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1. Introduction

Perovskite materials have exceptional properties such as high car-
rier mobility,[1] long diffusion lengths, strong solar absorption, low

nonradiative carrier recombination rate,
and facile fabrication.[2] They have been
successfully used in many optoelectronic
applications, such as solar cells, lasers,
light-emitting diodes (LEDs), or sensors.[3]

Recently, metal halide perovskite single
crystals (SCs) have attracted great attention
as high-efficiency photodetectors.[4–7] Their
unique combination of semiconducting
properties and the large cross section for
energetic photon as well as specific detectiv-
ity[8] make them highly attractive candidates
for X- and γ-rays detection.

However, long-term operation requires
stable charge carrier transport properties
to optimize charge collection and increase
spatial resolution.[9] Previous studies with
perovskite SCs have reported that ions
migrate under an external electric field
causing the accumulation of mobile ionic
species at the interfaces. This modulates

the net built-in electric field, changing the injection barriers
for electronic carriers.[10,11] The presence of moving ions
modifies the current–voltage curves in perovskite solar cells, in
addition to electronic mechanisms.[12–14] In particular, slow redis-
tribution of ions are responsible for the hysteretic behavior.[15,16]

Because of the recognized influence of ion migration, several
hypotheses have been suggested to distinguish ionic from elec-
tronic contributions to the measured current density flowing across
the samples.[11,17–21] Moreover, ionic transport has been investi-
gated by different methods.[9,18,22,23] Nevertheless, there is no con-
clusive evidence nor consensus on the most appropriate model
when the analysis of direct current is addressed.[24–26] Very recently,
the use of a guard ring electrode configuration,[27] which avoids rec-
ollection of crystal surface currents, has allowed to identify bulk
transport up to 10 times lower than surface contributions.[28]

Those last findingsmay indicate a dependence of measured current
on the contact configuration and registering method.

Here, we select perovskite SCs of methylammonium lead bro-
mide (MAPbBr3), which exhibit environmental stability,[29,30]

symmetrically contacted with Pt electrodes. By using this config-
uration, the effects of grain boundaries and internal interfaces
can be discarded and, more importantly, the less reactive Pt
metal is used,[31,32] compared to Au, Ag, or even Cr, that reacts
with the perovskite layer, reducing irreversible degradation.[33] Pt
contacts have been already employed for highly sensitive,
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Long life of perovskite devices in working conditions remains the bottleneck for
technology application. Stable charge carriers’ transport together with nonreactive
contact materials contributes to the increase of the device operation time. Still, an
appropriate model for transport carrier mechanisms is needed because of the
complex ionic–electronic interplay. Herein, methylammonium lead bromide
perovskite single crystals are used to analyze the current flowing across the
perovskite sample after biasing. Two methods are performed: 1) direct mea-
surement using an amperemeter and 2) indirect method by means of an induced
potential in a reference capacitor. Because of the continuity of the current, the latest
method measures direct current through the sample by monitoring displacements
currents. Intriguing features are observed: the displacement currents result in
stable and highly reproducible responses for long-term biasing (�2000 s), while the
direct measurements produce larger and exponentially increasing current
dependence on time. These findings highlight the nontrivial effect of contacting
and measuring procedures in exploring thick perovskite electrical response.
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long-term stable X-ray imaging systems.[34] Due to the contacting
symmetrical configuration, the perovskite layer is not subject to
any electronic internal built-in potential that would otherwise
afflict contact metals with different work functions.[35]

The experimental procedure to study current mechanisms is
based on transient charging signals. Our measurements record
displacement currents idis in a reference capacitor C0, as sketched
in Figure 1a, induced by the direct current idir flowing through the
sample. This method monitors the voltage V0 across C0 such that
the charge at the reference capacitor results asQ ¼ C0V0. Because
the current continuity equation, idir ¼ idis at any time. This
method is in contrast to the measurement of direct currents as
depicted in Figure 1b using an amperemeter. Although it would
be expected that both techniques monitor similar transport prop-
erties (electrical current through thick MAPbBr3 SCs), significant
differences are observed here between the time evolution and
value of the current depending on the measuring method.
While the use of the reference capacitor setup results in highly
stable responses for long-term biasing (�2000 s), the direct meas-
urements produce larger and more featured current dependence
on time. Our findings shed new light on the otherwise elusive
analysis of electrical properties of perovskite materials, highlight-
ing the nontrivial effect of contacting and measuring procedures.

2. Results and Discussion

In Figure S1, Supporting Information, we show the general
electrical behavior of a single-crystal perovskite sample of

MAPbBr3. The ohmic character (slope �1) observed in the
i–V curve is remarkable and agrees with some previous stud-
ies of symmetrical SCs perovskite-based devices,[9,11,36,37] but
not necessarily true for longer times.[10] Note that the typical
measuring time of the i–V curve situates at �100 s. Figure 1a
shows the configuration of the setup circuit for the measure-
ment of charge at the reference capacitor. Here, a step voltage
pulse (Vapp) is applied to the sample Zx (which is modeled by a
parallel combination of Cx and Rx) across a linear reference
capacitor C0, with both elements in series connection. Here,
Cx and Rx account for the low-frequency capacitance and
shunt resistance of the sample, respectively. The analysis is
meaningful if the applied voltage principally drops within
the perovskite sample, i.e., V0 � Vapp. This is accomplished
when C0 ≫ Cx and the measuring time is restricted to
t � RxC0 (see transfer function in Section S2, Supporting
Information). Thereupon, the charge storage in C0 is
Q ¼ C0V0, being V0 the voltage at the reference capacitor
(see Figure 1b), which is recorded through an ultrahigh input
resistance unity gain field-effect-transistor buffer with 10 TΩ
to avoid loading effects from the recording instrument. As
observed in Figure 1b, the voltage at C0 follows the bias
perturbation steps by just a small amount. It is worth noting
that the displacement current in the reference capacitor
equals the current flowing in the sample for t ≫ RxCx .
Hence, a simple calculation (see Section S2, Supporting
Information) allows to derive the induced charge Q in

C0 as QðtÞ ¼ Vappð1� e�t=RxC0Þ=Rx that for shorter times

Figure 1. a) Experimental setup used to record charge transient measurements (left) and direct electronic currents (right) of 2 mm-thick MAPbBr3 SC.
b) Charge transient response in the dark conditions. The applied rectangular pulse (Vapp) of 1 V height is compared with the induced voltage V0(note the
scale differences). c) Impedance and d) capacitance spectra of 2 mm-thick MAPbBr3 SC, measured at 0 V bias in dark. Figure S10, Supporting
Information, shows the equivalent circuit used to fits the impedance spectra.
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simply results in QðtÞ ¼ Vappt=Rx . In other words, our
procedure allows indirectly to measure the current through
the sample as i ¼ Vapp=Rx that is simply integrated in C0:

An estimation of the elements Rx and Cx can be derived from
the impedance and capacitance spectra, registered at zero bias of
MAPbBr3 SCs as shown in Figure 1c,d. The trends exhibited
agree with prior measurements in SCs reported in the litera-
ture.[10,11] From the impedance spectra (Figure 1c), one can
observe at high and intermediate frequencies ( f> 100Hz)
the sample shunt resistance R and the geometrical capacitance
Cg � 6.3 pF to dominate the response. In the Nyquist plot this
can be identified as a semicircle through the RCg coupling.
However, a low-frequency feature is observed by analyzing the
capacitance response, which is commonly known as excess
capacitance Cs:

[38,39] This excess capacitance Cs ≫ Cg accounts
for the increase in charge density near the interfaces, and it
exceeds by several orders of magnitude that is occurring in
the bulk. In the dark, this low-frequency capacitance exhibits a
thickness-independent trend and has been related to ionic
polarization/dynamics within the material.[38–40] Note, however,
that the actual Rx and Cx may slightly differ from the values
Cs � 100 nF and R � 250MΩ because of the dissimilar explored
time window. In any case, the time constant RxCx � 100 s results
much shorter than the measuring times used here.

Figure 2a shows the charge transients signals obtained in the
dark using the setup in Figure 1a and reference capacitors within
the range of C0¼ 1–470 μF, which were previously checked using
impedance analysis (see Figure S6, Supporting Information). For
the reference capacitors spectra, one can observe a plateau at the
frequencies ðf < 1 kHz) which is the region of interest. By
analyzing the voltage response in Figure S5, Supporting
Information, upon application of 1 V bias step, it is inferred that
V0 inversely scales with the reference capacitor, as expected. The
condition V0 � Vapp is accomplished in this case when V0

attains values �1 V. By examining Figure S7a, Supporting
Information, the polarization charge Q ¼ C0V0 results indepen-
dent on the reference capacitor when C0 > 10 μF. Lower capaci-
tance values do not assure that the applied voltage principally
drops within the perovskite sample because the condition
t � RxC0 is no longer accomplished. Therefore, when using
larger values of C0 all response curves collapse in most of the
transient for the explored time windows (up to 2000 s). From
the estimations of the long-term accumulated charge QLt, in
Figure S7b, Supporting Information, one can see that it attains
values within the range of �1100 nC (after �2000 s). Note that
lower charge values are encountered for smaller values of C0 as
expected. It is then concluded here that the charge induced in the
reference capacitor stems from the perovskite shunt resistance
upon long-term (�2000 s) biasing, as demonstrated by the col-
lapse of the transient charge signals as far as C0 > 10 μF.
High reproducibility is also noticed despite long-term biasing
periods. Recalling now the impedance spectra in Figure 1d, a
geometrical capacitance Cg �5 pF and a biasVapp ¼1 V in dark
condition imply a charge Qb ¼ CgVapp approximately equal to
5 pC, which does not match those encountered from
Figure S7, Supporting Information. Such a huge value
(Q� 1100 nC) cannot be linked then to the polarization of the
perovskite bulk.

Now let us analyze the charge transient signal under an irra-
diance intensity of 100mW cm�2 (see Figure S8, Supporting
Information). As inferred from our previous results in dark con-
dition, the use of a large enough reference capacitor ensures that
the voltage mainly drops at the perovskite SCs. Under illumina-
tion, only values of C0 > 100 μF can be used to obtain meaningful
transient measurements (collapse of the charge transient into a
single response) as observed in Figure 2a. By comparing the
charging transient response, both in dark and light in
Figure 2a, one can infer a good linear relationship between Q
and t for the time window explored. By fitting, it is parameterized
asQðtÞ ¼ it as previously derived with slope 1. Therefore, a value
for the constant charging current i results in (0.51� 0.06) nA in
the dark and (4.87� 0.03) nA under continuous light irradiation.
It is inferred then that light enhances current through the perov-
skite sample by reducing the shunt resistance (photoresistive
effect) by approximately one order of magnitude. More

Figure 2. a) Comparison between the charge transient responses in
the dark and light conditions (100mW cm�2) under 1 V applied bias.
The solid black line corresponds to slope 1. b) Electronic current transient
response in the dark and light conditions upon two different biases for a
�2.5 mm-thick MAPbBr3 SCs sample. Noted that the electronic current
exponentially rises until steady-state values upon the biasing protocol
(in the inset) at long times.
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importantly, one can state that both dark and light currents
exhibit an extremely stable and reproducible response, in con-
trast to that obtained through direct current analysis as next
explained.

To elucidate the origin of those currents measured by dielec-
tric displacement at C0, we explore electronic currents plotted in
Figure 2b, in which the long-term current response upon the
direct application of voltage steps to the sample in dark condi-
tions is shown. The general protocol of measurement in
Figure 2b is based on previous reports[10]: first the crystals are
polarized for 3 h and then left to relax at 0 V for 2 h. As recently
reported, direct currents originate from a drift of electronic spe-
cies kinetically controlled by migrating ions.[10] However, a sig-
nificant difference appears in comparison to the charging
method: currents are no longer constant but increase with time.
For times of �2000 s and 1 V bias, electronic dark current
achieves values approximately equal to 10 nA, much greater than
that registered through C0. If charge transients are programmed
for even longer time (see Figure S9, Supporting Information),
the same linear relationship is still observed. Under illumination,
the differences are even larger: direct measurement attains
�800 nA, while the reference capacitor setup yields only
�5 nA. The measurement of induced potentials registers dis-
placement currents in C0 and, indirectly, constant current across
shunt resistor. Our findings point out the significant influence of
the method employed for charge extraction at the contacts that
enlarge recombination currents. This is suggested by the drastic
reduction in measured current under illumination when the ref-
erence capacitor setup is used in comparison with the direct one.
While long-term flowing current is reduced by a factor of 20 with
the capacitor setup in dark, under illumination that suppression
attains even larger values (idir=idis � 160). Those comparisons
move us to conjecture about the different charging nature of
the contacts. In one case (direct current measurement), low con-
tact is directly grounded what assures sufficient and rapid remov-
ing of interfacial charges by the measuring setup. On the
contrary, with the reference capacitor method arriving charges
should remain at the contacts (to maintain the measured voltage)
which promotes the occurrence of additional mechanism such as
enhancement of surface recombination currents. Although our
findings are certainly very preliminary and a more systematic
analysis is needed, they seem to point out the determining role
of the charging at the contacts (interfacial carrier density) to
establish the steady-state current flow. We can even propose a
change in the current-governing process: capacitor setup effec-
tively registers minimum bulk conduction currents resulting
after large surface carrier recombination, while direct measure-
ment does not activate such as interfacial mechanisms and
produces, as a consequence, larger currents are measured.

3. Conclusion

A fundamental difference is reported here when flowing currents
are registered either directly or indirectly using an induced
potential. The use of the reference capacitor setup suppresses
direct current by monitoring exclusively displacements currents
in C0. This is corroborated by the collapse of the charge transients,
in which the polarization voltages stem from current flowing

through the shunt resistance. Under illumination, excess
electronic carriers are generated, which enlarge currents by a
photoresistive effect. Our findings alert us on the variability in
the measured electrical current across the sample depending
on the experimental method, which may be used to guide us
in the pursuit of a robust electrical model that accounts for
contact mechanisms (at the end responsible of the measured elec-
trical characteristics in perovskite-based devices) in addition to
bulk conduction. A better understanding of the charging mecha-
nisms at the contacts and how the surface carrier kinetics inter-
vene in establishing the steady-state current allows us to progress
into the halide perovskite device physics and operating modes.

4. Experimental Section

Solution Growth: All materials used for the preparation of the SCs were
used as received: CH3NH3Br (> 99 wt%) and PbBr2 (99.999 wt%) were
purchased fromDyesol and TCI America, respectively; dimethylformamide
(DMF) (anhydrous, 99.8 wt%) was purchased from Sigma-Aldrich. Salts
were stored in a glove box under N2 atmosphere. Among the different
methods for the growth of MAPbBr3 SCs, the inverse temperature crystal-
lization (ITC) in DMF was used through which the obtained SCs exhibit a
cubic shape (see Figure S1, Supporting Information, inset) that makes
them suited for the fabrication of devices. For the growth experiments,
the perovskite precursors, CH3NH3Br and PbBr2, were dissolved
(1:1 mol%) in DMF to obtain 1M solutions of MAPbBr3. All the solutions
were first maintained at room temperature under stirring and then filtered
using PTFE filters with 0.2 μm pore size to remove any insoluble particles.
Two growth protocols were investigated labeled as fast/unseeded and
slow/seeded growth. The process was similar to the one described in a
previous work[36] using a linear temperature ramp. Seeds must be first
obtained by spontaneous nucleation and used subsequently for crystal
growth; the quality of the seed depends on the geometry of the vials
and the temperature profile. For the fast/unseeded protocol, derived from
the ITC method,[36,41] 3 mL of perovskite solutions is placed in 20mL glass
flask vial, using a silicon oil bath; the temperature is abruptly brought from
room to 80–85 °C leading to the spontaneous nucleation and growth of
crystals. In the slow/seeded procedure, the heating temperature profile
is crucial. With the same perovskite solution, the temperature is first
increased at 50 °C, and then is kept for 20 min at this temperature to place
the seeds inside the flasks to avoid dissolving the seed. Finally, the solu-
tion is heated up, at a constant heating rate of 10 °C h�1 for 3 h, until 80-
85 °C. The crystals obtained are washed with warm DMF, then placed in
the vial, and transferred to the dry box with a nitrogen atmosphere. In the
end, SCs were mechanically polished with three different sandpaper—
P1200 (15 μm), P2400 (10 μm), and P4000 (5 μm)—and Pt electrodes
were sputtered at two opposite faces.

Device Preparation and Optical Characterization: Interface-mediated
mechanisms are recognized to constitute issues of primary concern at
the perovskite/metal electrode interface.[42] It has been reported that
Platinum is a preferably significantly inert material which does not react
with the perovskite films.[43,44] Then, Pt was sputtered (�30 nm) at oppo-
site sides of the SCs and Au was thermally evaporated (100 nm) on top of
Pt, at 6� 10�6 mbar, to protect the metallic contact. The SCs were char-
acterized by UV–vis absorption spectra in Cary 500 Scan VARIAN spectro-
photometer (250–900 nm), obtaining the distinctive spectra with the
corresponding absorption edge at for MAPbBr3 with a bandgap of
2.18 eV (see Tauc plot, inset Figure S2, Supporting Information). The pho-
toluminescence measurements were collected by a Fluorolog3-11 Horiba,
using a 405 nm excitation source; the photoluminescence peak position
(�570 nm) of MAPbBr3 is observed in Figure S2, Supporting
Information, and matches the values reported earlier for the same
SCs.[41,45] Also, Figure S3, Supporting Information, shows the XRD pat-
terns of MAPbBr3 obtained with a D8 Endeavor diffractometer equipped
with a Johanssonn monochromator. The SCs were grinded into powder
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and measured in Bragg–Brentano θ–2θ geometry. The diffractogram
reveals the standard cubic space group Pm3m of MAPbBr3 crystals with
lattice dimension a¼ 5.928 Å and without any trace of the secondary
phase. Using an X-Ray diffractometer Agilent Super Nova Atlas Dual
Source (Cu Kα, wavelength λ¼ 1.5406 Å), an XRD-2D rotation spectrum
along the α cell axis was measured. In Figure S4, Supporting Information,
only dots appear; the absence of concentrically distributed circles is a clear
sign that the material is not polycrystalline.[46] For the light condition
measurements, a Si photodiode was used to calibrate the system and tran-
sient curves were performed under 1 sun illumination (100mW cm�2)
using an OSL2-High-Intensity Fiber-Coupled Illuminator (Thorlabs).

Electrical Measurements: All electrical experiments were performed at
room temperature in the air. Direct impedance measurements were car-
ried out by using a PGSTAT-30 Autolab potentiostat equipped with imped-
ance module. Samples were measured inside a shielded cryostat Alpha
dielectric E4991A Novocontrol acting as Faraday cage, in dark conditions
between 10mHz and 1MHz, with a perturbation amplitude of 1 V. For the
charging measurements using a reference capacitor, a source measure
unit Keithley Model 2612 was used as the voltage supply and the polari-
zation voltage signals, shown in Figure S5, Supporting Information, were
recorded with a HP Digital Multimeter Model 34401A (input impedance
> 10 GΩ) coupled through a FET input buffer model AD8244 (input
impedance 10 TΩ). The thicknesses of the samples are around
�2.5 mm, and the evaporated electrodes had an active area of
�13mm2. A Broadband Halogen Fiber Optic lamp (150W high output)
with an irradiance level of 100mW cm�2 was used.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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