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Charge accumulation at the

contact determines the behavior

of perovskite solar cells
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accumulations of majority

electronic carriers and ions

A slow responding electrostatic

photopotential is formed at the

accumulation region

Memory effect is caused by fast

electron recombination and very

slow ion drift
Bisquert and colleagues demonstrate the impact of positive charge accumulation

at the electron contact of perovskite solar cells.
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The Bigger Picture

The extraordinary properties of

lead halide hybrid perovskite

materials make them an ideal

candidate to mark a revolution for

new cheap, clean photovoltaic

energy devices and innovative

optoelectronic technologies.

However, the actual devices often

display uncontrolled fluctuations

when submitted to external

perturbation for measurement

and operation. Here, we show that

the interface plays a critical role in

the random experimental

response often observed in

perovskite solar cells. When the

contact interface where the metal
SUMMARY

Drastic changes in open-circuit voltage decay (OCVD) response time in

CH3NH3PbX3 perovskites have been systematically investigated in order to

elucidate the dynamic properties of the interface. Under pre-illumination treat-

ment, the decay times are reduced by orders of magnitude, but if left to rest for

sufficient time, the solar cell evolves to its original decay kinetics. In order to

explain these observations, we developed advancedmodeling of the perovskite

solar cell to obtain a realistic description of the immediate vicinity of the inter-

face, including ionic variable concentration and accumulation of holes via

degenerate statistics in the space charge region. The results reveal a large

amount of majority carriers at the minority carrier extraction contact, assisted

by additional ionic charge. The surface band bending related to accumulation

gives an electrostatic contribution to the photovoltage in a manner governed

by slow dynamics of cations at the electron-selective contact. The modeling of

the interface allows us to describe the dynamics of the contact region domi-

nated by surface charging and recombination. These phenomena also play

an important role in operation conditions and current-voltage scans of the

solar cell.
oxide extraction layer meets the

perovskite absorber is operated

by light or voltage, it shows a

memory effect by the formation of

electric polarization and very

short-range charge accumulation.

The reason for this is the contrast

time response between fast

electron recombination and slow

ion drift. An electrostatic

component of the photovoltage

associated with long response

times has been identified.
INTRODUCTION

Solar cell devices based on organic-inorganic halide perovskites have achieved high

power conversion efficiencies of more than 22% over a short time span of 6 years and

have revolutionized the field of photovoltaics. Despite that, CH3NH3PbX3 perovskite

solar cells suffer from critical changes in device performance under working condi-

tions that impede further development for their commercialization as cheap and

highly efficient materials in optoelectronic applications (here, we distinguish be-

tween the changes in device performance and the instability of the CH3NH3PbX3

materials).

The changes in device performance manifest mainly by a current-voltage hystere-

sis,1–3 which leads to unstable power outputs and additional photo- and electric-

field-induced effects.4–6 The magnitude of the performance changes is dynamic

and usually depends on three parameters: (1) the working conditions, such as cur-

rent-voltage scanning rate and illumination intensity; (2) pre-treatments prior to

the current-voltage scan (light soaking and/or application of an electric field); and

(3) the type of selective contacts interfaced with the perovskites to make the full de-

vice. The working conditions and the type of pre-treatments prior to measuring the

solar cells are fairly indifferent to the device structure. However, the interface along
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the device plays a crucial role in determining device performance and is affected by

the device structure and type of contact material (e.g., using TiO2 versus [6,6]-

phenyl-C61 butyric acid methyl ester [PCBM] as the n-type contact). An effective het-

erojunction is found to exist at the contact/perovskite interface, contributing to the

relatively fast extraction of free electrons. However, some fundamental questions,

including the interfacial atomic and electronic structures and the interface stability,

need to be further clarified.7 Understanding the interface in perovskite photovoltaics

is tremendously important from the perspective of both the processing chemistry

and the photophysics of the carriers, which are the key parameters for the photovol-

taic behavior of the corresponding device.7–9

In recent years, many studies have focused on revealing fundamental insights about

the electronic processes and photovoltaic mechanisms in perovskite materials and

devices. Time transient measurements (i.e., probing the decay of electrical or optical

properties) are very commonly used characterization techniques of photovoltaic de-

vices. The transient measurements can shed light on fundamental mechanisms such

as voltage and current generation and charge recombination in perovskite solar

cells. These transient decays, such as open-circuit voltage decay (OCVD),10 transient

photovoltage decay (TPD), and transient absorption spectroscopy (TAS),11,12 are

generally interpreted in terms of electronic processes in a rigid lattice framework

(i.e., the device structure and intrinsic properties do not change under working con-

ditions or are affected by themeasurement itself). However, because perovskites are

considered to be mixed ionic-electronic conductors by nature, their crystal structure

cannot be regarded as a rigid lattice framework.13 Adding that to the established

fact that device performance changes under illumination and electric fields until

it reaches a new steady state,6 we performed time transient measurements on full

devices before and after pre-treatments. This will help develop a more in-depth

understanding of the working mechanisms in operating perovskite solar cells.

Here, we studied the dynamic influence of light-soaking (1 sun intensity) pre-treat-

ments in perovskites solar cells on photovoltage decay as well as the role of two

different contact/perovskite interfaces by using OCVD spectroscopy. We observed

gradual pronounced changes in the photovoltage decay as a function of light-soak-

ing time, whereas the kinetics of the changes were affected by the type of selective

contact interfaced with the perovskite. The changes were reversible, moving be-

tween light and dark pre-treatment conditions. Our results show that the contact/

perovskite interface is critical and greatly affects photovoltage generation and

decay. We formulated a model to study the effect of a distribution of mobile ions

on the band bending and carrier distribution along a perovskite solar cell under illu-

mination at open-circuit voltage. Furthermore, we witnessed the generation and

decay of the electrostatic contribution to the photovoltage, which was also modeled

to be governed by slow dynamics of cations at the electron-selective contact. We

show that after light-soaking pre-treatments, OCVD characterizes mostly the con-

tact/perovskite interface rather than the full device. This implies that pre-treatments

significantly change the results of characterization techniques that use contacts,

meaning that any techniques that measure a full device, and anyone measuring

perovskite-based solar cells, must take this information into consideration.
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RESULTS

In the past, we have performed OCVD measurements on a wide range of optoelec-

tronic devices ranging from dye-sensitized solar cells10 to perovskite solar cells.14

The OCVD technique is considered to have certain advantages over frequency- or
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Figure 1. The Types of Perovskite Solar Cells Measured in the Study

A perovskite solar cell with an mp-TiO2/perovskite interface (left) and an mp-TiO2/PCBM interlayer/

perovskite interface (right) was used for studying the role of the contact/perovskite interface on

OCVD.
steady-state-based methods: (1) it provides a continuous reading of lifetime as a

function of OCV, (2) it is experimentally much simpler, and (3) data treatment is

extremely straightforward for obtaining the main quantities that provide information

on the recombination mechanisms. However, there are still many uncertainties

about the interpretation of the decays in perovskite solar cells, and in this study

we addressed these by the following methodology. A typical experiment consisted

of performing an OCVD measurement on a device that was stored in the dark over-

night (labeled reference), followed by two consecutive measurement stages: (1) a

light-soaking stage, during which OCVD was measured after light soaking for

increasing times, and (2) a dark recovery stage, during which OCVD was measured

after the light-soaking source was turned off in time intervals identical to the light-

soaking time intervals.

In order to study the role of the selective contact interfaced with the perovskite,

we fabricated two sets of devices with slightly different structures, modified only

at the n-type contact. The structure of the first set was FTO/compact TiO2/

mp-TiO2/CH3NH3PbI3�xClx/spiro-OMeTAD/Ag. In a recent study,15 we pre-

sented the full structural, morphological, and optical characterization of our

devices, which are similar to the devices used in this current work. For the second

set of devices, we deposited a PCBM interlayer on top of mesoporous (mp)-

TiO2 after deposition of CH3NH3PbI3�xClx and the rest of the devices’ layers

(Figure 1).

OCVD was measured by a home-built system consisting of an array of white LEDs as

the light-soaking source, and a single red LED as the illumination source that gener-

ated the photovoltage. The measurements were conducted as follows: in the OCVD

measurement, the solar cell was held at open-circuit voltage in the dark, and then the

red LED was turned on (intensity equivalent to 0.1 sun, measured with a calibrated Si

photodiode) until the photovoltage stabilized. For all measurements, the red LED

illumination time was 1 s, which was sufficient for the photovoltage to rise and stabi-

lize. When the red LED was turned off, the OCVD was recorded. In the light-soaking

stage, the white LED array was turned on for prolonged illumination of the device

(intensity equivalent to 1 sun) and was then turned off right before each OCVD

measurement. All LEDs were cold light sources (see emission spectra in Figure S1A),

and the temperature of the devices was verified with a thermocouple that was
778 Chem 1, 776–789, November 10, 2016



Figure 2. OCVD Data for a Perovskite Solar Cell with a TiO2/CH3NH3PbI3�xClx Interface

(A and B) Changes in the decay rate appear in the light-soaking stage (A) and slowly revert back during the dark recovery stage (B).

(C) An exemplary comparison of three OCVD measurements that show the two photo-induced changes in the decay rate and the buildup of an

electrostatic potential, Velec.
unchanged during light soaking (full experimental details are shown in the Supple-

mental Information).

The OCVD data of a perovskite solar cell with a TiO2/CH3NH3PbI3�xClx interface

are shown for both the light-soaking and dark recovery stages (Figures 2A and

2B, respectively). All photovoltage values in both stages were in the order of

�1.02–1.06 V, as expected from these types of cells.16 These devices showed an

average efficiency of �15%, and an exemplary J-V curve of such a device is seen

in Figure S1B. The decay of the reference measurement (black curve, Figure 2A)

displays a similar pattern to previous findings.14 However, when the OCVDs

were examined in the light-soaking stage, two distinctive changes appeared,

and these were clearly affected by the light-soaking duration. The first change

was a very fast increase in the decay rate manifested as a rapid drop in the decay

curves, which is counterintuitive because faster decay rates imply faster recombi-

nation—the opposite of what occurs in hybrid perovskite solar cells.17 The second

observed change was a buildup of an electrostatic potential (Velec), which is

defined later. In brief, the electrostatic photopotential corresponds to a displace-

ment of the majority carrier energy level beyond the flat-band potential, forming

an accumulation region. As noted in Figure 2, the electrostatic potential was

very pronounced in the dark with an additional �150 mV to the open-

circuit voltage. During the illumination (red LED pulse), a smaller contribution

(�20–50 mV) to the photovoltage was seen. We also note that OCVD measure-

ments performed after shorter light-soaking times (30–90 s) have shown similar

effects but are slightly less pronounced. In the dark recovery stage, the changes

showed full reversibility. However, the return back to the reference values was

slower, especially for Velec, which took at least 60 min to full recovery, whereas

the reversibility of the decay rate was slightly faster. Figure 2C compares three

OCVD measurements (reference, light soaking for 6 min, and dark recovery for

60 min), showing the two dynamic photo-induced changes.

Photovoltage decays are presented in Figure 3 in terms of the instantaneous relax-

ation time, which has been previously defined14 as

tirðVÞ=
�
� 1

V

dV

dt

��1

: (Equation 1)
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Figure 3. The Instantaneous Relaxation Times of Perovskite Solar Cells with a Structure of FTO/Compact TiO2/mp-TiO2/CH3NH3PbI3�xClx/spiro/Ag

Relaxation times were obtained from OCVD under different conditions.

(A) Cell with only TiO2 contact.

(B) Cell with a PCBM interlayer at TiO2 contact.

(C) Comparison of both cells.
This relaxation time is a constant when the voltage decay obeys an exponential

decay. The first feature we noticed in the experiment is a qualitative difference

between the shapes of the decays for a device that was stored in the dark (reference)

and a device measured in the light-soaking stage (pre-illuminated). The reference

showed a power law (nonexponential) decay that decreased in the range of

10–1 s, similarly to all the samples previously investigated in a different study.14

However, when the device was pre-illuminated, the relaxation time became nearly

constant with a much lower value of 0.001 s, in excellent agreement with the values

reported by Sepalage et al.18 for a solar cell with a CuI contact. The decrease in relax-

ation time due to the effect of pre-illumination was about two orders of magnitude.

In Figure S1C, the OCVD data of devices with a PCBM interlayer are compared with

the OCVD data of devices with a TiO2 contact. Despite lower initial photovoltages,

it is apparent that these devices showed a decrease in the decay rate and that an

electrostatic potential also built up under light soaking. However, a discussion

regarding the subtle differences between these two systems is outside the scope

of this work.

In previous studies, it was observed that the kinetic behavior of perovskite solar cells

is determined to a great extent by the contact interfaces. For example, a quite

different response is observed between a TiO2 electron-selective contact and

a TiO2/C60 monolayer contact.19,20 It has been accepted that ion migration is

an important phenomenon determining the kinetic response of perovskite solar

cells.21–23 Significant sources of evidence are the closeness of the activation energy

of transient phenomena to that of iodide migration,24 direct observations of compo-

sitional changes,20,25 and the large capacitance observed at low frequency in the

dark, which has been interpreted as a Helmholtz capacitance caused by ion accumu-

lation.26–28 The last type of evidence is highly relevant for the present work, because

here we analyze the consequence of progressive interfacial charging. It can be

concluded that when the solar cell is set at an open-circuit voltage, significant ion

migration occurs toward the interface, with the consequence that the kinetic

response is drastically modified by the change of conditions at the contact. It is

therefore necessary to consider the properties of the contact surfaces in detail,

how they evolve under the formation of open-circuit voltage, and how they are

modified by the presence and accumulation of mobile ions and ion vacancies.

The ion concentration changes the interface by affecting the concentration and

recombination rates of the photogenerated electronic carriers, and thus the photo-

voltage is expected to change and to decay depending on the conditions at the

interface.
780 Chem 1, 776–789, November 10, 2016



Model Simulations

According to the picture established in the previous section, advanced simulation

tools become necessary for understanding the complex effects occurring at the

interface. Numerical methods have been implemented before in the field of perov-

skite solar cells,29–34 particularly models that explain the hysteresis in perovskite solar

cells on the basis of time evolution35,36 while emphasizing the transport characteris-

tics in the bulk, but important aspects of the interface that require demanding

computational effort were simplified or not considered. It has been well recognized

that the large capacitance observed in the dark at low frequencies carries information

on ion accumulation at the interface by the formation of a double-layer structure.26,37

By interpreting the low-frequency capacitance under illumination, Zarazua et al.28

concluded that electronic carriers accumulate at the contact, so that upward band

bending is formed at high voltage. The innovation of our approach in this work was

to develop simulations that simultaneously take into account (1) variable mobile

ion density and (2) arbitrary conditions of band bending at the interface from deple-

tion to accumulation, thereby allowing for degenerate statistics at the contact,

including a generalized Einstein relation for mobility to diffusivity. In addition to these

aspects of our simulation method, we follow the standard features for describing

perovskite photovoltaic devices, i.e., drift, diffusion, generation, and recombination

combined with the Poisson equation for at least three carriers (electrons, holes, and

ions) and with suitable boundary conditions, namely, selective contacts for electrons

and holes and blocking boundaries for ions. Our model equations and simulation

procedures are outlined in the Supplemental Information.

In accumulation conditions, one cannot rely on simplified approximations of the

Fermi-Dirac function. In this case, the Fermi level of carriers enters the respective

band edge, and the electron (n) and hole (p) densities must be evaluated with the

Fermi-Dirac 1/2 integral J1=2 as follows:

n=Nc2
� ffiffiffi

p
p

J1=2ð � ðEc � EFnÞ=kBTÞ ; (Equation 2)
p =Nv2
� ffiffiffi

p
p

J1=2

��
Ev � EFp

��
kBT

�
; (Equation 3)
J1=2ðxFÞh
Z N

0

x1=2

expðx � xFÞ+ 1
dx ; (Equation 4)

where kBT is the thermal energy, Nc and Nv are effective densities of states in the

conduction and valence bands, respectively, Ec and Ev are the conduction and

valence band-edge energies, respectively, and EFn and EFp are the electron and

hole Fermi levels, respectively.

In addition, in the case of degenerate statistics, the Einstein relationship between

the diffusion coefficient Dn and mobility mn (or Dp and mp) takes the form38

Dn =mn

kBT

q

J1=2ðEc � EFnÞ
J�1=2ðEc � EFnÞ : (Equation 5)

Equation 5 can be simplified with the approximation39,40

Dn =m
kT

q

"
1 + 0:35355

�
n

Nc

�
� 9:9 3 10�3

�
n

Nc

�2

+ 4:45 3 10�4

�
n

Nc

�3

+ /

#
:

(Equation 6)
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Figure 4. A Graphical Representation of the Numerical Model Simulations

(A–F) Device (A–C) and energy (D–F) diagrams of the three simulated Schottky solar cells with (1) no

ions at the interface, (2) an increase in cations at the interface, and (3) an increase in anions at the

interface. The parameters are detailed in Table S1.

(G and H) The hole and electron densities and the product of both densities along the first 10 nm of

the cell from the negative contact for cases 1 (G) and 2 (H).
By including the above generalized statistics and Einstein relation in the simula-

tion scheme, we are able to describe any situation from depletion to accumula-

tion that could be induced by the additional charge that the mobile ions bring

into the contact layer. This adds complexity to the numerical simulations, given

that very rapidly varying band bending is formed at the interface. In order to

check the convergence of the numerical results, we analyzed a test structure

with a hole accumulation region, and the results are given in the Supplemental

Information.

Once the numerical solution for a well-known accumulated structure was success-

fully tested, we analyzed the perovskite solar cell measured in Figure 2. The

results are shown in Figure 4. Here, we focused our attention on a small region

of the order of 10 nm right at the surface of the TiO2 blocking layer that repre-

sents the main site for polarization and recombination. The additional mesopo-

rous TiO2 structure is believed not to affect the field distribution severely, and

in fact test measurements with insulating mesoporous alumina gave similar results.

Interfacial and bulk carrier and field distributions were calculated under illumina-

tion at open-circuit voltage Voc for three different cases: (1) no mobile ions, which

served as a reference, (2) increasing cation concentration at the interface, and (3)
782 Chem 1, 776–789, November 10, 2016



increasing anion concentration. The actual case found in a perovskite solar cell

depends on the properties of the preferential mobile ions (which we do not

describe in detail here) and the built-in field. We describe the three cases as

follows.

For the no-ion case, C(x) = 0 and a(x) = 0 (Figure 4A). Figure 4D shows the band di-

agram near the interface of a reference solar cell with no mobile ions under illumina-

tion, and Figure 4G shows the distribution of electrons and holes. In the absence of

ions, the concentration of electrons and holes is nearly symmetric, as shown in Fig-

ure 4G. The region close to the left interface is slightly depleted of holes and corre-

sponds to a p-type semiconductor with a dopant concentration of NA = 1017 cm�3,

and a small electric field points to the right of the structure. The representation along

the whole semiconductor is shown in Figure S4.

For a semiconductor with cations,C(x=0) =C0s 0 (Figure 4B).Whenwe allow a pref-

erential concentration of cations at the cathode, then an accumulation layer of holes

is formed (Figures 4H),28 which implies a very large concentration of both holes and

cations to sustain the space charge layer at the contact (Figure 4E and Figure S8).

Bringing cations to the cathode makes the small electric field at the interface, which

exists in the sample with no ions, change its sign and direction. The electric field

attracts holes to the interface, where they accumulate. This result is in contrast to a

frequent hypothesis that assumes that bringing cations to the interface forms an

n-doped region with improved electron concentration; our result shows just

the opposite trend. The value of the open-circuit voltage obtained in the simula-

tion, Voc = 1.1 V, is higher than the built-in voltage, Vbi = 1 V. The condition Voc �
Vbi > 0 makes the net electric field point to the left. Under this electric field, the

cations can be accumulated close to the negative contact if there is enough time

for them to migrate. Figure S9C shows the simulation results of such a distribution

after a long migration time. Note also that a pedestrian argument could be that

the negative field at the contact might attract further ionic charge to the interface

in a feedback process. However, Figure 4 was obtained by rigorous solution of the

transport equations for determining the physical equilibrium at the open circuit, so

taking into account only one aspect, such as drift transport, can be highlymisleading.

For a semiconductor with anions, a(x = 0) = a0s 0 (Figure 4C). Bringing anions to the

cathode adds negative charges to the negative ionized acceptor impurities of the

depleted region. These additional negative charges increase the electric field close

to the x = 0 interface (Figure 4F and Figure S6A), which still points to the right. The

hole depletion region is enhanced and produces an increased concentration of elec-

trons at the interface (Figure S6B). The open-circuit voltage obtained in the simula-

tion results is Voc = 0.88 V, which is smaller than the built-in voltage (Vbi = 1 V). The

relation Voc � Vbi < 0 makes the net electric field point to the right, as in the no-ion

case, and causes the anions to accumulate close to the negative contact.

The previous simulations allow us to obtain an interpretation of the dark-to-light

transition caused by the presence of photogenerated carriers, and more relevant

to our experiments, the simulation provides insight on the dynamics of the return

to equilibrium once photogeneration is removed. We must recognize that we

have characterized some static situations. A fuller description would require us to

develop full simulation of the transients by combining the above method with

time evolution. However, this approach is far beyond the scope of the present

work because of the computational complexity, although it is an important topic

for future studies. In fact, establishing precise conditions for interfacial distribution
Chem 1, 776–789, November 10, 2016 783



Figure 5. The Energy Diagram at the TiO2/Perovskite Contact at Four Different Stages

(A) In the dark without migrating positive cations and vacancies.

(B) At a very short illumination time of Dt = 1 s.

(C) At an illumination time close to 1 min.

(D) After a substantial illumination time of Dt [ 1 min. The band bending results from an increase

in the hole concentration at the interface, which forms an electrostatic potential as a result of the

electric field across the interface. This potential is added to the built-in potential.
already requires complex simulation work, as described above. Nevertheless, we

have explored a range of features of the origin of dynamic phenomena. In general,

in a perovskite solar cell, there can be several types of ions and defects moving

simultaneously. The study presented here for one type of ion can be applied to sam-

ples where both cations and anions, as well as ionic vacancies, are detected. We

have also studied these cases, although they do not add different conclusions to

those presented above. In the case where both types of ions are present in the semi-

conductor, the dominant species tends to accumulate at the cathode interface. The

distribution of electrons, holes, and band bending remains qualitatively the same as

in the case of a unique species of ion in the semiconductor. The most significant dif-

ference is that the resulting electric field under the open-voltage condition makes

the other species migrate to the opposite interface. The simulation case of Figure 4B

is in agreement with the observed large photovoltage and light-induced accumula-

tion capacitance;28 therefore, this is the basis for the following discussion.
DISCUSSION

We have shown that the migration of ions in perovskite can have a significant effect

on perovskite-based devices, particularly as a result of ion accumulation at the

contacts. Let us consider the implications of the model just described for the inter-

pretation of experimental results and illustrate the energy diagram of the TiO2/

perovskite interface under different conditions (Figure 5). After a long dark storage

period, the state of the system is shown in Figure 5A. The height of the Schottky bar-

rier at the TiO2/perovskite interface (the total band bending) has the value Vbi =F1�
EF0 in terms of the work function of TiO2F1 and the Fermi level in the bulk perovskite

layer (Figure S2A). We have assumed that band bending inside TiO2 and at the

anode is negligible. It is possible to adopt more realistic conditions as previously re-

ported,41 but such detailed description lies outside the scope of this work. When the

cell is illuminated, it takes time to construct the steady-state distribution (Figure 4H).

Thus, upon illumination (e.g., Dt = 1 s), the energy diagram at the TiO2/perovskite

interface can be described as in Figure 5B. The charging time of the interface can

take several minutes and is described as a slow change from Figures 5B to 5C

(Dt < 1 min). Therefore, the actual distribution of carriers at the interface evolves
784 Chem 1, 776–789, November 10, 2016



Figure 6. The Energy Diagram at the TiO2/Perovskite Contact at Two Different Stages

(A) At a very short illumination time (red LED pulse only) of Dt = 1 s.

(B) After a substantial light-soaking time of Dt [ 1 min.

The recombination in both cases is orders of magnitude different as a result of the different hole

concentration at the interface in each case, manifested by a large change in the relaxation time, tir.
with time (as in Figures 4D and 4E). After a substantial time of light soaking (Dt [

1 min), the system reaches the state seen in Figure 5D.

Also seen in Figure 5D are two important features. The first is the presence of larger

hole concentration at the interface than in Figure 5B as a result of accumulation con-

ditions.28 The second is the new structure of band bending at the interface. At the

flat-band condition in Figure 5B, the initial band bending associated with Vbi has

been removed by the increase in the minority carrier’s Fermi level, EFn. However,

the minority carrier EFn can still rise further by building interfacial band bending

in the contrary direction. This feature creates an additional electrostatic potential,

Velec, as a result of the electric field formed across the junction due to the accumu-

lation region. This electrostatic potential is therefore added to the built-in potential

and increases the overall photovoltage. In total, we have

Voc =Vbi +Velec : (Equation 7)

These features have important effects on the OCVD measurements and further con-

sequences for other characterization techniques of contact/perovskite systems.

Here, we explain our interpretation of these two features, starting with the high con-

centration of holes at the interface after long illumination times.

When OCVD is measured on a device that is in a similar state as in Figure 5D, rapid

recombination occurs at the interface upon light removal because of the large con-

centration of carriers on both sides. This was seen in Figure 3, where the relaxation

time decreased by two orders of magnitude after a light-soaking period. This rapid

recombination is illustrated in Figure 6, which shows the large difference in tir be-

tween the two extreme cases: a short illumination time of Dt = 1 s (only red LED

pulse) versus a long light-soaking duration of Dt [ 1 min. This feature suggests
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Figure 7. The Dark Recovery Process after Prolonged Light Soaking

The energy diagram at the TiO2/perovskite contact after a substantial light-soaking time of Dt [

1 min (A), the slow return to the steady state without migrating ions (B), and a dark recovery time of

Dt [ 1 min (C).
that the actual device is not being measured but that what is being measured in

practice is the recombination at the contact/perovskite interface. This interface

recombination can be explained by the quantity np � ni
2, which determines how

far the semiconductor is from reaching equilibrium, which is several orders of

magnitude greater in the sample containing cations (Figure 4H) than in the sample

with no ions (Figure 4G). Although this quantity increases throughout the entire

semiconductor, the increment is important at the interface where holes accumulate.

This change means that the transient quasi Fermi level of electrons is not homoge-

neous in the solar cell, and the contact predominantly detects the Fermi level right at

this place. As a result, the decrease in photovoltage (when the light is turned off) over

time is strictly determined by the Fermi level in the contact itself.

The second feature, the additional electrostatic potential, Velec, is slightly less

pronounced under illumination (an additional 20–50 mV; Figure 2A) as a result of

the higher recombination rate. However, once the light is turned off, and the recom-

bination occurs in the interface, a higher value of Velec is observed (�150 mV; Fig-

ure 2). This additional potential could be the reason for the high photovoltages of

these materials. Figure 6A shows a scheme in which, after a long illumination time

(Dt [ 1 min), the overall potential is a combination of both contributions.

When the light is turned off (moving from Figure 7A to Figure 7B), the built-in poten-

tial drops down instantly, but the electrostatic potential still exists because of the

slow migration of ions back in the dark. In this state, a substantial open-circuit

voltage can be measured in the dark. The slow return to a steady state with no ion

accumulation (Figure 7C) can take tens of minutes and perhaps longer, as seen in

Figures 2B and 2C. Such slow timescales were also observed in free-standing perov-

skite films when micro-Raman and photoluminescence microscopy was used.42,43

Another important aspect of the experimental results is the change in the kinetic

behavior determined by the contact interfaces. Indeed, a quite different response

is observed between a TiO2 electron-selective contact and a TiO2/C60 monolayer

contact. It has been previously reported that this modification introduces major

changes in the amount of current-voltage hysteresis44 and in the charge-transfer
786 Chem 1, 776–789, November 10, 2016



kinetics across the contact.19 In addition, the recombination at interface traps has

been identified as a major site, causing current-voltage hysteresis.35 Similarly, we

observed a considerable difference in the light-soaking time dependence of the

relaxation time when a PCBM interlayer was deposited on mp-TiO2. Apparently, if

the PCBM contact is left for a longer pre-illumination time, it achieves the same tir

as the TiO2 contact. Similar results, in which the two types of contact tend to the

same behavior, have been reported before.19,20 The modeling reported here

does not allow for a detailed description of the atomistic structure of the interface.

In principle, we attribute the different kinetic behaviors to variation in the interfacial

conditions. The presence of a thin organic layer introduces a significant difference

with respect to TiO2/perovskite contact by smoothing the interface and removing

voids and provides an additional layer that can easily absorb the excess ions. The

strong changes in low-frequency capacitance3 point in the direction that the charge

accumulation is reduced, modifying the kinetic properties as well. The accumulation

of ionic-electronic charge at the electron contact exerts a strong influence in terms of

important measurements, such as the J-V curve, which has a transient component

that frequently causes hysteresis to a larger or lesser extent. Indeed, as we showed

that a large quantity of charge is accumulated and removed at the interface, it pro-

vides a transient current that is not simply instantaneous capacitive current45

because it is modulated by relaxation of the interfacial charge. This complex

behavior will be the topic of separate studies.

After this work had been completed, we noticed that Bergmann et al.46 had identi-

fied the charge accumulation at the electron contact by direct measurement of fre-

quency-modulation Kelvin probe force microscopy (FM-KPFM) of the cross-section

of devices. Importantly, they remark that the large global charge imbalance at

both interfaces cannot be formed by ionic charge alone and is explained by the accu-

mulation of both cations and majority holes at the electron contact. These results

further support the rather counterintuitive idea that the electron extraction contact

contains a huge density of positive electronic (holes) and ionic (cations) charge,

rather than negative electronic charge, at the perovskite side of the interface.

Conclusions

In summary, we have studied the OCVD of lead halide perovskite solar cells. This

technique is very common for the measurement of recombination lifetimes in other

types of solar cells because of its simplicity, and it is representative of a different way

of measuring time or frequency domain characterization in operative devices, in

which Fermi levels at the contacts (and not in the bulk of the device) are measured.

These observations therefore have broad indications for the interpretation of

characterization techniques for perovskite solar cells. Our measurements of the

voltage-decay relaxation time varied significantly, which we interpreted by using

advanced physical modeling in terms of major changes in the contact region caused

by light-soaking pre-treatment. Our modeling suggests that as the light-soaking

time progresses, recombination (under photovoltage conditions) in the contact in-

creases as a result of a higher accumulation of holes at the interface. When the light

is turned off, rapid recombination at the interface occurs, seen as a dramatic change

in the relaxation time. This is unrelated to the type of contact material; however, the

type of material affects the changes in kinetics. Another important phenomenon,

which results from the charge accumulation at both sides of the interface, is an elec-

trostatic potential that is sustained by the accumulation of slowmobile ion charges in

the double layer at the contact, which cause dramatically long decay times. This

electrostatic component of the photovoltage goes beyond the natural built-in

voltage of the interface. During illumination, the electrostatic potential somewhat
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compensates for the higher recombination during open-circuit conditions, seen as

an additional tens of millivolts to the photovoltage. However, once the light is

removed, the magnitude of the electrostatic component is �150 mV. Unfortunately,

we have to conclude that the result of the measurement is not representative of a

‘‘bulk’’ or intensive quantity but rather depends drastically on the particular history

of the interface. This suggests the need for detailed reanalysis of different types of

measurements that require specific protocols, yet to be developed, in order to

give reproducible and physically meaningful results. This implies that pre-treatments

significantly change the results of characterization techniques that use contacts,

meaning that any techniques that measure a full device, and anyone measuring

perovskite-based solar cells, must take this information into consideration.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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