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ABSTRACT: Metal halide perovskites (MHPs) are disruptive materials for
a vast class of optoelectronic devices. The presence of electronic trap states
has been a tough challenge in terms of characterization and thus mitigation.
Many attempts based on electronic spectroscopies have been tested, but due
to the mixed electronic−ionic nature of MHP conductivity, many
experimental results retain a large ambiguity in resolving electronic and
ionic charge contributions. Here we adapt a method, previously used in
highly resistive inorganic semiconductors, called photoinduced current
transient spectroscopy (PICTS) on lead bromide 2D-like ((PEA)2PbBr4)
and standard “3D” (MAPbBr3) MHP single crystals. We present two
conceptually different outcomes of the PICTS measurements, distinguishing
the different electronic and ionic contributions to the photocurrents based on the different ion drift of the two materials. Our
experiments unveil deep level trap states on the 2D, “ion-frozen” (PEA)2PbBr4 and set new boundaries for the applicability of
PICTS on 3D MHPs.

In the past decade, metal halide perovskites (MHPs) have
become pervasive in material science research spanning
from inorganic chemistry to solid state and device physics.

The reasons lie in the excellent performance of MHPs used as
low-temperature solution-processable semiconductors for a
large variety of optoelectronic applications. In particular, high-
energy detection is a very promising application where lead-
based bromine perovskites are among the top materials
candidates.1 The understanding and subsequent mitigation of
the electronic trap states that currently limit the charge carrier
transport and influence the material environmental stability is
pivotal for MHPs’ successful development.2,3 To untangle the
complex phenomena affecting the optoelectronic response of
MHPs to illumination and applied voltage, direct observations
under working conditions are highly desirable.
Here we employ a parent technique to deep level transient

spectroscopy (DLTS),4−10 called photoinduced current
transient measurements (PICTS),11−14 on 2D-like and 3D
lead bromide perovskite single crystals: (PEA)2PbBr4 and
MAPbBr3, respectively. PICTS can probe semiconductors
through photocurrent variation, rather than capacitance, and it
is thus generally suitable to investigate in-gap electronic states

in highly resistive materials. Indeed, we show that PICTS can
be used to detect (PEA)2PbBr4 electronic defect states because
of the highly reduced ion mobility compared with the 3D
MHPs. In contrast, we demonstrate that the photocurrents
transient in 3D MHPs such as MAPbBr3 are heavily modulated
by the ion movement taking place under illumination. We
therefore introduce a model for interpreting the PICTS signals
in the 3D MHPs, linking the ionic motion to the photocurrent
modulation, thus challenging the current understanding of this
technique applied to mixed ionic−electronic conductors.13

Finally, we interpret the PICTS signal as direct visualization
of ionic motion carrying information on the activation energy
and diffusivity of the mobile ions, hence ultimately retrieving
valuable information on the metal halide perovskite ion
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mobility via light-driven perturbation under working con-
ditions.
The experimental setup (Figure 1a) allowed us to control

the temperature, shine an intermittent above bandgap light,
and record photocurrent transients from metal contacted
(PEA)2PbBr4 and MAPbBr3 single crystals (Figure 1b,c,
respectively; see Figure S1 and Experimental Section for
details). The PICTS signals (Figure 1d,e) were derived from
the photocurrent dynamics by sampling the current variations
at progressive time intervals, after the light is turned off, and
replotting these variation versus temperature (see Figure S2
and Supporting Information Discussion for details). In the
classic picture, PICTS gives access to trap state properties via
the thermally released photogenerated trapped carriers.11,12

We argue that this interpretation is valid if the ions are
stationary, but it breaks down when ions are sufficiently mobile
and their migration governs the photocurrent transients. The
ionic contributions to the electrical currents have been largely
discussed for MHPs, although the extent of ionic versus
electronic current ratio and their relationships are still matters
of debate.14−16 Ions can modulate the photogenerated currents
in direct or in indirect ways: direct if ions are charge carriers
responsible for injecting the charges into the metal contacts,
indirect if otherwise. In the former case, an ionic current can be
modulated either by a direct photoionization (I) or by trapping
photogenerated charge carriers with subsequent ion drift
(photochemical ionization) (II). In our case, since visible
photons are used, direct photoionization cannot be involved.
Alternatively, ions can indirectly modulate photogenerated
charge carriers by controlling their recombination rates
(III)17,18 or dynamic doping (IV).19,20

In any case, if the ions have a major impact on the
photocurrent modulation, we argue that the photocurrent
transients will be ruled not by the elemental charge carriers’
detrapping dynamics (relatively fast) but by the ion dynamics
(relatively slow). In this case the interpretation of the PICTS
signals shifts from a description of electronic trap states (like in
the 2D MHPs, Figure 1d) to a description of ion drift
parameters (as will be shown for the 3D MHPs data reported
in Figure 1e). In the following, we focus on the latter, while
leaving an in-depth discussion of the PICTS analysis of the
(PEA)2PbBr4 trap states to sister paper jointly submitted.21

To support our claim, we report impedance spectroscopy
(IS) data strongly suggesting photoenhanced ion migration.
Then, we discuss the frequency-dependent contributions to the
photocurrents in the 2D and the 3D MHPs, obtained by
intensity modulated photocurrent spectroscopy (IMPS)
(Figure S3). Figure 2a,b shows IS spectra for the 3D and 2D
MHPs considered, highlighting the variation of impedance
between the dark and the above bandgap illumination
conditions for the two materials. As the light is turned on,
the impedance in the two semiconductors drops due to the
excess of photogenerated charge carriers. However, in contrast
to the 2D MHP, the 3D MHP low-frequency impedance
consistently evolves over time (Figure 2a,b inset), suggesting a
photoinduced ion migration. By fitting the dynamics with
exponential decays, we find a time constant of ∼3000 s. This
value corresponds to an average ion diffusivity of ∼2 × 10−8

cm2/s (due to light-induced ion drift throughout the entire
crystal thickness), falling in the literature reported ranges of
10−5 and 10−9 cm2 V−1 s−1 for ionic species (see Figure S3 and
the Supporting Information discussion for calculations).7

Figure 1. Photoinduced current transient spectroscopy (PICTS) on 2D-like and standard metal halide perovskite. (a) PICTS experimental
setup: a power supply is connected to an MHP single crystal to impose an external bias voltage across the sample; an intermittent (box-
shaped), above bandgap light impinging on the MHP is absorbed in a depth wpenetration generating photocurrent transients; the current
dynamic is recorded via a current amplifier whose output is read by a digital oscilloscope. (b and c) (PEA)2PbBr4 (b) and MAPbBr3 (c)
normalized current transients over a given temperature range highlighted with a color map. The (PEA)2PbBr4 transients are about 3 orders
of magnitude faster. (d and e) (PEA)2PbBr4 (d) and MAPbBr3 (e) PICTS signals plotted versus inverse temperature, corresponding to the
transients shown in panels b and c, respectively. High PICTS signals (red color) correspond to higher recorded currents at a given
temperature in the time interval considered (see the Supporting Information for details).
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Confirmation that ions play a leading role in the photo-
current modulation at low frequencies in 3D MHPs can be
inferred from IMPS results showing a light-induced perturba-
tion change in the photocurrent generation (Figure 2c). The
analysis performed on the IMPS data (see the Supporting
Information discussion for details) highlights a clear (and
dominant, see Nyquist plot Figure S4) photocurrent
contribution in the 0.1−500 Hz range for the MAPbBr3 that
is absent in the (PEA)2PbBr4.
Finally, current versus voltage measurements over temper-

ature were performed on both samples (Figure S5), and the
derived conductivity versus temperature plot (Figure 2d) was
fit to extract the ionic conductivity activation energy.22 The
absolute difference between these values further confirms a
large ionic impact discrepancy in these two materials.
To uncover the physical mechanisms underlying the

photocurrent generation, we consider the frequency range
where the most photocurrent generation occurs, and we
assume photochemical ionization as the only plausible direct
ionic contribution to the photocurrent. In this process, the
photogenerated charge carriers make the ions metastable. The
ions then induce a strain in the perovskite structure, and the
carrier generation gradient causes light-induced ion migra-
tion.23−25 For instance, the photogenerated holes can be
trapped by a Br becoming interstitial, yielding to the following
reaction, expressed in Kröger−Vink notation:24,26 BrBr

x + h• ⇄
Bri

x + VBr
• . Nevertheless, considering the several orders of

magnitude difference in carrier mobility for ions and electrons
(or holes), and their commensurate concentration under

illumination,20 we tend to exclude the photochemical
ionization as major responsible for the photocurrent
modulation. This consideration particularly applies to single
crystals, in the absence of grain boundary effects where ion
migration activation energy is relatively higher.10,27

Therefore, the results reported in Figure 2 strongly suggest
that in 3D MHPs, in contrast to 2D MHPs, ions have an
indirect, but major, impact on the photogenerated charge
carriers in the 0.1−100 Hz frequency range. Since the
photocurrent transient decay times are approximately 1−10 s
long, we expect them to be governed by ion movement. This
would also reasonably explain the peculiar slow dynamics
observed in both the photocurrent decay and rise (cf. Figure
1e) that does not fit in the classic PICTS interpretation.11,12

Furthermore, it has been observed that ion migration, albeit
much slower than the electronic one,18 can modify the local
extent of electrical doping, thus modulating the total current
density.28,29 Nevertheless, while a direct proportionality
between light intensity, ionic diffusion coefficient,30 and
mobile ion concentration8 has been already reported, a
model to describe the photocurrent transient caused by
intermittent illumination at fixed bias voltage is still missing.31

Therefore, we developed a physical model to interpret the
ion drift-governed PICTS photocurrent transients in
MAPbBr3. Figure 3a shows the band structure diagram of
the metal−perovskite heterojunction. At zero bias, the MHPs
valence and conduction bands bend downward due to the
presence of fixed positive charges at the metal−perovskite
interfaces (left and right contacts). This effect is small enough

Figure 2. (a and b) Impedance spectroscopy (IS) measurements at 5 V bias, under dark and above bandgap illumination (5 mW/cm2)
conditions for the MAPbBr3 (a) and (PEA)2PbBr4 (b). In the insets, the respective impedance modules over time for fixed frequencies are
plotted. (c and d) Intensity modulated photocurrent spectroscopy (IMPS) (c) and dark current versus temperature (d) on MAPbBr3 (blue
dots) and (PEA)2PbBr4 (purple dots). The IMPS photocurrent dephasing at a low frequency is associated with a slow ionic response. Dark
conductivity versus temperature (d) in MAPbBr3 and (PEA)2PbBr4 elaborated from data reported in Figure S5.
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not to be observed in a current−voltage sweep (showing rather
Ohmic behavior, see Figure S5c,d), but it was appreciated with
spatially resolved photocurrent spectroscopies.32,33 In dark
conditions, mobile charges18 screen the interfacial (fixed)
charges, creating a negative space charge region (SCR) WD
extending for several microns back in the bulk.33 Upon
application of negative voltage (Figure 3b), holes and positive
mobile ions move toward the semitransparent (left) contact;
while holes are extracted from the electrodes and recorded as
dark current, ions accumulate at the perovskite−metal
interface, thus modifying the band bending. In fact, mobile
positive ions bring further positive charge to the negative
contact, enlarging the SCR. When an above bandgap light
pulse illuminates the semitransparent (left) metal contact
(Figure 3c), electron−hole pairs are generated in a few
hundred nanometers inside the MHPs. Due to the downward
band bending, the photogenerated electrons remain localized
at the interface and get trapped by the fixed interfacial positive
ions. The localized electrons are screened by holes attracted
from the external circuit to the left contact−perovskite
interface. This hole current in the external circuit causes the
reverse current spike observed in the microsecond time scale
(see Figure S6).34,35 After the spike, photogenerated electrons
neutralize the fixed charges flattening the bands, as also
observed in photomapping experiments.33 The positive mobile
ions accumulated at the left contact move in response to such a
light-induced change in band bending. Since the slope of the
band changes from positive to negative, they are accelerated
toward the left contact. When the light is turned off, the
trapped electrons at the interface recombine with holes in the
valence bands. Thus, an additional current of holes flows to the
external circuit in the opposite direction, yielding a reverse
spike of opposite sign (Figure S6). As a result, the fixed
positive charges at the interface are no longer neutralized, and
the bands go back to the downward bending condition. In

response to this local change in the band, the mobile positive
ions are pulled back toward the bulk. When the bias is
reversed, i.e., a positive bias is applied to the semitransparent
left electrode through which the sample illumination occurs,
the situation is not symmetric (Figure S7). Due to the bias,
negatively charged mobile ions accumulate at the left contact,
but upon photoexcitation, the trapped carriers at the interface
cause smaller band banding variation, as the bands’ slope does
not change sign. Under positive polarization indeed, reverse
current spikes are not observed (Figure S7). The mobile
negative ions drift toward the bulk under illumination and then
return to the original position after the dark condition is
restored.
In short, trap state filling by photogenerated charges causes

change in the band bending, and ions migrate in response to
such change. To analyze the impact of the ion redistribution
on the electron and hole photocurrent transients we refer to
the equivalent circuit model represented in Figure 3e.18 The
upper branch of the circuit represents the ionic contribution,
which is characterized by two capacitors at the two contact
interfaces Cion and a bulk ionic resistance Rion. The lower
branch represents the electronic contribution, which is
modeled by the electronic recombination impedance Zrec
(typically a recombination resistance and capacitance in
parallel). As described in ref 18, Zrec can be modeled as a
bipolar transistor whose gate is controlled by the ionic circuit
branch. This means that ion movement can amplify the current
that flows in the electronic circuit branch. Note that Zrec is
frequency-dependent, and the frequency can be modulated by
slow-moving ionic species.
Our model can explain the unexpectedly slow photocurrent

transients in 3D MHPs arising from a highly stable interaction
of the photogenerated charged carriers with the ions.36

(Figures 1b, 4, and S8). Therefore, by analyzing the transients
we expect to extract ion drift parameters by exploiting the

Figure 3. (a−c) Photocurrent model to describe transient photocurrent in MAPbBr3 where ions dominate the charge transport. Band
diagram of 3D MHP with metal contacts where energy levels are represented on the vertical axis and the device out-of-plane direction
corresponds to the horizontal axis (see main text for description). (d) Experimental photocurrent transient at room temperature. A 470 nm
LED (fluence of 5 mW/cm2) is switched ON at t = 0 and switched OFF at t = 2.5 s. (e) Equivalent circuit of the metal−MHP interface
showing two separate conductivity branches, ionic and electronic, connected via the bipolar junction transistor (BJT) transistor gate
regulated by the ionic part of the circuit.18
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light-induced modulation of the metal−perovskite built-in
electrical field, even though the photocurrents are generated by
the elementary charge carriers and not by ions (see the
Supporting Information discussion).19,37,38

With this model in hand, we interpret the results of the
PICTS measurements in MAPbBr3 single crystals. The use of
positive (Figure 4a,b) and negative (Figure 4c,d) biases at the
illuminated semitransparent contact allows us to investigate
separately the negative and positive ion migration, respectively
(see the Supporting Information discussion). Moreover, we
introduced frequency-dependent PICTS experiments where
we varied the photoexcitation times from seconds to
microseconds to characterize ionic species with different
diffusivity value ranges and eventually retrieve electronic
characterization at frequencies where the ionic contribution
becomes negligible. The results of these experiments are
reported in Figure 4e where PICTS maxima at low, medium,
and high frequencies (L, M, H) with positive (P) or negative
(N) voltages are accordingly labeled and in case of multiple
peaks within the same experiment, numbered (e.g., LN is the
only peak retrieved at low frequency, applying a negative bias).
Then we looked for previously reported Arrhenius plots

regarding ion diffusion in MHPs, and we compared them to
our results (Figure 4e) by using the Einstein relationship
linking drifting and diffusion (see the Supporting Information
discussion). Noting a remarkable agreement with the values
and ion charge signs reported by Deibel’s group on MAPbI3
TID,7 we carry on a tentative ionic species assignment
following their approach (see the Supporting Information for
calculations related to Table 1 values).

The activation energies for ion migration, comparable to ion
conductors,39,40 reported in Table 1 fall within the range
reported by several groups on a wide range of MHPs (∼0.2−
0.7 eV),6,7,13,41−43 and this agreement extends to the estimated
diffusion coefficient.7,38,44,45 In particular, LN, MN, MP, and
HP1 fall in the range of 10−7−10−9 cm2s−1 reported on
MAPbBr3 single crystals.19,20 Moreover the lowest activation
energy retrieved from PICTS (0.34 eV) corresponds to the
activation energy calculated from current−voltage plots
(Figure 2d). The only result diverging from the literature is
HP2, which in our model yields a diffusion coefficient of
approximately 10−4 cm2 s−1. Such high diffusivity could be a
symptom of a different charge emission mechanism, such as
electron trapping, which could be possibly appreciated by the

Figure 4. (a−d) PICTS maps referred to the MAPbBr3 single crystal contacted with a top-bottom configuration and illuminated through the
semitransparent top contact. The maps are obtained for negative (a and b) and positive (c and d) voltages with different light pulse
excitation times: 2.5 s (a); 70 ms (b); 50 ms (c); 50 μs (d). (e) PICTS signal maxima (shown as red color in maps a−d) plotted against
inverse temperature (Arrhenius plots) to highlight the slopes proportional to the ion activation energies and comparison with ionic defects
reported in refs 7 and 21.

Table 1. Experimental Values (from Figure 4e) of Ion
Activation Energies Ea Extracted by PICTS Compared with
Literature Results7 and Calculated Diffusion Coefficient
D300K (see the Supporting Information)a

Peak label Ea (eV) D300K (cm2/s) Tentative assignment

LN 0.67 ± 0.03 ≈10−9 MAi
•

MN 0.37 ± 0.018 ≈10−8 VBr
•

MP 0.53 ± 0.03 ≈10−7 Bri′
HP1 0.34 ± 0.017 ≈10−7 Bri′
HP2 0.62 ± 0.03 ≈10−4 VMA′ /electronic

aThe peaks are labeled with two letters according to the light pulse
frequency (low − L, medium − M, high − H), and the sign of the
applied voltage (N − negative, P − positive); a number is used to
distinguish multiple peaks within the same PICTS map.
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high-frequency measurements. Further investigation is needed
to assess the origin of the HP2 trace.
Ion migration in MHPs under illumination is a complex

phenomenon, and an in-depth understanding of it under
operating conditions is of fundamental importance, since most
applications of perovskite-based devices imply exposure to
light during operation (LEDs, solar cells, and photodetectors).
Here, ions and their relative vacancies may share the same
activation energies2 and they can become more mobile due to
a variation in the local chemical potential, i.e., when the free
charge carrier concentrations changes upon light absorp-
tion.8,23,30,46 To study charge transport in this context, we
adapted the PICTS, a photocurrent defect spectroscopy
technique previously used on inorganic semiconductors, to
2D and 3D MHPs, reporting the detection of electronic defects
states in (PEA)2PbBr4.

21 On MAPbBr3 instead, where ions are
highly mobile, we demonstrated that the extracted PICTS
parameters are to be interpreted in terms of ion diffusivity
values. Our observations help distinguish different ion
migration activation energies and diffusion coefficient linked
to a light stimulus instead of a voltage stimulus as it occurs in
TID. Despite this intrinsic difference, we showed that the two
techniques unexpectedly yield similar results and that their
connection is mediated by the photoinduced modulation of
the built-in metal−MHP field. Our results put forward an
alternative technique for the extraction of ion diffusion
parameters and at the same time pose limitations to the
interpretation of PICTS signals related to trap states, in
materials where ion migration governs the photocurrent
extraction.

■ EXPERIMENTAL SECTION
Synthesis of MAPbBr3. The MAPbBr3 was synthesized

according to previously reported procedure.47 Briefly, a 1 M
growth solution was prepared by dissolving stoichiometric
amounts of MABr (Great Cell Solar, ≥99%) and PbBr2
(Sigma-Aldrich, anhydrous 99.999%) precursors in N,N-
Dimethylformamide (DMF, Sigma-Aldrich, anhydrous,
99.8%). Crystals were grown from seeds of about 1 mm in
width, with a perfect shape. Crystallization was triggered and
controlled by applying a temperature ramp to 3.5 mL of the
growth solution containing the seed, from 62.6 °C up to 81.5
°C with an average temperature increase of 3.2 °C/h.
Metal contacts were deposited across the crystal by thermal

evaporation of chromium on the top and bottom sizes of the
{001} crystal planes (30 nm CrOx top semitransparent contact,
80 nm CrOx bottom contact). During evaporation the slightly
oxidizing atmosphere (p ≈ 10−5 mbar) promoted the
formation of the low-reacting, ion-blocking, and nondiffusive
CrOx layer that furthermore provided a good hole-injection
efficiency into the MHP valence band.48

Synthesis of (PEA)2PbBr4. The (PEA)2PbBr4 was
synthesized according to previously reported procedure.49

Briefly, the as-purchased precursors PEABr and PbBr2 (1:1
molar ratio) were dissolved in 5 mL of DMF to obtain a 1.3 M
solution. After overnight stirring, the solution was pushed
through a 0.22 μm PFTE filter and allowed to rest in a beaker
partially covered with parafilm. Over the course of 2 weeks, as
the DMF slowly evaporated, a (PEA)2PbBr4 single crystal
formed inside the solution. The crystal was extracted from the
beaker and blow-dried.
The (PEA)2PbBr4 crystals were contacted by CrOx thermal

evaporation through a shadow mask, achieving a channel

length of 100 μm and width of 1 mm, in a coplanar
configuration with respect to the crystal (001) surface. This
configuration allowed achieving a measurable current that was
otherwise not detectable in the stacked contact configuration.

Impedance Spectroscopy. To perform impedance spec-
troscopy (IS) we used the same samples employed for PICTS
and mounted them in a Nextron vacuum chamber equipped
with optical access to the sample and electrical contacts. Blue
light (470 nm) and UV light (365 nm) was used to excite over
bandgap the MAPbBr3 and (PEA)2PbBr4 crystals, respectively.
The samples were kept under illumination and at 0 V applied
bias for the entire duration of the experiment (1 h). The
evolution of the impedance of the sample over time was
monitored every 6 min using an MFLI lock-in amplifier (from
Zurich Instruments). A constant DC offset voltage of 5 V and
sinusoidal oscillation were applied between the top and bottom
electrical contacts of the sample. The amplitude of oscillation
was set to 200 mV, and the frequencies were in the 1 Hz−100
kHz range for MAPbBr3 and in the 100 Hz−100 kHz range for
(PEA)2PbBr4. The spectrum below 100 Hz on (PEA)2PbBr4
becomes too noisy due to the very high impedance of the
sample; therefore, it is not shown here.

Intensity Modulated Photocurrent Spectroscopy. To
perform intensity modulated photocurrent spectroscopy
(IMPS) we used the same samples employed for PICTS and
we mounted them in the same Nextron vacuum chamber and
kept at a constant applied bias of 7 and 20 V for the MAPbBr3
and (PEA)2PbBr4 crystals, respectively. The voltages were set
at a useful minimum to extract a good signal-to-noise current
ratio. Blue light (470 nm) and UV light (365 nm) with a DC
intensity of 5 and 1.3 mW/cm2 were used to excite over
bandgap the MAPbBr3 and (PEA)2PbBr4 crystals, respectively.
The two LEDs were driven by an LED driver (Thorlabs
DC2100) to superimpose a sinusoidal modulated illumination
of about 10% of the illumination bias, to ensure a linear
response of the LEDs, in a frequency range of 0.1 Hz−100
kHz. Using a beam splitter, the light was divided into two
beams, one on the chamber to illuminate the sample and the
other one on a calibrated Si photodiode (Hamamatsu) to
measure the light intensity. The two signals (the photocurrent
and the light intensity on the photodiode) were collected
simultaneously by the Frequency Response Analyzer
(FRA32M) module of a PGSTAT204 electrochemical work-
station.

Photoinduced Current Transient Spectroscopy. To
perform photoinduced current transient spectroscopy
(PICTS) measurements, the samples equipped with metallic
contacts were connected by use of silver paste and gold
microwires to thermally decoupled copper leads and then to
the external circuit. The circuit was used to supply the voltage
and record current transients via a current amplifier. The
sample temperature was controlled via a cryogenic system, and
external pulsed light sources were used to generate photo-
currents in the samples. The photocurrent modulation was
obtained by an above bandgap sample illumination driven with
a square current signal. For an effective data visualization we
readapt a recently proposed technique for PICTS data
analysis50 used also for representing transient ion drift (TID)
results on MHPs.7 The stacked contact configuration allowed
us to investigate separately both negative and positive charge
effects in a MAPbBr3 during PICTS experiments, in opposition
to the coplanar configuration adopted on the (PEA)2PbBr4.
The sample was wired and loaded in a cryogenic chamber for
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performing the IMPS and PICTS measurements in a rough
vacuum (∼10−3 mbar).
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