aging the PSCs at 85 °C in dark conditions under N2 atmosphere. As shown in Figure 1d, 

the Dual devices exhibit excellent thermal stability, i.e. retaining about 88% of its initial 

performance after ~1850 hours of aging. While the PSCs without any treatment retain only 55% 

of the initial performance. The dual interfacial TEACl treatments help to suppress Jsc and FF 

losses (Figure S12). Fresh Dual cells with the proven thermal stability of the cell stack were 

selected for even harsher stability test, i.e., the long-term operational stability test at MPPT 
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condition under simulated 1-Sun continuous illumination at a temperature of 60 °C for 1000 

h.38 As shown in Figure 1e, the Dual device shows excellent stability with above 97% of its 

initial performance maintained. To put our performance and stability results in perspective, we 

summarize the best PCE and long-term operational stability of p-i-n based PSCs from the 

literature in Figure S13, Table S1, which shows that our target PSC compares favorably with 

other reported results. 

 
Figure 1 Device performance and stability of the gas-quenched inverted PSCs. (a) Schematic 
diagram of the device architecture. (b) J-V curves of the best-performing devices for each interface 
modification condition. Inset shows the corresponding 10 min-MPPT measurements at 30 °C in an N2-
filled glove box. (c) J-V curve of the best-performing perovskite mini-module, with the inset showing 
a photograph of the mini-module on glass substrate side. Long-term stability measurements of the 
unencapsulated PSCs with the Dual treatments: (d) Normalized PCE evolution aged at 85 °C in dark 
conditions in N2 atmosphere. The shaded area indicates the standard deviation of 10 devices. The device 
architecture is glass/ITO/NiOx/Me-4PACz/TEACl/perovskite/TEACl/C60/temporal ALD SnO2/ITO. (e) 
The operational stability at 60 °C under simulated continuous 1-Sun illumination in N2 atmosphere. The 
device architecture is glass/ITO/NiOx/Me-4PACz/TEACl/perovskite/TEACl/C60/spatial ALD 
SnO2/ITO. 
 

Optoelectronic Properties and Charge Carrier Recombination 

It is well known that Voc is strongly associated with defects present in the perovskite 

bulk and at the interfaces. In this regard, we first perform time-resolved photoluminescence 

(TRPL) measurements for the perovskite films on glass/ITO/NiOx/Me-4PACz substrates 

(Figure 2a). After fitting the data with a bi-exponential function, the calculated average carrier 

lifetime of the Control film is 614 ns, which is improved to 889 ns and 1109 ns for the Upper 

and the Dual cases, respectively (Table S3). In addition, we perform transient photo-voltage 
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(TPV) decay measurements to evaluate the carrier lifetime in the operating devices. As 

displayed in Figure 2b, the carrier lifetime is improved from 8.9 µs for the Control device to 

13.2 µs and further to 17.5 µs for the Upper and the Dual devices, respectively. The extended 

carrier lifetimes in TRPL and TPV imply the reduction of non-radiative recombination possibly 

due to the passivation of trap states, which is beneficial for enhancing the Voc.39-41  

Next, in order to obtain the ideality factor, the J-V curves of sputtered NiOx based PSCs 

are measured in dark conditions and further fitted based on the single diode model. As shown 

in Figure S14a, the ideality factor for the Control device is 1.82, which is reduced to 1.58 for 

the Upper device and further to 1.37 for the Dual device. The decreased ideality factor indicates 

that trap-assisted recombination is suppressed. In addition, we carry out the pulsed space-

charge-limited current measurements on the hole-only devices, using the pulse length of 100 

ms. As shown in Figure S14b, the trap-filled-limited voltage (VTFL) for the corresponding 

devices are 1.18 V, 0.80 V and 0.63 V, respectively. The trap state density (Nt) can be 

determined based on the equation of Nt= 2ε0εrVTFL/qL2
,
26

 where ε0 is the vacuum permittivity, 

εr represents perovskite dielectric constant, q is the elementary charge and L is the thickness of 

the perovskite film. It is found that the trap state density of the Control device is 2.45×1016 cm-

3, which decreases to 1.66×1016 cm-3 after the upper TEACl modification. Under the dual 

interface modification, the trap state density exhibits the lowest value of 1.31×1016 cm-3. These 

results suggest that the defects can be effectively passivated by the TEACl modification. 

To further understand the defect passivation effect, a quantitative analysis of Voc loss is 

conducted for the corresponding PSCs according to the detailed balance theory.18,26,42 Details 

of this theory can be found in the Supporting Information (i.e., Equations S3-S15). The Voc loss 

mainly has 3 components viz. Δ𝑉𝑉1 , which is due to the radiative recombination involving 

energies above the perovskite band gap 𝐸𝐸𝑔𝑔; Δ𝑉𝑉2, which is the blackbody radiation-induced 

energy loss; Δ𝑉𝑉3, which represents the non-radiative recombination loss. The first component 

of Voc loss (ΔV1) is around 283 mV for all the three cases. We conduct highly sensitive EQE 

measurements for the PSCs as shown in Figure 2c, from which we establish the second 

component of Voc loss (ΔV2) to be around 10 mV for all the devices under different conditions. 

These negligible changes in the first two components imply that the interface treatment mainly 

passivates the non-radiative recombination centers (ΔV3). This is corroborated by the EQE of 

electroluminescence (EQEEL). Indeed, as seen in Figure 2d, the EQEEL values at 1-Sun 

equivalent current injection are found to be 0.63%, 1.55%, and 1.82% for the Control, the 

Upper, and the Dual devices respectively. Therefore, ΔV3 of the Control device is 131 mV. 
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When the interface modifications are applied, it is reduced to 108 mV for the Upper device and 

104 mV for the Dual device. The values of the three components are displayed in Figure 2e 

and summarized in Table S4. Interestingly, a reduction of 23 mV in ΔV3 is observed with 

Upper modification, while it is only further reduced by 4 mV with Dual modification. It 

demonstrates that surface passivation to prevent non-radiative recombination induced Voc 

reduction is most effective at the perovskite/ETL interface.  

Next, we conduct quasi-Fermi level splitting (QFLS) measurements for the half-

completed device stack of glass/ITO/NiOx/Me-4PACz/(TEACl)/perovskite/(TEACl). As 

shown in Figure 2f and Figure S15, all the perovskite films exhibit similar QFLS values of 

around 1.18 eV, with differences of less than 7 meV between each. However, the average Voc 

measured from J-V scans (Figure S5) for the Control devices is ~50 mV lower (i.e., 1.13 V), 

which we believe is due to the loss after the deposition of ETLs. This loss is reduced to ~20 

mV (i.e., average Voc of 1.16 V) with the Upper modification. The additional buried interface 

modification further contributes to a ~10 mV loss reduction. Furthermore, the QFLS value 

obtained on the completed devices is ~1.15 eV, which matches well with the measured device 

Voc from J-V scan (Figure S16). These results are consistent with the quantitative Voc loss 

analysis and confirm that the enhanced Voc in the complete devices is mainly due to the 

improved perovskite/ETL interface.  

 
Figure 2 Defect passivation analysis. (a) TRPL spectra of the perovskite films based on different 
interface modification conditions. (b) TPV measurements, (c) highly sensitive EQE, and (d) EQEEL of 
the corresponding PSCs. (e) Overall Voc loss analysis based on the detailed balance theory. (f) 
Comparison of the QFLS values (the columns) for half-completed devices (up to the perovskite layer 
with surface treatments) with the measured average Voc of completed cells (the spheres). 
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Structural, Morphological and Interfacial Analysis 

We carry out detailed investigations to understand the impact of the dual interface 

treatment on the structural, morphological, and interfacial properties of the perovskite. The 

optical absorption and crystal structure of the perovskite films are acquired by UV-Vis 

spectrophotometer and XRD, respectively. All the perovskite films demonstrate similar 

absorption spectra with a cutoff at around 790 nm (Figure S17a). From the XRD patterns, all 

the films show the same main diffraction peaks located at 14.0° and 28.2°, corresponding to 

the (001) and (002) planes of cubic-phase perovskite (Figure S17b).43 The full width at half 

maximum (FWHM) values of  the (001) plane for all conditions are ~0.17° (Figure S17c). 

These results indicate that the perovskite bulk structural properties remain identical after the 

dual interface treatments. Therefore, we believe that the device performance enhancement is 

not related to any change in bulk quality, but rather to the modulation of the interfaces. 

Morphological inspections are performed via SEM. Top-view SEM images (Figure 3a) of all 

the samples show a compact morphology with grain sizes ranging from hundreds of nanometers 

to a few microns. The average grain size of all conditions is ~ 700 nm (Figure S17d). However, 

in the Upper and Dual samples, tiny flake-like structures appear on the perovskite grain surface. 

This is verified by AFM images as shown in Figure 3b, while from the AFM images acquired 

in tapping mode, it is evidenced that these structures spread over the entire surface of the film 

(Figure S18). With the TEACl treatment, the root mean square (RMS) roughness (Rq) of the 

films is reduced by 2-3 nm.  
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Figure 3 Analysis of the morphological and structural properties. (a) Top-view SEM images with 
scale bars of 500 nm, (b) AFM topography images with scale bars of 1 µm, and (c) 2D GIWAXS 
patterns of the perovskite films under different interface treatment conditions. The extracted out-of-
plane profiles with an incident angle of (d) 0.15°, and (e) 1.0°. A zoomed-in view in the range of 0.6 Å-

1 - 1.1 Å-1 is also shown on the right for each incident angle. The y-axis scale for the two zoomed-in 
graphs is the same. 
 

Figure 3c shows the 2D GIWAXS patterns of the corresponding films at 0.15° angle 

of incidence, and the extracted out-of-plane diffraction profiles are given in Figure 3d. It can 

be seen that all the films exhibit the same diffraction ring positions located at around 1 Å-1 and 

2 Å-1. However, when zoomed-in at around 0.9 Å-1, an additional peak located close to the 

perovskite main peak appears for the TEACl-treated films, which should be assigned to the 

tiny flake-like structures observed by SEM and AFM measurements. These structures are found 

to be ultrathin on the perovskite surface, as there is no difference between the spectra when the 

higher incident angle of 1.0° is used (Figure 3e). In addition, low dimensional perovskite 

phases are not detected from the grazing incidence XRD (GIXRD) patterns, which remain 

almost the same for the Control and the Dual perovskites (Figure S19). Extra diffraction peaks 

located at smaller 2-theta degrees only appear at higher TEACl concentrations. Despite the 
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efforts, at this stage it is still uncertain to us what exactly these tiny structures are. Further 

investigations on this aspect are therefore currently ongoing. Nevertheless, the structural and 

morphological analysis hint toward the formation of an ultra-thin passivation layer without 

significant change in the bulk properties of the perovskite film.  

To further investigate the surface properties, X-ray photoelectron spectroscopy (XPS) 

measurements are performed. As shown in Figure 4a,  the C1s core level spectra of the Control 

device consist of three main peaks located at 288.1 eV, 286.3 eV, and 284.8 eV, which can be 

attributed to the C=NH2, C-NH2, and C-C/C-H bonds respectively.44 In Figure 4b and c, after 

the TEACl treatment, the C=NH2 and C-C peak positions remain unchanged, whereas the C-

NH2 peak shows an enhanced peak intensity, and its position shifts by ~0.3 eV in the Dual 

condition to a lower binding energy position, which can be contributed by the C-S bonds from 

TEACl. This indicates that TEA+ cations are introduced at the perovskite surface. The Pb4f 

core level spectra are also acquired as shown in Figure 4d. The characteristic Pb4f5/2 and 

Pb4f7/2 doublet for the Control perovskite film are located at 143.3 eV and 138.5 eV, 

respectively. With modification by TEACl, these peaks shift to lower binding energy. Such 

peak shift could be attributed to the hydrogen bond between the ammonium groups from TEA+ 

cations and the I from PbI6
4- octahedra, which results in the reduced Pb-I bond strength, shifting 

the Pb4f peaks and I3d peaks (Figure S20) to lower binding energies.45  

The energy levels of the perovskite films and HTL layers under different treatments are 

studied further by ultraviolet photoelectron spectroscopy (UPS). The UPS spectra are shown 

in Figure S21, and the summarized energy level alignment diagram is given in Figure 4e. All 

the perovskite films show n-type character. With the TEACl treatment, the conduction band 

minimum (CBM) of the perovskite is shifted upwards, increasing the energy offset between 

the perovskite and C60 ETL from 0.04 eV to ~0.2 eV in the Dual case, and thus providing a 

suitable driving force for efficient electron extraction across this interface.46,47 Notably, the 

slightly increased energy levels of the Dual film as compared to the Upper film might be 

attributed to the interfacial dipole by the buried TEACl treatment (Figure S22). As for the 

buried interface, the NiOx HTL shows a valence band maximum (VBM) value of -5.00 eV, 

which shifts downwards to -5.20 eV with Me-4PACz modification. This is likely caused by the 

surface dipole layer introduced by ordered self-assembled monolayers (SAMs), which 

facilitates the hole extraction at the interface.48-50 With the introduction of TEACl on top of 

HTL (NiOx/Me-4PACz), the VBM moves further down to -5.35 eV, which matches better with 

the VBM of the perovskite, i.e. the energy offset of ~0.5 eV in the Cotnrol device is reduced 

to ~0.2 eV in the Dual device. This can also provide suitable driving force for efficient hole 
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extraction. It should be noted that such a ~0.2 eV energy offset has negligible impact on the 

QFLS, as observed before (Figure 2f), but it can enable efficient carrier transport. 

In order to study the effect of the buried TEACl treatment on the perovskite, XRD, UV-

Vis absorption, steady-state PL and TRPL are performed. It is found that the buried TEACl has 

negligible impact on the perovskite crystal structure and film absorbance (Figure S23a,b), 

while the lower steady-state PL intensity, and the faster decay in the TRPL spectra indicate that 

the TEACl treatment could facilitate the extraction of photogenerated holes from perovskite to 

HTL (Figure S23c,d). Moreover, as shown in Figure S24, the trap state density can be reduced 

from 2.97×1016 cm-3 to 1.95×1016 cm-3 after the buried TEACl modification, indicating that 

TEACl could also passivate the defects at the buried HTL/perovskite interface, which is 

consistent with the previous results (Figure 2 and Figure S14b). Therefore, the facilitated 

charge extraction, reduced trap density and better energy level alignment at the buried 

HTL/perovskite interface contribute to the enhancement of the device performace (Figure S25), 

and these results further contribute to explaining the enhanced FF and Voc, as observed in the 

J-V scans for the Dual devices. In addition to the improved energy level alignment at this 

interface, SAMs may passivate the NiOx surface states,33,49,51,52 thus reducing interface 

recombination. Also, with the presence of SAMs and TEACl, direct interaction of the 

perovskite precursor solution with NiOx could be prevented, which otherwise might form an 

unfavorable interlayer that hinders hole extraction across the perovskite/HTL interface.10  

 Density functional theory (DFT) calculations are conducted to further understand the 

role of TEACl treatment. As can be seen in Figure 4f, the organic cation, which consists of a 

thiophene ring, a short alkyl chain and an amine tail, adsorbs on the surface of the PbI2-

terminated perovskite, with the amine tail forming hydrogen bonds with the surface halides. 

Due to this interaction, amines are effective for the passivation of perovskite surfaces by 

reducing the density and/or migration of surface defects.53 It is worth noting that in all the 

Control, Upper, and Dual devices, FACl is always used to first treat the perovskite surface. For 

the latter two cases, TEACl was further applied after the FACl treatment. The calculated 

adsorption energy (Eads) of TEACl on the perovskite is much higher than that of FACl (-1.87 

eV vs. -1.41 eV), indicating that TEACl can either readily adsorb on a PbI2-terminated surface 

or replace FA on a FACl-terminated surface, in both cases leading to an overall more stable 

termination. Also important is that, unlike the FA cation, the bulkier TEA cation sticks out 

from the perovskite surface, allowing for the thiophene ring to better interact with C60. 

Consequently, C60 adsorbs more strongly on the TEA passivated surface via van der Waals 
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interaction (i.e., the Upper and the Dual devices), with Eads = -1.02 eV, than on the FACl 

terminated surface (i.e., the Control device), with Eads = -0.75 eV. 

 
Figure 4 Surface properties of the perovskite films. C1s XPS spectra of the perovskite films based 
on (a) Control, (b) Upper, and (c) Dual conditions. CPS: counts per second. (d) Pb4f XPS spectra of the 
corresponding perovskite films. B.E.: binding energy; K.E.: kinetic energy. (e) Energy levels of the 
HTLs (NiOx, NiOx/4PACz, and NiOx/4PACz/TEACl), the perovskite films with and without TEACl 
modifications, and the C60 ETL. (f) Density functional theory (DFT) calculations of the interactions of 
FACl (left) and TEACl (right) with perovskite and C60.  
 

 TEACl passivation also modifies the electronic energy level alignment of the applied 

layers. When an ion pair is adsorbed on the surface of a material, the dipole moment of the 

former modifies the VBM position of the latter.54 According to our DFT calculations, when 

TEACl is adsorbed on a PbI2-terminated perovskite surface, it shifts its VBM 0.77 eV closer 
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to the vacuum level. This result, while larger in quantity, agrees qualitatively with the 

experimental findings by UPS (Figure 4e). The favorable shift caused by TEACl is much larger 

than the shift of 0.44 eV caused by FACl. Therefore, TEACl leads to a better electronic level 

alignment at the perovskite/ETL interface. The opposite effect can be expected for the buried 

HTL/perovskite interface. The thiophene group of the TEA molecule prefers to interact with 

the SAMs molecules, facilitated by the van der Waals interactions between the two organic 

species, while the amine group at the other end of the TEA molecule interacts with the 

perovskite, as do the Cl ions. Thus, the absolute orientation of TEACl pair, and hence the dipole 

moment, is the opposite of that on the top interface. The direction of the dipole moment at the 

buried interface is pointing towards the HTL, which will induce a similar effect on the energy 

level as the case of using SAMs to modify NiOx HTL, making the VBM of NiOx/Me-4PACz 

downshifts. This agrees with the results characterized by UPS. As a result, a better energy level 

alignment at the HTL/perovskite interface is also realized with TEACl modification. 

 While the superiority of TEA over FA is apparent, for the sake of comparison the same 

calculations have also been conducted for phenethylammonium (PEA) halide, one of the 

widely applied molecules for the chemical passivation of perovskites surface.27,53,55-59 As can 

be seen in Table S5, the adsorption energies of the TEA and PEA on the surface of the 

perovskite are found to be very similar, which may be expected, since both molecules share 

the same amine tail. However, differences in geometry lead to both the adsorption energy of 

C60 and the VBM shift being higher for TEA, making TEA more advantageous than PEA as a 

surface modifier. Finally, replacing TEA-Cl with TEA-I leads to slightly a higher adsorption 

energy, but a smaller VBM shift. Since both adsorption energies are already quite high, the 

higher VBM shift of TEACl the decisive factor in this perovskite surface treatment. 

 

Effectiveness of the Developed Interface Modification Strategy 

In order to check the effectiveness of the Dual passivation approach, it is tested further 

on different perovskite compositions and layer stack. For instance, PSCs are fabricated with 

Cs0.1FA0.9PbI3 as the photoactive layer obtained by spin-coating. The statistical distribution of 

photovoltaic parameters is shown in Figure S26a-d and is summarized in Table S6. Both Voc 

and FF are greatly improved, resulting in an absolute average PCE gain of 3.0%, i.e., from 

17.8% to 20.8%. The PCE of the best devices is boosted from 18.7% to 21.9% after the Dual 

modifications (Figure S26e). These devices show a small hysteresis and a stable MPPT PCE 

(Figure S26f,g).  
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To broaden the application scenario of the dual interface modification strategy, we have 

also prepared gas-quenched inverted PSCs using sputtered NiOx as a replacement of NiOx 

nanoparticles, since sputtered NiOx holds greater potential for upscaling to large-scale 

manufacturing. The photovoltaic parameters are displayed in Figure S27a-d and summarized 

in Table S7. Upon the Dual treatments a significant increase in Voc from 1.10 V to 1.16 V is 

obtained, contributing to the average PCE increasing from 20.0% to 21.8%. The champion 

device demonstrates a PCE of 23.0% with Jsc, Voc, and FF of 24.4 mA/cm2, 1.16 V, and 81.3%, 

respectively, whereas the best control device shows a PCE of 21.3% (Figure S27e). The 

sputtered NiOx-based devices exhibit noticeable hysteresis (Figure S27f), which manifests 

itself in the FF, and may stem from the low conductivity of the sputtered NiOx. The Dual device 

shows a more stable MPPT PCE than the Control device (Figure S27g). In addition, a sputtered 

NiOx-based perovskite mini-module of 4 cm2 (active area 3.78 cm2, GFF=94.5%) with the Dual 

modifications was also prepared, with Jsc, Voc, and FF of 5.85 mA/cm2, 4.55 V, and 81.7% 

respectively, and a remarkable active area PCE of 21.7% (aperture area PCE of 20.5%, Figure 

S28a). A stable output of 20.9% during the 10-min MPPT measurement is obtained (Figure 

S28b). Finally, the Upper modification strategy is applied to mini-modules fabricated with 

blade-coated Cs0.2FA0.8Pb(I0.947Br0.053)3 perovskite on sputtered NiOx. Here again, our TEACl 

based perovskite/C60 upper interface treatment improves the active area PCE of a mini-module 

from 16.2% to 17.8% (Figure S29). Overall, these results indicate that our interface 

engineering strategy can be applied to a variety of perovskite compositions and device stacks.  

To summarize, in this work we demonstrated a unique strategy that employs a single 

molecule of TEACl for dual perovskite interface engineering. Consequently, PCEs of 24.3% 

and 22.6% are achieved for gas-quenched inverted perovskite solar cells and mini-modules, 

respectively. The unencapsulated device with TEACl-based dual interface modifications 

exhibits extraordinary operational and thermal stability. We found that most defects that 

contribute to non-radiative recombination centers are located at the perovskite/C60 interface, 

which can be effectively passivated by the TEACl treatment. In addition, the TEACl treatments 

at both interfaces improve the energy level alignment with suitable energy offsets, which act 

as the driving force for efficient charge extraction. DFT calculations reveal that the TEACl-

modified interface is more stable and can strengthen the interaction between the perovskite and 

the C60 ETL. In addition, the adsorbed TEACl on the perovskite surface induces the upshift of 

the valence band maximum in the perovskite, which corroborates the experimental findings. 

Importantly, we confirm that the modification strategy is universal for devices composed of 

various perovskite compositions and HTLs in inverted PSCs and mini-modules. Our work 
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offers new insights to guide the development of highly efficient and stable perovskite cells and 

modules, thus paving the way to the scale-up and commercialization of perovskite PV. 
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