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The accumulation of mobile ions causes space charge at 

interfaces in perovskite solar cells. There is a slow dynamic 

process of ion redistribution when the bias is changed. The 

interface charge affects the band bending and thus the 

photocurrent of the solar cells. Consequently the dynamic 

process of the interface charge governs the current-voltage 

hysteresis. Very low interface charge density leads to 

hysteresis-free devices. 

Despite the rapid progress of perovskite solar cells (PSCs) based 

on the organic–inorganic halide perovskites1-10, the fundamental 

problem, i.e. the origin of current-voltage hysteresis, is still a 

challenge in the field. The current–voltage (J–V) hysteresis refers to 

the phenomenon that the shape of the J–V curve varies depending on 

the scan direction, range, and rate of the scan voltage during 

measurements as well as the condition before the measurements. 

Hysteresis in PSCs has been speculated to originate from 

trapping/de-trapping of charge carriers 11, 12, changes in absorber or 

contact conductivity13, ferroelectricity11, 14-16and ion migration11, 16-20.  

It was observed that hysteresis-free J–V curves can be obtained at 

both extremely fast and slow voltage scan rates, suggesting that 

quasi-steady states exist and a slow transient process gives rise to the 

hysteresis21. Recent works22, 23 indicated that large amount of mobile 

ions exist in the perovskite layer. The accumulation of the mobile 

ions at the interfaces between the perovskite and the other layers 

results in large quantity of interface charge, which significantly 

changes the band bending of the semiconductor near the interface23. 

In this work, we investigated the correlation between the 

dynamic change of the interface charge and the photocurrent in 

PSCs. The results indicate that the existence of the interface charge 

significantly affects the carrier collection efficiency of PSCs. 

Consequently under fast changing bias the dynamics of the interface 

charge governs the current-voltage hysteresis. Finally we show that 

the degree of the hysteresis is closely related to the magnitude of the 

interface charge. Very low interface charge density leads to 

hysteresis-free devices.  

PbI2 (99.999%, Sigma-Aldrich) and PbCl2 (99.999%, Sigma-

Aldrich) with 1:1 mole ratio were dissolved in DMF (1mol/ml) and 

CH3NH3I (MAI) (>99.9%, HeptaChroma) was dissolved in 2-

propanol. To ensure MAI, PbCl2 and PbI2 were fully dissolved, both 

solutions were heated at 70 °C for 30 min before use. The device 

architecture is ITO/PEDOT:PSS/ MAPbIxCl3-x /PC61BM/Al, and the 

active area is 0.038 cm2. PEDOT:PSS (Baytron-P4083) was spin-

cast onto the clean surface of the ITO substrates at 3000 rpm for 40 s 

and then thermally annealed on a hot plate at 120 °C for 30 min in 

air. In a nitrogen-filled glove box, the solution of PbI2 and PbCl2 was 

spin-coated onto the PEDOT:PSS layer at 4000 rpm for 15 s and 

then annealed at 70 °C for 15 min. After drying, the MAI solution in 

2-propanol (40 mg/ml) was spin-coated onto the PbICl layer at 3000 

rpm for 5 s and then annealed at 70 °C for 30 min to form the 

perovskite MAPbI3Cl3-x. PC61BM (in chlorobenzene) was then spin-

coated onto the perovskite layer at 3000 rpm for 40 s. The PC61BM 

concentration of 20 mg/ml lead to the PC61BM thickness of 40 nm. 

Finally, the samples were moved into a vacuum chamber for 

aluminium deposition. The thickness of the perovskite is ~370 nm, 

as measured with an Ambios XP-2 profilometer. The J–V 

characteristics were recorded by a Keithley (and Agilent) source 

meter under an illumination of AM 1.5G 100 mW/cm2 from an Abet 

2000 solar simulator. 

The interface charge is the accumulated mobile ions at the 

interface under electric field. The interface charge is always 

accompanied by screen charge on the electrode. After applying a 

constant bias on the device for a long period of time, the density of 

the interface charge is fixed, and we define this condition as quasi-

steady state in the following discussion. Stronger field leads to 

higher density of interface charge. When the applied bias is changed, 

for example, from Va to Vb, the quasi-steady-state density of the 

interface charge will change accordingly. However, because of the 

slow redistribution process of the mobile ions, it takes some time to 

reach the final quasi-steady state at Vb. Therefore there is a slow 

dynamic process of ions redistribution if the applied voltage is 

changed from one value to another. The dynamics of the ions-related 

interface charge can be observed at dark and short-circuit condition 

because electron and hole current are zero in this condition.  
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The dynamic change of the interface charge from 1.0 V to 0 V in 

the PSCs with a 40-nm PC61BM is illustrated in Figure 1. A bias of 

1.0 V was applied on the device for 10 s to reach the quasi-steady 

state at 1.0 V. After removal of the 1.0 V bias (Figure 1a), a small 

reverse current appears and decays (Figure 1a, inset), indicating that 

the interface charge is changing. The time integral of the short-

circuit current indicates the dynamic change of the interface charge 

(Figure 1b). The interface charge changes quickly at the beginning, 

and then gradually stabilizes in a timescale of ~10 s.  The finally 

stabilized value is 9.6 µC/cm2, which is the difference of the quasi-

steady-state interface charge density between 1.0 V and zero bias 

(short-circuit condition). Similarly, the difference of quasi-steady-

state charge density between other bias and the zero bias was 

measured (Figure 1c). The result indicates that when the bias is 

changed it will need ~10 s to reach the final quasi-steady state. 

Therefore in the following discussion, we will apply the constant 

bias Va for 10 s on the device if we want to achieve the quasi-steady 

state at Va. 

Although the difference of the quasi-steady-state charge density 

between a given bias Va and the zero bias is obtained (Figure 1c), the 

actual quasi-steady-state interface charge density at Va is not known 

because we still need to figure out the interface charge density at 

zero bias.  A reasonable estimation is that under strong illumination 

and at the bias of open-circuit voltage (Voc) the electric field in the 

semiconductor is much lower (even close to zero) than that at short-

circuit condition. Therefore as a first approximation we assume that 

at Voc bias the interface charge density is zero. Thus the density of 

the quasi-steady-state interface charge at zero bias can be estimated 

from the difference between the charge density at 0 V and at open-

circuit voltage. Our device shows a Voc of ~1.0 V under one Sun 

illumination. Therefore in the following discussion we assume that at 

the bias of 1.0 V the interface charge density is zero, and at zero bias 

the interface charge density is 9.6 µC/cm2, which is the difference 

between the charge density at zero bias and at 1.0 V. This 

assumption and the measured difference of the charge density 

between Va and zero bias (Figure 1c) lead to the estimated quasi-

steady-state interface charge density at the given bias Va (Figure 1d). 

The quasi-steady-state charge density at Voc bias (1.0 V) is zero, 

and it increase continuously with decreasing voltage.  

Under dark condition, the observed non-zero short-circuit current 

leads to the dynamic change of the interface charge (Figure 2a).  

Under light illumination we investigated the dynamic change of the 

photocurrent. Figure 2b shows the dynamic change of the short-

circuit current (Isc) under illumination after the device is switched 

from different initial quasi-steady state to short-circuit state. Taking 

the initial quasi-steady state of 1.0 V as an example: under one sun 

illumination, a bias of 1.0 V (Voc) was applied on the device for 10 s 

to reach the quasi-steady state at 1.0 V; the device was then kept at 

short-circuit condition to observe the photocurrent (Figure 2b, dark 

diamond). The photocurrent decrease quickly at the beginning, and 

then gradually stabilizes in a timescale of ~ 10 s. The dynamic 

change of the photocurrent is in the same manner and the same time 

scale as that of the interface charge (Figure 2a). The correlation 

strongly suggests that the transient process of the interface charge 

leads to the dynamic change of the photocurrent. It also suggests that 

higher interface charge density results in lower photocurrent. This 

Figure 1. Dynamics of the interface charge.  a, Under dark condition a bias of 1.0 V was applied on the device for 10 s. The device was 

then kept at a short circuit condition to observe the non-zero current. The inset shows the current. b, The time integral of the current 

density shows the dynamic change of the interface charge after the applied voltage is changed from 1.0 V to zero. c, The difference of 

quasi-steady-state charge density between different bias and the zero bias. d, The quasi-steady-state density of interface charge at various 

bias. 
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conclusion is further confirmed in the results of different initial state, 

which indicate that the initial quasi-steady state has significant 

influence on the transient of the photocurrent. It clearly shows that 

the initial state with higher positive voltage, for example 1.0 V, leads 

to higher beginning Isc than the stabilized Isc, and the initial state 

with lower voltage, for example -0.5 V, leads to lower beginning Isc 

(Figure 2b, blue downward triangle).  We note that the quasi-steady 

state with high voltage have low density of interface charge (Figure 

1d). Thus these results consistently indicate that the density of the 

interface charge significantly affects the photocurrent. The lower the 

interface charge density the higher the photocurrent, and vice versa. 

The above observations are consistent with the recently revealed 

mechanism that the existence of the interface charge changes the 

band bending near the interfaces23 and thus affects the carrier 

collection efficiency of the device. Taking the initial quasi-steady 

state of Voc bias (1.0 V) as an example: there is no interface charge 

because the intensity of the electric field is close to zero in the 

perovskite layer at this condition (Figure 2c). When the device is 

quickly changed to short-circuit state, the bands of the 

semiconductor become tilted because of the built-in field in the 

device. At the very beginning moment after the switch, there is no 

interface charge in the device (Figure 2d). However the built-in field 

drifts the mobile ions towards the interface. The direction of the 

built-in field is from PC61BM to PEDOT:PSS. Thus positive 

interface charge gradually accumulates at the PEDOT:PSS interface 

and negative charge accumulates at PC61BM interface (Figure 2e). 

Our previous work shows23 that positive interface charge leads to 

downward band bending near the interface and negative interface 

charge leads to upward band bending (Figure 2e).  The downward 

band bending hinders hole collection at PEDOT:PSS interface, and 

the upward band bending hinders electron collection at PC61BM 

interface. Therefore at the voltage below Voc, the resulting interface 

charge, positive at the PEDOT:PSS interface and negative at the 

PC61BM interface, is detrimental for carrier collection. Thus lower 

density of interface charge leads to higher photocurrent and vice 

versa. This mechanism consistently explains the dynamic change of 

photocurrent when the device is switched from different initial 

quasi-steady states to short-circuit condition (Figure 2b). 

Figure 2. Interface charge changes band bending and thus influences the photocurrent of PSCs. a, Dynamic change of the interface 

charge after the bias is switched from 1.0 V to zero (Figure 1b is moved here). b, Dynamic change of the short-circuit current (Isc) under 

illumination after the device is switched from different initial quasi-steady state to short-circuit state. c-e, Schematic energy band 

diagrams at different condition. c, at the quasi-steady state of Voc voltage (1.0 V). d, at the beginning moment after the device bias is 

switched from 1.0 V to zero. e, at quasi-steady state of zero bias. Interface charge and screen charge are represented in red and black, 

respectively. 
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With several specially designed scan routes, we show that the J‒

V hysteresis (Figure 3) is governed by the dynamics of the interface 

charge under changing bias (Figure 3 inset). Scan 0 is a very slow 

scan, in which the delay time for every measuring point is 10 s. As 

expected, the J‒V curve is hysteresis-free (Figure 3, black diamond) 

because the interface charge can reach quasi-steady state at each 

measuring point regardless of the scan direction. Scan 1, 2 and 3 are 

fast scans with a scan rate of 0.5 V/s. In fast scan because the 

interface charge cannot reach the quasi-steady state in the short 

period of time, there is a dynamic process of the interface charge, 

which is determined by the initial state right before the scan and the 

scan direction and rate during the scan. Scan 1 represents the scan 

from 1.0 V to 0 V, and the initial state is the quasi-steady state of 1.0 

V (we applied the bias of 1.0 V on the device for 10 s right before 

the scan). Because of the fast scan, the density of the interface 

charge changes very little and keeps significantly lower than the 

quasi-steady-state value in the whole scanning process. 

Consequently, the photocurrent of Scan 1 is significantly higher than 

that of Scan 0. Scan 2 represents the scan from 0 V to 1.0 V, and the 

initial state is the quasi-steady state of 0 V (a bias of 0 V was applied 

on the device for 10 s before the scan). This scan begins with a high 

density of interface charge.  And because of the fast scan, the 

interface charge density keeps higher than the quasi-steady-state 

value (Scan 0), leading to the apparently lower photocurrent than the 

quasi-steady-state photocurrent. Scan 3 is an interesting scan rout, 

which is also from 0 V to 1.0 V (the same as Scan 2), but the initial 

state is the quasi-steady state of 1.0 V (a bias of 1.0 V was applied 

on the device for 10 s before the scan). At the beginning of this scan, 

the density of interface charge is zero, and it increases continuously 

to pass through Scan 1 and Scan 0, and then decrease, because the 

density of interface charge always tends to reach the quasi-steady-

state value. It has two intersections with the other scan curves at 

point F and G (Figure 3 inset). Interestingly and importantly, the J‒V 

curve begins with the highest photocurrent at 0 V, and it passes 

through Scan 1 and Scan 0 as expected. There are four intersections, 

A, B, F and G, in the density-voltage curves (Figure 3 inset). These 

intersections lead to the corresponding intersection points, a, b, f and 

g, in the J‒V curves, respectively, because at the same bias and the 

same density of interface charge the photocurrent should be the same. 

We note that all of the J‒V curves in Figure 3 were measured in the 

same device, and the results are repeatable. These results clearly 

indicate that the dynamics of interface charge governs the J‒V 

hysteresis of the PSCs.  

The thickness of the PC61BM layer significantly affects the 

interface charge density and thus the degree of the J‒V hysteresis 

(Figure 4). The interface charge density at short-circuit condition 

reaches 131.4 µC/cm2 at the PC61BM thickness of 10 nm (Figure 

4a), and it significantly decreases to 0.3 µC/cm2 at the PC61BM 

thickness of 90 nm (Figure 4c).  As expected, the J‒V hysteresis is 

very severe in the former device, while the J‒V curve is hysteresis-

free in the latter device. This result further confirms that the dynamic 

change of the interface charge is the origin of the J‒V hysteresis. We 

note that the hysteresis-free J‒V curves were previously reported in 

the PSCs with a very similar device configuration24. The detailed 

mechanism determining the density of the interface charge needs 

further investigation. It is likely that at short-circuit condition the 

density of the interface charge is determined by the electrostatic 

effect of the mobile ions in the perovskite and the screening charge 

on the electrode. If it can be assumed that the positive screening 

charge is not in close proximity to the negative interface charge 

(Figure 2e), and the carrier selective PC61BM layer somehow acts as 

dielectrics between them, it is understandable that a thick 'dielectric' 

Figure 3. The correlation between the J‒V hysteresis and the dynamic change of the interface charge shows that the dynamic 

process of the interface charge governs the J–V hysteresis. Scan 0 is a slow scan with the delay time of 10 s. Scan 1, 2 and 3 are fast 

scans with a scan rate of 0.5 V/s. Scan 1 is from 1.0 V to 0 V, and the initial state is the quasi-steady state of 1.0 V. Scan 2 is from 0 V to 

1.0 V, and the initial state is the quasi-steady state of 0 V. Scan 3 is from 0 V to 1.0 V, and the initial state is the quasi-steady state of 1.0 

V. The inset shows the dynamic process of the interface charge during the scans. In the inset the scatters are measured and the arrow lines 

are sketched. 
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layer would lead to a low surface charge density (like a plate 

capacitor). 
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Figure 4. The influence of PC61BM thickness on the interface 

charge and the J‒V hysteresis. Very low interface charge density 

leads to hysteresis-free J‒V characteristics (panel c). The scan 

rate is 0.5 V/s. 

 

Conclusions 

In conclusion, the accumulation of mobile ions in the hybrid 

perovskites causes space charge at interfaces. Under quasi-

steady state (under a constant bias for a long period of time) the 

density of the interface charge is fixed and is determined by the 

intensity of the electric field. When the applied bias is changed, 

the quasi-steady-state density of the interface charge will 

change accordingly. However, due to the slow redistribution 

process of the mobile ions, it takes some time (~10 s) to reach 

the final quasi-steady state. When the voltage scan rate is slow 

(delay time  10 s), the device can reach the quasi-steady state 

at every measuring point.  However, when the scanning voltage 

changes rapidly, the device cannot reach the quasi-steady state 

in the measuring process. The dynamics of the interface charge 

under fast scan rate depends on the initial charge density before 

the scan and the conditions (scan direction and scan rate) during 

the scan.  

The results show that the existence of the interface charge 

significantly affects the photocurrent. The lower the interface 

charge density the higher the photocurrent. The results is 

consistent with the mechanism that the existence of the 

interface charge changes the band bending near the interface 

and thus significantly affects the carrier collection efficiency. 

At the voltage below Voc, the resulting interface charge, 

positive at the PEDOT:PSS interface and negative at the 

PC61BM interface, is detrimental for carrier collection. 

Therefore lower interface charge density leads to higher 

photocurrent and vice versa.  

The aforementioned mechanism suggests that the dynamic 

change of the interface charge leads to J‒V hysteresis. Indeed, 

with several specially designed scan routes, we show that the J‒

V hysteresis of the device is governed by the dynamics of the 

interface charge under changing bias. Finally we show that the 

thickness of the carrier-selective layer (PC61BM) significantly 

affects the interface charge density and thus the J‒V hysteresis 

in PSCs. In the device with a thick PC61BM layer (90 nm) very 

low interface charge density (0.3µC/cm2) leads to hysteresis-

free J‒V characteristics. 
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