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Understanding the Anomalous J–V Curves in
Carbon-Based Perovskite Solar Cells as a Structural
Transition Induced by Ion Diffusion

Gilles De Moor, Nicolas Charvin, Cynthia Farha, Toby Meyer, Lara Perrin,
Emilie Planes, and Lionel Flandin*

1. Introduction

Power conversion efficiency (PCE) serves as a fundamental
metric for evaluating the performance of photovoltaic (PV) devi-
ces and assessing the quality of new materials and setups. It has
become increasingly important to enhance PCE values, some-
times overshadowing the understanding of mechanisms that
enable the development of reliable, affordable, and user-friendly
cells and materials. Various approaches have been devised to

optimize PCE, involving modifications in
materials, processing methods, and even
the protocols employed for current-voltage
(J–V ) characterization.[1] There are very
good methods proposed to perform reliable
measurements.[2]

In these intricate systems, the measure-
ment procedure itself can significantly
impact PCE measurements. For instance,
J–V measurements conducted at high scan
rates (SRs) from Voc to 0 V often yield
higher PCE values. As a consequence,
a majority of “polarization curves” are
presented in reverse mode, even though
it may not directly relate to practical
applications and poses challenges for
rationalization.

Irregularities in J–V curves have long
been observed across different types of
solar cells, manifesting in diverse forms.
These irregularities typically indicate a non-
optimized system, stemming from the con-
stituent materials or their interactions.[3]

The disparities between the forward and
reverse modes have been extensively dis-

cussed in the literature,[4] particularly in the context of recent
perovskite (PK) active layers, where they can exhibit substantial
amplitudes. Numerous studies propose various mechanisms to
comprehend these differences, often referred to as “hysteresis”.
The reversibility of the phenomenon is typically not evaluated
through multiple sequential cycles. If the discrepancy arises
solely from the first cycle compared to subsequent ones, it could
potentially signify a transition between two microstructural
states, and this should be stipulated.

The interfaces play a crucial role in these systems due to the
incorporation of multiple layers with distinct properties. The thin
layers are frequently attributed to the accumulation and release
of ionic species, thereby influencing the peculiar macroscopic
J–V behavior. The presence of an additional current directly
linked to the mobility of charged entities or alterations in the elec-
trical environment within the active layer can further modify the
mobility of charge carriers.[5]

Beyond hysteresis phenomena, other experimental observa-
tions indicate the existence of transient phenomena during
J–V characterizations. Numerous studies highlight the occur-
rence of “bumps” on the reverse-mode polarization curves.
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The investigation of hole transport layer-free mesoporous carbon perovskite solar
cells by analyzing current–voltage ( J–V) curves under different scan rates, light
intensities, and temperatures is presented. A distinctive bump in the curves is
identified, previously reported in the literature. The voltage at the inflection point
of this transition shows a linear correlation with the scan rate, directly yielding a
characteristic relaxation time. Increasing temperature demonstrates a reduction
in the magnitude and characteristic time of the bump. It also indicates an
activation energy of 0.8 eV, suggesting a diffusion mechanism. Importantly, the
intensity of the illumination has no influence on the overall behavior, indicating
that the phenomenon is not a photovoltaic processes. It is proposed that the
bump originates from transition between a metastable state at high scan rates
and a stable one reached after relaxation. To accurately replicate the measured J–
V curves, a novel lumped circuit model is introduced and validated. A schematic
microstructural model depicts the reversible reduction in photocurrent as a
decline in charge transfer capacity caused by the diffusion of large ions at the
mesoporous titanuim dioxyde interface. Ultimately, this study also suggests a
plausible reason for the well-known hysteresis commonly observed with
perovskite solar cells.
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These bumps are easily recognizable as the current reaches a
maximum while reducing the potential from Voc to 0 V. This fea-
ture is entirely unexpected, as it would correspond to negative
resistance and warrants comprehensive investigation and
understanding.

The bump is barely noticeable on planar architectures, but it
has already been identified on devices featuring mesoporous
interfacial layers and mesoporous insulating layers, such as
dye-sensitized solar cells.[6,7] In these cells, they have been attrib-
uted to charge and discharge effects near TiO2, which can be
influenced by the nature of the cations.

Among the different types of active layers, the presence of
bumps in PK solar cells stands out as particularly significant.
The characteristics of these bumps, including their shape and
size, can vary depending on several factors such as the specific
PK material, the manufacturing process, and the device architec-
ture. By optimizing these factors, it is possible to mitigate or even
eliminate the occurrence of bumps, thereby enhancing the
performance of PK solar cells. However, currently, there is no uni-
versal explanation that accounts for the origin of bumps in J–V
curves. The phenomenon remains incompletely understood
due to the involvement of multiple contributing factors, including
trap states, recombination, and transport limitations. Additional
research is necessary to gain a comprehensive understanding
of the bumps and develop strategies to eliminate them, ultimately
improving the performance and stability of PK solar cells.

A decade ago, W. Tress et al. conducted a detailed investiga-
tion on bumps observed near the maximum power point (MPP)
in J–V curves, which were associated with hysteresis.[8] They
observed that these bumps became more prominent at interme-
diate SRs but diminished for very slow or fast potential changes.
Their findings suggested the presence of a characteristic time
associated with this phenomenon. Several other researchers have
also studied and provided explanations for these bumps in PK
solar cells.

Lee[9] proposed that incomplete conversion of lead iodide
(PbI2) could lead to the bump shape in J–V curves. Leijtens[10]

associated the bump with ion-induced polarization due to high
ion mobility. Jacobsson[11] attributed a similar observation to sur-
face polarization of the PK active layer at high voltages. Meloni[12]

identified a bump occurring before reaching a current plateau
and linked it to the low electric field within the device in reverse
mode, affecting the driving force for charge carriers. Nemnes[13]

suggested that the bump originated from cell polarization, which
shifted the current response in J–V curves. They developed a
polarization model to describe this phenomenon.

Various researchers, such as Ravishankar,[14] Yan,[15] and
Ren,[16] have presented different J–V behaviors in solar cells,
including a bump where the current near Voc exceeds the
short-circuit current. Hwang[17] attributed the bump to capacitive
current resulting from interfacial charge accumulation.
Idigoras[18] proposed recombination at the TiO2/PK surface as
the main cause of the bump and developed a “drift-diffusion”
model. Lopez-Varo[19] favored the hypothesis of a capacitive
charging and discharging mechanism involving ionic accumula-
tion at interfaces. Richardson[20] identified a significant, yet
broad, peak of current in reverse mode and linked it to a delay
in charging the Debye layers. Jacobs[21] and Scognamillo[22] pro-
posed charge accumulation at the interfaces of the PK layer due

to the presence and migration of mobile ions, along with atomic
segregation of halides. Tennyson[23] observed a bump near the
electrical contacts, which they attributed to charge accumulation.
Emami[24] could reduce the bump through optimized thermal
treatment, suggesting an imperfection in the active layer micro-
structure. Sirtl[25] and Thiesbrummel[26] observed the bump and
associated it with ion drifts in the solar cell.

On the modelling standpoint, many equivalent circuits and
structural models have been published. Nemnes[13] proposed a
macroscopic model using an equivalent circuit to describe the
dynamic hysteresis and the bump phenomenon. Courtier[27]

developed a “drift-diffusion” model based on the movement of
electronic and ionic charges to simulate the bump. Almora[28]

modeled J–V hysteresis using switch-driven currents, providing
a good fit to experimental measurements. Anghel[29] proposed a
model resembling a 1-diode model with an additional capaci-
tance, which exhibited an exponential variation of charge with
voltage. Alvarez[30] proposed a model incorporating a delay
between changes in system properties and external electric field
variations, accounting for photocurrent decay, apparent Voc shift,
hysteresis in J–V, and a capacitive bump. Boccard[31] and Li[32]

developed an equivalent circuit related to the microstructure
of tandem structures but not specifically designed to describe
bumps in J–V curves. In many publications with similar setups,
the bump exists but is not further commented.[33]

In summary, the presence of bumps and dynamic hysteresis
in J–V measurements are primarily associated with polarization
phenomena resulting from charge accumulation between the PK
active layer and its surroundings. These interfacial charges are
released during voltage sweeps, resulting in an additional current
compared to the normal response. Another factor could be the
volume effect within the active layer, altering the electric field
and impeding charge diffusion. These two mechanisms are
not mutually exclusive.

The main unanswered question is whether the current peak
generating the bump corresponds solely to a transient capacitive
effect or if it results from a temporary photocurrent. Resolving
this question is crucial because the extra capacitive current can-
not be utilized to generate energy. In contrast, if the unexpected
decrease in current is due to a partial loss of photocurrent, meth-
ods could be explored to mitigate the microstructural changes
causing this anomaly. The present study aims to provide insights
into this critical question and potentially enhance the PCE in the
latter case.

2. Experimental Section

2.1. Microstructure

The devices used for this topic were hole transport layer (HTL)-
free mesoporous carbon PK (m-CPSM) solar cells and were
provided by Solaronix. The architecture of the cell is shown in
Figure 1. The cell consisted of a glass/FTO front substrate on
which an electron-selective layer of compact and mesoporous
TiO2 (18þ/�3 nm and 550þ/�75 nm respectively) was depos-
ited. A 1þ/�0.1 μm mesoporous ZrO2 backbone was also added
as an insulating layer to avoid Ohmic shorts. Finally, the
17þ/�1.5 μm-thick mesoporous carbon layer was added by
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screen printing and acted as HTL. The solution of PK precursor
(5-AVA)xMA1-xPbI3 (part number 76802, Solaronix) in gamma-
butyrolactone (GBL) solvent contained lead iodide (PbI2) and
methylammonium iodide (MAI) in equimolar concentration
with 5mol% 5-ammonium valeric acid iodide (5-AVAI). To limit
its degradation, the PK was infiltrated at the end of the process by
a pipetting method that consisted of a central injection by drop
casting. The cells were then encapsulated by hot pressing using a
1.8mm back glass and a Surlyn gasket. The procedure for the cell
preparation is detailed in a very recent reference on the matura-
tion process.[34]

2.2. Methods

J–V measurements were performed with a Biologic SP-300
potentiostat/galvanostat by illuminating the cells with a
Newport Oriel LCS-100 sunlight simulator providing a beam
of 1000Wm�2 light intensity. Prior to J–V acquisition, a power
calibration was systematically performed using an Oriel
solar meter with a calibrated reference silicon cell (Model:
91150 V-Serial number: 801/0871). All measurements on PK
devices were performed with a home-made sample holder pro-
vided by Solaronix and using a mask with a surface aperture

equal to 0.64 cm2. The J–V scan was performed in reverse mode
from Vocþ 0.1 V to 0 V. SRs varied from 1mV s�1, which was
close to a steady-state normal use, to fast ones typically 1 V s�1.
In order to measure the cell in a reproducible manner, the fol-
lowing steps were used. First, the cell was shorted in the dark
before starting the measurement. The open-circuit voltage (OCV)
value was then recorded over time, first in the dark for 10 s, and
then under light for 150 s to obtain a stable value. The J–V
characterization was then performed in reverse mode. Finally,
another OCV measurement was performed under light for 100 s
followed by a 150 s in the dark and then short-circuited during
few minutes to return to the equilibrium.

3. Theory and Calculations

3.1. Capacitive Divergence

Figure 2 illustrates the characteristic behavior of current
density in reverse mode as a function of voltage for a cell exhib-
iting an anomaly commonly referred to as a “bump” in the
literature.

A comparison is made between our steady-state and dynamic
experimental results, obtained with HTL-free carbon-based PK

Figure 1. a) Schematic representation of the solar cells and processing method, and b) photograph of the encapsulated cell.

Figure 2. J–V curve of a carbon-based PK cell at three different SRs. The experimental results, depicted by the solid lines, exhibit excellent agreement with
the simulation based on the equivalent published by Anghel[29] represented by the dotted lines, particularly for the intermediate SR. However, the
simulation predicts a deviation at very high SRs, which contradicts our experimental observations. a) Experimental results. b) Best fit with model
described in ref. [29].
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solar cells and results calculated from a capacitive model
proposed in the literature.[29] Three different and caricatural
SRs are presented to facilitate comparison. Additional measure-
ments were performed by connecting different resistors to the
illuminated cell, and the resulting voltage–current data were
also plotted on the graph. As expected, all the data points
(white/green diamonds) aligned precisely with the stable lower
curve. A bump is only observed at intermediate SRs, as previ-
ously described.[8]

Numerical analysis was performed using a lumped model.[29]

This model introduces a modification to the conventional 1D
model by including a capacitor that exhibits an exponential rela-
tionship with the voltage. This model effectively captures the
observed experimental behavior by temporarily increasing the
current and generating a characteristic bump in the J–V curve.
Figure 2 illustrates the excellent agreement between the pub-
lished model and the measured experimental data at intermedi-
ate SRs. Remarkably, this behavior can be accurately reproduced
starting from the 1D model with only a few additional param-
eters. Table 1 presents the parameter values that best match
our experimental results. The authors of that model suggest that
the extreme values of the capacitance could potentially stem
from the presence of ferroelectric domains, leading to signifi-
cantly enhanced permittivities. However, this morphological
feature has not been corroborated by other analyses, and it fails
to explain the exponential dependency of the capacitance on
voltage.

In addition, the lumped circuit model with an exponential
capacitance deviates from the experimental results in extreme
cases. At very low SRs, which are close to real application con-
ditions, the model qualitatively reproduces the typical J–V curve
obtained from the 1D model, showing no bumps. However, the
model underestimates the quantitative behavior compared to the
experiments. In other words, the additional branch in the circuit
remains active even after the occurrence of the bump. On the
other hand, at very high SRs, the model predicts a linear increase
in the capacitive current, following the relationship i∝ ∂q/ ∂
t∝C� ∂V/ ∂t. However, this contradicts the experimental data
shown in Figure 2 at SRs≥ 500mV s�1, where the experimental
results level off. In this case, the real system appears to reach
another state, resembling that of conventional solar cells with
an extra 3% gain of efficiency that should be stated in the pub-
lications. These quantitative and qualitative discrepancies arising
from the “capacitive divergence” using the proposed equivalent
models serve as the motivation for the present study and provide
an opportunity to develop a new understanding of the J–V curve
in PK active layers.

4. Results and Discussions

4.1. Interrupted Scan Rates

In order to investigate the influence of time on J–V measure-
ments, a time-dependent characterization approach was adopted
using constant potentials. The procedure involved three steps
and is detailed more specifically in Figure S1, Supporting
Information: 1) a fast SR (typically ≥500mV s�1) from Voc to
a specified stop bias voltage; 2) a classical chronoamperometry
characterization at the stop bias voltage for 60 s; and 3) the J–V
curve was completed in the third step, from the stop bias voltage
to 0 V at a slow SR of 1mV s�1.

The experimental results clearly demonstrated that, given suf-
ficient time, all the curves eventually converged to the one
obtained at the slow SR, as shown in Figure 3a. This indicates
that the any J–V output from the cell lies between the two
extreme speeds. They should therefore be viewed as boundaries,
we decided to call them the stable and metastable for their
characteristics. The lower curve represents the behavior directly
relevant to the application in steady conditions, while the upper
curve corresponds to the cell sometimes reported in the literature
(this artificially improves the PCE).

Based on the previous findings, it is proposed that the upper
curve obtained at high SRs represents a metastable state that can
only be achieved dynamically. When the SR is halted, the current
returns to equilibrium, exhibiting an exponential decay over time
(Figure 3b). This exponential decay is characteristic of a relaxa-
tion phenomenon and defines a specific time parameter (τinter).
This value is not constant even for a specific cell; it slightly varies
depending on the potential at which the measurement is con-
ducted. This results in a narrow distribution of relaxation times,
and each individual curve follows a monoexponential decay
pattern. While τinter demonstrates a monotonic variation with
the measurement potential (Figure 3a), the extent of variation
in this relaxation times remains minimal, within a few seconds.

4.2. A Shifting Bump?

Figure 4a illustrates with a greater precision the influence of SR
on reverse J–V characterization (J–V curves in forward mode as a
function of SR are shown in Figure S2, Supporting Information).
As observed in the previous section, the reverse J–V curves
exhibit a typical behavior at both high and low SRs without
any bumps. These two experimental J–V-curves were perfectly
modeled using a classic 1D model. The parameters and corre-
sponding PCE for the two equivalent circuits are presented in
Figure 2a. Despite their significant differences (notably the
higher Jsc and PCE for the higher SR), both circuits can be con-
sidered as conventional PV cells independently. However, this
normal behavior at high speed is highly unstable. The presence
of a metastable state is confirmed by intermediate SRs, where a
gradual decrease in current induces a transition from a state with
high current densities to one with lower densities. This transition
occurs as a relatively rapid jump within a small voltage range
(meaning in a short period of time). The voltage at which this
change occurs gradually shifts and appears to be directly
influenced by the voltage SR.

Table 1. Numerical parameters placed in the lumped circuit to best match
the experimental data in with the model described by Anghel.[29]

Voc [V] Rs [Ω] Iph_stable [A] Is_stable [A] N_stable Rc [Ω]

0.9 25 m 14.5 m 12.5p 1.65 25

Rs_stable [Ω] Rsh_stable [Ω] K C0 [F] C1 [F]

4.63 11 k 10.5 40m 85m
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To characterize the transition more precisely, the precise volt-
age position of the inflection point was determined through der-
ivation and plotted as a function of the SR (Figure 4b and S3,
Supporting Information, for more details). Surprisingly, all
the obtained points using this simple procedure were found
to be well aligned. This measurement was replicated on multiple
cells prepared under different conditions and the result with a
very reproducible behavior: the voltage at the inflection point

seemed to exhibit a linear dependence on the SR (in contrast
to the behavior of the lumped circuit proposed in previous
publications).

A straight line characterized by a slope and a y-intercept was
thus identified. The slope of this graph represents a time, as the
ratio between voltage (V) and SR (V s�1). From a numerical
standpoint, the slope was found to be ≈5 s for this particular cell.
This value closely matches the characteristic time obtained

(a)
(b)

(c)

Figure 3. Results obtained from the interrupted SR protocol. a) Evidence for the upper metastable and lower stable boundaries. The transitions between
these two states are indicated by arrows in the isopotential chronoamperometry measurements. b) The chronoamperometry results illustrate the expo-
nential relaxation between the metastable state and the stable state. c) Characteristic relaxation time (τinter) extracted from the chronoamperometry step.

(a) (b)

Figure 4. A shifting transition: a) Influence of the SR on the J–V curve in reverse mode. The position of the transition between the metastable and stable
states gradually shifts with increasing SR. Red circles indicate the positions of the inflection points (Vi). b) Representation of the Vi as a function of the SR
at which they were measured. The resulting dashed line exhibits a constant slope, representing the characteristic time of relaxation (τsr). In each experi-
ment, the time elapsed between Vref and this line remains constant.
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through relaxation methods (τinter) in Figure 3. Therefore, it is
proposed that, mechanistically, these two sets of values essen-
tially correspond to the time required for the conversion from
the metastable state (upper curve) to the more stable state (lower
boundary). This time will be referred to as the characteristic time
determined by the SR (τSR). The easy determination of this char-
acteristic time enables tracking of the relaxation kinetics.
τSR= 5 s also implies that the voltage at the inflection point shifts
by �5mV when the SR is increased by 1mV s�1. The two char-
acteristic times, τinter and τSR, clearly represent the same physical
mechanism and can be considered equivalent.

The intercept of this line naturally has the physical dimension
of voltage and will be referred to as Vref. Based on a relaxation
mechanism, Vref corresponds to the voltage at which the relaxa-
tion process begins from the upper to the lower curves under
equilibrium conditions (SR= 0). In other words, it is the voltage
at which the relaxation process initiates, as shown in Figure 4b.
The value of Vref holds a different meaning than Voc and has been
measured to be smaller for all tested samples (e.g., Vref= 0.57 V,
while Voc= 0.91 V). This suggests that prolonged measurement
of the current–voltage characteristics at a constant voltage above
Vref should not affect the cell or its subsequent relaxation. This
straightforward experiment clearly distinguishes the current
model, based on relaxation, from previous models assuming
an additional capacitive current that increases through a pooling
procedure.

To examine the consequences of poling on the J–V curve(s) at
different SRs, a cell was subjected to various poling voltages rang-
ing from Voc to “Vocþ 0.3 V” for 3 min (see Figure S4,
Supporting Information, for further details). The results are
depicted in Figure 5a. Maintaining the cell at a high voltage close
to or even above Voc before scanning the J–V curve did not alter
the bump. The relaxation mechanism remained largely
unchanged. Although the inflection points were slightly shifted
toward longer times, the linear behavior persisted, and the char-
acteristic time remained comparable (Figure 5b and Table 2).
Thus, the Vref voltage appears to represent a characteristic voltage
distinct from Voc.

4.3. Effect of Illumination

J–V measurements were also conducted at different SRs under
various illumination intensities, ranging from 0.2 to 1 sun. The
results are presented in Figure 6a. As expected, the Jsc values are
significantly influenced by the solar energy delivered to the cells
(see Figure S5, Supporting Information, for further details).
However, it is important to note that the increase in Jsc with illu-
mination intensity is not linear. This nonlinearity can be attrib-
uted to various factors, such as charge recombination losses and
temperature elevation due to absorbed light energy. The normal-
ization process revealed a power law behavior with an exponent
of 1.38, compatible with the expected result.[35]

When normalized to the Jsc, all cells demonstrate a unique
behavior in the graph. Not only the extracted parameters, but
the entire curve, including the bump and its correlation with
the SR, becomes independent of light intensities. This suggests
that the underlying mechanism remains unaffected by the cur-
rent flowing through the cells. This characteristic is very impor-
tant for understanding the mechanism and will impact the
development of the lumped model.

Plotting the position of the inflection point against the SR pro-
vides a quantitative confirmation of the characteristic times.
Interestingly, the characteristic times show minimal dependence
on the illumination (Figure 6b). Additionally, the reference volt-
age remains remarkably consistent across various illuminations,
despite the cells experiencing different currents. This suggests
that the mechanism governing the characteristic time is not
directly influenced by the cell’s operational state. The observed
transition between the metastable and stable states appears to
a somewhat intrinsic characteristic of the cell.

4.4. Master Curve

It has been demonstrated that the bump observed in the polari-
zation curves corresponds to a transition from a metastable to a
more stable state. This transition always occurs in the dynamic
regime, after the cell has spent a consistent period of time below
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Figure 5. a) Effect of prepoling on the J–V characterization at different voltages around the Voc. b) Determination of the characteristic time by plotting the
position of the inflection point versus scan rates. These results are easy to reproduce following a strict experimental protocol.
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the reference voltage (Vref ). The characteristic time (τSR),
≈5–10 s, remains close to the relaxation time and is independent
of the light intensity. This suggests a close relationship between
voltage and time. The similarity in shape obtained for relaxation
at different SRs further confirms this relationship.

To convert voltage into time and create a master curve of
current density as a function of time, a correction can be applied.
The experimental measurement time should be shifted to a
master curve time.

tMCðVÞ ¼ texpðVÞ � KðSRÞ (1)

with

KðSRÞ
tMCðV ref Þ

¼ 1 (2)

By applying this correction, Figure 4a can be replotted as
Figure 7, with Jsc values held constant. Notably, there is a signif-
icant disparity in results for negative times, stemming from the
differences in time required to reach Vref based on the SR.
However, for positive times, once Vref is reached, all the curves
converge onto a master curve that is remarkably superimposable.
Only runs carried out with very low SRs, which do not exhibit a
bump, deviate from this trend. A master curve can be con-
structed for all other cases without any adjustable parameter,
assuming the corrected time is zero at Vref. This provides strong
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Figure 6. a) The graph illustrates the impact of illumination on J–V characterizations at various SRs, with normalized current density. b) The characteristic
relaxation time is determined by plotting the position of the inflection point against the SR. Both extracted parameters, the reference voltage (Vref ) at
0.60� 0.05 V and the relaxation time (τsr) at 12.1� 0.5 s, were found to be independent of the illumination.

Table 2. Parameters extracted from J–V curves at different bias poling.

OCV poling OCVþ 0.1 V poling

SR [mV s�1] OCV [V] Jsc [mA cm�2] τsr [s] Vref [V] OCV [V] Jsc [mA cm�2] τsr [s] Vref [V]

1 0.92 16.7 2.5 0.59 0.91 16.7 2.8 0.58

20 0.92 17.1 0.90 17.2

80 0.92 18.5 0.90 18.6

150 0.92 19.7 0.90 20.0

300 0.92 23.3 0.89 23.1

OCVþ 0.2 V poling OCVþ 0.3 V poling

SR [mV s�1] OCV [V] Jsc [mA cm�2] τsr [s] Vref [V] OCV [V] Jsc [mA cm�2] τsr [s] Vref [V]

1 0.91 16.8 3.1 0.60 0.91 16.8 3.1 0.58

20 0.89 17.1 0.89 17.2

80 0.89 18.7 0.88 18.9

150 0.89 20.1 0.88 20.1

300 0.88 23.2 0.87 23.3
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support for the hypothesis of a transition driven by a diffusion
mechanism.

It is noteworthy that the curves with relatively slow SRs do not
reach the upper plateau of the J–V curve before their transition.
Nevertheless, they follow a similar trend with a slight vertical
shift. This indicates that not only is the relaxation time constant
for all SRs, but their distribution should also be identical. This
will be further explored in the next section.

4.5. Distribution in Relaxation Time

In order to investigate the distribution of the characteristic time
in more detail, a probability density function (PDF) is proposed
based on the decrease in macroscopic current during the transi-
tion. It is hypothesized that the PDF around each most likely
characteristic time (defined as the inflection point) is directly pro-
portional to the partial derivative of the current density with
respect to time. Essentially, the slope in the J–V curve indicates
the relative amount of relaxation, where a steep curve implies a
narrow distribution in relaxation time (resulting in a narrow peak
in the PDF), and a flatter curve suggests a broader distribution.

With this hypothesis, both the characteristic time and its dis-
tribution PDF can be obtained, where

PDFðtÞ ∝ ∂J
∂tMC

(3)

The PDF(t) curve can be normalized with a suitable parameter
λ such that
Z þ∞

0
λPDFðtÞdt ¼ 1 (4)

The results of this data treatment are presented in Figure 8.

4.6. Effect of Temperature and Activation Energy

Figure 9a demonstrates the temperature dependence of the J–V
curve of the PV cell. As the temperature increases,[36–39] the J–V
curve shifts downward and to the right, resulting in a decrease in
current output and voltage output. These effects can be attributed
to factors such as increased carrier recombination, increased
series resistance, reduced bandgap energy, and increased
short-circuit current due to thermal energy. Increasing the tem-
perature also affects the amplitude of the bump, with it reducing
and nearly disappearing close to 50 °C. The metastable curve is
more affected by temperature compared to the stable counter-
part. The characteristic time of the transition between the meta-
stable and stable states is reduced, and the amplitude difference
between the two states decreases as temperature increases.

Figure 9b illustrates the position of the inflection points as a
function of SR at different temperatures. Regardless of the order
in which the measurements are carried out, a linear dependence
is observed, indicating a well-defined characteristic time. As tem-
perature increases, the characteristic time reduces from a few
seconds to a fraction of a second at 50 °C. It is worth noting that
the measurement at 50 °C showed a deviation from the gradual
evolution observed in the other measurements, possibly due to
cell degradation. The inability to construct a single master curve
incorporating all J–V characterizations for all temperatures and
SRs is attributed to the changes in the amplitude of the bump
with temperature.

To align the inflection points for all temperatures, appropriate
shift factors are estimated. Using a reference temperature of
30 °C, the SRs are corrected by multiplying them with a constant
factor (aSR(T )) defined for each temperature as

aSRðTÞ ¼
ViðSR,TÞ
ViðSR,T ref Þ

(5)
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Figure 7. Current density presented as a function of the corrected experi-
mental time (instead of voltage). The time was shifted to take a zero value
at Vref as determined in Figure 4b. The plot provides evidence of a master
curve in the positive time region, where all the curves converge and exhibit
similar behavior.
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Figure 8. Probability density function (PDF) of the distribution in relaxa-
tion time, estimated by the rate at which the cells return to the stable state
(PDFðtÞ ∝ ∂J= ∂t). This curve is essentially a time derivative of Figure 4a,
with the relaxation time defined as zero at Vref. The PDF(t) curve provides
insights into the distribution of relaxation times for the cells.
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On the master curve of inflection voltages as a function of cor-
rected SRs, smooth alignment is achieved for temperatures
where the characteristic time can be accurately determined, rang-
ing from 25 to 40 °C. The best shift factors for Tref= 30 °C were
found to be 0.38 and 1.65 for 40 and 25 °C, respectively. Figure 9b
presents the shift factors (aT) used for alignment, enabling esti-
mation of the activation energy using the Arrhenius equation.
The equation is given by

LogaSRðTÞ ¼ �αEa
R

1
T
� 1
T ref

� �
(6)

where α is a constant (0.4347) and R is the ideal gas constant
(8.314 J mol�1 K�1). The activation energy (Ea) characterizes
the minimum energy required for a specific mechanism to
occur. In this case, Ea was found to be ≈0.78 eV, equivalent to
about 75 kJ mol�1. This value is consistent with activation
energies reported in the literature for systems with similar
temperature-dependent ionic conductivity. The conclusions
drawn from this new method align with previous studies,[40]

suggesting that this intermediate value is associated with the dif-
fusion of relatively large ions that have weak interactions with
their environment, specifically dipolar interactions.[41]

4.7. Difference Between Meta- and Stable States

The final data treatment involved subtracting the photocurrents
obtained for the stable and metastable states at each voltage
value, resulting in a current called Jdiff. Figure 10 shows the
Jdiff curve, which unexpectedly exhibits a behavior similar to that
of a standard photovoltaic device, with three characteristic steps
from Voc to 0 V: a linearly increasing region, a knee, and a satu-
ration region. The apparent Voc diff is located between the pre-
viously determined Vref and Voc-stab, and there is a progressive
slowdown, leading to a slightly sloping line representing an

apparent short-circuit current (around 5mA cm�2). The param-
eters of a 1D model that best fit these experimental data can be
determined, as presented in Table 3. Overall, the determination
of J–V responses at extreme speeds on the same cell reveals three
regular behaviors, each of which can be associated with a simple
1D model. The equivalent circuit values are also provided in
Table 3.

4.8. Equivalent Circuit

The 1 diode (1D) lumped circuit is a widely used and classical
circuit model to describe the J–V behavior of a solar cell.[42]

(a) (b)

Figure 9. a) Influence of temperature on the J–V characteristic of the cell, measured at a constant SR of 30mV s�1, which exhibits a well-defined bump. As
temperature increases, the J–V curve shifts downward and to the right, indicating a decrease in current and voltage output. b) Relationship between the
voltages at the inflection point, determined for various SRs and temperatures. Raw data and shifted SRs according to the Arrhenius law with an activation
energy of 0.78 eV (corresponding to 75 kJ mol�1). All data points align along a black dashed line master curve. This method of determining the activation
energy differs from the classical method of plotting the logarithm of time versus 1/T (temperature). The shift method not only considers the characteristic
time for each temperature but also the actual position of each inflection point. The fact that the reference voltage remains constant with temperature
indicates its robustness as a parameter, unaffected by whether the cell is operating or by microstructural changes induced by temperature.
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Figure 10. The three distinctive states that can be derived from the cell:
stable, metastable and difference show a genuine PV behavior.
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It consists of a single diode and a resistor in parallel, connected in
series with a current source representing the photocurrent. The
diode represents the nonlinear behavior of the solar cell, while
the resistor acts as the internal resistance. By applying
Kirchhoff ’s laws, the voltage and current at any point in the cir-
cuit can be determined.[43–46] The voltage across the diode rep-
resents the output voltage of the circuit, while the current
through the resistor represents the output current of the circuit,
which corresponds to the current generated by the solar cell.

In the present case, the J–V curves revealed three distinct
behaviors, including two extreme cases and a third one defined
as the difference between the two. The three behaviors resem-
bled the classic behavior of an isolated solar cell and should there-
fore be viewed as such in the modeling process. Several
equivalent circuits were tested to accurately describe the experi-
mental features while minimizing the use of arbitrary parame-
ters, trying to correspond to a physical feature.

The lumped circuit shown in Figure 11 was found the most
suitable. This circuit consists of two independent 1D models rep-
resenting the stable and difference states. The metastable state
was first assumed to be the sum of these twomodels. To combine
the currents from these two models, they were placed in parallel
on either side of the voltage output.

To enable the transition between the metastable and stable
states, only two additional components were added. Since the
characteristic time was crucial in the experiments, the circuit
needed to have its own characteristic time (τSW). The most

reasonable choice was an RC circuit. As the illumination did
not affect the transition (Figure 6a), the current in this resistance
should remain low, regardless of the current produced by the
cell. Therefore, a high resistance value (in the MΩ range) and
a very low capacitance (μF) were used to maintain a characteristic
time within the second. A capacitance with a known initial value
(Csw ¼ τsw

Rsw
≈ 1 μF) was added.

Finally, a switch was incorporated to describe the transition
between the two states. The switch was initially closed to allow
the diff current to contribute to the overall cell current. It was
programmed to open when the charge’s capacity shrunk to a
specified voltage (Vsw). The total cell would then only produce
the stable current. The parameter optimization process aimed
to match the experimental results by adjusting the parameters
of the “switch branch” and reducing the discrepancy between
the experimentally obtained position of Vi(SR) (Figure 4a) and
the numerically extracted values using the same technique.
No additional parameters were introduced in this process.

A validation of the model was performed using a numerical
Simulation Program with Integrated Circuit Emphasis (referred
to as SPICE) originally developed at the University of California,
Berkeley.[47] The LTspice version available from Analog Devices
was downloaded from their website and utilized, in a very com-
mon manner.[48]

This type of simulation typically requires an initial coherent
value for various parameters. A function is then defined to quan-
tify the distance between the experimental results and the model-
ing. Finally, tools are employed to reduce this distance and
optimize the parameter values. However, in the present case, this
approach was not feasible due to the strong interaction among
different parameters and the high nonlinearity of the system.

Therefore, we started by individually determining the param-
eter extraction for the two extreme cases, that do not exhibit a
bump. The values obtained are indicated in Table 3. This leaves
us with four parameters to determine: the voltage threshold for
opening the switch (Vsw), the values of resistance (Rsw) and
capacitance (Csw) in that branch (both contributing to a charac-
teristic time), and finally, a hysteresis factor proposed in the
LTSpice tool, which allows for a voltage range to facilitate the
switch opening. This last parameter, Vh, ultimately describes
the distribution associated with the relaxation observed in
Figure 8.

To optimize all these parameters and achieve the best possible
experimental results, a Python program was written and utilized.

Table 3. Extracted parameters with the 1D equivalent circuit for the three
states: 1) metastable, corresponding to the fast scans, 2) stable at low SRs,
and 3) diff corresponding to the difference between the two. All three
curves are coherent with a classical lumped model for a solar cell.

Voc [V] Jsc [mA cm�2] Pm [mW] Vm [V] Jm [mA cm�2] FF [%]

Meta 0.91 22.2 12.9 0.64 19.9 64

Diff 0.78 6.3 3.3 0.59 5.5 66

Stable 0.91 15.8 10.2 0.71 14.2 71

Io [nA] n Rs [Ω] Rsh [Ω]

Meta 0.113 1.93 10 1890

Diff 3.4 2.22 17 2794

Stable 0.1 2.00 12 1807

Figure 11. The macroscopic equivalent circuit proposed in this work. It consists of two common 1D models, one of which is temporary (orange) and the
other permanent (blue). The switch in the circuit (green) opens in the reverse ramp when the charge on the Csw capacitor decreases below a given value.
This switch enables the transition between the metastable state (two photocurrents are added) and the stable state. The estimation of the parameters for
this circuit is step wise process, starting with the two 1D models. A minimal working example is presented in SI (“transition.cir” for LTSpice).
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By examining the J–V curves at different scanning rates, the
model’s ability to accurately capture the temporal dependency
of the transition is evident. A strong agreement is observed
between the experimental data (represented by dashed lines)
and the simulated data (represented by crosses), as shown in
Figure 12. Additionally, open circles and filled squares are
included to highlight the inflection voltages (Vi) associated with

characteristic transition times. These markers assist in visually
assessing the quality of the fit and further emphasize the fidelity
of the model’s performance.

Modeling allows confirming the nature of the transition mech-
anism. It is also verified that the sum of two PV cells also exhibits
the behavior of a PV cell. From a microstructural point of view,
the two cells are mixed and should be viewed as a single cell in
which a very constant fraction of the current is lost during the
J–V test. Quantitatively, the modeling reveals a characteristic
time different from that of the experiment. Three characteristic
times could be identified: 1) in current relaxation at isopotential,
2) through the slope in the Vi(SR) plot, and 3) with the RswCsw

product of the equivalent circuit. These three distinct methods
roughly lead to the same time, but the simplest and most effec-
tive method to estimate it is the slope in the Vi(SR) representa-
tion; it is also the most reliable one.

4.9. Simplified Microstructural Model

Figure 13 depicts a simplified microstructural model that aims to
explain the presence of a bump in the polarization curve. The
model was drawn with a planar interface for the sake of simplic-
ity, but it represents a mechanism compatible with all the exper-
imental observations. The main focus is to highlight that the
reversible reduction in short-circuit current density (Jsc) is not
due to an additional capacitive current, but rather a decrease
in either the charge transfer capacity or the photocurrent.

The observed temporal dependencies, particularly the well-
defined characteristic time when varying the scanning rate,
can be explained by the diffusion time. It is proposed that certain
species, possibly relatively large ions, migrate under the influ-
ence of an electric field. These species then diffuse within the
active layer and accumulate at an interface, impeding the recov-
ery of electrons (or holes) and thereby reducing the macroscopic
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0

5

10

15

20

25

mc.A
m(

ytisnedtnerru
C

-2
)

Bias Voltage (V)

Simulated data
Experimental data

Figure 12. J–V curves obtained from both experimental and modeled data
at various SRs (1, 4, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 500mV s�1). The
modeled curves were generated using the equivalent circuit depicted in
Figure 11 and the values provided in Table 3 for the two 1D models, with
specific parameter values assigned to the switch branch (Vsw= 0.840 V,
Rsw= 3.9 106Ω, Vh=�0.45 V, Csw= 5.03� 10�6 F). The upper and lower
curves represent genuine characteristic for a solar cell. The upper curve is
actually the addition of the two 1D branches. The entire behavior is guided
by the switch branch, with a RC circuit and a switch.

Figure 13. Simplified microstructural model that provides an explanation for the presence of a bump in the J–V curves in reverse mode, without involving
capacitive divergence. The model proposes that the ETL-PK interface undergoes a reduction in surface area when it becomes covered by ions. This
mechanism leads to a relaxation process with a well-defined characteristic time. The experimental determination of the characteristic time using different
methods with consistent results. The bump does not originate from a PV mechanism but changes the J–V curves. The schematic ions presented in this
graph could represent different moieties and develop a variety of interfacial problems causing the flux reduction.
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current density. Additionally, this accumulation may promote
recombination.

The characteristic time obtained for this process aligns with
the timescales typically associated with larger charge carriers,
such as large ions.[26] The next challenging step is to carry out
more detailed analyses at the interfaces,[49,50] using impedance
measurements during the transient phase between the metasta-
ble and stable states, in order to gain a better understanding of
the phenomena that lead to that particular photocurrent loss.

5. Conclusion

This experimental study was undertaken with the primary
objective of gaining a deeper comprehension of the anomalous
behavior detected in certain PK solar cells. Specifically, we inves-
tigated instances where a reduction in current manifests during
the reverse voltage scanning for PCE determination. This phe-
nomenon is counterintuitively and arguably termed a “bump”
in existing literature. This article meticulously describes the
methodology used to support the fact that it is actually a struc-
tural relaxation between two extreme states.

Given its strong dependence to time, we postulated that vary-
ing the SR systematically could serve as a tool to monitor the
microstructural changes. Indeed, the gradual shift in voltage
location of the inflection points with the SR unambiguously
revealed the presence of well-defined characteristic relaxation
times.

At extreme SRs, all curves convergence toward two
well-defined positions, representing the upper and lower bound-
aries of the dataset. The lower curve reflected the real operating
conditions, while the upper curve represented a transient state
lasting ≈1 s. This duration, although short for practical use,
significantly exceeds the nanosecond-range elementary mecha-
nisms occurring within the solar cell.[33] In other words, the solar
cells effectively operates along the upper curves for an “infinite”
time. This vision differs from previous literature that considered
the bump as a result of an additional capacitive charge.
The observed transition in our cells was distinct from
hysteresis behavior and did implied irreversible microstructural
evolution.

It was demonstrated that this transition exhibited a character-
istic time in the range of seconds, as evidenced by a straight line
when plotting the inflection point position against the SR.
Moreover, mathematical analysis utilizing partial derivatives of
the J–V curve revealed a relatively consistent distribution in relax-
ation time for a given cell subjected to various scan sweeps.

Two types of master curves were presented: one derived by
transforming the scan voltage into a specific equivalent time,
and the other based on temperature. Both master curves exhib-
ited high stability in the distribution of relaxation times and indi-
cated the presence of an activation energy of ≈70 kJ mol�1.

A macroscopic equivalent circuit was proposed based on the
observation that the J–V curve defined with the difference
between metastable and stable cells also resembled a solar cell.
The metastable cells was defined as the addition of the stable
behavior and the new defined difference. The latter was further
controlled by a switch defined by analyzing the variation in the
intersection point position with the SR. The entire J–V curves

could be reconstructed by independently determining very few
parameters, all derived from a direct understanding of the
experiments.

The negligible influence of the applied light intensity on the
transition itself confirmed that the ultimate mechanism driving
this transition was in fact independent of the photovoltaic effect.
A lumped equivalent circuit was proposed and verified. It could
reproduce the experimental data with very few parameters and
lead to the development of a microstructural model explaining
the bump phenomenon. The model accounted for SR, tempera-
ture dependence, and the effect of elimination. It is also compat-
ible with the value of the activation energy.

In summary, the main objective of this article was to define
the “bump” in the J–V curve as a relaxation mechanism, surpris-
ingly independent of the photovoltaic effect. It is therefore theo-
retically possible to prevent the ion diffusion, thus the interface
contamination, and finally to stabilize the photocurrent obtained
in the metastable state. By doing that one could use the cells in
the upper limit of the J–V curve and thus significantly improve
the performances. This has been demonstrated recently with
experimental cells.[51]

Finally we propose, in the meantime, that the solar cells exhib-
iting similar bumps should be very simply characterized with the
parameters from the meta- and stable states, only combined with
the easy-to-define characteristic relaxation time and the ampli-
tude of the relaxation ( Jsc_diff ).
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