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Abstract 

Advancing perovskite solar cell (PVSC) technologies toward its theoretical power conversion 

efficiency (PCE) and optimum stability requires stringent control over interfacial trap densities in 
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the devices. By introducing a new macromolecular interlayer material of PPDIN6 at the 

PCBM/Ag interface for planar p-i-n PVSCs, we succeeded in significantly reducing the trap 

density, thereby facilitating electron extraction and suppressing electron recombination at the 

interface. Consequently, a PCE of 20.43% was achieved with a record fill factor of 83.4%, which 

is one of the highest values for planar p-i-n PVSCs. Moreover, the amine groups in PPDIN6 

could neutralize the migrating iodide ions and thus inhibit the formation of the insulating Ag-I 

bonds on the surface of the Ag electrode. As a result, we realized long-term stability for PPDIN6 

based PVSCs, which maintained 85% of their initial performance after continuous operation at 

their maximum power point for 200 hours under 1-sun illumination in air with a relative 

humidity of 30%-50%. 

Keywords 

Perovskite solar cells; Trap density; Interlayer; Fill factor. 

 

1. Introduction 

Interface trap states, a form of localized electronic states, are regarded as one of the main 

limiting factors to high performance optoelectronic devices, such as solar cells, light emitting 

diodes, field effect transistors, photodetectors, etc. Suppressing or eliminating such trap states in 

optoelectronic devices through a simple and efficient approach is thus critical to the 

enhancement of device performance. Recently, the unique properties of organic-inorganic hybrid 

perovskite materials have made them a prime candidate for developing next generation 

photovoltaic cells [1-4]. Chiefly among the merits are broad and intense light absorption [5,6], 

appropriate direct band gaps [7,8], high charge carrier mobility and long charge carrier diffusion 

length even with a solution processed film [9-12]. In perovskite solar cells or any other solar 
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cells, charge extraction occurs at the interfaces, which may be particularly subject to 

recombination mainly due to any possible interfacial defects and the associated specific charge 

distributions [13]. On the way to highly efficient perovskite solar cells in the past few years, 

numerous works have mainly focused on the design of new materials and device structures 

[14,15], and the control over perovskite film quality [16-18]. It appears impending now that 

interface engineering has a big, untapped role to play for enhancing both efficiency and stability 

of perovskite solar cells [19,20]. 

Since the pioneering work by Miyasaka et al., the device structure of perovskite solar cell 

(PVSC) has evolved from a liquid electrolyte based perovskite sensitization scheme [21], to a 

solid hole-transporter based mesoporous structure [22], and to the present planar designs [23]. Of 

particular interest is the planar p-i-n architecture with a perovskite-fullerene planar 

heterojunction [24,25]. The planar p-i-n PVSCs have many advantages such as simple device 

fabrication, high stability and free of hysteresis [26-29]. However, interface barriers usually exist 

between the metal cathode (such as Ag, Al) and the electron transport layer (such as PCBM) in 

planar p-i-n PVSCs, leading to poor electron extraction [30,31]. Interface engineering should 

come to the rescue to eliminate any possible interfacial structural and electronic mismatches, to 

lower interfacial energy barriers, and thus to reduce interfacial trap density [32-35]. In addition 

to the aforementioned possible efficiency gain, interface engineering is also expected to improve 

the chemical stability of the perovskite absorber [36,37], thereby enhancing the overall device 

stability. Thus, it is essential to develop solution processed interlayer materials for highly 

efficient and stable planar p-i-n PVSCs, without using the more demanding thermal evaporation 

methods and complicated synthetic procedures [38]. 
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In this work, we report the design of a tailor-made, amino-functionalized perylene diimide 

polymer (PPDIN6) and its demonstration as a new interlayer material for interface engineering in 

planar p-i-n PVSCs. With the device structure of FTO/NiO/CH3NH3PbI3/PCBM/PPDIN6/Ag, 

we have achieved a PCE of up to 20.43% with a record fill factor of 83.4%, compared to only 

17.38% PCE for the control device without PPDIN6. The remarkable performance enhancement 

is ascribed to the reduced trap density at the PCBM/Ag interface as elucidated by temperature 

dependent admittance spectroscopy measurement, which facilitated electron extraction and 

suppressed electron recombination at the PCBM/Ag interface. Moreover, the amine groups in 

PPDIN6 can neutralize the migrating iodide ions and inhibit the formation of the insulating Ag-I 

bonds on the surface of the Ag electrode, resulting in highly stable PVSC devices by inserting 

PPDIN6 between the PCBM layer and the Ag electrode. 

2. Results and discussion 

2.1 Design and Synthesis of PPDIN6 

Figure 1a shows the molecular structure of the amino-functionalized perylene diimide 

polymer (PPDIN6), which has a backbone composition of alternate perylene-3,4,9,10-

tetracarboxylic acid diimide (PDI) and a flexible amino-functionalized aliphatic segment. 

Several design considerations of PPDIN6 as the interlayer material are in order. First, PDI is a 

well-established n-type organic semiconductor with appropriate energy levels and high electron 

mobility needed for fluent electron transport [39,40]. Second, amine-functionalized aliphatic 

groups with an appropriate length are introduced to improve the solubility of PPDIN6 in the 

alcoholic solvent. Third, the amine group is selected because of its favorable interaction with Ag 

electrode as reported previously [41-43], which would help to reduce the interface trap density 
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and improve electron transport and extraction. Furthermore, the amine group is also expected to 

protect the metal electrode by extracting and stabilizing the iodide ions migrating from the 

perovskite layer [37]. Last but not least, PPDIN6 with the flexible polymer structure will 

enhance the film formation property, resulting in a well-covered and uniform film. 

PPDIN6 was synthesized by one-pot reaction of perylene-3,4,9,10-tetracarboxylic dianhydride 

and pentaethylenehexamine in imidazole at 160 °C for 6 h. The raw product was washed by 

ethanol to remove excess imidazole. Advantageously, the polymerization process does not 

contain any metal catalyst, so no further procedure is needed to remove such deleterious catalyst 

residues. It should be noted that the synthesis and purification of PPDIN6 are very simple and 

easy to scale up, which are especially advantageous for commercial production. 

 

 

Figure 1 (a) The molecular structure of PPDIN6. (b) Photographs of pristine perovskite film and 

perovskite films after washed by different solvents. (c) The device configuration of the planar p-
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i-n perovskite solar cell with PPDIN6. (d) J-V curves of the champion PVSCs prepared with or 

without PPDIN6. (e) J-V curves of the PVSCs based on PPDIN6 with the forward and reverse 

scan. 

2.2 Solvent Selection 

On a further note for processing the interlayer material of planar p-i-n perovskite solar cells, 

2,2,2-trifluoroethanol (TFE) was introduced as a new solvent to dissolve PPDIN6 for perovskite 

solar cells. This choice is based on the fact that PPDIN6 is not soluble in isopropanol (IPA), and 

although methanol (MeOH) is a possible solvent for PPDIN6 (solubility < 0.5 mg/mL), it easily 

deteriorates the perovskite crystal structure and decomposes it to PbI2. To study the effects of 

different solvents on the perovskite films, the films were washed by a series of alcoholic 

solvents, including TFE, IPA and MeOH (Figure 1b). The color of the perovskite films 

remained dark brown when washed by TFE or IPA, but the perovskite film turned into yellowish 

when washed by MeOH, indicating that the perovskite structure collapsed and was decomposed 

to PbI2 (See Figure S2 and S3). TFE is the best solvent among the three commonly used solvents 

for processing the interlayer materials in PVSCs [41,43]. First, TFE with a large molecular size 

is difficult to break the perovskite crystal structure, making it a good orthogonal solvent for the 

perovskite film. Second, TFE is highly polar solvent due to the powerful electron-withdrawing 

property of trifluoro methyl group, which results in high solubility of PPDIN6 in TFE (higher 

than 5 mg/mL). 

2.3 Photovoltaic Performance 

In order to fully explore the potential of PPDIN6 as an interlayer material in perovskite solar 

cells, we incorporated the PPDIN6 interlayer material into the PCBM/Ag interface in a planar p-
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i-n device configuration (Figure 1c). Figure 1d shows the current density-voltage (J-V) 

characteristics of the champion perovskite solar cells fabricated with or without PPDIN6. The 

control device without PPDIN6 exhibited a Voc of 1.06 V, a Jsc of 22.19 mA cm
-2

, a FF of 73.9% 

and a PCE of 17.38%. The unfavorable contact between the PCBM/Ag interface results in poor 

electron extraction. After inserting the PPDIN6 layer, the device showed a slightly higher Voc of 

1.08 V, a nearly Jsc of 22.68 mA cm
-2

, a significantly increased FF of 83.4%, and a better PCE of 

20.43%. The solar cell functionalized by PPDIN6 clearly shows improved fill factor, from 73.9% 

to 83.4%, which can be explained by reduced interface trap density as discussed later. 

To investigate possible current hysteresis for our devices, the PPDIN6 based device was 

examined by varying the scan direction. As shown in Figure 1e, the reverse scan yielded a PCE 

of 20.43%, and the forward scan only showed a slightly lower PCE of 20.08%. This evidence 

clearly showed that no obvious current hysteresis was induced for the PPDIN6 based device. The 

steady state photocurrent output at the voltage close to the maximum power point (0.94 V) was 

measured. As shown in Figure S5, the current density for device based on PPDIN6 stays at about 

21.6 mA cm
-2

 very steadily, corresponding to the PCE of 20.3%, which checks well with the 

small hysteresis and verifies the PCE value from the J-V curves. To check reproducibility of the 

device performance, PCE distributions were analyzed and collected for the PPDIN6 based 

PVSCs. As shown in Figure S6, the PCEs of PPDIN6 based devices range from 18% to 20.5%, 

with 70% of the measured devices showed PCE values of over 19%, indicating that PPDIN6 is a 

promising interlayer material for planar p-i-n PVSCs.  
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2.4 Trap Density Measurements 

 

Figure 2 (a, b) Temperature dependent capacitance spectra, (c, d) Arrhenius plots of the 

characteristic transition frequencies and (e, f) the energetic defect distributions of the devices 

without (a, c, e) or with (b, d, f) PPDIN6. 

Having established that PPDIN6 can improve the photovoltaic performance in planar p-i-n 

perovskite solar cells, we examine the effects of PPDIN6 modification on the trap density and 

the charge transport and recombination properties in the PVSC devices. The experiments include 

admittance spectroscopy (trap density measurement), dark J-V measurements of the electron only 

device and intensity modulated photovoltage spectroscopy (charge transport and recombination). 

Temperature dependent admittance spectroscopy (AS) was performed accordingly to 

quantitatively estimate the trap density (Nt) in the PVSC devices (Figure 2). AS is a well-

established, effective technique for characterizing both shallow and deep defects to analyze the 

Nt in perovskite solar cells [44-47]. Figure 2a displays the capacitance spectra measured at 

various temperatures (260 K to 335 K) in the dark from 10
2
 to 10

5
 Hz. An AC voltage of 50 mV 
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was used as an excitation signal and DC bias was kept at 0 V during the measurement. Firstly, 

the trap energy level (Ea) was derived via the relation: 

      
     

   
   

  

where  0 is the characteristic transition (attempt to escape) frequency,   is temperature 

independent parameter, Kb is the Boltzmann constant, and T is the temperature, respectively. The 

trap density (Nt) can be derived pursuant to the equation: 

 

        
   

   

  

  

 

   
 

where Vbi is the built-in potential, C is the capacitance,   is the applied frequency, e is the 

elementary charge, and W is the depletion width, respectively. The values of Vbi and W were 

obtained from the Mott - Schottky analysis. In the case of the PVSC device, the demarcation 

energy (Eω) was determined by the applied angular frequency through the following expression: 

         
    

 
 

where  c is the capture coefficient for the charge carriers, and N is the effective density of states 

in a given band in the PVSC device, respectively. Both  c and N are temperature-independent, 

and their product was obtained by using Ea obtained above. 

Figure 2a and 2b demonstrate that as the frequency is decreased, deeper traps increasingly 

participate in the transitions, raising the capacitance. Moreover, the capacitance increases with 

temperature in the low frequency region (10
2
 to 10

4
 Hz); more precisely, the onset transition 

frequency increases with temperature. Instead of using the onset transition frequency, we define 

the characteristic transition frequency ( 0) from the peak value of the [-   × dC/d ] curve. 



 10 

Indeed,  0 decreases with decreasing temperature as the onset transition frequency does. Clearly, 

as temperature is decreased, deep trap sites are frozen out, but rather shallow trap sites can still 

respond, resulting in gradually lower transition frequency. By plotting ln( 0/T
2
) vs. 1/T, the slope 

gives the trap energy level (Figure 2c and 2d). Interestingly, the device without PPDIN6 shows 

a trap energy level (Ea) at 0.40 eV, which is deeper than that with PPDIN6 (0.35 eV), meaning 

that some deep traps were eliminated by the introduction of PPDIN6. The energy distributions of 

the traps are shown in Figure 2e and 2f. For the device without PPDIN6 (Figure 2e), the 

energetic trap density distribution peaks at 1.2 × 10
17

 cm
-3

 eV
-1

, while that of the device with 

PPDIN6 is reduced to 6.8 × 10
16

 cm
-3

 eV
-1

 (Figure 2f). The energetic spans of defect states can 

be fitted to a Gaussian distribution. The integrated trap density of the device without PPDIN6 is 

7.6 × 10
15

 cm
-3

, which is substantially higher than that with PPDIN6 (4.6 × 10
15

 cm
-3

), signifying 

the role of PPDIN6 in trimming down the trap density. 

 

Figure 3 (a) Dark J-V curves of the electron-only devices with or without PPDIN6. (b) IMVS 

derived carrier lifetimes of the PVSC devices with or without PPDIN6. 

To further study the effects of electron injection efficiency at the PCBM/Ag interface, we 

fabricated electron-only devices with the device configuration of 

ITO/ZnO/PCBM/(PPDIN6)/Ag, and the device dark current was measured to derive the electron 
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trap density. Figure 3a displays the dark J-V curves of the electron-only devices with or without 

PPDIN6 in a log-log scale. The dotted symbols are the experimental data points and the solid 

lines are a fit to J∝V
m

. At low voltages, the conduction is Ohmic with m = 1 for both devices 

with or without PPDIN6. In the medium voltage range, we can observe a steep rise in the current, 

indicating the presence of a trap-filling region. If charge traps are distributed in energy, they will 

be gradually filled with increasing electric field. Eventually the trap filled limit voltage (VTFL) is 

reached, the current follows the trap-free Mott’s V
2
 law (SCLC region). The trap-filled limit 

voltage was determined by the trap density (Nt):  

     
    

 

     
 

where e is the elementary charge, d  s th  th ckn ss of PCBM, εr (= 3.9) is the relative dielectric 

constant of PCBM [48], ε0 is the vacuum permittivity. Hence the electron trap density can be 

calculated from the trap-filled limit voltage. The VTFL shifts to lower voltage with the 

modification of PPDIN6, implying lower electron trap density of the device with PPDIN6. The 

calculated electron trap density of the device with PPDIN6 was 5.0 × 10
16

 cm
-3

, which is lower 

than that of the device without PPDIN6 (2.1 × 10
17

 cm
-3

), thereby confirms the reduced trap 

density at the PCBM/Ag interface by introducing of PPDIN6. Moreover, the current density of 

the device with PPDIN6 is almost two orders of magnitude greater than that of the device 

without PPDIN6. This improvement in current density suggests that the modification with 

PPDIN6 reduces the injection barrier at the PCBM/Ag interface. 

Intensity modulated photovoltage spectroscopy (IMVS) was also employed to evaluate the 

mean charge carrier life time of the PVSCs with or without PPDIN6 (Figure 3b), The electron 

l f t m   τn) can be obtained from the IMVS plot according to the  qu t on: τn   1/  πfmin(IMVS)), 
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where fmin(IMVS) represents the frequency at the minimum point on the IMVS complex plane plot. 

And the electron lifetime decreases as the incident light density increases because more light-

induced photoelectrons at higher light density will increase the charge recombination rate. Most 

importantly, the electron lifetime of the PPDIN6 based device is almost five times higher than 

that without PPDIN6, regardless of the incident light density. A longer electron lifetime of the 

PPDIN6 based device indicates a lower recombination rate that occurs at the PCBM/Ag 

interface, which should be ascribed to the reduced trap density at the PCBM/Ag interface for the 

PPDIN6 based device. 

2.5 Device Stability 

 

Figure 4 (a) Dark storage stability of encapsulated PPDIN6 based PVSCs in N2 filled glovebox 

at room temperature. (b) Continuous maximum power point (MPP) tracking for 200 hours of the 

encapsulated cell with or without PPDIN6 under continuous one sun illumination (with a 420-nm 

cutoff UV filter) in air with a humidity of 30%-50%. 

As another important benefit, the introduction of the PPDIN6 in PVSCs improves the device 

stability. As shown in Figure 4a, it was found that the PPDIN6 based device with proper 

encapsulation can maintain almost its original efficiency when stored in N2 filled glovebox at 
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room temperature for 180 days. The long-term device operational stability of the PPDIN6-based 

PVSC under continuous one sun illumination (with a 420-nm cutoff UV filter) at the maximum 

power point (MPP) was also examined (Figure 4b). The PPDIN6 based solar cell with proper 

encapsulation retained 85% of its initial performance after continuous operation for 200 hours in 

air with a humidity of 30%-50%, as directly determined from the MPP tracking. While the 

device efficiency without PPDIN6 dropped quickly to 85% of its initial performance after 

continuous operation for 65 hours. It should be noted that previous long-term device operational 

stability test was always conducted in a nitrogen atmosphere, we conducted the test in air with a 

humidity of 30%-50% (See Table S1), which is closer to the actual solar cell operating 

conditions. Better stability would be achieved if the test is conducted in an inert atmosphere, or 

with Cs, Rb, FA and Br added to the perovskite layer [49-51]. As reported previously [37,52], 

the degradation of the PVSC devices might originate from the interfacial instability, which is 

likely caused by corrosive and mobile interstitial halide ions. The corrosive iodide ions in the 

perovskite layer easily migrate to the metal electrode (Ag or Al) through the PCBM layer and 

then contaminate the inner surface of the metal electrodes by forming an insulating metal halide 

compound (e.g., Ag-I). Importantly, the amine groups in PPDIN6 can neutralize the migrating 

iodide ions and inhibit the formation of the insulating Ag-I bonds on the surface of the Ag 

electrode, resulting in highly stable PVSC devices by inserting PPDIN6 into the PCBM/Ag 

interface. 
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Figure 5 (a, b) N 1s (c, d) Ag 3d and (e, f) I 3d XPS spectra of (a, c, e) the fresh samples or (b, d, 

f) the samples after aging for ten days in N2 filled glove box. 

To obtain more direct evidence of the device stability, we further investigated the chemical 

properties of the device surface with the device structure of FTO/NiO/CH3NH3PbI3/PCBM/ 

(PPDIN6)/Ag by X-ray photoelectron spectroscopy (XPS). The XPS samples were fabricated 

with a thin Ag (3 nm) layer atop to directly observe the interaction at the PCBM/Ag interface. To 

prove the electrode protection mentioned above, we carried out XPS measurements on the fresh 

samples and the samples after aging for ten days. For the fresh and aging samples with PPDIN6, 

a peak corresponding to N 1s was detected (Figure 5a and 5b). The lone-pair electrons of 

nitrogen (N) from the amine groups in PPDIN6 were expected to interact with Ag to form the 

Ag-N bond. The binding energy of Ag 3d was observed to negatively shifted for the samples 

with PPDIN6 compared to those without PPDIN6 (Figure 5c and 5d), which confirms the 

existence of Ag-N bond. This Ag-N bond would facilitate electron extraction at the PCBM/Ag 

interface, and prevent Ag diffusion to form the insulating Ag-I bonds [37]. Moreover, the 

remaining pristine amine groups in PPDIN6 without interacted with Ag would neutralize the 



 15 

migrating iodide ions and inhibit the formation of the insulating Ag-I bond at the Ag surface. For 

the fresh samples with or without PPDIN6, extremely low amount of I was observed, with I/Ag 

atomic ratio lower than 0.01 (Figure 5e). Considering that Ag was deposited by thermal 

evaporation, and the deposition thickness (3 nm) was well controlled with quartz crystal 

monitors, the amount of I can be represented by the atomic ratio of I/Ag obtained from XPS 

measurements. After aging for ten days in N2 filled glove box, the sample without PPDIN6 

showed a much higher atomic ratio of I/Ag (0.125, Figure 5f), resulting in the formation of a 

large amount of the insulating Ag-I bonds. Comparatively, for the sample with PPDIN6, a much 

lower atomic ratio of I/Ag (0.048) was detected because the corrosive iodide ions could be 

chemically neutralized by pairing with the amine groups in the PPDIN6 barrier layer and the 

metal contamination could be prohibited. 

3. Conclusion 

In summary, a solution-processed polymeric PPDIN6 was designed and successfully 

demonstrated as a very effective interlayer material for planar p-i-n PVSCs at the PCBM/Ag 

interface. With the device structure of FTO/NiO/CH3NH3PbI3/PCBM/ PPDIN6/Ag, we were 

able to attain a PCE of up to 20.43% with a record fill factor of 83.4%. We have shown that 

PPDIN6 was able to effectively reduce the interface trap density, and to enhance the electron 

extraction at the PCBM/Ag interface. Moreover, we have successfully protected the metal 

electrode by adopting PPDIN6 as an efficient barrier layer to inhibit the migration of the iodide 

ions from the perovskite layer. Thus, we have realized planar p-i-n PVSCs with long-term 

operational stability that maintain nearly 85% of their initial PCEs after continuous operation at 

their maximum power point for 200 hours under 1-sun illumination in air with a humidity of 

30%-50%. Together, our results provide an important guide for the molecular and material 
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designs toward stable and efficient PVSCs that may help to secure for the next-generation 

renewable energy source. 
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 22 

Graphical Abstract 

 
 


