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Fig. S1 Simulated electric filed and carrier distribution in the perovskite solar cells (PSCs) without 

or with an interface p-type doped perovskite (3nm) by wxAMPS. (a) The schematic device 

structure used for simulation. (b) Electric field distribution. (c, d) Carrier distribution without (c) 

or with interfacial doping layer (d). It is shown that the density of the free electrons and the 

trapped electrons can be reduced by the p-type doped perovskite at the perovskite/HTM interface, 

demonstrating the role of the p-type doped perovskite in blocking electrons and suppressing the 

electron trapping.

To study the cause of high performance of the modified PSCs, the electrical parameters 

including series resistance (Rs), shunt resistance (Rsh) and inverse saturation current (J0) of the 

PSCs extracted from photo J-V curves (Table S1) were investigated. From Table S1 it appears that 

all of the electrical parameters are improved in the modified devices. Low series resistance (Rs) in 

modified device reflects low bulk resistance, which favors high JSC and FF. High shunt resistance 

(Rsh) reflects less defects in the modified device, which facilitates high VOC and FF. Therefore, 

high PCE is obtained in the modified devices. The reverse saturation current (J0) correlates with 

the carrier recombination in p- region and n-region, so lower J0 in modified device corresponds to 

lower carrier recombination in these regions. Considering the fact that F4TCNQ can only modify 



the perovskite close to perovskite/HTM interface, the improved electrical parameters derive from 

the reduced carrier recombination distributing attached to the interface.

Table S1 Fitted electrical parameters of the PSCs without (standard) or with F4TCNQ modification 

(modified) a.

PSCs
Rs

(Ω cm2)

Rsh

(kΩ cm2)

J0

(mA cm-2)

JSC

(mA cm-2)
m

Standard 4.46 0.90 1×10-5 19.9 2.76

Modified 1.15 2.75 3×10-6 20.9 2.64

a The parameters were obtained by fitting the experimental photocurrent-voltage curves of the PSCs 

(Fig. 4b) to the equation , where A and m represent for 
𝐽= 𝐽𝑆𝐶 ‒ 𝐽0(exp

‒ 𝑞(𝑉+ 𝐴𝐽𝑅𝑠)
𝑚𝑘𝐵𝑇

‒ 1) ‒
𝑉+ 𝐴𝐽𝑅𝑠
𝐴𝑅𝑠ℎ

device area and diode ideality factor, respectively.

The caculated ideality factor of the PSCs is larger than 2 (Table S1), in which case the 

recombination current in the space charge region makes main contribution to the dark current. In 

addition, the recombination in the space charge region of the PSCs is governed by trap states 1. 

From Fig. S2a, the dark current in the space charge limited region of standard solar cell within low 

voltage range is higher than of modified solar cell, indicating more severe recombination and trap 

states contained in the space charge region of the former. Hence, it is able to be inferred that the 

density of the traps states are reduced in the modified perovskite,which comfirming the function 

of F4TCNQ in enhancing the bulit-in potential and reducing the trap states in the PSCs
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Fig. S2 (a) Dark J-V curves of the standard and modified PSCs. (b) OCVD curves of the standard and 

modified PSCs. The decay of VOC after the incident light off is governed by two processes with 

different time domains. The fast decay (τ1) in ms time scale can be associated with the trap-induced 

recombination, which consumes the photogenerated carriers immediately with light off, leading to the 



decreased VOC. The slow decay (τ2) in the long time scale is probably associated with the ferroic 

behaviour of the perovskite 2.

Furthermore, open-circuit voltage decay (OCVD) characters also reveal the reduced carrier 

recombination in modified PSCs. As shown in Fig. S2b, the fitted decay lifetime of VOC is 

obviously higher in modified PSC (320 ms) than in standard one (180 ms), implying slow 

recombination of the photogenerated carriers in the former. Moreover, the built-in potential 

estimated from dark J-V curves 3 (Fig. S2a) is higher in modified PSCs (1.1 V) than that in 

standard PSCs (1.0 V), indicating the function of F4TCNQ in interfacial doping of perovskite at 

perovskite/HTM interface. Hence, the suppressed carrier recombination and the interfacial doping 

lead to high VOC of the modified PSCs, while the reduction of the trap states decreases carrier loss 

and increases JSC, leading to the resultant increase in FF and PCE.
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Fig. S3 J-V curves of the PSCs in different cyclic scan directions and scan rates. In the standard 

PSCs (Fig. S3a), it can be seen that in the scan direction of JSC-VOC, the photocurrent decreases 

gradually with the applied voltage increasing, which is similar to the observation in previous 

reports on trap states induced hysteresis 4,5.The hysteresis induced by the trap states should be 

ascribed to the favored recombination current by the trap states which decreases the photocurrent 

when increasing the applied voltage. As a result, the passivation of the trap states minimizes the 

carrier loss and leads to the minimized hysteresis. The scan direction of VOC-JSC leads to normal J-



V behavior which possesses large FF and PCE. In the modified PSCs (Fig. S3b), the scan 

direction of JSC-VOC also induces photocurrent decreases with increasing the applied voltage, 

whereas the shape of the J-V curve is a bit different from the standard PSCs. J-V curve shows a 

more ‘S’ shape, which is similar to the observations of previous reports on interfacial charge 

induced hysteresis 6. By modifying the scan rate, the PSCs present different content of hysteresis. 

As shown in Fig. S3c and S3d, the hysteresis becomes less obvious with scan rate increasing, just 

in accordance with the previous observation 7. The hysteresis in the modified PSCs is probably 

induced by the interfacial hole accumulation, caused by reduced trap states and enhanced hole 

extracting of F4TCNQ (Fig. S1d).
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Fig. S4 Dark J-V curves of fresh and degraded standard PSCs. The dark current is increased after 

degradation, indicating more severe recombination and trap states in the degraded device. Hence, 

it can be speculated that the bad performance of the degraded device is caused by the increased 

trap states, implying the probable fact that degradation is asisted by the trap states. Hence, in 

modified devices, the PSCs with less trap states show improved long-term stability.
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Fig. S5 XPS energy spectra from Pb 4f and I 4d of the standard perovskite film (a, b) and 

modified perovskite film with F4TCNQ (c, d). The molecular ratio of Pb to I can be calculated by 

integrating the intensities over the spectra, which is estimated to around 1: 4. 
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