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ABSTRACT 

The interface between PC61BM and an electrode has a critical effect on the performance of 

inverted perovskite solar cells (PSCs). Three organic cationic cyanine dye molecules with different 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

states are designed to passivate the PC61BM and Ag electrode interface to improve PSC device 

performance. The effects of energy level alignment and the interfacial charge transfer resistance 

on the device performance are compared and studied. The dye interface passivation layer 

significantly reduces charge recombination. Moreover, dye ClO4
– anions associated with the dye 

molecules improve the charge extraction and charge transport in the devices. Reduced interface 

charge recombination and improved charge transport are confirmed by photoluminescence (PL), 

time-resolved photoluminescence (TRPL), electrochemical impedance spectra (EIS), and charge-

only device performance studies. The PSCs with one of the dyes as an interface passivation layer 

show an optimized power conversion efficiency (PCE) of 19.14% with an open-circuit voltage 

(Voc) of 1.09V, a short-circuit current density (Jsc) of 22.87 mA/cm2, and an fill factor (FF) of 

76.81%. The devices maintain over 90 % of the initial PCE for 120 h of storage under ambient 

environment (25℃ and 30±5 % RH). The use of small dye molecules as an interface passivation 

layer to reduce charge recombination in PSCs represents a paradigm for improving the 

performance and stability of PSCs. 

KEYWORDS: Inverted Perovskite, Cyanine dye, Charge transport, Interface, Stability 

1. INTRODUCTION 

To date, the power conversion efficiency (PCE) of solution-processed hybrid 

organic/inorganic perovskite solar cells (PSCs) has reached  25.5 %1. PSCs are considered as 

exceptionally promising next-generation solar cells due to high PCEs, low-cost processing, and 

the potential for large scale manufacturing2,3. The high PCE of simply processed PSCs is more 

challenging to process comparable to silicon solar cells 4–6. Most of the high PCE devices are based 

on the n-i-p structure with high-quality mesoporous and dense TiO2 as an electron-transporting 

layer7. However, high-quality TiO2 films require high temperatures over 400 ℃, which is time-

consuming, restricts substrate choice, and adds complications to large scale manufacturing8–10. In 

comparison to the regular n-i-p structure, the inverted structure (p-i-n) PSCs show many 

advantages including low-temperature fabrication (~100 ℃ ), lightweight designs, low cost 



3 

 

materials and production, and low-hysteresis11,12. In addition, inverted PSCs are compatible with 

roll-to-roll production due to their high flexibility13. However, inverted PSCs still have some 

challenges. [6,6]-phenyl C61-butyric acid methyl ester (PC61BM) is the common electron transport 

layer in inverted PSCs, and the porous structure of PC61BM influences the charge extraction and 

transport in the devices. The interface between PC61BM and electrode has a critical effect on the 

device performance in terms of carrier extraction and recombination loss 14–16. In addition, the 

interface also induces moisture, oxygen, and metal ion diffusion from the electrode into perovskite 

film17. Therefore, many strategies have been pursued toward passivation of the PC61BM/electrode 

interface. Xiong et al. used Isatin and Isatin-Cl to passivate the interface between PC61BM and Ag 

to enhance charge transport, leading to improved efficiency and stability of PSCs 17. Guarnera et 

al. introduced Al2O3 nanoparticles to the interface to prevent metal electrode migration, resulting 

in improved stability of PSCs18. Li et al. invoked 1-butyl-3-methylimidazolium tetrafluoroborate 

as an interface passivation layer between PC61BM and Ag electrode to reduce defect density19.  

Regarding the mechanism of the improved device performance by an interface passivation 

layer, some papers attributed it to the improved energy level alignment due to the high energy 

mismatch between PC61BM and the metal electrode17,20. Better energy level alignment can 

improve the charge transport in the devices17,20. Some research efforts show that device 

improvements are associated with improved interface contact21–23. Improved interface contact 

reduces the interface charge recombination, leading to improved device performance21–23. 

However, it is still not clear which mechanism is dominant since the device performance is always 

ascribed to the above two mechanisms simultaneously. Interface contact and energy level 

alignment are likely two critical factors affecting the device performance due to interface 

passivation layers. Determination of the dominant factor between the two is challenging. Thus, 

fundamental understanding of the improved device performance caused by the interface 

passivation layer is necessary for PSCs design and development toward higher PCEs. 

In this work, three cationic cyanine dye molecules with ClO4
– ions as shown in the inset of 

Figure 1a are used to passivate the interface between PC61BM and metal electrode. The three dyes 

are designed to have HOMO and LUMO energy levels which are tunable for alignment of energy 

level between the PC61BM, dye, and Ag electrode. The dye interface passivation layers can reduce 

charge recombination and metal ion migration. Moreover, the dye interface passivation layer 

between PC61BM and Ag can adjust the energy level alignment to reduce the energy barrier, 
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leading to enhanced charge transport in the PSC devices. The results show that interface contact 

is the major factor that affects the device performance since the two dyes with near identical energy 

levels and core structures show substantially different performances. The PSCs with a dye 

interface passivation layer exhibit a high PCE of 19.14% with a Voc of 1.09V, a Jsc of 22.87 

mA/cm2, and an FF of 76.81%. In addition, PSCs with the dye interface passivation layer show 

improved stability under the ambient environment (25℃ and 30±5 % RH). The devices maintain 

PCEs over 90 % of the initial PCE after 120 hours of storage. 

2. EXPERMENT SECTION 

2.1 Materials  

All chemicals were used as received without further treatment. Methylammonium iodide 

(MAI, 99.5 %) was purchased from Xi’an Polymer Light Technology Corporation (China). 

Poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA, >99 %) was obtained from Solaris 

Chem. (Canada). Lead iodide (PbI2, 99 %) is purchased from TCI America. N,N-

Dimethylformamide (DMF, anhydrous 99.8%), isopropanol (IPA, anhydrous 99.5%), 

chlorobenzene (CB, anhydrous 99.8%), and [6,6]-phenyl C61-butyric acid methyl ester (PC61BM, 

99.5%) were purchased from Sigma-Aldrich (USA). Dimethyl sulfoxide (DMSO, 99.8%) was 

purchased from Alfa Aesar. ITO coated glass substrates (7~9 Ω /cm2) were purchased from 

Advanced Election Technology Co.,Ltd (China). (Z)-1-Methyl-3-((2E,4E)-5-(1-methyl-2-

phenylindolizin-3-yl)- penta-2,4-dien-1-ylidene)-2-phenyl-3H-indolizin-4-ium Perchlorate (Dye 1 

or C5) was prepared as previously described24. (Z)-7-(4-(dimethylamino)phenyl)-3-((2E,4E)-5-(7-

(4-(dimethylamino)phenyl)-1-(2-ethylhexyl)-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-1-

(2-ethylhexyl)-2-phenyl-3H-indolizin-4-ium perchlorate (Dye 2 or 7-NMe2PhC5) and (Z)-1-(2-

ethylhexyl)-3-((2E,4E)-5-(1-(2-ethylhexyl)-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-2-

phenyl-3H-indolizin-4-ium perchlorate (Dye 3 or 1-EtHxC5) were synthesized by Delcamp group. 

2.2 Fabrication of PSCs 

Firstly, patterned ITO coated glass substrates were cleaned sequentially by detergent, 

acetone, deionized water, and isopropanol for 15 min in an ultrasonic bath. After that, the ITO 

substrates were dried by N2 and treated with UV-ozone for 30 min. Then, the PTAA solution (3 

mg/mL in chlorobenzene) was spin-coated on ITO glass at 4000 rpm for 30 s and the substrates 

were annealed at 100 ℃ for 10 min to form ITO/PTAA. The perovskite layer is prepared by a two-
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step method. The perovskite precursor solution was prepared with 1.2 M PbI2 and 0.3 M MAI in 

DMF:DMSO (10:1) mixed solvent. For preparation of the ITO/PTAA/MAPbI3 thin film, the 

perovskite precursor solution was spin-coated on ITO/PTAA at 6000 rpm for 20 s and then MAI 

solution (30 mg/mL in IPA) was spin-coated at 4000 rpm for 40 s, then the substrates were 

annealed at 100 ℃ for 30 min. PC61BM (20 mg/mL in chlorobenzene) was spin-coated on the top 

of MAPbI3 at 3000 rpm for 30 s. Then the ITO/PTAA/MAPbI3/PC61BM substrates were annealed 

at 90 ℃ for 30 min. Afterwards, dye solutions in IPA with different concentrations were spin-

coated on the top of PC61BM thin film at 4000 rpm for 30 s to form 

ITO/PTAA/MAPbI3/PC61BM/dye. Finally, the Ag electrode was fabricated by thermal 

evaporation under a vacuum of 6 × 10−4 Pa. The active area for each cell is 0.04 cm2 which is 

defined by a shadow mask. 

2.3 Film characterization 

The scanning electron microscopy (SEM) images were obtained by using a field emission 

scanning electron microscope (LYR3 XMH, Tescan). The material phase and crystallinity were 

studied by MiniFlex600 (Rigaku) with Cu Kα radiation source λ=1.54056 Å.  The UV-vis 

absorption spectra of the films were collected by Cary 60 UV-vis spectrophotometer (Agilent 

Technologies). The current density with voltage and steady states of PSCs curves were measured 

by source meter (Keithley, 2400, USA) under the illumination AM1.5G (100mW/cm2) of a G2V 

Pico solar simulator. The steady-state PL spectra were measured by a fluorescence spectrometer 

(FluoroMax, Horiba). The time-resolved photoluminescence (TRPL) spectra of devices were 

characterized by a time-correlated single-photon counting system (FluoroMax, Horiba) with 

DeltaHub and NanoLED. The electrochemical impedance spectra (EIS) were collected by an 

electrochemical workstation (CHI 604E) with a 0.9 V DC bias. The monochromatic incident 

photon-to-electron conversion efficiency (IPCE) spectra of devices were measured by a quantum 

efficiency measurement system (IQE-200B, Newport). The dark J-V curves of electron-only 

devices were collected from the source meter (Keithley, 2450, USA).  

3. RESULTS AND DISCUSSIONS  

               The p-i-n PSCs are fabricated with the schematic structure of indium tin oxide 

(ITO)/PTAA/perovskite/PC61BM/dye (with different molecule structures)/Ag (Figure 1a). The 

molecular structure of the dyes is displayed in the inset of Figure 1a. Figure 1b exhibits the energy 
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level alignment of the materials in our PSCs. The LUMO and HOMO states of the three dyes are 

obtained from the cyclic voltammogram data (Figure S1). PTAA and PC61BM are used as hole 

and electron transport layers, respectively. The electrons are transferred from MAPbI3 to PC61BM, 

then to the dye molecules. Finally, the electrons are collected by the Ag electrode. The holes are 

transported to ITO through the PTAA layer. The LUMOs of Dye1 and Dye3 locates at -4.25 eV 

and -4.22 eV, respectively, which are very similar to the work function of Ag (-4.2 eV)24. The 

LUMO of Dye2 locates at -4.10 eV, which have the best energy level matching between PC61BM 

and Ag. Therefore, it is expected that the electrons transport from PC61BM to Dye2 smoothly 

compared to Dye1 and Dye 3. Figure 1c and d show the SEM image of the MAPbI3 film and cross-

sectional SEM image of the device, respectively. MAPbI3 grains with sizes of 250-500 nm are 

distributed densely to form the flat film (Figure 1c). The thicknesses of ITO/PTAA and perovskite 

layers are ~220, and ~250 nm, respectively. X-ray diffraction (XRD) patterns suggest that the 

crystal structure and crystallinity of MAPbI3 films are not influenced by the dye modification 

(Figure 1e). Three XRD diffraction peaks at 14.25
ｏ
, 28.60 

ｏ
, and 32.05

ｏ
are indexed to (110), 

(220), and (310) crystal planes of the perovskite, respectively. Figure 1f shows the absorption 

properties of perovskite film, PC61BM/perovskite film, and perovskite/PC61BM films with the 

three dyes. The absorption peaks of the three perovskite/PC61BM/dye films are located at ~750 

nm, which is attributed to the absorption of the perovskite films. This illustrates three different 

dyes do not affect the 3D crystal structure of MAPbI3 films. 
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Figure 1. a) Structure of perovskite solar cell devices; b) Energy level alignment of the materials 

in PSCs; c) Top-view SEM image of the MAPbI3 film; d) Cross-sectional SEM image of the 

device; e) XRD diffraction patterns of the MAPbI3 films; f) The UV-vis spectra of 

PTAA/PVSK/PC61BM, PTAA/PVSK/PC61BM/Dye1, PTAA/PVSK/PC61BM/Dye2 and 

PTAA/PVSK/PC61BM/Dye3 films. PVSK=perovskite 
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AFM measurements are carried out to study the morphology and flatness of perovskite 

films affected by the interlayer dye molecules (Figure 2).  Figure 2a, b, c, and d show the AFM 

images of ITO/PTAA/perovskite/PC61BM/Dye1, ITO/PTAA/perovskite/PC61BM/Dye2, 

ITO/PTAA/perovskite/PC61BM/Dye3, and ITO/PTAA/perovskite/PC61BM films, respectively. It 

can be seen some small particles ~ 50 nm are observed to be distributed into the grain boundaries 

(GB) of the film from AFM figure, which modifies the GB and surface defects, leading to 

improved device performance. The small particles are attributed to the dye molecules. It is reported 

that the layering of dye molecules on PC61BM films prevents metal electrode migration25, leading 

to excellent device performance. Moreover, the root mean square (RMS) values of the perovskite 

film with Dye1, Dye2, and Dye3 are 2.94, 4.93 and 3.63 nm, respectively. While the bare film 

 

Figure 2. a) AFM image of PTAA/PVSK/PC61BM/Dye1 film, b) AFM image of 

PTAA/PVSK/PC61BM/Dye2 film, c) AFM image of PTAA/PVSK/PC61BM/Dye3 film and d) 

AFM image of PTAA/PVSK/PC61BM film.  PVSK=perovskite 
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presents an RMS value of 7.69 nm. Therefore, the perovskite films with dye molecules are more 

uniform and smoother compared to the bare film. The interlayer passivation by the dye molecules 

between PC61BM and Ag exhibits significant potential in eliminating interface defects to allow for 

the fabrication of high-performance devices. Modification of perovskite films with Dye1 shows 

better interface contact than that of Dye2 and Dye3, which is attributed to the short chains of Dye1.   

 PSCs with different dye concentrations are fabricated to study the influence of dye 

passivation on device performance, and the results are shown in Figure 3. Figure 3 a-c show the 

(power conversion efficiency) PCE distribution of PSCs with Dye1, Dye2, and Dye3 as well as 

the bare PSCs. The performance of PSCs increases as the dye concentrations increase from 0.25 

mg/mL to 0.75 mg/mL, then decrease as the dye concentrations further increase to 1.0 mg/mL for 

all three dyes. So, the optimal concentrations of all three dyes are 0.75 mg/mL (in IPA). The 

statistical photovoltaic parameter values including short-circuit current density (Jsc), open-circuit 

voltage (Voc), and fill factor (FF) of the PSCs based on different dye concentrations are shown in 

Figure S2. The FF values of control devices are obtained based on eight devices fabricated with 

the same experimental parameters. The highest FF for our control devices is ~65%, which is 

similar to the results of Zhang et al. (FF=60.29%), John Ciro et al. (FF=66.68%), Lu-Lu Jiang et 

 

Figure 3. a-c) The PCE distributions of PSCs with different concentrations of Dye1, Dye2 

and Dye3; d-f) The best devices with Dye1, Dye2 and Dye3. 
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al. (FF=59%), Wei Chen et al. (FF=60%) and Zhiqiang Zhao et al. (FF=68.07%) for the same 

device structure26–29. Figure 3 d-f display the best devices with the three dyes in this work. The 

PSC with Dye1 exhibits a PCE of 19.14% with a Jsc of 22.87mA/cm2, a Voc of 1.09 V, and an FF 

of 76.81%. The PSC with Dye2 shows a PCE of 17.47% with a Jsc of 21.88 mA/cm2, a Voc of 

1.07 V, and an FF of 74.72%.  

The PSC with the Dye3 modification represents a PCE of 18.58% with a Jsc of 22.80 

mA/cm2, a Voc of 1.08 V, and an FF of 75.26 %. The PSC with Dye1 exhibits higher performance 

than the PSCs with Dye2 and Dye3. This is attributed to an optimized interface contact between 

Dye1 and PC61BM when compared to that of Dye2 and Dye3 (Figure 2). Therefore, electrons are 

transferred from PC61BM to Dye1 much easier than Dye2 and Dye3. In addition, the hysteresis 

index values (HI=(PCEreverse-PCEforward)/PCEreverse) of PSCs with Dye1, Dye2, and Dye3 are 

calculated to be 0.012, 0.019, and 0.011, respectively, which are much smaller than the control 

device (0.040). PCEreverse and PCEforward are the PCE values obtained under reverse and forward 

scan directions, respectively. This is explained by reduced charge recombination due to interface 

passivation by the dye molecules 16,30–32. The integrated current values are 19.3, 18.9, 19.0 and 

18.7 mA/cm2 for Dye1, Dye2, Dye3 and control, respectively, which are shown in Table 1. The 

integrated current is mismatched with the Jsc from J-V curves. The difference values between the 

cell current and the integral current are 12.5%, 15.6%, 13.6%, and 16.6% for control, Dye1, Dye2, 

and Dye3 devices. Recently, Etgar et. al. claimed that the Jsc measured from J-V curves is accurate 

when the integrated current is less than Jsc within 10-20 %. The measuring light of the IPCE and 

J-V curves are different. The typical IPCE setup uses Xe lamp with a monochromator as the light 

source. J-V curves are obtained from a solar simulator with 1 sun illumination. In addition, the ion 

migration and degradation of the perovskite films during a relatively long measurement time result 

in lower Jsc values obtained from IPCE measurements. The ion movement inside the perovskite 

films caused by the external bias is another reason for the decreased Jsc for the IPCE measurements. 

The last reason is the frequency dependence of the IPCE measurement. Therefore, 10-20 % 

difference should be accepted33. 

In order to study the mechanisms of the improved device performance by dye molecules, 

optical, electrochemical, and photoelectrical properties of the devices are investigated. Figure 4a 

shows the IPCE spectra of PSCs with the dyes. All devices have an IPCE response in the 300-800 



11 

 

nm range, which is consistent with the UV-vis absorption spectra shown in Figure 1f. The 

additional dye interface passivation layer significantly improves the photoresponse of the devices 

in all the working wavelengths. The peaks in the region of 600-700 nm in the IPCE spectra of 

devices exhibit blueshift. This is attributed to the redistribution of the optical electric field of 

devices by the interface layers34,35. Figure 4b and c show the steady-state photoluminescence (PL) 

and time-resolved photoluminescence (TRPL) spectra of perovskite/PC61BM/dye films, 

respectively. It can be seen from Figure 4b that the steady-state PL spectra of the 

perovskite/PC61BM/dye films show decreased intensities compared to the perovskite/PC61BM film, 

indicating that the dye interface passivation facilitates charge transport between PC61BM and the 

Ag electrode. For the TRPL spectra of films (perovskite/PC61BM, perovskite/PC61BM/dye), the 

lifetime is fitted with a bi-exponential function (equation 1). 

 

Figure 4. a) The IPCE spectra and integrated current curves of PSCs with and without dyes; b) 

The PL spectra of PVSK/PC61BM, PVSK/PC61BM/Dye1, PVSK/PC61BM/Dye2, 

PVSK/PC61BM/Dye3 films; c) TRPL spectra of PSCs with the three dyes and. a control sample; 

d) Nyquist plots of the PSCs with and without dyes under 0.9 V; e) J-V curves of the electron 

electron-only devices with the three dyes; f) J-V curves of the Ag electrodes with and without 

the three dyes. PVSK=perovskite 
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                                                     Y = A1 exp (
−𝑡

𝜏1
) + A2 exp (

−𝑡

𝜏2
)                                               (1) 

where A1 and A2 are the relative amplitudes; t means time; τ1 and τ2 are the lifetime values for the 

fast and slow decay, respectively. The detailed fitting parameters are shown in Table 1. The charge 

recombination caused by defects influences the fast decay (τ1), and the radiative recombination 

affects the slow decay (τ2)
7,36. The lifetime of bare perovskite film is ~ 311 ns (τ1=14 ns, τ2=440 

ns). The lifetime of perovskite/PC61BM film is 11.53 ns (τ1=30.32 ns and τ2=9.14 ns). The lifetime 

values of perovskite/PC61BM/Dye1, perovskite/PC61BM/Dye2, and perovskite/PC61BM/Dye3 

films are 4.09 ns, (τ1=10.84 ns τ2=2.78 ns), 9.55 ns (τ1=33.92 ns and τ2 =3.78 ns), and 7.79 ns 

(τ1=49.82 ns and τ2=2.76 ns), respectively. The shorter lifetime of perovskite/PC61BM/dye 

compared to perovskite/PC61BM indicates improved charge extraction. In addition, the devices 

with Dye1 as interface layer have better charge transport to PC61BM than Dye2 and Dye3caused 

by the film roughness which is consistent with Figure 2. The TRPL results are consistent with the 

PL results. Therefore, the dye interface passivation layer enhances the charge transfer from the 

perovskite film to the Ag electrode. 

  To further evaluate the influence of the dyes on charge recombination in PSCs, the 

electrical impedance spectroscopy (EIS) data of the devices are measured at a bias of 0.9 V under 

dark (Figure 4d). The equivalent circuit is shown in the inset of Figure 4d, where Rs is attributed 

to series resistance (wire and ITO); Rrec is related to the recombination resistance of the devices; 

CPE1 is the contact capacitance; R1 is the dielectric relaxation resistance; CPE2 is the capacitance 

of perovskite films. There are two semicircle characteristics of all devices in the Nyquist plots, 

wherein the high-frequency component is related to the charge recombination processes, and the 

low-frequency component is associated with the dielectric relaxation37. Rrec values of the devices 

with Dye1, Dye2, and Dye3 are 4091 Ω, 2853 Ω, and 3053 Ω, respectively, which are much higher 

than the control device (1753 Ω). This means the dye interface passivation layers suppress charge 

recombination at the interface of PC61BM and Ag. Dye1 shows better performance than the other 

dyes, which may be attributed to the optimized interface contact (Figure 2). The influence of the 

dye interface passivation layer on the charge mobility and non-radiative recombination loss of 

PSCs is studied by the dark J-V curves of the electrons-only devices (Figure 4e), and the structure 

of the devices is shown in the inset of Figure 4e (ITO/SnO2/MAPbI3/PC61BM/dye/Ag). 
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Table 1. Summary of photovoltaic parameters and EIS parameters of the PSCs with and without 

the three dyes under 0.9 V. 

Sample 
Jsc 

(mA/cm2) 

integrated 

Jsc (mA/cm2) 
Voc (V) FF (%) PCE (%) Rs (Ω) Rrec (Ω) 

Dye1 22.87 19.3 1.09 76.81 19.14 21.96 4091 

Dye2 21.88 18.9 1.07 74.72 17.47 19.99 2853 

Dye3 22.80 19.0 1.08 75.26 18.58 22.67 3053 

Control 21.37 18.7 1.04 64.26 14.24 18.08 1753 

 

The J-V curves show three different regions (J∝Vn) including: the ohmic behavior (n=1), the trap-

filled limit (TFL) region (n>3), and the space-charge limited current (SCLC) region (n=2)38. The 

charge mobility (μ) is calculated by equation (2) in the SCLC region39.  

                                                           𝐽𝑑 = 
9

8
𝜀𝜀0µ

𝑉2

𝐿3                                                      (2) 

where Jd is the dark injection current, V is the bias voltage, ε0 and ε are the vacuum dielectric 

constant and the relative dielectric constant of MAPbI3, respectively, and L is the thickness of 

perovskite film (≈250 nm). The electron mobilities of devices with Dye1, Dye2, and Dye3 are 

4.90×10-2 cm2/Vs, 3.86×10-2 cm2/Vs, and 4.83×10-2 cm2/Vs respectively, which are much larger 

than the control device (2.17×10-2 cm2/Vs). The mobility measurements suggest the dye interface 

passivation layers help charge transportation and reduce the recombination loss at the interface of 

PC61BM and Ag. The trap density of devices (nt) is calculated by equation (3)17,40. 

                                                             𝑉𝑇𝐹𝐿 =
𝑒𝑛𝑡𝐿2

2𝜀𝜀0
                                                      (3) 

Where e is the elementary charge of electrons, L is the thickness of the perovskite film, ε is the 

relative dielectric constant of MAPbI3, ε0 is the vacuum dielectric constant, VTFL is the onset 

voltage of TFL. The calculated electron trap density values of the devices based on Dye1, Dye2, 

and Dye3 are 2.72×1018 cm-3, 2.91×1018 cm-3, and 2.86×1018 cm-3, which are smaller than the 

control device (4.41×1018 cm-3). The electron trap density of devices decreases by introducing the 

dye interface passivation layers, leading to improved devices performance. J–V characteristics of 

devices with the configuration of ITO/PC61BM/dye/Ag are shown in Figure 4f.  

The device structure is exhibited in the insert of Figure 4f. The slope of the curves in the 

Figure 4f is the resistivity of the devices according to the literature17. The conductivity (σ) can be 

calculated by equation (4)41. 
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                                                                  𝐼 =
𝜎𝑆𝑉

𝑑
                                  (4) 

where S is the device area, and d is the thickness of the film. The conductivity values of the devices 

with Dye1, Dye2, and Dye3 are 8.41×10-3, 1.13×10-2, and 1.04×10-2 S/m, respectively. The control 

device shows a conductivity of 1.37×10-2 S/m. The device with the low slope has a large contact 

resistance and a large charge injection barrier. The devices with the structure of 

ITO/PC61BM/dye/Ag have larger slopes than that of the ITO/PC61BM/Ag. So, the contact 

resistance is reduced by the dye interface passivation layer, leading to effective charge transport. 

The contact resistance of the device based on Dye1 is smaller than that of Dye2 and Dye3, which 

is consistent with the J-V and EIS results. PL spectra, TRPL spectra, EIS spectra, and electron-

only devices all confirm that the dye interface passivation layer reduces charge recombination at 

the interface of PC61BM and Ag, leading to improved PSC device performance. Dye1 modification 

leads to better interface contact than that of Dye2 and Dye3 (Figure 2). However, Dye1 and Dye3 

have near identical energy level. Therefore, the interface contact is a dominant factor with respect 

to device performances. In addition, the chain length also influences the charge transport among 

the layers. It is reported that the longer chain at the interfaces is associated with the large tunneling 

barrier for charge transport through the chains. Dye1 shows the shortest chain in the three dyes 

(Figure 1). Dye 3 shows a shorter chain than Dye2. Therefore, short chains can modify the interface 

better in our work42–44. 
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The influence of the dye interface passivation layer on the stability of PSCs is also studied. 

Figure 5a shows the stability of PSCs under continuous light illumination. The control and 

modified devices are measured at the maximum power point. The modified and control devices 

exhibit slowly decay and show stable PCE for 350 s. The air stability of devices is shown in Figure 

5b. The devices with Dye1, Dye2, and Dye3 remain about 90%, 60%, and 80% of the initial PCE 

after 120 h exposure in the air (25℃ and 30±5 % RH), respectively. The control device only retains 

49% of the initial PCE under the same conditions. The enhanced air stability of the devices 

modified with dye can be explained by the reduced ion migration caused by reduced interfacial 

charge recommendation.  

4. CONCLUSIONS 

Three dye molecules are used as an interfacial passivation layer at the interface between 

PC61BM and Ag electrode in the inverse PSCs to improve the device performance. The Dye1, 

Dye2, and Dye3 interface passivation layer reduces the energy barrier between PC61BM and Ag. 

All the dyes suppress the charge recombination at the interfaces in the devices. Moreover, the dye 

interface passivation layer enhances the charge transport and decreases the trap state density of the 

PC61BM film. The PCE of PSC devices with Dye1, Dye2, and Dye3 increase from a control value 

of 14.24% to 19.14%, 17.47%, and 18.58%, respectively. Interface contact appears to be a 

Figure 5. a) Light stability of PSCs devices with and without the three dyes; b) The time 

stability of PSCs devices with and without the three dyes. 
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dominant factor since the three dyes with near identical energy levels and identical conjugated 

systems have significantly different performances. In addition, PSCs with the dyes exhibit better 

stability than the control devices. The interface passivation layer also likely protects the PSCs from 

moisture. PSC devices with Dye1 maintain about 90% of the initial PCE under ambient 

environment (25℃ and 30±5 % RH) for 120 h.  
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Figure S1 a)-b) Cyclic voltammograms of Dye1 scanned in the positive and negative direction; 

c)-d) Cyclic voltammograms of Dye2 scanned in the positive and negative direction; e)-f) Cyclic 

voltammograms of Dye3 scanned in the positive and negative direction. 
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Figure S2 a)-c) are the distributions of Jsc, Voc and FF of the devices with different Dye1 

concentrations; d)-e) are the distributions of Jsc, Voc and FF of the devices with different Dye2 

concentrations; g)-i) are the distributions of Jsc, Voc and FF of the devices with different Dye3 

concentrations. 
 

 

 

 

 


