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Abstract: 

Migration of point defects can result in various performance instabilities in organometal halide 

perovskite devices. In particular, the segregation of charged defects can influence the electron 

transport, but the correlation between ionic and electronic transports remains elusive. In this work, 

we use a graphene/methylammonium lead iodide capacitor to probe the effect of ion segregation 

on the charge injection behavior at the graphene/perovskite junction. In our samples, the ion 

segregation in the perovskite film is induced by a controllable electric field applied through an 

electrostatic gate. At the same time, the charge injection from graphene to the perovskite is probed 

by monitoring changes in the graphene conductivity. It is found that a positive (negative) defect 

accumulation layer near the graphene/perovskite interface can facilitate electron (hole) injection 

from the graphene electrode to the perovskite. Because the polarity of the defect accumulation 

layer is switchable by changing the direction of the applied electric field, the graphene/perovskite 

interface behaves like a Schottky junction with a tunable charge injection barrier height. This 

behavior should be generally found in other metal/halide perovskite interfaces as well. 

 

 



2 
 

I. INTRODUCTION 

Recently, photovoltaics (PV) made with organometal halide perovskites have reached an 

efficiency above 25%,[1] which rivals the efficiency of single crystal silicon cells. Despite the high 

efficiency, halide perovskite crystals contain a high concentration of point defects that are mobile 

at the room temperature.[2-6]  Because these defects can migrate back-and-forth under typical 

device operation conditions, the performance of perovskite PVs depends heavily on the pre-

condition of the device, e.g., whether the device has been kept at dark or exposing to light,[7-9] or 

whether the device has been operated at the reverse-bias condition.[10] The segregation of ionic 

defects not only changes the electric potential within the perovskite layer,[11-13] it also modifies 

the local doping[14,15] and generates trapping sites for free carriers.[16-22] To further complicate 

the problem, the rate of defect migration can be enhanced by light illumination.[23-31] 

Understanding how the defect migration would affect the device performance is a very complex 

issue, but a thorough understanding is essential for mitigating various performance instabilities. 

On the other hand, the ease of defect migration and the strong defect-electron interaction can 

provide mechanisms for developing switchable devices. 

The effect of defect migration and segregation on electron transport is often understood by 

modeling the current-voltage characteristic of PV devices operated under different conditions.[11-

13] Although device modeling successfully captures some important observations such as the 

hysteresis found in the current-voltage measurement, it is difficult to untangle a variety of 

microscopic interactions between defects and charges. Very often, device modeling requires other 

independent measurements, such as diffusivities of various ionic defects, to justify or refine 

assumptions used in the model. While defect migration of point defects can be measured by other 

material characterization approaches,[21,24,32-34] these methods generally do not capture how 
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the charge defect segregation can influence the electron transport. Hence, there is a critical need 

for developing experimental tools that can unveil the correlation between ion migration and 

electron transport. Recently, by interfacing graphene with halide perovskites, we have used 

graphene as an electric field sensor to probe carrier trapping within the perovskite layer.[15,35] 

Combining with femtosecond (fs) pulsed laser excitations, we can further measure the electron 

transport time across the perovskite layer to the graphene electrode.[35,36] This work further 

advances this method by sandwiching the perovskite layer with a graphene electrode and a back 

gate. This capacitor structure allows us to control the direction and magnitude of the applied 

electric field across the perovskite layer by varying the back gate voltage. This controllable electric 

field can drive the ion migration. At the same time, the graphene sensor can probe the ion 

segregation in the perovskite layer, and the electron transfer between graphene and perovskite.  

Using this approach, we find that the methylammonium lead iodide (MAPbI3), the 

commonly used halide perovskite, can effectively shields the graphene from the electric field 

through the migration and segregation of ionic defects. The shielding capability diminishes with 

decreasing temperature, but it is enhanced under light illumination, which resembles the light-

enhanced defect migration behavior found in halide perovskites.[23-31]  Interestingly, we find that 

a positive (negative) defect accumulation layer near the perovskite-graphene interface, often 

referred to as the Debye layer, can facilitate electron (hole) injection from the graphene electrode 

to the perovskite. We argue that the charge injection from the metal to the perovskite can be 

facilitated by the large band bending in the Debye layer,[10,11] and/or deep electron traps induced 

by the interaction between ionic defects and electron carriers.[16-19]   

Because the polarity of the defect accumulation layer can be switched by the application 

of an electric field, our work demonstrate that the metal-perovskite junction can be switched from 
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an electron-injecting to a hole injecting junction, and vice versa, by flipping the direction of the 

applied electric field. In other words, the graphene-perovskite junction behaves like a switchable 

Schottky diode in which its conduction behavior depends on the precondition of the perovskite 

layer, i.e., the type of ionic defects accumulates near the conductor/perovskite interface. This 

contrasts with typical metal-semiconductor junctions at which the charge injection behavior is 

predetermined by the interfacial band alignment, which cannot be tuned easily by an external 

electric field. This switchable injection behavior of the metal-perovskite junction can be useful for 

applications which requires the electrical conductivity to depend on the previous status of the 

device, e.g., memristors used for neuromorphic computing.[37]  

II. EXPERIMENTAL METHODS 

A. Sample Preparation – The perovskite capacitor was made by spin-coating a perovskite 

film on a 300-nm SiO2/Si (heavily doped) wafer. Then, graphene was transferred on top of the 

perovskite film by using a dry transfer method that we developed previously.[36,38] The SiO2/Si 

substrate was cleaned with methanol and acetone, followed by an ozone-treatment for 15 min 

before the spin coating. The CH3NH3PbI3 film was prepared by a one-step spin-coating 

method.[35,36] The lead iodide (Alfa Aesar, 99.9985%) and methylammonium iodide 

(Luminescence Technology, 99.5%), in a stoichiometric ratio, were dissolved in 

dimethylformamide (SigmaAldrich, 99.8%) with a concentration of 1 M. The solution was stirred 

at 70 °C overnight prior to the use. The perovskite film was coated on the SiO2/Si substrate by 

spin-coating at 3000 rpm for 30 s in a nitrogen-filled glove box. During the spin-coating, 

chlorobenzene (Macron), which acted as an antisolvent, was dropped onto the film. Then, the 

perovskite film was heated sequentially at 60 °C (5 min), 80 °C (5 min), and 100 °C (10 min) on 

a hot plate to remove the residual solvent. For the graphene transfer, CVD-grown graphene-on-Cu 
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(purchased from Graphene Supermarket) was used. Graphene was dry transferred on top of the 

perovskite film by using a PET/silicone stamp. The detailed procedure was discussed in Ref. 

[36,38]. As shown in our previous work,[36] this method allows us to transfer a cm-sized and 

continuous graphene onto the perovskite without exposing the perovskite surface to any solution.  

B. Graphene device measurement – To fabricate the graphene capacitor, the graphene 

channel was patterned by using a shadow mask and Ar-ion sputtering. A pair of Cu electrodes (the 

source and drain electrodes) were deposited on the graphene through another shadow mask. All 

these processes were done in an ultra-high vacuum chamber with a base pressure of 10-9 torr. The 

size of the graphene channel was 1 mm × 1 mm. A schematic diagram of the capacitor is shown 

in Fig. 1a. After all fabrication steps, the sample was mounted in a high vacuum cryostat, and it 

was kept in dark overnight before measurement. A tungsten-halogen light source (Thorlabs 

SLS201L) was used for light illumination. An intensity of 0.13 mW cm-2 was used. During the 

measurement, a +5 V or - 5 V back-gate voltage (Vg) was applied to the highly doped Si substrate. 

A source-drain voltage (Vsd) of 1 V was applied across the top two Cu electrodes on the graphene 

channel and the source-drain current (Isd) through the graphene channel was measured by a 

Keysight 34450A digital multimeter. 

 
III. RESULTS AND DISCUSSION  

A. Graphene as a charge sensor – To illustrate the working principle of the graphene 

charge sensor, we first highlight some previous results obtained from the 

perovskite/graphene/SiO2/Si transistor, which is a commonly studied device structure. Unlike the 

perovskite capacitor, in the perovskite/graphene transistor, the perovskite film is not sandwiched 

between the back gate and the graphene (inset in Fig. 1b). Hence, the electric field generated by 

the SiO2/Si gate is shield by the graphene and does not extend into the perovskite film. Moreover, 
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the graphene is located between the back gate and the perovskite. Therefore, its conductivity can 

be controlled independently by either using a back gate voltage (electrical doping) or by exciting 

the perovskite optically (optical doping).  

 

Fig. 1: (a) A schematic diagram showing the capacitor device used in our experiment. Three 
identical capacitors can be fabricated on a single sample. The direction and magnitude of the 
applied electric field can be controlled by the back gate voltage (Vg). The charge doping in 
graphene is probed by the change in the source-drain current (Isd). (b) The Isd as a function of Vg 
for a typical graphene/perovskite transistor. The graphene is initially p-doped and the Fermi level 
(Ef) reaches the Dirac point (ED) when a positive Vg is applied.  Under light illumination (intensity 
= 0.13 mW cm-2), the graphene is doped by additional holes, as shown by the shifting of the Dirac 
point to the right (red arrow). (c) The Isd as a function of Vg for the graphene/perovskite capacitor 
shown in (a). For experiments performed on the capacitor device, a Vg with a magnitude smaller 
than 10 V is applied. In this regime, an increase (decrease) in the Isd represents additional hole 
(electron) doping in graphene.   
 

 Unlike typical metallic conductors, the graphene conductivity is very sensitive to charge 

doping because of the low density of state (DOS) near the Fermi level (Ef).[39,40] This unique 

property can be observed readily by doping the graphene using a Si/SiO2 back gate in the 

perovskite/graphene transistor. Figure 1b shows the current passing through the graphene channel 

(Isd) as a function of the back gate voltage (Vg). When Vg is positive (negative), the graphene is 

doped with additional electrons (holes), which shifts the Ef up (down) with respect to the Dirac 

point (ED), resulting in a change in its conductivity. The point at which the Isd is minimum (labelled 

by a vertical bar in Fig. 1b) corresponds to Ef = ED. Because the Dirac point is reached by applying 
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a positive Vg, the as-prepared graphene in our lab is slightly p-doped. Furthermore, by illuminating 

the sample with light, electrons are trapped in the perovskite layer, which dope the graphene with 

additional holes through capacitive coupling.[35,36,41] This additional p-doping induced by light 

can be seen by the shifting of the Dirac point to the right (red arrow in Fig. 1b).  

An Isd-Vg curve for the graphene capacitor is shown in Fig. 1c. For the capacitor device, as 

we will show, the Isd changes with time after the Vg is switched on. On this plot, we use the Isd 

taken immediately after the Vg is switched on. For all measurements on perovskite capacitors that 

we will present, a small Vg, either -5 or +5 V, is used. For small Vg (see the green dashed box in 

Fig. 1b, and Fig. 1c), the response of Isd to Vg is rather linear. Moreover, an increase (decrease) in 

Isd represents the graphene channel is doped with additional holes (electrons). This information 

will be used for understanding the data that we will present.  

B. Ion segregation and charge injection – Now, we come back to the perovskite capacitor 

shown in Fig. 1a. In this capacitor structure, an electric field can be applied through the perovskite 

layer by applying a Vg. The capacitor has the two dielectric layers (SiO2 and perovskite), which 

can be treated as two capacitors in series. Using standard equations for parallel plate capacitors in 

series, the potential drop across the perovskite layer Vp can be written as: 

𝑉𝑉𝑝𝑝 = 𝑉𝑉𝑔𝑔
𝑑𝑑𝑝𝑝𝜅𝜅𝑆𝑆𝑆𝑆𝑆𝑆2

𝑑𝑑𝑝𝑝𝜅𝜅𝑆𝑆𝑆𝑆𝑆𝑆2 + 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆2𝜅𝜅𝑝𝑝
                                                                                               (1) 

, where κSiO2, κp are the static dielectric constants of SiO2 and the perovskite, respectively. The 

thicknesses of the two layers are represented by dSiO2 and dp. For our samples, dSiO2 = 300 nm and 

dp = 400 nm.[35,36]  In our measurements, a Vg with a magnitude of 5 V is chosen. By using κp = 

24.1[12,42] and  κSiO2 = 3.8, we got Vp = 0.87 V. This potential drop is similar to the typical built-

in potential in an operating perovskite PV cell.[12] The Vp can drive the segregation of ionic 

defects in the perovskite layer, which can further increase the effective κp. Therefore, the ion 
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segregation can cause the equivalent capacitance Ceq to increase with time. This effect will be 

accounted for when we estimate the number of injected charges in the later discussion. The 

temporal change of the equivalent capacitance Ceq, and hence, κp can be probed by measuring the 

number of charges stored in the graphene (one of the capacitor plates), which can in turn be 

monitored by measuring the change in the source-drain current (∆Isd) of the graphene channel as a 

function of time. 

 

Fig. 2: (a, b) The temporal change of the source-drain current (∆Isd) when the gate voltage (Vg) is 
switched on (at t = 0 s) and off (at t = 300 s). A Vg equals to +5 V and – 5V was used for the 
measurement shown in (a) and (b), respectively. The sample was kept in the dark during the 
measurement. (c – f) Schematics showing processes occur in perovskite and graphene when a 
positive Vg is switched on and off. (c) When the Vg is first switched on, the graphene is doped by 
electrons due to the applied electric field. (d) Ion migration and segregation increase the 
capacitance, which should increase the amount of electron doping in graphene. (e) Electron 
injection from graphene to perovskite can reduce the doping in graphene, which leads to relaxation 
of the signal – see the arrow 2 in (a). (f) Immediately after the Vg is switched off, injected electrons 
remain trapped in the perovskite. The trapped electrons induced hole doping in graphene, which 
causes the overshooting of the signal above the baseline – see the arrow 3 in (a). 
 

Figure 2a shows the ∆Isd as a function of time. At t < 0 s, no back gate voltage is applied. 

We use t = 0 s as the reference point, where the ∆Isd (t = 0) is set to zero. At t > 0, a Vg equal to +5 
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V is applied. The Isd decreases (∆Isd < 0) instantaneously after the back-gate voltage is switched 

on (arrow 1 in Fig. 2a). This is expected because a positive Vg dopes the graphene channel with 

additional electrons (Fig. 2c), which decreases Isd. When a positive Vg is applied, the electric field 

is pointing towards the graphene. Hence, positive (negative) ionic defects drift toward to (away 

from) the graphene, which causes defect segregation (Fig. 2d). The segregation of charged defects 

essentially increases the dielectric constant κp of the perovskite layer. This in turn should increase 

the Ceq, and hence, the number of charges stored in the graphene as shown in Fig. 2d. As a result, 

the magnitude of ∆Isd should increase as well. However, instead of increasing with time, 

interestingly, |∆𝐼𝐼𝑠𝑠𝑠𝑠| decreases with time (arrow 2 in Fig. 2a). This observation indicates a reduction 

in the number of doped electrons in graphene. This reduction can occur if electrons in the graphene 

are injected into the perovskite as shown schematically in Fig. 2e. In other words, the perovskite 

layer no longer behaves like a pure dielectric layer, but the electron injection from graphene to 

perovskite makes the perovskite behaves like a part of the conducting plate of the capacitor. The 

number of electrons in graphene is reduced by the number of injected charges (Fig. 2e). Indeed, 

for a parallel plate capacitor, positive charges on one side must be balanced by negative charges 

on the opposite side. Hence, the charge in the Si back gate (QSi), graphene (Qgr), and the injected 

charge (Qinj) can be related by: 

 𝑄𝑄𝑆𝑆𝑆𝑆 = −�𝑄𝑄𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖�.        (2) 

The presence of the electron injection from graphene to perovskite is further supported by 

the overshooting of the ∆Isd signal above the base line when the Vg is switched off. In Fig. 2a, Vg 

is switched off at t = 500 s (arrow 3 in Fig. 2a). Instead of returning to the base line, ∆Isd becomes 

positive, which indicates that the graphene is now doped with additional holes. Because Vg is 

switched off, the hole doping must be induced by electrons trapped in the perovskite layer as shown 
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schematically in Fig. 2f. These trapped electrons can eventually transfer back to the graphene, 

which causes ∆Isd to restore gradually to the base line (arrow 4 in Fig. 2a). The same experiment 

is also done with a negative gate voltage (Vg = -5 V) and the data is shown in Fig. 2b. Other than 

a change in the sign of ∆Isd, very similar behaviors as compared to that obtained with a positive Vg 

are observed. We note that for Vg < 0, negatively charged defects are segregated near the graphene. 

Moreover, holes instead of electrons are injected from graphene to perovskite as the signal relaxes 

(arrow 2 in Fig. 2b).  

To quantify the ratio of Qinj and QSi, i.e., the number of injected charges relative to the total 

charges stored in the Si back gate. We define the percentage of signal relaxation (P) as 

𝑃𝑃 =
|∆𝐼𝐼𝑑𝑑𝑑𝑑(𝑡𝑡0)| − |∆𝐼𝐼𝑑𝑑𝑑𝑑(300 𝑠𝑠)|

|∆𝐼𝐼𝑑𝑑𝑑𝑑(𝑡𝑡0)|                                                                                      (3) 

, where |∆𝐼𝐼𝑑𝑑𝑑𝑑(𝑡𝑡0)| is the signal right after the Vg is switched on and |∆𝐼𝐼𝑑𝑑𝑑𝑑(300 𝑠𝑠)| is the signal 

after the Vg is switched on for ~ 300 s.  At t0, the signal is yet to relax and the number of charges 

in the graphene is equal to the number of charges in the back gate (Fig. 2d). Hence, |∆𝐼𝐼𝑑𝑑𝑑𝑑(𝑡𝑡0)| is 

proportional to QSi. After the charge injection, the residual signal |∆𝐼𝐼𝑑𝑑𝑑𝑑(300𝑠𝑠)| is proportional to 

the number of charges remaining in the graphene (Fig. 2e). It can be seen from Eq. (2) that the 

numerator in Eq. (3) is proportional to Qinj. Therefore, P can also be written as: 

 𝑃𝑃 = −𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖/𝑄𝑄𝑆𝑆𝑆𝑆.                 (4) 

Because QSi is simply equal to CeqVg, we can estimate the number of injected charges by the P 

obtained from the measurement. We note that Ceq is increased by the defect segregation because 

the defect segregation should increase κp. However, because κSiO2 is much smaller than κp, the 

value of Ceq is dominated by the capacitance of the SiO2 layer. For example, if we increase κp from 

24.1 to ∞, Ceq (for a capacitor area A = 1 mm2) only increases from 93 pF to 112 pF. For the data 
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shown in Fig. 2, P ~ 0.6. Using Eq. (4), Qinj, and hence, the area density of injected electrons/holes 

can be found to be in the range of 1.75 × 1011 - 2.1 × 1011 cm-2 (for 24.1 < κp < ∞). We will correlate 

the injected charge density with the defect density in the perovskite in the later discussion.    

 

Fig. 3: (a) When a metal is interfaced with a n-type semiconductor, the Fermi level (Ef) is located 
close to the CBM, which can favor the injection of electrons into the perovskite (green arrow). (b) 
On the other hand, when the metal is interfaced with a p-type semiconductor, hole injection is 
favored (yellow arrow). 
 

In our measurements, the graphene does not directly probe the density of segregated ions 

because of the presence of the electron/hole injection from graphene to perovskite. Nevertheless, 

our measurement indicates that both electrons and holes can be injected effectively from graphene 

to perovskite because signal relaxation (arrow 2 in Fig. 2a and Fig. 2b) is observed for both positive 

and negative Vg. A detailed review on the physics of charge injection from a metal to a 

semiconductor can be found in Ref. [43]. Here, we note that the observation of the effective 

injection for both electrons and holes is rather surprising. This is because for electron injection 

from a conductor to a semiconductor to occur, Ef of the metal needs to be located near the 

conduction band minima (CBM) of the semiconductor, which results in a large Schottky barrier 

for hole injection (Fig. 3a). On the other hand, for the effective hole injection, Ef of the metal needs 

to be located close to the valence band maxima (VBM), which results in a large Schottky barrier 

for electron injection (Fig. 3b). Hence, effective electron and hole injections from a metal to a 

semiconductor are usually mutually exclusive. It is rather anormal that both electron and hole 
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injections can occur at a single metal/semiconductor interface. We attribute this bipolar charge 

injection behavior to the reversible defect segregation within the perovskite film. Defect 

segregation near the perovskite/graphene interface can produce defect states within the bandgap. 

Moreover, ion segregation can produce a large band bending in the thin defect accumulation layer 

near the interface. As we will discuss, both factors would contribute to the observed bipolar 

electron/hole injection behavior. Before we discuss the charge injection mechanism, we will 

present data from experiments done at different temperatures and under the light illumination. 

 
Fig. 4: The temporal change of the source-drain current (∆Isd) when the gate voltage (Vg) is 
switched on (at t = 0 s) and off (at t = 300 s). A Vg equals to +5 V and – 5 V was used for the 
measurement shown in (a) and (b), respectively. During the measurement, the sample was 
illuminated by a white light source with an intensity of 0.13 mW cm-2. 
 

C. Ion migration under light illumination and at low temperatures– In halide 

perovskites, it is known that the rate of defect migration can be enhanced by light illumination.[23-

30]  Therefore, the same measurement described in Fig. 2 is repeated except that the sample is now 

illuminated by a white light source with an intensity of 0.13 mW cm-2. From previous works, it is 

known that light illumination can dope the graphene with holes as photoexcited electrons are 

preferentially trapped in perovskite.[35,41] The photodoping is manifested by the horizontal shift 
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of the Isd - Vg curve shown in Fig. 1b. For measurements done under light illumination, the sample 

is illuminated at a constant light intensity for at least 1 hour prior to the measurement. This 

procedure ensures that Isd becomes steady before the Vg is applied. Results obtained with positive 

and negative Vg are shown in Fig. 4. The dynamics of the signal relaxation under light illumination, 

after Vg is switched on/off, is very similar to that observed in the dark (Fig. 2) expect that the extent 

of the relaxation is slightly more pronounced, i.e., a slightly larger P. The similarity between results 

obtained under light illumination and in the dark show that photocarriers alone cannot produce the 

observed behavior as no photocarrier is generated in the dark. On the other hand, the signal 

relaxation can still be explained by electron/hole injection from graphene to perovskite as 

discussed earlier. At the room temperature, light illumination does not significantly affect the 

dynamics of ∆Isd. However, we found that the effect from the light illumination becomes much 

more apparent at low temperatures.    

 

Fig. 5: The temporal response of the source-drain current (∆Isd) at different temperatures. The 
experimental conditions used were: (a) dark, Vg = 5 V; (b) dark, Vg = -5 V; (c) light, Vg = 5 V;  
(d) light, Vg = -5 V; Curves are offset vertically for clarity. The vertical bar shows the scale for the 
current change. 
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Figure 5 shows the temporal change of ∆Isd at low temperatures as the Vg is switched on 

and off. Different curves are offset in the y-axis for clarity. For all measurements, a rather 

symmetric flip in the ∆Isd signal can be observed when the sign of Vg is changed. However, in the 

dark (Fig. 5a, b), we do not observe much signal relaxation for most temperatures after the Vg is 

switched on, i.e., a small P. Hence, electron and hole injections from graphene to perovskite 

diminish at low temperatures. Similarly, as the temperature is lowered, a very small overshooting 

of ∆Isd above/below the base line is observed immediately after Vg is switched off, which is 

consistent with a smaller number of charges injected from graphene to perovskite. Results in Fig. 

5a and b show that the charge injection process is significantly inhibited at low temperatures when 

the sample is kept in the dark. 

 

Fig. 6: The portion of relaxed signal (as defined in Eq. 3) as a function of the temperature. The 
axis on the right shows the area density of injected carriers. When the sample is kept in the light, 
the charge injection can only be deactivated at a much lower temperature.  
 

On the other hand, the signal relaxation is rather pronounced even at low temperatures 

when the sample is illuminated by light. Figures 5c and d show the data collected under light 

illumination with positive and negative Vg, respectively. For a temperature as low as 100 K, 
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significant signal relaxation and overshooting can still be observed, indicating that the charge 

injection can occur at a much lower temperatures under light illumination. The signal relaxation 

and overshooting begin to diminish when the temperature is below 100 K. Figure 6 shows the 

portion of the relaxed signal (P in Eq. (3)) as a function of the temperature. As discussed earlier, 

the area density of injected carriers can be calculated from P, which is shown on the right axis in 

Fig. 6. When the sample is kept in the dark, the number of injected carriers drops significantly 

when the temperature is less than 250 K. By contrast, under light illumination, the number of 

injected carriers remains large until the temperature is lower than 100 K. This observation is 

consistent with the light-enhanced defect migration observed in halide perovskites. For example, 

it has been reported that the activation energy for defect migration decreases from 0.5 eV (at dark) 

to 0.15 eV (under light illumination).[23]  Hence, the defect migration can only be deactivated at 

a much lower temperature when the sample is illuminated by light.  

D. Charge injection facilitated by defect segregation – To understand how the charge 

injection would be facilitated by ion segregation, we note that ion segregation under an external 

field will build up two oppositely charged ionic layers on the two sides of the perovskite film. The 

two charged layers are known as Debye’s layers.[12] Electrostatically, these Debye layers can 

induce a large band bending near the interface and shield the rest of the perovskite film from the 

applied electric field. Hence, the potential drop will be concentrated in the Debye layers. If the 

bending is large enough, the band bending associated with a positive (negative) ionic defect layer 

can facilitate electron (hole) injection through tunneling.[10,11] Such injection mechanism was 

proposed to occur in perovskite PVs under a reverse bias condition.[10] A schematic diagram 

illustrating ionic defect segregation, band bending, and injection through tunneling is shown in 

Fig. 7a. The diagram is drawn for Vg < 0. At the first sight, this tunneling mechanism would explain 
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the experimental observation, i.e. a positive (negative) Debye layer can facilitate electron (hole) 

injection from graphene. However, as pointed out in previously device modeling works,[11] the 

total potential drop across the perovskite layer is unevenly distributed between the two defect 

accumulation layers because the positively charged defect, iodide vacancy (VI), is much more 

mobile than its negative counterparts, such as MA vacancy (VMA) and iodide interstitial (Ii).[44] 

The difference in the defect mobility will make the VI accumulation layer much thinner than its 

negative counterpart. As the magnitude of band bending is roughly proportional to the thickness 

of the Debye layer, the band bending in the VI accumulation layer should be rather small.  

 
Fig. 7: Schematic diagrams showing how the ion segregation can induce charge injection from 
graphene to perovskite through (a) tunneling, and (b) defect states.  
 

In our capacitor, the total potential drop across the perovskite layer, Vp is Eq. (1), is 0.87 

V. Previous modeling works suggest the thicknesses of the VI accumulation and VI depletion layers 

are 6 nm and 84 nm, respectively.[11] Assuming the magnitude of the band bending in each Debye 

layer is proportional to its thickness, and the sum of the band bending is equal to Vp, we estimate 

that the magnitude of band bending in the VI accumulation layer is only ~0.06 eV. On the other 

hand, the band bending in the negative VI depletion layer is much larger (0.81 eV). This asymmetry 

in the magnitude of band bending would favor the hole injection when a negative Vg is applied, 

but not the electron injection when a positive Vg is applied. However, in our experiment, very 

similar charge injection behavior is observed for both positive and negative Vg.  Therefore, we 
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argue that other mechanisms are presence to facilitate the charge injection, especially for the 

electron injection at positive Vg.   

When a positive Vg is applied, a VI accumulation layer is built up near the graphene. 

Normally, VI defects produce shallow trap states close to the CBM.[45] However, some theoretical 

works have shown that the VI defect switches to a deep electron trap when the defect captures an 

additional electron, which distort the surrounding lattice in a process known as Pb-Pb dimer 

formation. [19,22,46-49]  Although this Pb-Pb dimer mechanism has been disputed by other 

simulations when more accurate hybrid functionals are used,[18,50] simulations done with hybrid 

functionals does not preclude the formation of Pb-Pb dimers at surface or in region where VI 

defects are clustered.[17] Our recent photoemission spectroscopy work[15] also provides 

experimental evidence for the Pb-Pb dimer formation at the surface of the MAPbI3. Pb-Pb dimer 

formation can produce deep trap states. As illustrated schematically in Fig. 7b, these traps states 

can be much closer to the Fermi level of graphene, which can facilitate the electron injection from 

graphene to perovskite. Hence, formation of deep electron traps, originated from defect-electron 

interaction, in the defect accumulation layer can serve as an additional mechanism to facilitate the 

electron injection from graphene to perovskite. 

 Finally, for either the tunneling (Fig. 7a) or the deep trap (Fig. 7b) mechanism, the number 

of injected electrons/holes should roughly balance the number of charged defects in the defect 

accumulation layer. Earlier, we have shown that the area density of the injected electrons/holes is 

around 2 × 1011 cm-2. Our perovskite film is 400 nm thick. If all defects in the film are accumulated 

at the Debye layer, the defect density in the perovskite film is ~ 5 × 1015 cm-3. However, not all 

defects need to be segregated at the Debye layer because the defect segregation stops once the 

electric field generated from the back gate is shielded by the Debye layer. Therefore, the calculated 
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density should be treated as the lower limit of defect density that is needed to produce the observed 

charge injection behavior. This lower limit is consistent with previous works, which suggest that 

the defect density of typical polycrystalline MAPbI3 films is in the range of 1016 – 1018 cm-3.[11,12] 

In other words, because the defect density of polycrystalline halide perovskite films is typically 

larger than 1016 cm-3, this large defect density is more than sufficient to support the charge injection 

behavior induced by defect segregation as observed in our experiment.   

IV. CONCLUSION 

In this work, a graphene/perovskite/SiO2/highly doped Si capacitor is used to study the 

correlation between the defect segregation in the perovskite layer and the electron/hole injection 

behavior at the graphene/perovskite junction. When an external electric field is applied to the 

perovskite layer through an electrostatic gate, migration and segregation of ionic defects can occur. 

The defect segregation in the perovskite layer can effectively shield the graphene from the applied 

electric field, as seen by the rapid decay of the ∆Isd singal. This behavior is akin the behavior 

observed in perovskite PVs, in which ion migration and segregation can mostly shield the built-in 

electric field inside the perovskite film.[51,52]  

Interestingly, effective electron (hole) injection from the graphene to the perovskite layer 

can occur when positive (negative) ionic defects accumulated near the graphene electrode. The 

charge injection can be facilitated by the band bending induced by charged defects inside the 

Debye layer and deep traps created by carrier-defect interactions. Because the polarity of Debye 

layer can be reversed by changing the direction of the applied electric field, the 

graphene/perovskite junction can be switched from a junction with a small Schottky barrier for 

electron injection to a junction with a small Schottky barrier for hole injection, and vice versa, by 

the application of an external electric field.  
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